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FOREWORD

The National Oceanic and Atmospheric Administration (NOAA),
under the aegis of its Undersea Research Program (NURP), directly
assists a large cadre of marine research scientists to conduct
their scientific activities under the sea. This research is
accomplished using manned submersibles, remotely operated
vehicles, and compressed-air scuba, mixed-gas, and saturation
mode diving. Additionally, the NURP assists all divers of the
nation through research undertaken in accordance with the terms
of Sec. 21(e) of the Outer Continental Shelf Lands Act of 1978
(PL 95-372; 43 USC 1331 et seqg.). This statute requires NOAA,
under the authority delegated by the Secretary of Commerce, to
"... conduct studies of underwater diving techniques and
equipment suitable for protection of human safety and
improvement of diver performance."

The Research Report series published by NURP is intended to
provide the marine community with results of undersea research,
often presented at NURP-sponsored symposia and workshops, in a
timely fashion. In the majority of instances, participants at
symposia or workshops are reporting on results of NURP-sponsored
research. In such instances, the printing of their papers meets
report requirements of grantees to the Office of Undersea
Research. In other instances, the topic is of direct interest to
NURP and could represent a framework for future research if
published and distributed to the science community.

The papers presented in this volume are the result of a
symposium held at the National Undersea Research Center at the
University of North Carolina at Wilmington on September 30 to
October 2, 1987. The purpose of the symposium was to establish
and describe the current status of coastal oceanography in the
Carolina Capes region of the South Atlantic Bight. Because of
continued intense interest following the symposium, participants
were asked to rewrite their oral presentations to include
extensive literature reviews and the latest data available. The
papers, as presented, represent the status of oceanography in the
region as of late 1989. Accordingly, proposals to conduct in
situ research in the Carolina Capes region will find reference to
this symposium to be useful background.

Papers are printed as presented, and publication is in par-
tial fulfillment of requirements under Grant No. NA80O-AA-H-00081.
Comments on the report are welcome. They should be directed to:

Director

National Undersea Research Program
NOAA

6010 Executive Blvd., Room 805
Rockville, MD 20852

Rockville, Maryland David B. Duane
December 1989 Director
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PREFACE

The National Undersea Research Program of the National
Oceanic and Atmospheric Administration (NOAA) conducts
oceanographic research utilizing a variety of systems including
manned submersibles, saturation habitats, remotely operated
vehicles (ROVs), and air and mixed gas SCUBA. There are currently
five National Undersea Research Centers, located at Universities,
which operate under grants from NOAA and constitute the national
program. The centers are located at the Caribbean Marine Research
Center, Lee Stocking Island, Bahamas, the University of
Connecticut at St. Croix, USUI, the University of Hawaii at Manoa,
and the University of North Carolina at Wilmington.

The National Undersea Research Program conducts research on
regional and national objectives in the broad areas of: global
oceanic processes, pathways and fate of materials in the ocean and
great lakes, coastal oceanic and estuarine processes, ocean
lithosphere and mineral resources, biological productivity and
living resources, diving safety and physiology, and ocean
technology. ‘

The papers presented in this volume are the result of a
symposium held at the National Undersea Research Center at the
University of North Carolina at Wilmington on September 30 to
October 2, 1987. The purpose of the symposium was to establish
the current status of coastal oceanography in the Carolina Capes
region. Because of intense interest, the symposium volume authors
were asked to rewrite their papers to include extensive literature
reviews and the latest data available. The papers, as presented,
represent the status of oceanography in the region as of January
1990. The volume is organized into three major parts: I.
Land/Sea Interaction, II. Studies on the North Carolina
Continental Margin and III. North Carolina Marine Policies and
Programs.

We wish to acknowledge Ms. Gloria Crowell who typed the final
papers into camera ready copy and also provided significant
organization. Ms. Jo-el Spader assisted in the final proof
reading and organization of the volume.

Dr. R.Y. George Dr. Alan W. Hulbert
Professor of Oceanography Center for Marine Science
University of North Carolina Research
at Wilmington National Undersea Research
Center

University of North Carolina
at Wilmington
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INTRODUCTION AND ACKNOWLEDGMENTS

The Marine Expo '87 Symposium volume contains research papers
and presentations that give an overview of ongoing research
projects along the North Carolina coast and also provides a vivid
impression of the various marine programs in North Carolina. This
volume entitled "North Carolina Coastal Oceanography" current as
of January, 1990 will serve as a source of reference for
researchers and students in the field of marine science for years
to come. The volume includes three parts. The first part deals
with interaction between the seashore and the estuaries with
emphasis on pathogenic organisms and biotechnology-aquaculture
potentials. The second part primarily addresses questions of
continental shelf-slope dynamics with foci on the gulf strean,
geologic history, air-sea fluxes, slope processes and biota, of
the Carolina Capes. The third part is unique since it is probably
the first time all marine related program managers and policy
makers from the different institutions and agencies have assembled
to succinctly assess "the state of the art" with reference to the
various activities that are currently in progress in North
Carolina.

An important coastal process along the shores of North
Ccarolina is the erosion problem which has a profound influence on
the morphology of the coast. There were two research papers on
this subject; unfortunately these papers are not included in the
symposium proceedings. Similarly, a research paper on the status
of aquaculture in North Carolina state was also presented in the
symposium but this paper was not submitted for inclusion in this
volume. Nevertheless, an extensive discussion on marine
biotechnology and aquaculture potentials in North Carolina became
an integral part of the workshop proceedings that constitute the
final chapter of the volume. We are thankful to Mrs. Mimi
cunningham of the University Advancement Office for her help in
the organization of the symposium and her colleague Mrs. Renee
Brantley for her contributions in the preparation of the symposium
announcement and the design of the symposium logo.

As conveners of the conference and co-editors of the
symposium volume, we are extremely grateful to the sponsoring
organizations and in particular to certain individuals who gave
us, not only moral support, but also constant encouragement to
make the event a success. Dr. William H. Wagoner, Chancellor of
the host institution, the University of North Carolina at
Wilmington, gracefully supported the concept of the symposium and
addressed the delegates. The co-sponsors of the symposium are
(1) the North Carolina Biotechnology Center which gave a grant for
conducting the conference and meeting part of the publication
cost; (2) the National Undersea Research Center at UNCW; (3) the
UNC Marine Science Coordinating Committee; (4) the Center for
Marine Science Research and the Department of Biological Sciences
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at UNCW; (5) the Duke-UNC Oceanography Consortium. We are very
thankful to the sponsors for their generous support.

Dr. Rita Colwell graciously delivered the Key Note address
on marine biotechnology that is so relevant to the theme of the
symposium which bridges a link between the oceanographers and the
molecular biologists. For her unique contribution in bridging the
gap between field research and laboratory studies, this volume
is dedicated to Dr. Colwell. It is appropriate that we discuss
general oceanography projects with a broad and open outlook and
make the best use of the seas for the betterment of mankind. Dr.
Charles L. Cahill, Provost of UNCW, welcomed the delegates at the
symposium banquet, held in honor of Dr. Rita Colwell. Dr. Daniel
B. Plyler, Dean of the School of Arts and Sciences and Dr. Paul
Hosier, Associate Vice Chancellor of Academic Affairs gave their
support to the symposium by making contributions at several
symposium events. Dr. James Merritt, Director of the Center for
Marine Science Research, showed keen interest and helped in
various phases of the preparation of the symposium volume.

We are indeed indebted to the Honorable Congressman Charles
Rose for taking the time to come from Washington, D.C. to attend
the policy session and for his valuable suggestion to promote a
dialogue between congressmen, state legislative representatives
from coastal counties in North Carolina and marine scientists in
educational institutions to discuss coastal issues and for a
mutual exchange of knowledge. The Honorable Secretary Thomas
Rhodes of the N.C. Department of Natural Resources addressed the
delegates and eloquently explained the state's policies and
programs. We are much beholding to the following individuals for
their help: Dr. Jasper Memory, Vice President, UNC; Dr. John
Costlow, Director, Duke Marine Laboratories; Dr. B. J. Copeland,
Director, UNC Sea Grant; Dr. Dirk Frankenberg, Director, UNC
Marine Science Program; Dr. Earl R. MacCormac, Science Advisor to
Governor James Martin; Dr. Charles E. Hamner, President, N. C.
Biotechnology Center and Dr. William Hogarth, Director, N.C.
Marine Fisheries. We also wish to thank the members of the
Symposium Advisory Council and Symposium Organizing Committee and
all those individuals who chaired the different symposium
sessions.

We thank the participants and the authors for their
contributions. We are grateful to the numerous reviewers of the
papers of the symposium. Although the reviewers remain anonymous,
we wish to acknowledge the key role they played in the process of
compilation of the symposium volume. During the symposium and in
the preparation of the volume Ms. Gloria Crowell helped
enormously, particulary in getting the manuscripts in camera-
ready format. We are thankful to Gloria for her help and
enthusiasm. Ms. Jo-el Spader helped with the final preparations
of the manuscripts.
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One inevitable outcome of the symposium exercise is the
awareness among N. C. marine scientists and policy makers that we
have more questions than answers. The marine scientists in North
Carolina are, therefore, bound to face more scientific challenges,
greater cooperation and coordinated efforts for prudent management
of North Carolina's natural resources along our coast. Let us now
summarize our feelings in simple words!

The Ocean is abundant with all
sorts of things,

The Oceanographers know that the future is full

of fascinating things.

Robert Y. George & Alan W. Hulbert
Symposium Conveners and Co-Editors
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DEDICATION

This Symposium Volume 1is dedicated to Professor Rita
Colwell for her outstanding contributions in the area of Marine
Biotechnology and Coastal Oceanography.

Prof. Rita Colwell delivering the
Symposium "Key Note Address" on
Sept. 30, 1987.

Provost Dr. Charles Cahill of the host
Institution (UNCW) presenting the Marine
Biotechnology Award to Dr. Rita Colwell.
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Prof. Robert Y. George, Symposium
Convener delivering the "Symposium
Opening Statement" on Sept. 30. 1987.

Provost Dr. Charles Cahill presenting
"Sir George Deacon Award" in Oceanography to
Dr. Leonard J. Pietrafesa.

"Support of Basic Marine Research is vital if
we are to understand the global oceans, to
predict the behavior of marine environment,
to exploit (wisely) the sea's resources"
...from 'Our Nation and The Sea,' 1969.

Symposium Motto:
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SYMPOSIUM OPENING STATEMENT

Robert Y. George

Symposium Organizer
, Center for Marine Science Research
University of North Carolina at Wilmington

We have gathered here for participating in the North
Carolina Coastal Oceanography Symposium. This year - 1987 - is
the 40th anniversary of the University of North Carolina at
Wilmington. It is a major milestone in the history of this
Institution. This Oceanography Symposium 1is, therefore,
conducted in honor of the celebration of the 40th anniversary of
this youthful, vibrant and growing University in the UNC-system.
As you know, this University is fondly labelled as the "UNC - By
the Sea" since the campus is 1located adjacent to the western
edge of the Atlantic Ocean and marine science 1is offered as an
integral part of the overall curriculum.

"Marine science", by definition, is an interdisciplinary
academic field wherein basic subjects like Chemistry, Physics,
Geology, Biology and Biotechnology merge with some measure of
equilibrium that leads toward a sound understanding of not only
what is there in the coastal environment but also in terms of
what is going on with reference to coastal processes and what
impact 'MAN' has on this resourceful environment. The quotation
in the Symposium announcement clearly points out "Support of
Basic Marine Research 1is wvital if we are to understand the
global oceans, to predict the behavior of the marine
environment, to exploit (wisely) the sea's resources." 1In North
Carolina we have a strong marine educational and research
program on the University campuses, in the Federal and State
Fisheries Laboratories and in industry-sponsored centers of
research such as the Marine Corrosion Laboratory at Wrightsville
Beach. Our strength in marine science is really remarkable if
we take 1into account the manpower, productivity and facilities
in the various academic marine programs in NCSU, UNC-Chapel
Hill, Duke University, ECU and UNCW. Many of the active marine
scientists in North Carolina have assembled here today to report
on what we are doing and what direction we are going during this
symposium. It is pleasant that we have chosen to hold this
conference in the autumn when the weather is much more conducive
and those of you who drove from the western part of the state
also had a chance to see the colors of the trees.

Let me at this point inform you how the idea of holding the
Coastal Oceanography Symposium came about. About two years ago,
soon after the Marine Expo '85, I was at the Duke University
Marine Laboratory at Beaufort to attend the annual meeting of
the North Carolina Oceanographers. This meeting was coordinated
by the Duke-UNC Oceanography Consortium which is also one of the
co-sponsors of this symposium. I found in this meeting that
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North Carolina Oceanographers are conducting research all over
the World Oceans - off Peru in South America, in Alaskan,
Norwegian and Swedish Fjords, in the Indian Ocean, in the Great
Lakes, and in the African Lakes and in the frigid waters of
Antarctica, apart from investigating the North Carolina waters.
The idea of conducting a symposium, exclusively dedicated to
North Carolina waters, came up in my discussions with some of
the scientists. Subsequently, Provost Dr. Charles Cahill of the
University of North Carolina at Wilmington appointed me to serve
on the UNC-Marine Science Coordinating Committee that is chaired
by Dr. Jasper Memory, Vice President for Research at the
University of North Carolina. I received full support from this
committee to make plans for this symposium. On a pleasant
afternoon, Dr. Pietrafesa of North Carolina State University,
and I drove up to the UNC General Administration in Chapel Hill
where we met with Dr. Memory who gave his enthusiastic
endorsement of the symposium program. I pursued this idea
further and as a consequence, a plan was proposed to bring
together not only academic marine scientists and students in the
University campuses but also managers and scientists from the
State and Federal Fisheries Laboratories in North Carolina, and
representatives from Research Triangle Institute, N. C.
Aguarium, private foundations and corporations such as
'Maricultura' at Wrightsville Beach. Today, this dream has come
true and the event is now real and, therefore, we are here to
spend three days of activities revolving around scientific
presentations, discussions, and dialogues all for the uplift of
our knowledge about the rivers, estuaries, marshes, beaches,
barrier islands, bays and the open ocean along the vast stretch
of the coast of North Carolina. We have appropriately selected
a "logo" for this Oceanography Symposium a satellite photograph
of North Carolina with the Gulf Stream flowing along the coast.
This satellite picture is portrayed on the front page of this
Symposium volume.

In recent years, the impact of man's activities has
endangered not only the aquatic environment but also led to
depletion of the ozone-layers twelve miles up in the Earth's
atmosphere. Thanks to the new International Treaty that will
hopefully help us to reduce the ozone-eating chemicals almost in
half by the year 2000. We, the marine scientists, should move
in this direction to take appropriate measures to reduce
pollution in North Carolina waters in excessive running of storm
waters and dumping of wastes (sewage, hydrocarbons, heavy
metals, even low-level radioactive waste) that threaten the
breeding areas of fin fishes and shell fishes such as oysters,
shrimps and blue crabs. Marine seafood industry contributes
significantly to the economy of the State of North Carolina.
With the advent of marine biotechnology and genetic engineering,
we are examining the possibility of producing new marine-based
pharmaceutical, innovative methods to clean up marine pollution
and possibly new anti-fouling techniques to protect marine
vessels from biodeterioration. There are enormous potentials
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for aguaculture. Let me give one example of the application of
biotechnology. Commercially important fishes such as salmon,
trout and bass produce millions of eggs in captivity. These
eggs hatch and develop only in the right environmental
conditions. When the fertilized fish eggs are exposed briefly
for a few minutes to high hydrostatic pressure or abnormal
temperature, the mitotic division takes place only in the
nucleus (a phenomenon known as Karyokinesis) but not in the
cytoplasm (cytokinesis). Therefore, we are able to produce
polyploid eggs. When these eggs develop, they grow much faster
and attain significantly 1larger final size. However, these
fishes become sterile. This culture method increases cultivated
biomass for human food. Our Key Note Speaker, Dr. Rita Colwell
from the University of Maryland will speak on this theme of
marine biotechnology during the Symposium Banguet this evening.

The Symposium has brought under one roof both the coastal
marine scientists and policy makers to review the state of the
art in the field of coastal oceanography in North Carolina. The
proceedings of this Symposium incorporates researches along the
shoreline, studies in the Continental Shelf and continental
margin and research in the field of biotechnology. The
Symposium Volume, containing the presentations of several North
Carolina marine scientists, will undoubtedly serve as a
reference book for students, researchers and program managers in
the coastal environment of North Carolina, and may also serve as
a stimulus for other coastal states to make a similar approach
to review their current activities in Coastal Oceanography.
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SYMPOSIUM KEYNOTE ADDRESS
"Marine Biotechnology: Its Scope in National Perspectives"

Rita Colwell
Director, Maryland Biotechnology Institute
University of Maryland
Adelphi, Maryland 20783

I am delighted to be here tonight to talk about my favorite
topic, marine biotechnology, and the future of marine science,
which I think is really very exciting. In the past couple of
hundred years, marine scientists and especially marine biologists,
have amassed fantastic amounts of information and literature.
Marine biologists in general are the type of individuals who spend
time at the seashore, not just counting clam shells, looking or
thinking great thoughts. They are people who make very precise
observations and record in literature various kinds of activities
of sea animals and behavior, as well as the physiology and some
very interesting phenomena with regard to chemical inhibitors and
various kinds of pharmacological substances. We now find our-
selves, 1in 1987, at the point where we can, with genetic
manipulation, take advantage of the opportunities of the
substances produced by marine plants and animals in a way that is
environmentally protective and actually commercially productive.
I will explain tonight, as I go along, some of the areas where
molecular genetics and the development of genetic engineering will
change marine biology in a very positive way. Let us harvest the
sea so that we will not deplete the resources but perhaps make use
of genome. I will talk about what I call a new era in bio-
technology, mainly, the marine biotechnology aspect.

What really changes everything is the ability to recombine
genes; that is, you take the chromosome of DNA, whether it is from
plants, seaweed, or from the seasquirt or coral. To purify the
DNA with specific enzymes, one can cling to DNA and then introduce
the DNA into plasmid DNA, which is extra-chromosomal DNA carried
by a bacterium, and introduce these genes (from whatever source)
into a bacterium whereby the expression of the gene successfully
permits them the production of whatever compound the original
genes code; that is, whatever enzyme or enzyme activity. We have
such things as the insulin produced, in the case of medical
biotechnology, in pancreas cells coded by the DNA group. We can
then put those genes ‘into plasmids, into a bacterium or, as has
been done in the past several years, we can have production in the
test tube or in flasks or in culture, in this case, insulin.

In marine systems, there are fascinating compounds; for
example, the tunicates, one group of which I will discuss a little
bit in more detail. The didemnins produce a compound which turns
out to have a anti-leukemic potential. So, it means that we now
can extract DNA from these tunicates and insert, by appropriate
cloning, the genes into bacteria and produce large amounts of what
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may be a very powerful agent against human leukemia.

Let me cover several areas. First of all, the applications
of biotechnology in marine science cover such wide topics or wide
subareas as the application in aquaculture, or in fish farming.
I will describe, using examples of shellfish, the potential of
genetic engineering in the marine sciences. Another area 1is in
marine pharmacology, to which I alluded very briefly, and the
ability to clone genes for the production of specific compounds,
antibiotics, anti-leukemic and anti-viral agents. Another area
is in the application of molecular genetics through the production
of bacteria capable of degrading toxic chemicals in their release
to the marine environment. One would want to use marine bacteria
into which the genes for degradation of toxic chemical have been
introduced. So, these are areas that are just now being
exploited, Jjust now being considered and represent some very
exciting, new potentials for the marine biologists.

Let us look at the work of Dan Morris and his colleagues in
Santa Barbara, on Abalone. What Dan has done with the Abalone is
to control the series of events such that he and his crew will be
able to probe Abalone in laboratory culture. The first step is
to get a laboratory culture of the larvae. What Dan and his group
discovered was that the addition of a drop or two of catalase to
an adult Abalone would induce spawning. What it does is
synchronize the release into the water of the eggs and spernm,
which subsequently are fertilized and the larvae then can be
further studied. What it means is that you can have a group of
larvae in essentially the same stage of development. Now, one of
the things that they observed is that the Abalone always seem to
be in association with crusts of coral and he found that, in fact,
the production of a compound attractive to the Abalone larvae was
gamma acid; he and his crew found that the release of the gamma
served as an attractant to the larvae so that they would settle
and then metamorphose. This group has been able to track down the
important initial steps in the development of the Abalone.
Subsequently, they are in the process of cloning the genes which
code for the growth hormone in mollusks (in this case, the
Abalone) so that the ability to introduce multiple copies of the
growth hormone, either through multiple copy or through production
externally of bacteria and then apply it to be able to grow larger
or a combination of larger and faster growing Abalone. This means
we have come closer and closer to a technological approach to the
culture, at least, of this particular shellfish.

We at the University of Maryland have been working with the
oyster Crassostrea virginica, which has a very interesting life
cycle, in that the fertilized egg goes through a swimming larval
stage and development stage and then eventually settles. It
settles to the surface and then develops into an oyster. 1In the
Chesapeake Bay, we harvested perhaps 10 to 15 million bushels of
oysters at the turn of the century; it is down this year half a
million bushels of oysters. The irony is that the price has gone

xviii



up so that we are collecting fewer bushels and consequently, the
oysters are worth more. It is a steady state, but this can not
go on for long. The difficulty is that we don't quite know why
the oyster harvest is declining. However, we are suspicious that
it may be related to pollution. The interesting thing is that we
are now moving in our knowledge of the development of the oyster
that we may, in a few years, be able to produce oysters entirely
in the laboratory, entirely in closed culture and under very safe
and sanitary conditions so that we would indeed have, maybe in
four to five years, oysters that are truly safe to eat because
they will be entirely free of virus and potential vibrios and
pathogens. But what have we learned?

Let me share this with you tonight. We have found that the
stages of an oyster are controlled by a variety of chemicals. The
oyster becomes a competent larva then undergoes searching
behavior. They will crawl along a surface or swim and eventually,
by some trigger, settle, cement themselves to the surface and then
undergo metamorphosis. We know that the initial stages are
controlled by L DOPA which is a compound that sounds very familiar
because, indeed, it is a neurotransmitter and is used to treat
Parkinsonism in humans. In the first few stages the competent
larvae extend the foot and search; during the cementation stage
the L DOPA plays a role. In the medical approach to this,
epinephrine and norepinephrine are important and we also know that
tyramine and some derivatives are effective in inducing settling
behavior. What we have discovered is that there is a bacterium on
the surface to which the oyster is attracted, adheres and develops
on the surface. The larvae are attracted to that surface by the
chemical compound L DOPA released by the bacterium. This is the
sensory organ on the oyster and it is able, by chemotactile
capabilities, to sense the L DOPA. This is very dramatic when you
observe this under a microscope. We are producing a video which,
is going to be very interesting, where you can actually see the
larvae swimming about. The L DOPA is released into the water, the
larvae pause for a moment, begin to settle down, then search for
the surface, fix themselves to become a staff, and then settle on
the bacteria on the surface. What we have been able to do is work
out the system in determining the bacterium playing this major
role in the development of the oyster. We discovered that the
bacteria were always associated with successful oyster settlement
and development; bacteria, then, produce the pigment melanin. We
were also able to, by UV irradiation, produce mutants. By a series
of experiments, we were able. to show that the L DOPA and its
relatives were produced by bacteria, the melanin. These are inter-
mediates in the production of melanin and are produced by the
bacteria but, in fact, L DOPA is active in producing 1larvae
settlement. The experiments we did were simply to add them to
flasks with glass slides or sterilized oyster shell surfaces then
dip into the bacterial culture, into L DOPA, into the melanin
sucrinate from the bacterium. We used a variety of bacterium. We
were able to determine by the experiments that we can get as many
as 30 to settle in 24 hours on a surface coated with the pigment
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from this bacterium.

I am leading up to the fact that we have been able to work
out a mechanism for controlling the developmental cycle of the
oyster. We know that the larvae sense the L DOPA and get the cue
from bacteria on the surface; the larvae begin to swim, crawl and
search for a surface and the biofilm polymers cue that the surface
is suitable for attachment and settlement to the surface and,
ultimately, for metamorphosis. We have done experiments in the
field and some of the things that we have learned in the
laboratory do not work in the field. 1Initial experiments were
done a couple of years ago in Washington state, where they have
very active closed-culture oysters and these oyster shells were
coated with a bacterium. You can see the electron micrograph of
an oyster shell surface with the bacterium, the LST, which we know
produces the dopamine - this is after about three days on the
surface; that is just about right or ready for oyster attachment.
We added the shell then, to the tanks to which the oyster larvae
were present. We were able to increase settlement by 30 to 50%;
that means we were able to induce the larvae to settle and to move
to the next stage in the development of the staff. At the
University of Maryland this past summer, we took these results out
into the field because we were very much encouraged; we were able
to show these tests in the Chesapeake Bay. Within 40 or 50
minutes, we can induce almost 100% of the larvae to go from the
simple swimming stage to the search stage and settlement. We were
able to obtain a settlement onto the LST film within a matter of
72 hours. We had several thousand larvae to settle onto the
surface and undergo further development. We were able to prove
that, in fact, two factors were very important: pigment, that is
the dopamine, and what we call the polysaccharide adhesive viscous
ethylpolymer. This is very important in the further development
because it appears that epinephrine and norepinephrine concentrate
in that surface. What we were able to show in the field is that
the number of staff per shell, using the LST sucrinate, was very
much increased over a given period of time. Therefore, there is
no question that we can attract the larvae, capture them and
improve the settlement. We hope to be able to increase the number
of adult oysters for a given area in the Chesapeake Bay.

What does this have to do with biotechnology? First of all,
we are in the midst of cloning the genes that are involved in the
tyrosine so that we can produce abundant amounts of the
attractive, so that we can provide this in the oyster beds in the
Chesapeake Bay. Secondly, the adhesive material itself has turned
out to be fascinating. It is produced by the bacterium as it
adheres and glues itself to the surface. It turns out to be a
"super glue" and, in fact, we have patented it. We are in the
process now of developing this adhesive for use in patching up
fiberglass and other structures that are exposed to seawater.
This adhesion to surfaces is very interesting because there are
several steps that occur. First, there is the cloning of organic
matter to which the bacteria, like the LST, is attracted. This
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is the other side of biofouling or surface attraction, where we
want to enhance attraction to the larvae. On the other hand, we
want to know the steps in biofouling and maybe interfere with
those steps so that we can prevent the attachment of barnacles.
This is a selective kind of settlement and attachment, as it were,
to use biotechnology on the one hand to attract oyster larvae
specifically and on the other hand to figure out the steps in
biofouling so that we can perhaps engineer a bacterium which
doesn't produce the attractive larvae so that we can coat the
surface of a sailboat with this material to prevent biofouling.
From a scanning EM picture on a slide dipped in seawater for just
a minute or two, you can see immediately that there is an organic
film which forms, followed by bacteria which produces a
polysaccharide and glue the bacteria and LST. We find other
species of algae produce a very high alginic acid content; about
50% of the polysaccharide material produced by this bacterium is
an alginate. The characteristics are very interesting because it
turns out that the viscosity of the LST is very high. This
particular LST is polysaccharide; it remains as a gel up to about
50° or 60° C, which is quite good because either melt at about 30°
C, and gelatin melts at about 20° C. So, it has some very
interesting properties other than simply being a "super glue".

We are using the techniques of genetic engineering to clone
the genes for the production and to get multiple copies of genes
and speed up the production so that we can move into commercial
production of the polysaccharide.

Let me switch gears for a minute. I talked about one aspect;
that is biotechnology applied to aquaculture. Then, I talked a
little bit about seaweed and seaweed culture because there is a
commercially very lucrative area for the individual who is able
to control the genetics of seaweed. There are algae, either
alginates and carrageena, which are very important as foodstuffs
because they are the extenders and blenders of puddings and ice
cream. They represent essentially a billion-dollar-a-year
industry, in the food industry. It is collected by the old-
fashioned technique of raking it over the side and singularly by
pulling it up by dredges. It would be very nice if we could, in
culture, grow the seaweed under controlled conditions for abundant
production of alginates, using the techniques that are used in
agriculture; that is, either by the tea plasmin that is well
known for introducing genes, including the "lux" gene - the gene
that causes production of light and we now have tobacco plants in
light and dark. Using those techniques we can also, in seaweeds,
be able to protoplast, fuse or introduce genetically. Fusions of
protoplasts in plants have been done whereby the cell wall is
removed and by the addition of polyethyleneglycol (what we use in
automobile antifreeze) that causes the membrane to coalesce. One
can then get fused genomes of two different plants into a single
cell. This has been done in the case of higher plants, as in the
tomato.
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Let us discuss what is being done with seaweed. You can take
seaweeds of two different types, remove the cell walls, fuse the
econoclasts and develop a hybrid. This is a wild type seaweed.
This is the work of Don Chaney, where protoplasts have been

produced. This is the green mutant and shown here in the lower
right is the fusion of the two: the wild type and the green
mutant. Other scientists working in fronds have been able to

carry the protoplast yields to a much greater extent and have been
able to get a large number of protoplasts and to get protoplast
division. This is the work recorded at the Roscoff Laboratory in
France. We are moving to a capability of producing seaweed
adequately in the laboratory and eventually in the field and to
be able to select, with genetic engineering, seaweeds producing
large amounts of carrageena, which may be commercially valuable.

In the hydrothermal vents of the deep sea, there are bacteria
that will tolerate very high temperatures and very high pressures.
These bacteria will probably provide enzymes of unusual specific
activities, activities against such things as yet untested. There
are potentials for new genes or genetic material that code for
production of enzymes that are stable at perhaps 160°,
particularly, proteases, for production of compounds 1in
commercial procedures. There is a whole series of enzymatic
mechanisms, enzyme potential for commercial application. In fact,
what we are doing now is to determine whether we can transfer
plasmids from one bacterium to another under pressure using
bacterium grown only under high hydrostatic pressure and 1low
temperature, but eventually under high temperature as well. You
may say, "Well, what is the point of this?" There are a variety
of bacteria that have been isolated from the deep sea which grow
only under high hydrostatic pressure and if we are going to
harvest the functioning enzymes, that is, the genes that code the
enzymes and to clone those genes into bacteria we need to have a
high-pressure system. We are in the process of developing the
bacteria system into which these genes can be cloned or
subsequently used.

Let me focus on yet another area, marine pharmacology, a
fascinating area which I think immediately poses tremendous
commercial potential. How does one go about harvesting from the
sea potential antibiotics, anti-virals and anti-leukemics? A
sensible way would be to 1look for those organisms which
demonstrate, as in this case, the clown fish, the ability to
withstand the toxins of the stinging anemones. There are two
reasons: first is to understand the toxin that is produced; the
second is to understand how the fish withstands it. Is it a
specific antibody or some mechanism by which the fish is immune
to the toxin? Either way, there is a commercially important
compound to be studied.

The halitoxins produced by the octopus have some potential

because of the activities they induce in mammals. The halitoxin
blocks the nerve/muscle junction, that can potentially be a great
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analgesic if modified. Saxitoxin and tetrotoxin are interesting
toxins. Tetrotoxin is particularly interesting and I will discuss
that in a moment. First, let me point out one of the really
bizarre toxins produced by the palythorn. The palytoxin is a very
complicated molecule and a very, very large molecule which is
highly toxic. It is known to be more lethal than the clostidium
marginitis toxin so that micrograms of it, theoretically, could
"do in" a small city perhaps the size of Wilmington, if deposited
in the water supply. Palytoxin was first known because the
natives in Hawaii and the outer islands would dip their spears
into the polyp and if invaders came onto the island, they would
find that one slip of the spear was always instantaneous death.
The interesting thing is that recently the group (Moore and his
colleagues) have been collecting the polyps and they were told
that the legend was that they really ought not go near those reefs
where those particular kinds of sea organisms lived because bad
things would happen to them. Well, they went anyway and the
natives were very upset about this. Mysteriously, the laboratory
in the shack burned down and they were told by the natives, "See,
you really ought not to have gone there." Of course, we think it
is probably because the natives did not want them there. But, in
any case, the palythorn and the playtoxin offer the potential
because, if it is modified, it could possibly be a very powerful
analgesic, much like the tetrotoxin produced by the puffer fish.
The tetrotoxin is actually produced by a family of the tetrotoxin
fishes. What is very interesting is that the tetrotoxin not only
acts on the nerve endings, but also directly on the heart and the
actions are very similar to those of local anesthetics. It is
like procaine and cocaine in that it selectively blocks the sodium
ion transport. We have found that the Japanese have reported and
we have confirmed that it is the bacterium on the puffer fish
which actually produces the tetrotoxin. We Jjust recently
published that marine vibrios produce this tetrotoxin, which turns
out to be a sodium-channel blocker. So the tetrotoxin has been
used, actually, in Japan as an anesthetic for the treatment of
neurotrophic leprosy and also in terminal cancer cases. Raw
applications of tetrotoxin are very effective in pain killing.
Much caution must be used,as the Japanese have found from those
who use tetrotoxin as a recreational drug (which I do not
recommend). If you eat puffer fish that has tetrotoxin, a little
bit too much and it is "Sayonara!". 1In any case, the tetrotoxin
is one of the interesting potential toxins, the genes for which
could be cloned and now that we know that tetrotoxin-like
compounds are produced by marine vibrios. We can now go after
cloning the genes for the production of this compound.

The structure of tetrotoxin is very much like saxitoxin. It
is suspected that bacteria also produce saxitoxin. We now have
the potential of being able to deal with some of these compounds
in a way that can be beneficial to man.

From tunicates there are a variety of didemnins that produce
structures as fairly complicated but have been confirmed as being
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active against the leukemia agent, the leukemia virus. The result
of some in vitro activities of didemnins A and B against P38
leukemia in mice is of interest. They have been able to get some
kind of survival and actually cause regression of tumors. The
didemnins have an anti-viral activity against the Herpes simplex
virus. The didemnins are now in clinical trial at the National
Cancer Institute. The potential of cloning the genes for the
production of didemnins is complicated but, at least, now it is
possible.

There are other toxins. the ecclesium which grazes on algae
which produces the compound, ecclesiopsin. The ecclesiopsin is
noted, along with retsin and lariatin, as potential drugs of
value. Lopatoxin is another one of the toxins, produced by the
seawhip, which has been carried to some pharmacological use and
application. Some of the algae produce these compounds. These
beautiful organisms also produce pharmacologically reactive
substances.

The important point to make is that, up until now, to go out
and actually harvest great masses on a continual, perpetual,
constant, reliable basis was not possible. Therefore, to utilize
the marine drugs really was not within the realm of the practicum
until the advent of genetic engineering. Now, we do not want to
harvest and deplete our whole resource. We simply want to gather
some of the animals, some of the coral, some of the seawhips,
etc.; extract the DNA, clone the genes, introduce them into yeast
or bacterium and produce ad lib in the amounts that we need.

One of the actually effective and commercially productive
compounds is amarosponsin produced by a marine amarosponsin which
is active against flies. It was first discovered that it was
active against insects because the Japanese fishermen who used the
compounds as bait noticed that when the dead worms lay in the
floor of the boats and flies landed on them, they were killed
almost instantly. In fact, the amorosponsin was extracted by some
of the biologists who were interested in this phenomenon and
subsequently it was shown that the amorosponsin is very active
against the larvae and those treated with amorosponsin reacted.
The amorosponsin under the grand name of cartabhydrochloride is
used effectively in Japan. It does not seem to induce tolerance
and it also does not seem to be effective or active against
mammals. Therefore, it is a very good insecticide to use.

Halitoxin 1is another one of the compounds that is
particularly interesting because it allcws me, then, to go to
another aspect of biotechnology. Some of the very unusual
chemicals that are produced in the sea: chlorinating compounds,
ruminative compounds, terpines, suspaterpines, etc., may have some
value commercially in the chemical industry. These are produced
by a variety of interesting invertebrates. We now have
applications of biotechnology in the pharmaceuticals, industrial
chemicals, as biodegradation agents, in aquaculture and as
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application and prevention in biofouling. The chemicals include
the alginates, carrageena, chitin, adhesives, emulsifiers,
enzymes, etc. These are already in some way, shape or form,
industrial chemicals that are produced from marine sources; though
as yet in small amounts, they represent potential 1large
industries. The Calgon Company does produce the alginates and
carrageena and they are very busy developing a biotechnological
approach to the production of those compounds.

There has been, perhaps, an overselling of the capacity of
biotechnology, at least in this early stage and certainly in
marine biotechnology. What we need to have is a long-range
perspective, that 1is, to understand that the payoff really,
genuinely, unequivocally is there; but, whether it is immediate,
mid-term or long-term is really not clear. The research we need
to do has to be a good mix of applied and basic so that we can
understand the fundamental mechanisms. First of all, we have to
find the chromosomes 1in seaweeds. Then we must do some
fingerprinting of the DNA to understand the relationship of the
DNA within the seaweeds. We can eventually be able to produce the
compounds that we will bring to market and make the commercial
capability a reality. What we do not want to do is misuse the
capability of genetic engineering so that we get an end result we
did not expect and one that we may not want to 1live with.
Therefore, we want to do our cloning in a sensible, effective way
and do our direct applications in a meaningful way.

I would say that there is no question that the marine
environment offers to those of us who are interested
scientifically, an absolutely beautiful time to be working,
especially in the genetics of marine organisms; to understand how
they function, how they are able to survive and metabolize in the
regions of the deep sea, and to find suddenly marine biology,
which we went into because we love the beauty of the sea useful
in a very environmentally protective way, can provide us with new
drugs to cure cancer, new antibiotics to cure disease, new
commercial chemicals, potential for enhancing the protein
production of shell fisheries, and even to deal with some of the
pollution problems and all the messes that we have already gotten
ourselves into. I always say that the investment in marine
biotechnology is a sensible one. I am not sure that it is wise
to move very fast with the tremendous amounts of money as such an
effort was made for the production of insulin and some of the
"tumor necrotic" factories. I would certainly say that a wise
investment and a reasonable level that allows the training of
molecular geneticists capable of dealing with marine systems, is
certainly an investment in the future of the United States.

There are several points to be made before I close. First,
the Japanese are investing $18 to $36 million in marine
biotechnology, in everything from mariculture to deep sea
hydrothermal vents, to molecular biology. They have done their
market analysis and know the future is there. This is a country
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that depends on the sea for the source of their food. I would say
that in the United States we should be investing much more funds
than we presently are. The National Science Foundation has
started appropriating about a million dollars in marine
biotechnology. North Carolina is certainly one of the states that
should be putting together a program in marine biotechnology for
a center of excellence. I think it makes good sense because, much
like the state of Maryland, the fisheries are very important. In
the Chesapeake Bay in Maryland, the fisheries represent a billion
dollars a year to the state income from a variety of aspects of
the marine resources. Clearly, this is a great investment and it
makes good sense for the state.

We have a very serious problem. You cannot take a marine
biologist and say, "Do biotechnology.". What you have to do, what
we all have to do is train a new kind of molecular biologist,
someone who understands marine systems. Again, you cannot just
take a molecular biologist, throw him into seawater and say,
"Fine, now you can do molecular biology in seawater." As we all
know very well marine systems are different. DNA is coded the
same and the enzymes behave the same. However, to get marine
organisms to grow you must know and do much more. We need to
train the molecular biologist who can deal with marine systems.
At the University of Maryland we are, in fact, actively involved
in doing just that through the University Research Initiative for
turning out the molecular biologists who are trained in marine
biotechnology.
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This AVHRR image, taken from the orbiting NOAA-6 Satellite on April 23, 1980, was chosen as
the symposium logo for the Marine Expo '87 Coastal Oceanography Symposium at UNC Wilmington and
is a mesoscale view of the Carolina Capes and the South Atlantic Bight. Identifiable are the capes of the
Carolinas at the top, the Outer Banks and the chain of barrier islands, Pamlico Sound, Cape Fear River,
cold waters (purples) in the North Carolina bays, and the warm Gulf Stream (reds) with filaments protruding
over the Carolina Continental Shelf. The path of the Gulf Stream resembles Ben Franklin's original charts,
printed for the General Post Office 200 years ago and now accurately pictured in infrared with the advent
of modern satellite oceanography. The impact of the Gulf Stream on the biological productivity, larval
recruitment, and coastal fisheries of the Carolinas and the South Atlantic Bight poses new challenges for
discovery and research. While the photo shows the Gulf Stream in two dimensions, it is in fact three
dimensional. Research in the sea using manned submersibles, remotely operated vehicles, and scuba will
permit measurements, experiments, and observations that can define the third dimension.

-- R. Y. George and A. W. Hulbert
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ABSTRACT

Southeastern North Carolina has a diversity of surface
water types which receive rainwater with widely varying chemical
composition. Lakewater types range from alkaline hard water to
acidic Dblackwater with high organic content. River waters
include a turbid piedmont river, organic rich coastal plain
rivers, and almost pure water sandhills streams. Seawater is
another distinct water type in this area. Rainwater composition
varies from almost pure or slightly salty water in coastal
storms (pH > 4.8), to very acidic (pH < 4.0) high nitrate and
sulfate rain from continental storms and 1local thunderstorms.
Because of the diversity of water types and the variability of
rainwater composition, comments about rainwater impacts must be
made with a specific water type in mind. Three possible impacts
include pH decrease (to pH < 5.4), which laboratory experiments
indicate could result from an 8% dilution by rainwater of some
surface waters, nitrate input from rainwater which can
significantly increase this nutrient in surface waters; and
deposition of sea salt. Deposition of large amounts of seasalt
is restricted to within 10 km of the surf zone; catastrophic
storms like Hurricane Diana can contribute the equivalent of
several years of salt deposition in a single storm.

INTRODUCTION

Southeastern North Carolina has many different types of
surface waters which greatly enhance the quality of life in this
region. In part, because of this resource, Southeastern North
Carolina has enjoyed extensive industrial and population growth
during the last decade, which brings with it increased
challenges with respect to environmental protection. One of the
principle threats to water gquality in the Northeastern United
States 1is acidification, which probably results from the
sulfuric acid in acid rain (Galloway, 1984). Southeastern North
Carolina at times receives very acidic rain with high sulfate
and nitrate concentrations (Willey et al., 1988). The most
acidic rain in this geographical region in 1983-1987 was summer
rain from two types of storms: continental frontal or low

pressure systems (average pH = 4.00) and 1local thunderstorms
(average pH = 3.99). This area also received much less acidic
rain (average pH = 4.84) with high salt content from coastal
storms (Willey et al., 1988). There is therefore reason to

consider possible impacts from rainwater on surface water
quality in this geographical region.



Anthropogenic emissions of S0, and NOy into the atmosphere
exceed those emissions from natural sources by at least a factor
of ten (Galloway and Whelpdale, 1980; Robinson, 1984), so it is
not surprising that this 1large addition would eventually have
some impact. The exact timing of the onset of this increase in
anthropogenic sulfur emission is uncertain; estimates vary
depending on method of determination from 1900 (Fay et al.,
1986; Mayewski et al., 1986) to 1930 (Holdren et al., 1984).
Atmospheric deposition of sulfate is often the primary source of
sulfate to surface waters in North 2America (Galloway, 1984;
Sullivan et al., 1988). Nitrate 1is also a significant and
increasing component of rain in North America and Western Europe
(Galloway and Likens, 1981; Brimblecombe and Stedman, 1982).

There are some indications of change in the rain and
surface waters in the Southeastern United States, although this
region has not been as extensively studied as the Northeastern
United States or Western Europe. The pH of rainwater has
probably decreased (Likens and Butler, 1981; Hansen and Hidy,
1982), and sulfate and nitrate concentrations in rainwater have
probably increased over the last several decades (Brimblecombe
and Stedman, 1982; Galloway et al., 1984). The concentrations of
dissolved sulfate and nitrate in streams and rivers in the
Southeastern US may be increasing also (Brezonik et al., 1980;
Burns et al., 1981; Galloway et al., 1983; Smith and Alexander,
1983; Turk, 1983; Smith et al., 1987). These historical changes
are difficult to prove because of the differences in analytical
methods used to generate data several decades ago (Church,
1984), and the lack of a long term data base. The Eastern Lakes
survey recently conducted by the US Environmental Protection
2Agency (Landers et al., 1988) included two Southeastern regions:
the Southern Blue Ridge Province, which 1is geologically very
different than Eastern North Carolina, and Florida. The Florida
lakes showed a great diversity in chemical composition (Eilers
et al., 1988), similar to the diversity observed in the current
North Carolina study. No coastal plain North or South Carolina
lakes were studied in the EPA Survey.

Several chemical parameters are useful in evaluating
surface water or rain water. The pH of water in equilibrium with
CO0, in air is approximately 5.6; natural sources of acidity"
lower the pH of uncontaminated rainwater to approximately 4.8 to
5.0 (Charlson and Rodhe, 1982; Galloway et al., 1982).
Alkalinity is a measure of buffering capacity, or resistance to
a pH decrease, because a primary component of alkalinity in
natural waters is bicarbonate. Alkalinity is an important
indicator of change in natural waters because alkalinity
decreases often precede pH decline (Schindler et al., 1985). The
predominant acids in most rainwater are sulfuric acid (H,S0y)
and nitric acid (HNO3), which come from the gaseous precursors
S0, and NOy. Measurement of hydrogen 1ion, sulfate and nitrate
concentrations, followed by ion balance calculations, indicate
the presence of these strong acids. Sulfate concentrations in



coastal areas must be corrected by subtracting the sulfate that
is contributed by seaspray. This process is accomplished
assuming that all the chloride in coastal rainwater comes from
seaspray, and seasalt sulfate occurs in a constant ratio to
chloride in rainwater (Gambell and Fisher, 1966; Cogbill and
Likens, 1974; Gorham et al., 1984). Rainwater is often quite
acidic, however it is usually very poorly buffered. The impact
of sulfate versus nitrate 1ions on natural water systems is
different because nitrate 1is a nutrient which tends to be
quickly utilized in soils and surface waters, and does not

accumulate (Galloway, 1984). Sulfate 1is not wutilized as
extensively as nitrate. Soils have a 1limited capacity for
retaining sulfate; when this limit 1is exceeded, sulfate

accumulates in natural waters (Galloway, 1984).

Three possible impacts of rainwater on surface water are
considered in this study:

1. Acidification is one threat; when surface water pH values
fall below 5.4, survival of many fish populations becomes
threatened although primary productivity does not always
decrease (Schindler et al., 1985). Certain fish are able to
tolerate lower pH water in naturally acid lakes (Patrick et
al., 1981). Invertebrate communities change below pH 6.0 in
acid sensitive regions of North America (Schindler, 1988).
Transitory pH decreases have been reported in a South
Carolina Piedmont watershed and lake system after individual
storm events, although soil buffering prevented permanent
changes over the three vyear time period of the study
(Elzerman, 1983). A study of five South Carolina Piedmont
lakes also found soil buffering to be sufficient to prevent
pH decrease below 7.0 in lake waters (Talbot and Elzerman,
1985).

2. Nutrient addition is also a possible impact. Enhancement of
primary productivity has been observed as a result of the
addition of rainwater nitrate to coastal North Carolina
surface seawater (Paerl, 1985). Nitrate input from rain is
an important source of this nutrient for many surface waters
(Likens and Bormann, 1974; Gorham et al., 1985), including
rivers and sounds in Fastern North Carolina (Smith et al.,
1987), and the Chesapeake bay (Fisher et al., 1988).

3. Transport of seasalt by rainwater also poses a potential
impact on fresh surface waters in coastal regions (Gorham et
al., 1985).

These three potential impacts from rainwater have been
evaluated using the following approaches in this work:

1. Possible pH changes have been investigated through
laboratory experiments in which synthetic rainwater was
mixed with actual surface water samples. Because the



maximum possible impact 1is of interest, the most acidic
rainwater likely to be encountered (pH = 3.0) was used in
these mixing experiments. Rainwater with pH < 3.0 has been
received in both Wilmington and Morehead City, NC, so pH 3.0
rain is not unrealistic. Deposition of acid is episodic in
nature, and not evenly distributed throughout all the storms
of a year (Summers et al., 1986). These experiments
simulate the most acidic events. Separate experiments were
run with nitric and sulfuric acids to determine if pH
changes were different for either of these predominant acids
in acidic rain.

2. Nutrient impacts have been investigated by calculating the
contribution of rainwater nitrate from individual storms to
surface water nitrate concentrations assuming complete
mixing, and also assuming mixing limited to an 8 cm surface
layer. Eight cm was observed to be the average depth of
penetration of colored drops falling from 3 m into a 60 cm
column of water (10 cm diameter). This 8 cm mixed depth was
maintained for only approximately 8 minutes in the absence
of wind, so this is an indication of very short term mixing.

3. Transport of salt by rain has been studied by calculating
salt deposition from rainwater chloride concentration and
rain volume during intense storms and by plotting deposition
as a function of distance from the coast.

The surface waters selected for this study (Figure 1)
demonstrate the range of chemical compositions and reactivities
that occur in this geographical region (Table 1). A surface
seawater sample (salinity = 35°/0o0) was collected 20 km
southeast of Wrightsville Beach, NC. Three lakes were also
sampled. Greenfield Lake is a small (0.51 km4, maximum depth 3.7
m), eutrophic lake in the city of Wilmington which has contact
with limestone. Greenfield Lake is the only lake sampled in this
study which undergoes summer stratification. It is heavily
utilized for recreational purposes and receives runoff water
from the city of Wilmington, including several sgall ponds on a
golf course. Lake Waccamaw 1is a large (36.2 km4, maximum depth
3.3 m) mesotrophic lake, which is also used for recreation. Lake
Waccamaw has a limestone outcrop along the northern shore and
receives water from coastal swamps in addition to runoff from
land used for agriculture and timber. Singletary Lake (2.3 kmz,
maximum depth 2.7 m) is an acidic brownwater 1lake (dystrophic)
located in an undeveloped area of the Bladen Lakes State Forest.
No oligotrophic lakes occur in Southeastern North Carolina. Lake
data were obtained from Witzig (1982). Three permanent streams
were also sampled in this study. The Cape Fear River, the
largest river sampled, is a piedmont river with high sediment
load. The Black River is a coastal plain, high-organic black
water river. Jordan Creek 1is a sandhills stream with low
organic, low mineral, slightly acidic water. Millipore Milli-Q
deionized water was also used as a sample for comparison.
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Figure 1. Southeastern North Carolina study area. Rainwater
sampling sites are as follows: WB = Wrightsville

Beach (two locations, one ocean side and one sound
side); CH = Channel Haven; BC = Bradley Creek; W =
UNC-Wilmington; RP = Rocky Point; RW = Riegelwood;
CL = Clinton; R = Raleigh. The river or stream
sampling sites are indicated by //. The three
lakes sampled are SL = Singletary Lake; LW = Lake
Waccamaw; and GL = Greenfield Lake.



Table 1. Water samples used in experiments and in calculations.
Initial pH values are given, along with alkalinity in
meg/L (titrated to pH 4.5). The percent of dilution
required for pH 3 rainwater to lower the water sample
pPH to 5.4 is alsoc given (% Rain to pH 5.4); these data
are obtained from Figure 2. NR indicates not relevant.

Water Samples Origin PH Alkalinity % Rain
or type to pH 5.4
Cape Fear R. Piedmont 6.10 0.14 8
Black R. Coastal Plain 6.27 0.20 11
Jordan Creek Sandhills 4.50 0.00 NR
Greenfield L. Eutrophic 7.49 1.38 50
L. Waccamaw Mesotrophic 6.67 0.20 12
Singletary L. Dystrophic 3.84 0.00 NR
Seawater Coastal Surface 8.14 2.33 62
Deionized Milli-Q 5.60 0.01 1
METHODS

Surface water samples were bucket samples collected from
bridges, small boats, or long docks. Samples were collected in
the daytime between March and July in 1985 and 1987, stored,
refrigerated, and placed in the dark until titrated soon after
collection. The rainwater samples collected at Lake Waccamaw
were obtained using an automatic Aerochem Metrics Wet-Dry
sampler, which opens only during rain events. The rainwater
samples collected for the salt transport study were collected
using plastic basins set out several hours prior to the rain
event; these samples may therefore contain some dry deposition
along with the rain sample. pH measurements were made using a
Fisher gel-filled electrode standardized with buffers at pH 4
and 7, and checked at pH 3. The chloride measurements used to
calculate deposition in Figure 3 were made using an Orion
chloride electrode set up for low concentrations. Precision was
9% and the detection 1limit was 3 uM. Nitrate and sulfate
concentrations were determined using ion chromatography.
Analytical methods wused since 1986 are discussed in more detail
in Willey et al. (1988). Titrations were performed by adding
mL aliquots of pH 3.0 synthetic rainwater to 10OmL of stirred
surface water. pH equilibration was achieved within minutes
after each addition. Separate titrations were performed using
sulfuric and nitric acids, and on filtered (0.45 um pore size)
and unfiltered samples. Several titrations were run in duplicate
to check reproducibility. Each titration was complete within one
hour.
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RESULTS AND DISCUSSION

Addition of synthetic rainwater to a surface water sample
while monitoring pH produces a titration curve that shows how
surface water might respond to the addition of acidic rain
during a rain event. This titration is similar to an alkalinity
determination except that the concentration of acid used is more
dilute so that it better simulates rainwater. Results for the
Southeastern North Carolina river, lake and seawater samples are
shown in Table 1 and Figure 2. The Jordan Creek and Lake
Singletary samples had essentially no buffering capacity, so the
curves produced are similar to but offset from the simple
dilution shown for deionized water. The Lake Waccamaw, Black
River and Cape Fear River samples had 1limited buffering
capacity; these waters could have pH reduced to 5.4 by a 12, 11,
or 8% dilution by rainwater, respectively. Seawater is of
course very well buffered and large pH decrease did not occur
until the seawater sample volume was less than the volume of
rainwater added. The Greenfield Lake sample was also very well
buffered. The chloride concentration in Greenfield Lake water
was 0.45 mM, so this was not brackish water. No pH impacts from
rain would be expected for either of these waters. Identical
results were obtained for each surface water, whether pH 3.0
sulfuric acid or pH 3.0 nitric acid was used as titrant, which
indicates that the predominant reaction occurring in these
titrations was an acid-base reaction. Filtration of samples
caused an initial pH increase, but no change in the shape of the
titration curve, which suggests that suspended sediment is not
the major component of the buffering system.

These experiments show that there is much variation in the
response of the various types of surface waters to rainwater
addition in Southeastern NC. Jordan Creek and Singletary Lake
were very acidic when sampled and had virtually no buffering
capacity. Seawater and Greenfield Lake water were very well-
buffered and would not experience pH changes due to rainwater
input. Other surface waters were sensitive to the addition of
acid (with alkalinity values less than 0.200 meq/L, sensitivity
as defined by Hendry and Brezonik, 1980; and Church, 1984) and
could perhaps experience short term pH changes during extremely
acidic rains wuntil thorough mixing with water at depth occurs.
The intermediate types in this study were Lake Waccamaw, the
Black River and the Cape Fear River.

Nutrient inputs into surface waters in Southeastern North
Carolina may be a significant rainwater impact. Paerl (1985)
showed that primary productivity, as indicated by C-14 uptake
and chlorophyll-a production, was significantly enhanced in
surface seawater 1-5 km off Morehead City, North Carolina, after
acidic rain. The primary productivity response time after these
rain events was very rapid which indicates that the enhancement
of productivity was due to direct input from rain rather than
from terrestrial runoff which takes longer to reach the sampling
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location. Bicassay experiments showed that the productivity
enhancement was a response to nitrate addition rather than to pH
changes, sample dilution, or phosphate addition. Similar

productivity response to rainwater nitrate was observed in
bioassay experiments using Lake Waccamaw water collected near
the limestone outcrop (Kucklick, 1988). Preliminary experiments
with Greenfield Lake water also suggest a productivity increase
from nitrate addition in acid rain (L. Cahoon, 1987, UNCW,
personal communication).

Lake Waccamaw has been described as incipiently eutrophic
(Casterlin et al., 1984), so any nutrient additions to this lake

could be particularly important. Calculations indicate that
nitrate addition from rainwater could be very significant for
this 1lake. Analysis of rainwater collected at Lake Waccamaw

from September of 1986 through November of 1987 shows that
occasional storms do deposit relatively large amounts of nitrate
in this lake. Two particularly large nitrate deposition events
occurred on September 28, 1986, when 1.3 cm of rain with 59.8 uM
NO3 ~ fell, and April 15, 1987, when 6.1 cm of rain with 11.6 uM
NO3 ~ was received at Lake Waccamaw. Assuming whole lake mixing,
these two storms would increase the concentration of nitrate in
lakewater by 0.34 and 0.31 uM, respectively. If these rains
mixed with the top 8 cm rather than with the whole lake, the
concentration of nitrate in the resulting surface layer would be
13.3 and 12.4 uM NO3 ~. This concentration compares with an
average background concentration of approximately 2.8 uM
(Casterlin et al., 1984), so these additions could be very
significant in surface water for a short time.

Concentrations of phosphate in Eastern North Carolina rain
are generally low, comparable to the 0.2 uM average in Lake
Waccamaw (Casterlin et al., 1984). So, direct addition of
phosphate from rain is not expected to have as large an impact
on nutrient concentration as nitrate addition from rain.
Rainwater may, however, indirectly cause the addition of
phosphate to Lake Waccamaw water. Many of the limestones in
eastern North Carolina contain some phosphate; the limestone
that outcrops at Lake Waccamaw contains approximately 0.1%
phosphate. Limestone, as calcium carbonate, is much more
soluble in acidic rain than neutral rain, and as the limestone
dissolves the phosphate contained within it is released.
Sediment composition indicates enhanced productivity in the area
of Lake Waccamaw near the limestone outcrop (Kucklick, 1988).
Three Lake Waccamaw biocassay experiments conducted during May,
June and September of 1987 also indicated that the lake water
near the limestone was more nitrate limited than the lake water
at the southern part of the 1lake away from the limestone
outcrop. Lake Waccamaw water away from the limestone required
addition of both nitrate and phosphate to stimulate
productivity; near the outcrop only nitrate was necessary.
Phosphate addition alone did not stimulate productivity at
either 1location. Productivity was estimated in these bioassay



13

experiments by either chlorophyll-a concentrations or l4c uptake
measurements (Kucklick, 1988). The limestone at Lake Waccamaw
is not wunique; if this proves to be a significant source of
phosphate to this lake, it may also be an important source in
many other areas in eastern North Carolina.

sulfate addition from rainwater to surface waters in
Eastern North Carolina could be of interest because sulfate is
the major anion in most rainwaters. However, many of these lakes
have been high in sulfate for decades. Frey (1949) reported
results of analyses of lake water for several of the bay lakes
in North Carolina. These lakes, which included Singletary Lake
and Lake Waccamaw, had sulfate concentrations between 63 and 82
uM SOgz“<” in the summer of 1948. Recently measured sulfate
concentrations (spring of 1987) were 118 and 46 uM respectively.
Sulfate concentrations in NC rivers and streams from 1943-1967
were also high although quite variable (Wilder and Slack, 1971).
Concentrations from the 1940's do not represent background
levels (Patrick et al., 1981); anthropogenic emissions of S0;
and NO, began increasing between 1900 and 1940 (Holdren et al.,
1984; ~Gschwandtner, 1985; Fay et al.,1986; Mayewski et al.,
1986). Harned (1982) reported that concentrations of sulfate
have increased in the Neuse River in central eastern North
Carolina, and Turk (1983) reported an increase in many streams
and rivers in the Southeastern US, all attributed to deposition
from rain. Talbot and Elzerman (1985) found no evidence for
increased sulfate concentrations in five South Carolina Piedmont
lakes; their lakewater compositional data indicates sufficient
retention of sulfate by soils. An increase in sulfate
concentration can be an important early indicator of change for
a river or lake, because, 1like an alkalinity decrease, it
precedes the pH decline (Galloway et al., 1983; Perry et al.,
1986; Schindler et al., 1986).

The ocean is a significant source of seasalt to rainwater
(Cogbill and Likens, 1974; Gorham et al., 1984) and surface
water in coastal areas (Beck et al., 1974; Gorham et al., 1985).
During 1983, the maximum chloride deposition occurred in the
autumn and was associated with storms that had wind off the

ocean, usually from the northeast. In Figure 3, chloride
deposition from the storms which gave the largest salt
deposition is plotted versus distance from the beach. This
Figure shows that during these storms chloride deposition from
rain decreased rapidly with distance from the Dbeach. In
Wilmington, the 1983 value for chloride deposition _was

approximately twice the average annual value of 20 meg/m“-yr
calculated for the Southeastern United States (Munger and
Eisenreich, 1983). Figure 3 indicates that in coastal regions,
individual storm events often deliver significant amounts of
chloride relative to the annual average. This large coastal
effect is restricted to a rather narrow zone approximately 10 km
wide along the coast. Although seasalt is very important in

chloride transport and deposition in coastal locations, it is a
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minor source of sulfate (Gambell and Fisher, 1966). At the
Wilmington site (8 km from the surf 2zone) the maximum
contribution by seasalt to the total sulfate concentration
occurred during coastal storms, however, even in these storms
only approximately 30% of the sulfate on the average came from
seasalt (Willey et al., 1988).

The most severe storm during this study was Hurricane
Diana, which deposited approximately ten times more chloride
than any other storm during this study (Figure 3). Hurricane
Diana brought approximately 37 cm of rain and winds in excess of
50 m/sec to the Wilmington sampling site. It made landfall 25 km
south of Wilmington on September 12, 1984. Salt deposition,
assuming that all the chloride occurred as NaCl, was_ 12.5 g
NaCl/m2 at a site 3 km from the beach, and 4.1 g NaCl/m2 at the
Wilmington site (8 km from the beach). Rainwater during this
storm, at the time of maximum wind intensity was 0.3% seawater
at the site 3 km from the beach. Based on data from four
locations (Figure 3), the effect of Hurricane Diana with respect
to salt deposition was apparent as far inland as Clinton (95
km), but not at Raleigh (200 km inland). Both places received
rainfall from this Hurricane. The observation that the rainwater
extends farther inland than does the salt deposition indicates
that the rainwater and seasalt are not completely mixed
throughout the storm system.

CONCLUSIONS

1. Rainwater has the potential to affect certain surface waters
in Southeastern North Carolina through pPH change
(acidification) and through nitrate addition. Some surface
waters are very well buffered and unlikely to change in pH;
some surface waters are already as acidic as most rain. Any
changes in sulfate concentrations would be difficult to
detect because of high variability in surface water sulfate
concentrations; also many of the lakes and rivers have had
high sulfate concentrations for decades.

2. Most of the salt added to rainwater from seaspray is
transported only a short distance inland (10 km). Individual
catastrophic storms can deposit as much salt in one storm as
several average years of rain.
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ABSTRACT

Selected data from a two year study are presented which
describe patterns of inorganic nitrogen and phosphorus loading
to the Neuse River Estuary and the role of the estuary as a
trap, or "filter" of these nutrients. The Neuse River was found
to be the major source of nutrient loading to the estuary when
compared to local point sources and the Trent River. Loading to
the estuary from the rivers is flow dependent, so that most of
the total annual nutrient load comes during the late winter when
flow is highest. Concentrations of ammonium (NHy), nitrate plus
nitrite (NO3 + NOj), and filterable reactive phosphorus (FRP)
were consistently higher at the head of the estuary than at its
mouth. NO3 + NO, was the predominant form of dissolved
inorganic nitrogen entering the estuary, but in water leaving
the estuary NH4 was more abundant than NO3. The decreases in
concentrations within the estuary were due 1n part to dilution
of nutrient-rich river water by nutrient-poor Pamlico Sound
water, but processes other than conservative mixing also played
roles in decreasing the nutrient concentrations. Therefore, the
estuary can be considered to be a major "filter" of freshwater
nutrient inputs from the Neuse Basin, and thus, it most likely
helps prevent eutrophication in Pamlico Sound.

INTRODUCTION

Estuaries represent a major interface between land and sea.
As freshwater runs over and percolates through watersheds, it
accumulates a large variety of dissolved and particulate
substances from both natural processes and man's activities.
These substances are transported along rivers toward the

estuarine interface. At this interface, the substances are
subject to new processes or modified rates of processes which
alter their concentrations within the water. These processes

are physical, chemical, and biological, resulting from the
mixing of fresh and seawater and from the geomorphological

forces of the juxtaposition of 1land and sea. Therefore,
estuaries play an important role as "filters" which modulate the
impacts of land runoff to the ocean (Kennedy, 1984).

Understanding the nature of the filtering mechanisms is an
important goal of estuarine scientists and is essential to sound
management practices for estuaries.

For the past several vyears, we have studied the nutrient
dynamics within the Neuse River Estuary and its major tributary,
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the Neuse River. The Neuse system drains a watershed that
accounts for 12% of the area of North Carolina. While nearly
two-thirds of the watershed is forest and wetland, most of the
nitrogen and phosphorus inputs to the Neuse River are derived
from agricultural activities and the 31 industrial and municipal
point sources (N.C.D.N.R.C.D., 1984). Resultant inputs of
nutrients are such that the Neuse River is hypereutrophic during
most of the year, i.e., nutrient concentrations exceed the needs
of primary producers (Paerl, 1987; Christian et al., 1986).

If the estuary is to act as a nutrient filter,
concentrations must diminish, to an extent greater than can be
explained by dilution alone, as water passes from the river to
Pamlico Sound at the estuary's mouth. Christian et al. (1984)
found such decreases in nitrate plus nitrite and filterable
reactive phosphorus concentrations within the upper Neuse River
Estuary during four dates in the summer of 1982. Further,
yearly average concentrations of nutrients decline from river to
estuarine mouth (e.g., Stanley, 1983). Such trends are also
found in other estuaries and appear to be a common feature of
many drowned river valley estuarine ecosystems (Stanley, 1986;
Harding et al., 1986).

Estuaries possess gradients of features which could affect
nutrient concentrations. Gradients of salinity, turbidity,
sediment type, surface area to volume ratio, and taxa exist. 1In
many studies, water quality 1is indexed against the salinity
gradient as a dominant feature of an estuary (Christian et al.,
1984; Harding et al., 1986). However, 1in the Neuse River
Estuary, the salinity gradient is highly dependent upon river
flow and does not always reflect the geomorphological features
of the estuary. At high river flow, much of the upper estuary
may be fresh, while at low flow, salinity may intrude upriver
(Hobbie and Smith, 1975). Various attributes of the estuary may
be inherent in their geomorphological position rather than their
position relative to the salinity gradient. This feature may be
especially true for attributes associated with sediments or
surface area to volume ratios. Nutrient concentrations and
water quality may be affected by both salinity and
geomorphological related features.

In this paper we evaluate the ability of the Neuse River
Estuary to act as a nutrient filter. We concentrate on the
dissolved inorganic nutrients: ammonium (NH4), nitrate plus
nitrite (NO3 + NOj), and filterable reactive phosphorus (FRP,
primarily PO4). The estuary acts as a filter in two ways: (1)
by reducing nutrient concentrations in the water column and (2)
by reducing loading of nutrients into Pamlico Sound. The first
process is important to the consideration of productivity within
Pamlico Sound, as growth of phytoplankton and other primary
producers may be 1limited by the concentration of inorganic
nutrients. The second process 1is important to long-term
processing and storage of nutrients and organic matter within
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the Sound, but is difficult to estimate based on present data.
Here we present information on nutrient concentrations at the
Neuse River Estuary's head and mouth, on the relationship of
river flow to nutrient processing within the estuary, and on
nutrient loading at the head of the estuary. From this
information we, evaluate the potential of the estuary as a
nutrient filter.

MATERIALS AND METHODS

study Site and Sampling

In Figure 1 we show the Neuse River Estuary and its
position relative to eastern North Carolina. The letters within
the estuary refer to stations at which sampling has been
conducted since February 1985. For this paper, we describe
results from station G (at Cowpen Landing) representing inputs
from the Neuse River, Pollocksville (P) representing inputs from
the Trent River, Weyerhaeuser pulp mill effluent (WPM), effluent
from the New Bern sewage treatment plant (sTP), and station A,
representing outputs from the estuary into the Sound. We also
include nutrient and salinity data from stations A through G.

The distance from station G to station A is 74 km, and the
surface area of the estuary is 394 km“. The Neuse River is the
major tributary, with a long-term average discharge more than
ten times that of the Trent. River flow dominates the salinity
structure of the estuary with astronomical tides being of minor
importance and vertical stratification being ephemeral. The
average depth is 4.6 m with depth increasing from head to mouth
(Matson et al., 1983).

sampling occurred for more than two years, from winter 1985
through spring 1987. Stations G, P, and STP were sampled on an
average of one-week intervals, and stations A to F were sampled
at two- to four-week intervals. surface waters of the rivers
and estuary were sampled, as was effluent from the STP
immediately prior to entrance to the river. At each sampling we
measured salinity and temperature and collected a minimum of
four liters of water, which was stored during transit at ambient
or sub-ambient temperatures and returned to the laboratory
within 1 to 6 hours. Results presented here are part of a
larger study of nitrogen cycling and primary productivity within
the estuary.

Chemical Analyses

In the laboratory, samples were filtered prior to chemical
analysis. The filtered water was either kept refrigerated for
analysis within 48 hours or stored frozen. During the two-year
period, Dboth manual and automated chemical analyses were
conducted. 1In both cases the basic analytical chemistries for
each N and P fraction were similar. Ammonium concentrations
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were determined by phenate techniques (Strickland and Parsons,
1972, U.S. E.P.A. 1979). Nitrate plus nitrite concentrations
were determined after cadmium reduction (APHA) (1980), and
filterable reactive phosphorus was determined by the ascorbic
acid method (A.P.H.A., 1980). Intercalibrations between the
automated and manual methods were done to insure comparability
of the results. :

Data Manipulation

Concentration data from stations A and G were grouped by
month, independent of year, and were averaged to provide a
composite annual picture of concentrations of each nutrient.

Loading calculations were made for the period from March
1985 through February 1987. Instream loading was calculated as
the product of water discharge at a location times concentration
at that location. To do this calculation, certain assumptions
were made depending on location. For station G, daily water
discharge was estimated by multiplying flow at the nearest
gauging station (Kinston) by 1.45 to correct for the ungauged
basin area between the two sites. Dissolved inorganic nutrient
concentrations from the nearest sampling date at station G were
multiplied times water discharge to estimate daily loadings.
These loading estimates were summed over two sampling period
intervals: 1) from March 1985 through February 1986 and 2) from
March 1986 through February 1987. Other loadings were
calculated as follows. To obtain loading for the Weyerhaeuser
pulp mill, monthly average concentrations of effluent nutrients
(stanley, unpublished data) were multiplied by mean daily water
discharge for the month (N.C. Department of Natural Resources
and Community Development, unpublished data). For the New Bern
sewage treatment plant, our measured concentrations were
multiplied times flow data (N.C.D.N.R.C.D., unpublished data).
Loading from the Trent River was determined as for the Neuse;
i.e., measured concentrations at Pollocksville were multiplied
times the gauged flow at Trent, N.C., and the product was
then multiplied times 3.09, a correction for the ungauged
basin area between the gauging station at Trent and the mouth
of the Trent River.

RESULTS

Changes in Concentrations Between Estuarine Head and Mouth

At the head of the estuary (station G) NO3 + NO, was
present in the highest concentrations of the three nutrients,
although NO, was only a minor component (unpublished data)

(Figure 2). Often nitrite was present at concentrations near
the limits of detection. NO3 + NO, exceeded 100 uM on some
sampling dates and the monthly averages were all >30 uM. The

highest NO3 + NOj concentrations occurred in winter and late
spring, and the lowest were in March and in the summer months.
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NH4 concentrations varied from 4 to 13 uM. The lowest
concentrations occurred in February and March, but there were no
obvious seasonal trends. FRP concentrations ranged from 3 to 9
UM and were highest in summer and were lowest in winter. Intra-
month variation was considerable for all of the nutrients.

Water at the mouth of the estuary (station A) was largely
depleted of NO3 + NO, (Figure 3). Concentrations were often
below the 1limits of detection (0.1 uM) and the highest single
concentration was only 9.7 uM. Lowest values were in May and
July with high values in March and the fall months. NHy
dominated the dissolved inorganic nitrogen pool, with a peak
ammonium concentration for a single date of 16.2 uM. Highest
concentrations were in spring, late summer, and November.
Monthly mean FRP concentrations varied ten-fold over the
composite year from 0.46 to 4.50 uM. The lowest values were
found in spring and highest in summer and fall.

Differences in the annual mean N and P levels at stations G
and A show that concentrations of all three nutrients decreased

between the head and mouth of the estuary (Table 1). The rows
for "total" represent measured concentrations at each station
and are considered here. Later we discuss a correction for

sound water nutrient contributions. Both NH; and FRP levels fell
about 50% as water passed through the estuary, but the
"filtering capacity" for NO3 + NOj apparently was even greater,
since concentrations of this nutrient declined by about 97%.
Consequently, the molar ratio of N:P in the inorganic nutrients
changed dramatically. At the head of the estuary it was 11.0,
whereas at the mouth it was >3.2. The '"greater than" sign must
be used because of the frequency at which NO3 + NOj
concentrations were below the limits of detection.

Relationship of River Flow to Nutrient Processing

Figures 4A and 4B show that, at Station A, NHy and NO3 +
NO, exhibited similar patterns with respect to salinity. In
both cases the highest concentrations were observed when
salinity was 1low. when salinity was greater than 14 ppt, NHy
was always less than 4 uM, and NO3 + N02 was less than 1 uM. At
times when water had below 14 ppt salinity, concentrations
varied from near the limits of detection to the highest values
measured. FRP concentrations at Station A were most variable at
mid-salinities, ranging from the limits of detection to 6 uM
(Figure 4C). Variability decreased at low and high salinities.

The relationships between nutrient concentration and
salinity described above were used to estimate the contribution
of nutrients to the estuary from Pamlico Sound. Water with
salinities greater than 14 ppt was assumed to Dbe from Pamlico
Sound, and hence nutrient concentrations 1in this water
represented concentrations within the sound. Average
concentrations from samples of such water were 17.4 t 2.3 (X ¢
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SD) ppt for salinity, 1.1 + 1.0 uM for NHy, 0.5 + 0.3 uM for NO;
+ NO5, and 1.9 + 1.4 uM for FRP. Then, for all samples from
station A, the measured salinity was divided by 17.4 ppt to
estimate the fraction of sound water in the sample. Values
greater than 1 were considered 1. Finally, this fraction was
multiplied by the average nutrient concentrations of sound
water, and the product was subtracted from the measured
concentrations for each sample to give the estuarine nutrient
contribution. Negative values were considered as 0.0. Table 1
summarizes the results. The estimated estuarine contributions
to the total concentration were 86, 88, and 50% for NH,, NOj3
+NO,, and FRP, respectively. Thus the relative contribution of
Sound FRP is greater than that for the nitrogen species.

Salinity versus property plots are often used to normalize
flow patterns and to indicate whether a substance acts
conservatively or nonconservatively within an estuary (Sharp et
al., 1984). For example, if, under steady state conditions, the
decreases in concentrations between Neuse Estuary stations G and
A were the result of Pamlico Sound water dilution alone,
nutrient concentration would be 1linearly related to salinity
across the estuary. The actual relationship between nutrients
and salinity in the Neuse River Estuary is illustrated by the
salinity property plots in Figure 5 for nutrient concentration
data from two days in May having vastly different flow regimes.
On the first of these two sampling dates (13 May 1986) salinity
at station A was 14.7 ppt. On the second day (7 May 1987) it
was only 2.0 ppt. Thus the curves from the 1latter date are
compressed to the left. In all cases nutrient concentrations
were not linearly related to salinity. NH, concentrations were
variable at 1low salinities and in freshwater (Figure 5A). This
variation probably reflects the influence of Weyerhaeuser pulp
mill effluent which increased NH, concentrations downstream of
station G, so that the concentrations peaked at station F on 13
May 1986 and at station E on 7 May 1987. Concentrations of NHy
rose at the mouth of the estuary on both dates. NO3 + NOj
concentrations fell to the limits of detection by the time water
reached station E on 13 May 1986, but remained above 1 uM
through station B on 7 May 1987 (Figure 5B). Similarly, FRP
remained above 2 uM through station C on May 1987, but was
depleted to <1 uM by station E on 13 May 1986 (Figure 5C). In
summary: 1) all nutrients declined considerably 1in estuarine
water before it reached Pamlico Sound, 2) conservative mixing
alone was not evident, 3) and river flow affected the nutrient
concentration patterns.

Nutrient Loading at the Estuarine Head

A summary of annual nutrient loading for two twelve-month
periods beginning on 1 March 1985, is shown in Table 2. NOj
comprised almost 90% of the total dissolved inorganic nitrogen
(DIN) input, far more than the NH, input. The Neuse River basin
above station G 1is the 1largest source of nutrients to the
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estuary, contributing 58-64% of the total NH4 load, 85-91% of
the total NO3 + NO, 1load, and 80% of the total FRP input.
Combined point source inputs of NO3 + NO, below station G
(Weyerhaeuser + New Bern STP) were <2% of the total NO3 + NOj

input, while FRP and NHy inputs from these point sources were
about 8% and 22% of the total loading of these species to the
estuary. The Trent River supplied between 7 and 14% of the

total loads of the dissolved nutrients.

Figures 6A-B show the monthly nutrient loading to the Neuse
River Estuary during the two year study period. The vast
majority of the annual NO3 + NO, load entered the estuary during
the December-March period. For example, 60% of the annual NOj3 +
NO, load (March 1986 - February 1987) from the upper Neuse basin
came into the estuary during January and February. Seasonal
variations in loading were not as dramatic for NHy and FRP as
for NO3 + NO but inputs of both did peak during the winter
(Flgures 6A- B?

Figures 6A-B and Table 2 also reveal substantial
interannual variation in dissolved inorganic N and P inputs to
the estuary. For example, NO3 + NO, loading from the upper Neuse
basin increased nearly twofold in the second twelve-month
period. NH loading increased 1.4 times, and FRP loading
increased slightly. About the same relative magnitude of inter-
annual variation in nutrient input 1is also apparent for the
Trent River; all nutrients inputs were higher in the second
year. Point source nutrient inputs were essentially the same in
each year (Table 2).

Loading rates from the Neuse and Trent Rivers are highly
dependent on river flows (Figures 7A-B; Table 3). NO3 + NOj
loading is much more dependent on water discharge than NH4 or
FRP loading. Variation in river flow can account for 80-90% of
the variation in NO + NO; loading, compared to about 65% for
NH; and FRP loading (Table 3).

DISCUSSION

Concentration Changes

Our data for dissolved inorganic nutrients at the head of
the Neuse River Estuary are similar to those described by Paerl
(1987) for nearby sites on the Neuse River, and they are similar
to those at a comparable position on the Tar River, which enters
the neighboring Pamlico River Estuary (Stanley, 1987). NH, and
NO3 + NOj concentrations for the Neuse head are similar to or
lower than those at the heads of the Delaware and Chesapeake
Bays, but FRP concentrations tend to be higher in the Neuse
(Harding et al., 1986; Sharp et al., 1984).
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Although larger than the Neuse, the Delaware and Chesapeake
Bays are also drowned river valley estuaries. The Pamlico River
Estuary watershed 1is similar to, but somewhat smaller than, the
Neuse (Matson et al., 1983). All four estuaries show similar
patterns of nutrient change from head to mouth (Harding et al.,
1986; e.g. Sstanley, 1986). NO3 + NO, decreases greatly over the
length of the estuaries. NH, and FRP concentrations also
decline, but concentrations at the mouth often remain near or
above 1 uM.

The depletion of riverborne nutrients in the estuary may
result from a number of processes. One 1is simple dilution
caused by the mixing of nutrient-rich river water with nutrient-
poor seawater. But the property-salinity plots shown above, as
well as other plots examined (data not shown), are indicative of

nonconservative mixing; that is, other processes besides
dilution are involved. Although there are a number of
assumptions inherent in such plots (Loder and Reichard, 1981;
Sharp et al., 1984; Sharp et al., 1986) that may obfuscate

patterns of physical mixing, the observed patterns, plus other
evidence, are indicative of biological and chemical processing

of the nutrients. Chlorophyll a concentrations rise in the
upper estuary as a result of phytoplankton primary productivity
(Christian et al., 1984). This production consumes nutrients.

It 1is interesting, although perhaps fortuitous, that the N:P
ratio of the total differences between DIN and FRP
concentrations of stations G and A is 14.6:1. This ratio is
very close to the expected ratio for phytoplankton nutrient
uptake (16:1, Redfield et al., 1963). We, as well as other
researchers, have accumulated other data that supports the
contention that both planktonic and benthic processing of
nutrients 1is considerable within the estuary (Paerl, 1983;
Matson et al., 1983; Fisher et al., 1982). It appears that the
net result of this processing is that the estuary removes large
quantities of dissolved inorganic nutrients from the water,
which, along with seawater dilution, leads to greatly reduced
nutrient concentrations for primary producers within Pamlico
Sound.

As seen in Figures 4 and 5, Neuse flow affects how much of
the riverine nutrients reach the 1lower estuary and Pamlico
Sound. High river flow can sweep nutrients through the estuary
so rapidly that there 1is not time for much chemical or
biological processing. Woods (1969) estimated travel times in
the Neuse River Estuary to be approximately 26 to 27 days during
low flow, summer conditions. Unfortunately, the travel times
under other flow conditions are unknown. As nutrient
concentrations at station A are highly variable at 1low
salinities, chemical and biological processing of nutrients may
be substantial even at high flow conditions. We are currently
evaluating process rate data on planktonic primary productivity,
nitrogen cycling, and benthic/water column fluxes of nutrients
which will provide this much-needed information.
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Nutrient Loading to the Estuary

The estimates of daily FRP and NO3 + NO; loading for the
Neuse River shown in Figures 7A-B agree well with other recent
loading estimates made at a station slightly downstream from
station G (Paerl, 1987). Paerl reported maximum NO3 + NO, and
FRP loadings ranging between 580-2800 kmol N/day and 50-110
kmol-P/day respectively, for the period May 1981-April 1986.
Maximum NO3 + NO, and FRP loadings respectively in our study
were 490-1658 kmol N/day and 28-56 kmol P/day. Paerl's results
underscore the large interannual variability in loading shown in
Figures 6A-B. The total NO3 + NO, loading which occurred during
January and February 1987 is the highest loading reported for
the late winter and early spring period since 1983.

Interannual variation in point-source nutrient inputs was

small, as were monthly variations. This variation might be
expected since these discharges are 1largely independent of
meteorological events. However, Dbecause of this relatively

constant input, the impacts of point-source loading could be
greatly enhanced during low flow periods. Loadings from direct
precipitation and local land use were not considered here but
are probably of minor importance.

Paerl (1987) also reported a strong, direct link between

NO3 + NO,; loading and river flow. Surface and subsurface
runoff to the Neuse River Estuary is maximal in winter when
evapotranspiration is lowest (Harned, 1980). Since these flows

carry dissolved nutrients, maximum nutrient loading tends to
occur in winter. However, the relationship between river flow
and NO3 + NOp 1loading can also be spuriously influenced by
anthropogenic factors. Fertilization of farmland generally
occurs in late winter and early spring (Humenik et al., 1983).
Consequently, more nitrate is available (both from direct
application to fields, and through nitrification of ammonium
fertilizers) for input to the river through stormwater runoff at
this time than at other times of vyear. Greater winter
availability of nitrate is evident in Figures 6A-B, where an
anomalously high August 1986 river flow was equal to or greater
than the river flows of the preceding winter/spring period.
Although August flows were equivalent to those winter flows,
August nutrient loadings were much less than winter loadings.

NH4 and FRP loadings are 1less affected by river flow.
Paerl (1987) also noted a relatively weak link between NH, or
FRP loading and river flow and suggested that this weakness is
due to the relatively smaller contribution of non-point sources
to NH, and FRP loading. Greater point source contributions,
unrelated to river flow, also would explain the smaller seasonal
changes in loading of NH4 and FRP than of NO3 + NO,.

High spring river discharges to their receiving estuaries
are a common feature of temperate, drowned-river valley
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estuaries (Sharp et al., 1986; Schubel and Pritchard, 1986).
Annual loading of the upper Chesapeake Bay by the Susquehanna
River follows the same seasonally asymmetric pattern found for
the Neuse (Schubel and Pritchard, 1986). Such loading patterns
are probably typical of these estuaries. The timing and
magnitude of the spring discharge may also determine the
location, timing, and extent of spring phytoplankton blooms by
determining patterns of water column stratification (Sharp et
al., 1986).

Nutrient loading and other discharge related effects are
determined by a complex interaction of man's activities,
hydrology, geochemistry and biological processing. Loading
studies represent one part of the picture. Our studies of the
biological responses to these interactions will hopefully supply
another part.

SUMMARY

The Neuse River Estuary serves as a filter for riverborne
nutrients on their way to Pamlico Sound. Concentrations of NHg,
NO3 + NOp, and FRP consistently declined in water passing
through the estuary. NO3 + NOp concentrations decreased the
most, such that they often were near or below the limits of
detection upon reaching the estuarine mouth. These decreases
were not merely due to physical mixing. Thus the estuary acts
as a dynamic "sink" for dissolved inorganic nutrients.

Nutrient loading to the estuary is substantial with most
dissolved 1inorganic nutrients coming from the Neuse River.
Local point sources and the Trent River provide minor inputs.
Both nutrient loading and concentration patterns within the
estuary are dependent on river flows. However, even under high
flow conditions nutrient concentrations at the mouth are less
than at the head. Thus the Neuse River Estuary acts to preserve
low nutrient concentrations within Pamlico Sound and perhaps
prevent eutrophication there.
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ABSTRACT

The bacterial genus, Vibrio, 1is generally the major
taxonomic group of bacteria cultured from estuarine waters, and
one of the most common in open ocean waters. Although of great
significance as saprophytic agents (they are active chitin
mineralizers) and the source of several economically important
fish and shellfish diseases, a number of members of this genus
are also the causative agents of a variety of important human
infections. These range from superficial wound or
gastrointestinal infections to severe and frequently fatal
septicemias. This paper reviews the medically important Vibrio
diseases of man, and notes their incidence in North Carolina
waters.

INTRODUCTION

The genus Vibrio constitutes one of the most common genera
of bacteria in estuarine and marine oceanic environments. 1In
the 1974 edition of Bergey's Manual of Determinative
Bacteriology, the taxonomic "bible" of bacteria, five species of
the genus Vibrio were listed. Of these, only V. cholerae and V.
parahaemolyticus were known human pathogens. V. cholerae,
implicated in seven worldwide epidemics of cholera since its
first isolation in 1884, continues to be a significant health
hazard, with 79,000 cases of cholera reported from around the
world during the last two years. V. parahaemolyticus is a major
cause of food poisoning, especially in those countries where raw
seafood is commonly consumed. It causes 70% of the food
poisonings in Japan, where 13,000 cases were reported in 1972
alone. Now physicians and microbiologists are confronted not
only with these two pathogenic marine vibrios, but with a number
which has literally been increasing every year. As of 1986,
there were 30 described species of the genus Vibrio, of which 11
have been associated with human disease (Table 1). The majority
of these newly described species are gastrointestinal pathogens
causing relatively mild food-poisoning symptoms with diarrhea
(for recent reviews see Farmer et al., 1985; Morris and Black,
1985; Oliver, 1985; Tison and Kelly, 1984). A notable exception
among these '"newcomers", however, 1is Vibrio vulnificus, one of
the most invasive and rapidly 1lethal human pathogens known
today. This review summarizes the taxonomy, distribution, and
diseases caused by the most important of these marine vibrios,
with special reference to their presence in North Carolina
waters.
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Table 1. Vibrio spp. Associated with Human Disease

1974 1987

Vibrio cholerae Vibrio cholerae

V. parahaemolyticus parahaemolyticus
alginolyticus
vulnificus
damsela
hollisae
fluvialis
furnissi
mimicus

. metcshnikovii
cincinnatiensis

A< <<<<<<<<

Vibrio cholerae

This bacterium, first isoclated in 1884, has been the cause
of seven world-wide epidemics. The current pandemic has
involved some 34 countries and caused nearly 80,000 cases. The
symptoms, which begin as 1little as six hours after infection,
are typical of gastrointestinal disease, and include abdominal
discomfort, vomiting, and diarrhea. Unlike other vibrios
causing similar symptoms, however, intestinal wulceration is
common, generally resulting in bloody diarrhea. The patient may
suffer massive fluid loss, a result of 20 to 30 watery stools
per day. The resultant dehydration causes collapse, coma, and
often death (Morris and Black, 1985).

Taxonomically, V. cholerae isolates may be subdivided by
their cell surface chemistry. Those strains which agglutinate
in "01" antiserum have historically been considered the most
important type, responsible for the epidemic, or Asian, form of

cholera described above. Those isolates which do not
agglutinate in 01 antiserum have been collectively referred to
as NAG ("non-agglutinating") vibrios, NCV ("non-cholera")
vibrios, or more properly, '"non-01" V. cholerae. Although not

considered to be of great importance as agents of epidemic
cholera, it is becoming increasing apparent that some of the
non-01 strains are, in fact, capable of producing the cholera
toxin and of causing cholera-like symptoms. Further, and in
contrast to the 01 strains which are capable of causing only
intestinal disease, non-01 V. cholerae strains are significant
in causing potentially serious wound infections. Non-01 strains
of V. cholerae have been isolated from ear infections, blood and
sputum samples, appendices, gallbladders, and cerebrospinal
fluid, as well as wounds. Septicemias, some with fatal
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outcomes, have also been reported for non-01 strains. This
indicates an ability to invade tissue, a trait not associated
with the 01 type (Oliver, 1983).

Although an occasional case of cholerae appeared in the
early 1970's, cholera was not considered a problem in this

country until 1978 (Table 2). At that time, 11 cases were
reported in Louisiana, all a result of consumption of
contaminated crabs. In 1981, 17 more cases were reported in a

single outbreak, with contaminated drinking water on an oil rig
in the 1Intracoastal Waterway of Texas being implicated as the

source of infection. In both outbreaks, V. cholerae group 01
were isolated and shown to be identical to a strain isolated
from a cholera case in Texas in 1973. More recently, 5 cases
were reported 1in August of 1986. It has now been clearly

established that these strains differ from those found in other
countries, and represent a population indigenous to this
country. Indeed, V. cholerae group 01 bacteria have been
isolated from oysters and waters from the East and Gulf coasts,

and thus appear to be quite ubiquitous. Strains of non-01
cholera appear to be even more common in estuarine environments,
being present in both water and shellfish (Oliver, 1983). One

study (DePaola et al., 198l1) carried out in the Gulf Coast
reported 36%, 37%, and 84% of the 477 samples of shellfish, mud,
and seawater studied to harbor V. cholera isolates.

Table 2. Cases of Vibrio cholerae in the United States?@
Date State Cases 01 Vehicle
1973 TX 1 + ?
1976 AL 1 shrimp gumbo
1977 AL 1 + oysters
1978 LA 11 + crab
AL 2 oysters
1979 FL 6 oysters
TX 2 "seafood"
LA 6 "seafood"
1980 FL 1 + oysters
1981 TX 2 + ?
TX Gulf 17 + drinking water
NH 1 clams
1984 MD 1 + crabs
1985 CA 1 + oysters
1986 FL 2 + oysters
AL 14 oysters
LA 4 + crab, shrimp
GA 1 + oysters

8No cases had occurred in the United States Between 1911-1972
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It is now evident that both 01 and non-01 strains of V.
cholerae are capable of causing epidemic cholera, and that the
non-01 strains may also produce potentially fatal wound
infections. Further, V. cholera, generally regarded in the
United States as being a problem only in eastern and mid-eastern
countries, is in fact a part of the normal estuarine microflora
in this country, having been isolated from the Chesapeake Bay of
Maryland to the Gulf of Mexico. Despite the ubiquity of this
species in southeastern waters, we have been most fortunate in
that no cases of cholera have occurred in N.C.

Vibrio vulnificus

The wound infections and septicemias occasionally caused by
non-01 strains of V. cholerae are similar to those caused by V.
vulnificus. This marine pathogen is one of the most invasive
bacterial species ever described and has been the subject of
intense investigation since its first description in 1976 (for a
review, see Oliver, 1989). V. vulnificus can cause infection by
two routes: ingestion of contaminated raw seafood, particularly
oysters, or introduction of seawater containing the bacterium
into a wound injury. Of the two routes, ingestion is the more
serious. The organism appears able to penetrate the intestinal
tract and produce a massive infection with a 40-60% fatality
rate. In almost all of these cases, the infected individual has

some underlying disease. These include hepatitis, thalassemia
major, hemochromatosis, or most commonly liver cirrhosis as a
result of alcoholism. Such diseases typically result in

elevated levels of serum iron, a situation apparently essentialk
to the overwhelming infections this bacterium is capable of
producing. Symptoms of V. vulnificus septicemia generally
include fever, chills, and decreased blood pressure leading to
shock (Table 3). The time to death is often quite rapid, with
patients frequently dying within hours after hospital admission
(Oliver, 1987). It is essential that persons with diseases such
as those mentioned above refrain from eating raw seafood, as
this combination has potentially disastrous consequences.

Wound infections involving V. vulnificus often occur while
fishing, crabbing, or shucking oysters, and are always seawater
associated. Although the fatality rate is lower (ca. 20%) as
compared to the septicemias, the wounds are characterized by
swelling, redness, edema, and a rapidly developing subcutaneous
tissue destruction often resulting in limb amputation. Unlike
most septicemia cases, these wound infections often occur in
otherwise healthy individuals.

Vibrio vulnificus has been shown to occur on the East,
West, and Gulf coasts of the United States. Our studies of east
coast waters have shown this organism to be present in oysters,
water, sediment, and plankton. While we have found the numbers
of V. vulnificus in seawater to be relatively low (ca. 5-10/ml),
filter-feeding oysters and clams concentrate this bacterium to




over 104/gram (Oliver et al., 1982; Oliver et al., 1983).

Table 3. Summary of Primary Septicemic and Wound Infections
produced by Vibrio vulnificus

————— At AA————————————————————————————————————————————————————————————————
e ——————————— e ——

Primary Wound
Septicemias Infections
(n=57) (n=54)
Symptoms
Fever 94% 85%
Chills 86 68
Hypotension? 43 19
Nausea 60 37.5
Vomiting 35 30
Diarrhea 30 7
Abdominal pain 44 0
Secondary lesions 69 6
Edema 91
Cellulitis 94
Chronic disease 94% 57%
Liver disease 76 21
Diabetes 9 15
Cancer 3 13
Raw oyster consumption 85% 11%
Seawater/shellfish exposure 19 89
Median incubation time (h.) 26 16
Amputation/debridement/grafting 38% 58%
Fatal 56 22

agsystolic pressure less than 85 mm

We have isolated V. vulnificus from samples taken from Cape
Hatteras and Fort Fisher in North Carolina, and from Myrtle
Beach in South Carolina. In N.C. during 1985, three cases were
reported, but the number of cases involving this vibrio appear
to be increasing in southeastern waters. Nine fatal cases have
already been reported in Florida during 1987 (personal
communication, Richard Howard, University of Florida School of
Medicine).
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Vibrio parahaemolyticus

Another disease-causing marine vibrio, V. parahaemolyticus,
has long been known as a serious pathogen occurring in fish and
shellfish. Nearly three-fourths of all food poisonings in
Japan, where significant amounts of raw or slightly cooked
seafood is consumed, are caused by this bacterium. From 1971
through 1978, at 1least 16 outbreaks of V. parahaemolyticus
gastroenteritis have been reported in the United States
(Beauchat, 1982). 1In the largest, 1133 people who had consumed
contaminated crabmeat and shrimp in Louisiana became infected.
Although no large outbreaks have occurred in North Carolina, two
cases were reported here in 1985. It should be emphasized here
that, of all the pathogenic vibrios, only V. cholerae is
"reportable", i.e., it 1is the only one which physicians must
report to the State Health laboratory in Raleigh, Thus, we
suspect that the actual number of infections with this
microorganism is far greater than the numbers reported here.

Unlike V. vulnificus, the disease caused Dby V.
parahaemolyticus involves watery diarrhea (98%), acute abdominal
pain (82%), nausea (71%), vomiting (52%), headache and fever
(27%), and chills (24%) (Beuchat, 1982). The diarrheal stools
are occasionally bloody. The incubation period between
consumption of the contaminated seafood and onset of symptoms is
from 4 to 96 hours, and the disease typically lasts three days.
Interestingly, pathogenicity of this vibrio species 1is not
associated with all isolates. Only those strains which produce
a hemolytic toxin (the "Kanagawa" hemolysin) have been found to
be virulent.

V. parahaemolyticus is a ubiquitous microorganism that has
been isolated throughout the world from nearly every estuarine
environment which has been examined. It occurs in seawater,
sediments, and shellfish, and a strong association with
zooplankton and water temperature has been demonstrated.

The most comprehensive study carried out on the incidence
of V. parahaemolyticus present in seafood taken from North
Carolina waters was reported by Hackney et al., in 1980. They
analyzed 716 seafood samples over a three year period and found
V. parahaemolyticus to be present in 46% of them. Of the various
seafoods examined, V. parahaemolyticus was found most commonly
in unshucked oysters (79%) and clams (83%), and 1in live crabs
(100%). As 1is generally the case with bacteria such as V.
parahaemolyticus which are part of the normal flora in estuarine
environments, no correlation was found between the presence of
V. parahaemolyticus in these samples and the occurrence of such
pollution indicators as fecal coliforms or enterococci. The
occurrence of V. parahaemolyticus, which has been shown in
several studies to prefer warm waters, was also found by Hackney
et al. to demonstrate a seasonal variation 1in the seafood
examined. Samples examined during the cold water months of
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January and February were generally free of V. parahaemolyticus.
Significant numbers of V. parahaemolyticus in the water column
were only found in the months of May through November, when
water temperatures were about 20°C, and were maximum between
June and September, when temperatures were around 30°C. As is
the case with non spore-forming bacteria such as the vibrios,
adequate heat processing reduces or eliminates V.
parahaemolytics, although recontamination through contact of
cooked seafood with seawater or utensils harboring the bacterium
remains a major problem in the epidemiology of these infections.
Further, it has been found that steaming of crabs for more than
eight minutes is required to remove the vibrio hazard.

Other Pathogenic Marine Vibrios

A number of other vibrios known to be pathogenic for man
also exist in estuarine waters of the United States (Oliver,
1985). V. alginolyticus has been isolated around the world from
seawater and seafood, and has been implicated as a cause of
usually superficial wound infections of the eyes, ears, or skin.
These infections, which generally occur following swimming in
the marine environment, tend to remain 1localized and involve
swelling, mild tissue destruction, and pussey exudates.
Occasionally, cholera-like symptoms have been reported, but such
infections appear to be restricted to immunosupressed patients.
In 1985, two cases attributed to this vibrio were reported in
N.C.

V. mimicus is closely related to V. cholerae, both

phenotypically and clinically. Like cholera, symptoms of
infection with this Dbacterium generally involve diarrhea,
nausea, vomiting, and abdominal pain. This Vibrio occurs in

seawater and shellfish, and the consumption of raw oysters has
again been correlated with infection.

The next two species, V. fluvialis and V. furnissii, are
closely related and both cause symptoms similar to cholera,
including diarrhea, vomiting, and cramps. At least one death,
apparently due to severe dehydration, has been documented as a
result of V. fluvialis in the United States. Infections with V.
furnissii do not involve dehydration, and appear to be milder
than those involving V. fluvialis. Both bacteria are ubiquitous
in estuarine environments, and two cases involving V. fluvialis
were reported in N.C. during 1985.

V. damsela is unusual in being both a major pathogen of the
damselfish, but also able to cause seawater-associated wound
infections in man. Recent studies suggest it produces one of
the more potent extracellular cytotoxins known. Unfortunately,
the distribution of this potentially important human pathogen in
the marine environment is virtually unknown.

V. hollisae, first described 1in 1982, has been implicated
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in human diarrheal infection, and has also been isolated from a
blood culture. As 1is typical of those vibrios causing
gastrointestinal infection, the disease produced by this
bacterium has been associated with the consumption of raw
seafood. Unfortunately, due primarily to its inability to grow
on TCBS, the bacterial medium generally employed to isolate
marine and estuarine vibrios, 1little 1is known regarding the
ecology of this pathogen. There was one case involving this
bacterium reported in N.C. during 1985, however.

Taxonomy

A recurring problem regarding the study of all of these
pathogenic marine vibrios has been the lack of adequate
isolation methods and considerable difficulty in our ability to
rapidly and accurately identify the bacteria once they are
isolated. Most researchers have employed thiosulfate-citrate-
bile salts-sucrose (TCBS) agar, a medium originally developed
for the isolation of V. cholerae from fecal specimens.
Unfortunately, some estuarine vibrios (e.g. V. hollisae) are
unable to grow on this medium, some non-vibrios are able toc grow
(hence limiting its selectivity value), and TCBS has very little
differential capability. Thus, one must resort to tedious and
time-consuming phenotypic testing to determine the identity of
those organisms isolated from marine environments. Even then,
many of the marine vibrios differ in only a few commonly
examined phenotypic traits, and rapid identification methods,
such as the API-20E system commonly employed in c¢linical
laboratories, frequently misidentify these pathogens. Thus, in
many cases, dgenetic analysis (such as DNA/DNA hybridization
methods) must be resorted in order to provide an absolute
identification of the isolated vibrio. The situation is further
complicated by the abundance of marine vibrios that have yet to
be described or identified taxonomically.

One avenue which offers hope in avoiding some of the above
problems is the development of novel media for the isolation of
these vibrios. The recently described "CPC" agar, a medium
designed to be highly selective for V. cholerae and V.
vulnificus is an example of one such medium (Massad and Oliver,
1987). Unlike other media typically employed for the isolation
of marine vibrios, CPC does not depend on a limited ability to
differentiate between species. Instead, this medium employs a
number of selective characteristics such that only V. vulnificus
and V. cholerae are able to grow (Table 4). Although field
studies are only now being initiated, such a medium holds
promise for adding to our knowledge regarding the distribution
and ecology of at least these two human pathogens.

Another advance which holds even greater promise for the
rapid and accurate identification of marine vibrios is the
recent development of both gene probes and monoclonal antibody
reagents designed to react specifically with target vibrios.



Table 4. Comparison of Vibrio-selective media?

Growth on
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Species TCBS spsb CPC

(No. of Strains) (sucrose rxn) (halo) (cellobiose rxn)
Vibrio wvulnificus

Clinical (23) + (-) + (+) + (+)

Environmental (34) + (=) + (32/34+) + (+)
V. cholerae 01 (7) + (+) + (2/7+) + (=)

non-01 (8) + (+) + (3/8+) + (=)

V. aestuarianus (2) + (+) + (=) NGC
V. alginolyticus (9) + (+) + (=) NG
V. anguillarum (1) + (+) + (=) NG
V. campbelli (3) + (=) + (=) NG
V. damsela (1) + (=) + (=) NG
V. fischeri (2) + (=) + (=) NG
V. fluvialis (6) + (+) + (=) NG
V. furnissii (5) + (+) + (=) NG
V. harveyi (10) + (V) + (=) NG
V. hollisae (4) + (=) + (=) NG
V. mimicus (7) + (=) + (=) NG
V. natriegens (1) + (+) + (+) NG
V. nigripulchritudo (1) + (=) + (=) NG
V. parahaemolyticus (9) + (=) + (=) NG (1/9+)
V. pelagius (1) + (=) + (=) NG
V. proteolyticus (1) + (=) + (=) NG
V. splendidus (1) + (=) + (=) NG
Photobacterium leiognathi + (=) + (=) NG
Pseudomonas spp. (10) 1/10+ (-) 8/10+ (-) NG
Flavobacterium spp. (5) NG 2/5+ (=) NG

4oliver, J.D. and G. Massad, 1987. Appl. Environ. Microbiol.

53: 2262-2264.

bPyedia of Kitaura et al., 1983. FEMS Microbiol. Let.

17: 205-209.

CNo growth



Table 5. Hybridization of Reference Strains with a DNA
Probe for the Vibrio vulnificus Cytotoxin-
hemolysin Gene

Reference strain No. of strains
hybridizing with
probe/no. tested

V. vulnificus 103/103
V. parahaemolyticus 0/25
V. cholerae 01 0/4
V. cholerae non-01 0/6
V. hollisae 0/3
V. mimicus 0/5
V. alginolyticus 0/3
V. harveyi 0/16
V. ordalii 0/2
V. aestuarianus 0/3
V. campbellii 0/5
V. damsela 0/1
V. fluvialis 0/2
V. furnissii 0/1
V. metschnikovii 0/1
V. natriegens 0/1
V. pelagius 0/1
V. proteolyticus 0/1
V. splendidus 0/1
V. anguillarum 0/1
V. fischeri 0/1
Aeromonas hydrophila 0/1
Photobacterium leiognathi 0/1
Pseudomonas aeruginosa 0/5
Providencia stuartii 0/3
Proteus mirabilis 0/6
Serratia marcescens 0/3
Escherichia coli 0/13
Morganella morganii 0/3
Acinetobacter calcoaceticus 0/1
Klebsiella pneumoniae 0/1
Klebsiella oxytoca 0/1
Enterobacter cloacae 0/1
Citrobacter diversus 0/4
Salmonella spp. 0/4
Yersinia enterocolitica 0/1

Data taken from Wright et al., 1985. Infect. Immun. 50: 922-924
and Morris et al., 1987. Appl. Environ. Microbiol. 53: 193-195.
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Cases in point are the recently described probe for the V.
vulnificus hemolysin. This hemolysin gene has been found to be
unigque to V. vulnificus, and thus the probe can be employed to
determine the presence of this vibrio even in the presence of
great numbers of other vibrio and non-vibrio species (Table 5).
Similarly, antibodies produced against the flagella of the
various pathogenic marine vibrios have been shown to be
extremely specific, and potentially of great value for the rapid
identification of these bacteria. Tassin et al. (1983) reported
the seven Vibrio species they studied to be correctly identified
using this method, with accuracies of 93-100%. In a later
study, Simonson and Siebeling (1986) found 99.3% of the V.
vulnificus isolates examined to agglutinate within two minutes
after the addition of the antibody preparation. Further,
excellent specificity has been demonstrated in that 18 other
vibrios examined did not agglutinate with the anti-V. vulnificus
reagent.

CONCLUSIONS

The number of vibrio species recognized by public health
officials has increased dramatically in the last 10 years. This
awareness and recognition is 1likely 1linked to the greatly
increased number of vibrio infections occurring in the United
States. The cause of this increase 1is not known, but the
potential for debilitating illness, amputation, and occasionally
death, 1is significant, especially 1in coastal states. These
bacteria are common in North Carolina waters and shellfish, and
are known to have caused several serious infections in North
Carolina. It is essential that awareness of physicians and
clinicians be heightened as to the potential seriousness of
these infections, and to improve our understanding of the
ecology, pathogenesis, and treatment of these diseases. It is
also critical that persons with elevated serum iron 1levels be
made aware of the significant danger they face with the marine
vibrios if they consume raw seafood.
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NATURAL TOLERANCE OF BACTEREMIA
IN THE BLUE CRAB, CALLINECTES SAPIDUS

Ronald K. Sizemore
Department of Biological Sciences
University of North Carolina at Wilmington
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ABSTRACT

The blue <crab, Callinectes sapidus, has been found to
harbor as part of its normal body flora several species of
bacteria belonging to the genus Vibrio. Members of this genus
are common inhabitants of temperate estuarine waters worldwide.
Some Vibrio species such as Vibrio parahaemolyticus are known
pathogens of man and marine organisms. These bacteria are
common in and on healthy blue c¢rabs. Furthermore, blue crabs
seem to be able to tolerate these bacteria in their hemolymph, a
condition which is usually associated with the diseased state in
man. The public health implications and the role of these
infections in crab mortalities is discussed.

INTRODUCTION

The Dblue crab, Callinectes sapidus, 1is an important
commercial species along the Atlantic and Gulf Coasts of the
United States with an annual commercial catch ranging from 9-36
million kg, plus an indeterminate guantity taken non-
commercially (Gosner, 1979). The bacterial flora associated
with this species has been the subject of several studies (e.g.
Welsh and Sizemore, 1985). Reports in the literature regarding
the bacterial burden of C. sapidus have shown that potential
human pathogens can be isolated not only from processed crabmeat
but also from apparently healthy and, therefore, marketable
crabs (Fishbein, et al., 1970; Phillips and Peeler, 1972;
Sizemore, et al., 1975; Tubiash, et al., 1975). Furthermore,
the levels of infection which can occur in this species are such
that ingestion of one crab could conceivably constitute an
infective dose (the quantity of bacteria which must be ingested
to cause disease) for humans.

The obvious public health implications have provided the
rationale for much of the work with C. sapidus. While the
medical profession may be satisfied with knowing what pathogens
are present 1in the blue crab and how the consumer can best be
protected, there are many additional questions related to the
bacterial locad of this species which are of interest to other
scientific disciplines. In particular, the source of crab
infections and the bacterial mode of entry into crabs are of
concern to microbial ecologists, invertebrate pathologists and
mariculturists.
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Bacterial Flora of Crab Hemolymph

The exterior surface of crabs contains a rich variety of
bacteria including species in the genus Vibrio (e.g. Sindermann,
1971; Sizemore et al., 1975). Vibrio species are also
predominate in the abundant crab gut flora (Davis and Sizemore,
1982). The hemolymph of healthy blue crabs like other organisms
was assumed to be sterile, however, several reports have
documented the bacterial flora of crab hemolymph. Table 1 shows
the relative bacterial load of blue <crabs in several of these
studies. Although sampling techniques and sites were different
in these studies, it can be concluded that blue crabs do
routinely harbor bacteria in their hemolymph.

The source of bacteria in crab hemolymph remains
undetermined. Davis and Sizemore (1982) speculated that
hemolymph bacteria could originate in the crab gut. This
speculation contradicts earlier studies by Tubiash and co-
workers (1975), who concluded that bacteria probably entered the
hemolymph as a result of injury. A subsequent study by Sizemore
and Davis (1985) showed a similarity in species composition
between the hemolymph bacteria and the bacteria on the exterior
of the crabs. This similarity made them reconsider their
earlier hypothesis and conclude that bacteria from the crab's
exterior, perhaps through the gills, are constantly penetrating
into the crab's hemolymph.

Vibrio species are the predominate bacteria in all studies
of healthy blue crab hemolymph (e.g. Colwell et al., 1975;

Sizemore et al., 1975). Other portions of the crab anatomy also
harbor Vibrio species and in some cases contain higher
percentages of Vibrio species than in the hemolymph. For

example, Sizemore and Davis (1985) report that 96% of the
bacteria in crab feces are members of the genus Vibrio. Table 2
shows a breakdown of the Vibrio species associated with a
variety of tissues in a typical crab. Despite the abundance of
Vibrio in other parts of the crab, the emphasis of many studies
has been on the hemolymph. The rationale for this bias is that
hemolymph bacteria are more 1likely to cause disease in man
because the normal cleaning and cooking processes are more
likely to remove or kill bacteria on other sites of the crab.
Furthermore, latent or chronic crab disease may also be related
to prevalent crab hemolymph infections.

The most extensive study of the Vibrio species composition
of crab hemolymph was probably the study of Davis and Sizemore
(1982). They found that there was a large variation in the
percentage of Vibrio ssp. (0 - 100%) found in different crabs.
However, Vibrio was generally predominate and in 40% of the
crabs studied, Vibrio spp. made up 75% of the bacteria in the
hemolymph. Of particular significance was the occurrence of
several pathogenic Vibrio species. For example, Vibrio
parahaemolyticus, an organism which causes gastroenteritis in
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Table 2. The relative abundance of Vibrio spp. in tissue of
the blue crab, Callinectes sapidus.

Tissue Bacterial Counts* Percentage Vibrio
Eggs 106 50
Hepatopancreas 106 32
Stomach 108 50
Claw Meat 102 42
Mouth Parts 108 12
Shell 104 22

* Bacterial counts given as colony forming units per gram wet
weight of tissue

humans, was the most common (found in 23% of the crabs) species
isolated. A couple of more virulent species: V. cholerae, the
causal agent of epidemic cholera and V. vulnificus, a bacterium
which can cause fatal septicemia, were also commonly found in
healthy crabs (2 and 7% respectively). When pooled hemolymph
samples from several crabs were exposed to latex beads coated
with antibodies against V. cholerae (generously provided by R.
Siebeling, Louisiana State University), these beads routinely
precipitated bacterial strains, which by clinical standards, are
identical to V. cholerae.

The significance of this infection can be appreciated if
one considers that the infective dose of these bacteria is
usually high and casual contact with low number of the bacteria
does not result in illness. A few crabs were found in their
study which contained a high number and a pure culture of a
Vibrio species. Ingestion of a single, poorly cooked crab with
this level of infection could provide a logical route for the
spread of this infection. Thus, c¢rabs should be cooked
carefully before consumption.

Crab Shedding Tank Mortality

Shedding soft shelled crabs from premolt hard crabs 1is a
profitable business which is growing in North Carolina. Success
of the shedding operation often depends on the availability of
premolt crabs and the ability to prevent crab mortality before
marketing. Since most shedding tank mortalities have been
assumed to be due to microbial infection, studies have been
conducted to determine the role of hemolymph infections in crab
shedding tank mortalities.
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Documenting mortality rates in shedding tanks is difficult
and variations are extensive between individual shedders and
facilities. Published reports have, however, reported mortality
rates as high as 50-80% (Krantz et al., 1969; Haefner and
Garten, 1974). Usually, these infections are believed to be the
result of microorganisms introduced and encouraged in their
growth by poor handling procedures and/or poor water quality.
However, the documentation of chronic hemolymph infections in
healthy blue crabs (Welsh and Sizemore, 1985) suggests a

different route for shedding mortalities. To test this
hypothesis, wooden shedding tanks were built similar to those
used locally for commercial shedding. Premolt hard crabs were

then placed into these tanks and monitored as they molted to
soft crabs. These carefully controlled conditions allowed for
continuous bacteriological sampling and analysis.

Approximately 450 crabs were shed in our experimental tanks
with the majority of the crabs dying during the experiment.
Crab mortalities varied between 8-80%, with an average mortality
rate of 75%. This rate was presumed to be high due to the
experimental conditions to which the crabs were subjected (i.e.
periodic hemolymph sampling). A survey of 1local shedders
suggested that their mortality rates generally were in the range
of 10-30%. This study was terminated before conclusion but some
preliminary results were obtained. Most premolt crabs (91%)
contained bacteria in their hemolymph and most (85%) contained
Vibrio species. No correlation was found between a particular
bacterial species and increased mortality, but several human and
crab pathogens were isolated. The most common of which was V.
parahaemolvticus. Crab mortality was highest (43%) in the first
few days of shedding and generally affected crabs which were not
close to shedding more than those which were just about to shed.
Crabs which died generally had higher bacterial counts in their
hemolymph suggesting that bacteria caused their deaths, but 3%
of the dead crabs had very 1low bacterial levels in their
hemolymph suggesting another etiology. The preliminary
recommendations of the study were that shedders should attempt
to molt only those crabs which show signs of being very near
molting so that time in the shedding tank 1is minimized.
Preliminary results also suggested that shedding crabs in low
salinity water may reduce mortality since Vibrio species require
salt for growth and generally cannot grow in fresh water.

Crab Immunology

Despite the prevalence of bacteria in the crab hemolymph
reported above, invertebrates similar to the crab are known to
have immune systems. Decapod crustaceans exhibit immune
responses including encapsulation, phagocytosis with or without
the aid of serum factors, bactericidins, hemagglutins,
agglutinins, and precipitins (Schapiro, 1975). Some success has
been reported in immunizing blue crabs (Pauley, 1973), and blue
crabs are known to produce phagocytic cells which should be
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effective in removing bacteria from the interior of the crab's
body (Rabin, 1970). 1In light of these reports, the frequency of
blue crab bacteremia is perplexing. Several investigators have
postulated that crab hemolymph infections may be temporary with
frequent re-entry of the bacteria resulting in the observed
bacterial infections (Sizemore and Davis, 1985). This
hypothesis assumes that the crabs have effective immune systems
which can remove bacteria. An alternate hypothesis is that the
crab has no effective immune system or that Vibrio spp. have
found a way to avoid detection and/or destruction by the crab's
immune system.

To test this hypothesis, experiments were conducted to
determine if the blue «crab's hemolymph could kill a Vibrio
isolate. Fresh crab hemolymph was collected from healthy
uninjured crabs which were maintained in a flowing seawater tank
in this 1laboratory. The hemolymph was collected with a sterile
syringe and then split into 3 fractions. One portion of the
hemolymph was used whole, while the other 2 portions were
treated to remove the cellular portion of the hemolymph to yield
serum. This process involved centrifugation either with or
without filtration through membrane filters (0.22 um). Each
fraction of the hemolymph was challenged with an equal aliquot
of a Vibrio isolate and incubated for various time intervals.
At the end of the exposure, bacterial numbers were determined
and compared with the numbers before exposure to the hemolymph.
Decreasing bacterial 1levels are assumed to be due to an immune
response. To avoid hemolymph clotting, strontium chloride was
added to most of the hemolymph fractions; however, controls were
also performed without strontium chloride or with strontium
chloride alone to determine the effect of this anticlotting
agent.

Preliminary results from these experiments are inconclusive
with little if any "immune response" observed. Whole unclotted
hemolymph seemed to have the most bactericidal effect and it
appeared that a cellular immune response which could be removed
by centrifugation and/or filtration was present. This
bactericidal response was very weak 1in our experimental
conditions. This data could be artifactual and the immune
response may be stronger in situ, or the blue crab may simply
lack an active immune system.

SUMMARY

Blue crabs routinely harbor bacteria, mainly of the genus
Vibrio, in their hemolymph. If the crab is stressed these
bacteria may increase in number and could be responsible for the
initial mortality seen 1in crab holding tanks. Attempts to
quantitate a c¢crab immune response using fractionated crab
hemolymph were unsuccessful.
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KARYOLOGICAL INVESTIGATIONS OF CHROMOSOME VARIATION
PATTERNS ASSOCIATED WITH SPECIATION IN SOME RHODOPHYTA
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ABSTRACT

Cytogenetic details other than chromosome numbers are
unavailable for most marine red algae because of the small size
of nuclei, difficulty in obtaining adequate nuclear staining,
and rarity of nuclear divisions in collected material.

Recently, improved cytogenetic techniques and use of
periodically fixed material have made karyological studies more
rewarding. Published data suggest that both polyploidy and
aneuploidy have accompanied speciation in red algal taxa. The
present communication documents the occurrence of these
phenomena in species of Rhodymeniales and Ceramiales. In

addition, an attempt is made to determine the role processes
such as centric fission and fusion, reciprocal translocations,
and pericentric inversions may have played in algal speciation.

INTRODUCTION

Although speciation can occur without detectable
chromosomal changes, in both plant and animal groups phenotypic
variations are typically accompanied by karyotype modifications
(Swanson et al., 1981). Variation in chromosome number and size
as well as symmetry (relative size difference between the
smallest and largest chromosomes) are among the modifications
most commonly encountered (Stebbins, 1971; Jackson, 1976).

Polyploidy 1is considered to be much more important and
widespread than aneuploidy in producing chromosome number
variations in vascular plants (Grant, 1971; Stebbins, 1971) and
has been demonstrated as well in the red algae Plumaria elegans
(Bonnem.) Schmitz and Spermothamnion repens (Dillw.) Rosenv.
(Drew, 1934, 1939, 1943). However, evidence suggesting that
aneuploidy may have been a significant feature of evolution at
both the species and population levels in red algae is now
emerging (Kapraun, 1977, 1978; Kapraun and Freshwater, 1987).

The present cytogenetic investigation was 1initiated to
identify patterns of karyotype transformations in additional
taxa of Rhodophyta and to suggest karyological processes which
may have produced them.

MATERIALS AND METHODS

Specimens for this study were collected in the vicinity of
Wrightsville Beach, North Carolina (see Kapraun, 1980 for
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location map and habitat descriptions). Field collected
tetrasporophytic specimens were fixed in 3:1 absolute ethanol-
glacial acetic acid (Austin, 1959) and Ileft overnight. Fixed
material was stored in 70% ethanol, hydrolyzed in 1 N HCl1l for 10
min at room temperature to soften tissue, rinsed in distilled
water, and stained in 2% aceto-orcein for 2-3 h prior to squash
preparation. Chromosome numbers for all species are based on
meiotic prophase nuclei in tetraspore mother cells.
Representative Kkaryotypes were made from various stages of
prophase contraction. Documentation was made by
microphotographs using an Olympus BH2-RFK microscope.
Karyotypes were prepared by viewing 35 mm Kodak Plus-X film with
a 48 X microfiche reader and tracing the chromosomes projected
on the screen (Kapraun and Freshwater, 1987).

RESULTS AND DISCUSSION

Cytogenetic investigations of red algae are hampered by
technical problems including the small size of their
chromosomes, persistence of chromatin droplets until 1late
prophase, failure of the nuclear envelope to disappear and allow
chromosomes to spread, and synchrony of meiotic divisions which
makes a determination of the exact time of cell divisions
essential (Kapraun, 1977, 1978; Kapraun and Freshwater, 1987).

In the present study, fixation time of 23:00 - 24:00 for
field collected specimens provided adequate numbers of nuclear
division stages for all species. Use of a procedure to trace

chromosome images of 35 mm film projected and magnified by a
microfiche reader greatly increased the accuracy of karyotype
analysis (Kapraun and Freshwater, 1987; Kapraun and Martin,
1987).

Rhodymeniales

Results of the present (Figure 1) and previously published
cytogenetic investigations (Magne, 1964; Yabu, 1976) indicate
that members of the Rhodymeniales have symmetric karyotypes with
no relative size differences apparent among the small (0.4 - 0.8
um) dot-like chromosomes. In contrast, with the closely related
Palmariales, e.g. Palmaria palmata (L.) O. Kuntze (as Rhodymenia
palmata (L.) Greville, Yabu, 1972, 1976) and P. mollis (Setchell
et Gardner) van der Meer et Bird (van der Meer and Bird, 1985),
are reported to have strongly asymmetric karyotypes.

In both Rhodymenia pseudopalmata (Lamour.) Silva (Figure 2)
and Lomentaria bailevana (Harv.) Farl. (Figure 6), 10 bivalents
are visible in a plate during diakinesis in tetraspore mother
cells. Karyotypes for both species are characterized by a
distinct ring of five equal-sized chromosomes which are
separated from the other five randomly placed metaphase I
chromosomes (Figure 1). Anaphase and telophase stages of the
first meiotic division do not exhibit any special features, with
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Figure 1. Typical karyotypes of Champia parvula, Lomentaria

baileyana and Rhodymenia pseudopalmata

representing average late prophase preparations.
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Figures 2-5.

Tetraspore mother cell meiotic chromosomes in
Rhodymenia pseudopalmata. (2) Early meiotic
metaphase showing equatorial aggregation, (3) Side
view of metaphase, (4) Anaphase, (5) Late prophase
in the second nuclear division.




Figures 6-7.

Figures 8-9.
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Tetrasporee mother cell meiotic chromosomes in
Lomentaria bailevana. (6) Early meiotic metaphase,
(7) Late Anaphase.

Tetraspore mother cell meiotic chromosomes in
Champia parvula. (8) Side view of metaphase, (9)
Late prophase in the second nuclear division.
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the two chromosome complements separating as a mass toward the
poles (Figures 3-5, 7)..

In Champia parvula (C. Ag.) Harv., 12 bivalents were seen
during diakinesis (Figure 1). In early anaphase (Figure 8) of
the first division and early prophase of the second division
(Figure 9), the two groups of 12 chromosomes appeared smaller,
but remained distinct. The conspicuous ring of five chromosomes
described for Lomentaria baileyana above was not observed in

Champia.

Chromosome numbers for eight species of Rhodymeniales in the
present and previously published investigations are given in
Table 1. The basic haploid number appears to be 10.
Aneuploidy, which involves an increase or decrease in chromosome
number by less than a complete genome (Jackson, 1971), is
indicated for Champia parvula with N = 12. Haploid counts of N

= 22-23 for Lomentaria clavellosa (Turn.) Gaill. and N = 28 for
Rhodymenia pertusa (Post. et Rupr.) J. Ag. suggest a more
complex sequence of karyotype modifications involving both
aneuploidy and polyploidy. For example, the karyotype of L.

clavellosa appears to consist of a 2X polyploid supplemented by
two-three additional chromosomes while that of R. pertusa could
have evolved from a 3X polyploid which 1lost two chromosomes.
Since normal diploids cannot generally tolerate the loss of

genetic information (Jackson, 1971), the success of these
aneuploid species further supports the assumption of their
polyploid origin. Centric fusion, centric fission and non-

disjunction of bivalents during meiosis are known to result in
chromosome number variations similar to those observed in the
Rhodymeniales (Grant, 1971; Stebbins, 1971). However, lack of
data in the present study for the relative size of each species'
chromosome complement and its behavior during meiosis preclude
any attempt to confirm the significance of these karyotype
repatterning processes in the Rhodymeniales.

Ceramiales

The Ceramiales, one of the largest and most
phylogenetically advanced orders of red algae, 1is characterized
by a wide range of highly specialized, structurally diverse
species (Bold and Wynne, 1985). The family Ceramiaceae, which
includes the genera Antithamnion, Antithamnionella and
Callithamnion, is usually considered to retain many features
assumed to be primitive or ancestral in the order (Hommersand,
1963).

Despite the large number of Antithamnion, Antithamnionella
and Callithamnion species for which chromosome data have been
published (Tables 2 and 3), it 1is remarkable that photographic
documentation is available only for species of Antithamnion: A.
heterocladum Funk (Athanasiadis, 1983), A. tenuissimum (Hauck)
Schiffner (Rueness and Rueness, 1973), and A. cruciatum (C. Ag.)
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Table 1. Chromosome numbers for four genera of rhodymeniales
Species Reference 1N 2 N
Champia parvula (C. Ag.) Harv. Present Study 12
Chylocladia verticillata (Lightf.) Blid. Kylin 1923 c.20
(as C. kaliformis (Good. et Wood.) Hook.
Lomentaria articulata (Huds.) Lyngb. Magne 1964 10 20
Lomentaria baileyana (Harv.) Farl. Present Study 10 20
Lomentaria clavellosa (Turn.) Gaill. Svedelius 1937 10 20
" " Magne 1964 22-23 44-46
Lomentaria orcadensis (Harv.) Coll. ex Tayl. Svedelius 1935 c.20*
(as L. rosea (Harv.) Thur.)
Rhodymenia pseudopalmata (Lamour.) Silva Present Study 10 20
Rhodymenia pertusa (Post. et Rupr.) J. Ag. Yabu 1976 28
* Reported as unconfirmed diploid counts
Table 2. Chromosome numbers for some Callithamnion specis
Species Reference 1N 2 N
callithamnion arbuscula (Dillw.) Lyngb. Harris 1962 28-33
C. byssoides Arnott ex Harv. in Hook. Harris 1962 28-313
" " Present Study c.30
C. corymbosum (Sm.) Lyngb. Hassinger- 30 60
Huizinga 1952
" " Harris 1962 28-33
C. hookeri (Dillw.) S.F. Gray Harris 1962 28-33
C. roseum (Roth) Lyngb. Harris 1962 39
c. tetragonum (With) S.F. Gray Harris 1962 28-33
C. tetricum (Dillw.) S.F. Gray Harris 1962 90-100*
* Reported as unconfirmed diploid counts
Table 3. Chromosome numbers for some species of Antithamnion and
Antithamnionella
Species Reference 1N 2 N
Antithamnion cruciatum (C. Ag.) Naeg. Whittick & Hooper 1976 85-110*
" " Present Study c.24
Antithamnion heterocladum Funk Athanasiadis 1983 46+4 86+8
Antithamnion plumula (Ellis) Thur.
in LeJol. Magne 1964 23 46
Antithamnion tenuissimum (Hauck)
Schiffner Rueness & Rueness 1973 c.32 c.64
Antithamnionella sarniensis Lyle Magne 1986 c.34 c.60
Antithamnionella spirographidis
(Schiffner) Wollaston
(as Antithamnion spirographidis
Schiffner) Rao 1959 32-34

* Reported as unconfirmed diploid counts
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Naeg. (Whittick and Hooper, 1977). All published reports agree
that in these genera, chromosomes are minute, dot-like, ranging
from about 0.3 - 1.5 wum in length. In contrast, our

observations on Callithamnion byssoides Arnott ex Harv. in Hook.
(Figure 10) and Antithamnion cruciatum (Figure 11) from coastal
North Carolina indicate that for both species, 1late prophase
chromosomes are heteromorphic, resulting in an asymmetric
karyotype with a combination of spherical and distinctly rod-
shaped chromosomes. We speculate that such karyotypes are
highly evolved and could have resulted from karyological
phenomena such as reciprocal translocations.

In the present study, approximately 30 bivalents were
observed in late prophase and diakinesis in tetraspore mother
cells of C. Dbyssoides (Figures 12-15). These results are
consistent with previously published reports which give a
haploid number of N = 30 for most species (Table 2). The report
by Harris (1962) of N = 90-100 for C. tetricum (Dillw.) S.F.
Gray undoubtedly represents a triploid “complement.

Approx1mately 24 Dbivalents were observed in late prophase
and diakinesis in Antithamnion cruciatum tetraspore mother cells
(Figures 16 and 17). These results are in agreement with
previously published investigations which indicate a basic
chromosome number of N = c.24 in Antithamnion species (Magne,
1964), with N = 46 reported in A. heterocladum (Athanasiadis,
1983) representing a diploid derivative.

Antithamnioid algae have recently undergone extensive
taxonomic revision with the result that several genera,
including Antithamnionella, have been segregated from
Antithamnion (Wollaston, 1971, 1972; Abbott, 1979). Data from
cytogenetic investigations appear to confirm the genetic
distinctness of these two groups as Antithamnionella species
having a different basic chromosome number of N = c.32 (Table
3), with higher numbers reported for A. cruciatum (Whittick and

Hooper, 1976) and A. heterocladum (Athanasiadis, 1983)
representing polyploid derivatives. Consequently, the
chromosome complement of N = 32 reported for A. tenuissimum

(Rueness and Rueness, 1973) appears anomalous, suggesting that
transfer of this species to Antithamnionella should be given
serious consideration.

CONCLUSION

In summary, cytogenetic investigations indicate that both
aneup101dy and polyploidy have accompanied speciation processes
in the red algal orders Rhodymeniales and Ceramiales. In
addition, patterns of karyotype asymmetry strongly suggest that
transformation processes common in higher plants such as centric
fission and fusion, reciprocal translocations, and pericentric
inversions have occurred in these red algae.
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CALUITHAMNION BYSSOIDES
N =¢c30
Figure 10. Typical karyotypes representing average late

prophase preparations - Callithamnion byssoides

Figure 11. Typical karyotypes representing average late
prophase preparations - Antithamnion cruciatum
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Figures 12-15.

Figures 16-17.

Tetraspore mother cell meiotic chromosomes in

Callithamnion byssoides, (12) Side view of
equatorial aggregation at metaphase, (13)
Metaphase, (14-15) Late prophase showing
combination of dot-1like and rod shaped
chromosomes.

Tetraspore mother cell meiotic chromosomes in
metaphase nuclei of Antithamnion cruciatum.
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THE USE OF AGRICULTURAL SLASH WASTE TO SUPPORT THE
GROWTH OF MARINE NITROGEN FIXING MICROORGANISMS:
POTENTIAL APPLICATIONS IN AQUACULTURE

Brad M. Bebout and Hans W. Paerl
Institute of Marine Sciences
University of North Carolina at Chapel Hill,
Morehead City, North Carolina 28557

ABSTRACT

The addition of an agricultural waste product, small
particles of corn slash, to seawater resulted in stimulation of
nitrogen fixation (nitrogenase activity) by the naturally-
occurring microbial community. Specific concentrations of corn
particles appeared to be most effective in eliciting this
response. The microbial community in the seawater was able to
respond very gquickly to the addition of corn; maximum rates of
nitrogenase activity were often reached within six days and
considerable activity was present within 48 hours. Agitation of
the corn-seawater mixture had a negative effect on the magnitude
of nitrogenase activity observed. The addition of corn slash
lowered dissolved oxygen concentrations in the seawater
markedly, often resulting in anoxic conditions even in
containers open to the atmosphere. Oxygen microelectrode
profiles near the corn particles revealed strong gradients in
oxygen concentration, with oxygen concentrations much lower than
ambient at the particle surface. Application of tetrazolium
salt (TTC = 2,3,5-Triphenyl 3-tetrazolium chloride) confirmed
the presence of reduced microzones on, and within the particles.
The proposed application of corn slash as a means of generating
nitrogen-enriched seawater for the mass culture of algae and
nitrogen-enriched corn particles as a food source for
aquaculture is discussed.

INTRODUCTION

Primary production, and resultant marine fertility, is
frequently limited by the availability of Dbiologically
utilizable nitrogen (Dugdale, 1967). It follows that organisms
which are able to make use of nitrogen in any chemical form
would have a competitive advantage in such systems. One
microbial strategy to-alleviate nitrogen limitation is nitrogen
(N2) fixation, in which atmospheric nitrogen, abundant in
seawater, is "fixed", at the expense of an energy source by the
enzyme nitrogenase into the biologically wutilizable from
ammonia. Certain marine eubacteria and cyanobactgeria present
in seawater are known to have this ability (Jensen, 1981;
Guerinot and Colwell, 1985), vyet rates of nitrogen fixation
measured in seawater are usually very 1low or undetectable.
Various explanations for this apparent paradox have been
proposed, including oxygen inhibition of the enzyme nitrogenase
(Paerl and Prufert, 1987), molybdenum limitation (Howarth and
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Cole, 1985), and organic matter availability (Paerl et al.,
1987). It appears from the 1latter that there are relatively
large populations of nitrogen fixing microorganisms present in
seawater which can be readily (within 24 h) stimulated with the
addition of a 1limiting nutrient or through the creation of
environmental conditions favorable for the process to proceed.

The addition of plant material, such as that found in
naturally occurring detritus, has been found to result in
greatly enhanced rates of nitrogen fixation 1in the coastal
waters of North Carolina (Paerl et al., 1987). 1In an analogous
fashion, straw has been used in some terrestrial agricultural
systems to increase nitrogen fixation by naturally-occurring
soil microorganisms (Jensen and Swaby, 1941; Halsall and
Goodchild, 1986). The present work is an attempt to determine
the feasibility of using a local, readily available agricultural
waste product having a high carbon/nitrogen (C/N) ratio to
enhance nitrogen fixation in seawater. Ideally, this waste
product should provide a readily-utilizable organic carbon, and
hence energy source, for supporting heterotraphic (and possibly
autotrophic) N fixation. Post-harvest corn slash (leaves and
stalks) satisfies both requirements. Here, we intend to examine
the possibility of inducing naturally occurring populations of
nitrogen fixing microorganisms in seawater to enrich corn slash
waste with biologically available nitrogen. Potential
applications for this material include its wuse as a fertilizer
for the mass culture of algae and cyanobacteria and as an
"internally produced" food material (protein, carbohydrate) for
aquaculture.

MATERIALS AND METHODS

A series of experiments were performed in which nitrogen
fixation, as determined by a modified acetylene reduction method
(Stewart et al., 1967; Paerl and Kellar, 1978), was measured in
seawater to which corn slash had been added. These experiments
were initially conducted in the laboratory and later scaled up
to larger containers which were incubated outdoors.

Laboratory experiments were conducted as follows: Stalks
and leaves of corn grown locally without the use of pesticides
were collected in the post-senescence state (standing-dead).
Some of the corn material was mulched at the field using a
garden shredder-mulcher, and some was transported back to the
laboratory whole and later shredded with hand tools. The corn
slash was then air dried and/or freeze dried and stored in a
freezer until use. Prior to experiments, the slash was further
fragmented using either a Wiley mill (%20 mesh) or an electric
household coffee/spice mill having a stainless steel rotating
blade. Final particle sizes ranged from <0.1 mm to >1.0 cm in
length. Varying amounts (0.05-2.0 g, depending on the
individual experiments) of corn slash were then placed in Pyrex
or polycarbonate 125 ml flasks. The flasks and corn were then
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sterilized by autoclaving and allowed to cool. Subsequently, 60
ml of freshly collected seawater was added to each flask. The
flasks were then stoppered with foam rubber stoppers which
permitted gas exchange between the aqueous phase and the
atmosphere. The flasks were incubated for varying lengths of
time (5-12 days, again depending on the experiment) in darkness
at 25°cC. At 1-3 day intervals the incubation flasks were
assayed for acetylene reduction (nitrogenase activity) as
follows: Flasks were swirled to obtain a homogeneous
distribution of corn particles and seawater. A 10 ml sample was
withdrawn asceptically from each incubation flask with a sterile
large bore pipette and placed into a 25 ml Erlenmeyer flask.
The 25 ml flasks were then stoppered with rubber serum stoppers,
resulting in a 10 ml acetylene phase and a 20 ml vapor phase in
each flask. Purified acetylene (6 ml) was injected into the
aqueous phase of inverted flasks using a 10 ml syringe having a
25 ga. needle. After a 3 h incubation with acetylene, the
flasks were shaken vigorously for 10 s to release ethylene and a
0.3 ml sample of the vapor phase was taken with a 1 ml syringe

having a 25 ga. needle for gas chromatography. Samples were
analyzed using a Shimadzu GC-9A gas chromatograph (FID) having a
2 m Poropak-T column held at 80°C. The gas chromatograph was

coupled with a Shimadzu Chromatopac C-R3A integrator. Ultra
high purity nitrogen served as the carrier gas.

Outdoor incubations were conducted in a similar fashion.
containers constructed of both PVC and polycarbonate were used
to incubate 3 1 quantities of corn-amended seawater. The
containers were- floated in a large seawater pond to maintain in
situ temperatures. containers both open and closed to the
atmosphere have been used for these experiments. All outdoor
incubations were assayed for acetylene reduction activity as
described previously for the laboratory experiments.

Dissolved oxygen concentrations in outdoor incubation
containers were measured in some of the experiments using a YSI
dissolved oxygen meter (model 54) having a model 5750 BOD probe.
In addition, we examined gradients in dissolved oxygen
concentrations near the surface of corn particles using oxygen
microelectrodes. The construction and use of these
microelectrodes has been described elsewhere (Revsbech and
Jorgensen, 1986). We used a glass cathode type electrode with a
sensing tip about 8 um across. Polarization voltage was
supplied by, and electrode output was recorded with, a chemical
microsensor (Diamond Electrotech model 1021). The electrode was
calibrated wusing air and nitrogen-bubbled seawater standards.
Corn particles used for oxygen microelectrode profiles were
supported on a grid constructed of Nitex screen in well
oxygenated seawater (see Paerl and Prufert, 1987). The
microelectrode was positioned using a micromanipulator and
oxygen measurements were taken at 100 um intervals.
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The tetrazolium salt 2,3,5-Triphenyl 3-tetrazolium chloride
(TTC), which requires highly reduced conditions (-0.4 V) for
reduction, was applied to corn particles to help visualize the
distribution of redox conditions within the particles.
Tetrazolium salts are soluble in their oxidized form and are
deposited as colored (red in the case of TTC) formazan crystals
under reduced conditions. Localized oxygen consumption
associated with the microbial oxidation of organic matter could
thus be examined in parallel with N, fixation potentials
associated with particles.

RESULTS

Corn slash particles were effective in stimulating
nitrogenase activity in seawater at every concentration tested

(Figure 1). The nitrogenase activity of seawater alone during
the same incubation period was not detectable, being no greater
than heat-killed seawater (abiotic controls). Some

concentrations of corn particles appeared more effective in
developing and stimulating nitrogenase activity than others.
The period of time necessary for development and stimulation of
nitrogenase activity varied from 1-7 days. Distinct peaks and
declines in activity were observed during the incubation period.

Physical disturbance of incubation flasks had a pronounced
negative . effect on measured rates of nitrogenase activity
(Figure 2). Flasks subjected to even gentle agitation (a
laboratory orbital shaker at < 50 rpm) had much lower rates of
acetylene reduction than undisturbed flasks.

The addition of corn slash to seawater (1.67 g'l'l) had a
dramatic effect on the dissolved oxygen content of the seawater
(Figure 3). Anoxic conditions resulted, even in flasks open to
the atmosphere, within 24 h of addition of corn particles.
These anoxic conditions were maintained thorughout incubation
periods lasting up to 14 days.

Ooxygen microelectrode profiles near corn particles
suspended in oxygenated seawater revealed marked consumption of
oxygen by these particles (Figure 4). Oxygen tensions at the
surfaces of the particles were much lower than ambient oxygen
levels soon after being placed into oxygenated seawater.

The presence of these oxygen poor regions was confirmed
with the application of TTC (Figure 5). Highly reduced regions
were visible within, and on the particles.

DISCUSSION

There are a number of possible mechanisms which could be
responsible for the observed stimulation of nitrogenase activity
in seawater receiving corn slash. The corn slash almost
certainly released organic carbon compounds into the seawater
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Figure 5.

Photomicrographs of corn particles to which the
tetrazolium salt TTC has been added. Figure 5a

shows the
incubation
appearance
incubation
is absent

appearance of a particle prior to
in seawater and Figure 5b shows the
of a particle after a several day
period. Localized regions where oxygen
(reduced microzones) appear darker. The

corn particles are ca. 0.5 mm long.
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which would be available to support microbial heterotrophic
metabolism and nitrogen fixation. There 1is evidence from a
number of natural systems, including coastal North Carolina
waters, that organic carbon availability controls the
development and proliferation of nitrogen fixation (Jensen,
1981; Paerl et al., 1987). 1In addition to acting as an energy
(reductant) source, corn particles serve as a substrate to which
nitrogen fixing microorganisms may attach. The addition of
inorganic and organic particulate matter has been shown to
stimulate rates of nitrogenase activity in seawater (Paerl et

al., 1987). These authors found locally depleted oxygen
concentrations near the particle surfaces, similar to those
found near corn particles. These oxygen poor microzones offer

some protection to the oxygen sensitive enzyme nitrogenase,
which 1is essential for catalyzing N, fixation among resident
microorganisms. When enough organic matter is present, as in
the case of corn-amended seawater, high rates of respiration may
lower oxygen tension throughout the incubation container,
conferring protection from atmospheric oxygen concentrations to
planktonic microorganisms as well as those attached to the
particle surfaces.

SUMMARY

It 1is 1likely, whatever the mechanism for the observed
stimulation of nitrogenase activity may be, that the input of
"new" (fixed) nitrogen into the corn-seawater system is
substantial. It seems possible that this new nitrogen (as
protein in microbial biomass) may be harvested for commercial
applications at a relatively low cost. High rates of bacterial
growth and anoxic conditions in seawater amended with corn
result in high levels of ammonium which could be wused as an
(internally-generated) fertilizer for mass culture of algae and
cyanobacteria (blue green algae). Another possibility is that
the corn particles, enriched with nitrogen due to associated
microbial growth and attachment, could be used as a food source
for aquaculture. We are presently engaged in research designed
to examine the feasibility of such applications. Some of the
more important questions currently being addressed include:

1) Can seawater enriched with microbially produced nitrogenous
compounds be used as an inexpensive source of fertilizer for
mass culture of algae and cyanobacteria?

2) 1Is nitrogen enrichment of corn particles significant enough
to constitute a protein source?

3) Can corn particles enriched with microbial biomass be used
as a chief or supplementary food source for commercially
important aguaculture organisms?
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ABSTRACT

The subdiurnal frequency motions and thermohaline
distributions on the Carolina Capes continental shelf are
controlled by navifacial momentum and buoyancy flux exchanges
and offshore Gulf Stream frontal events. Atmospheric forcing
dominates current fluctuations and thermohaline variability in
inner to midshelf waters in which gulf Stream frontal meanders
and filaments become increasingly more important from middle to
outer continental shelf waters. Gulf Stream frontal events are
created as a result of the interaction of the Gulf Stream and
the Charleston bump, a topographic feature at 32°N, 79°W, and
propagate north into North Carolina waters. The alongshore
component of the wind provides the principal forcing of inner to
mid-shelf waters. Wind effects are manifested directly and
mechanically via Ekman dynamics, but also occur indirectly
through the setup of coastal pressure gradients. The mid to
inner shelf current field consists of a wind driven surface
component and slope currents which extend throughout the water
column and are geostrophically coupled to both surface and mass
field slopes. The bottom boundary layer consists of geostrophic
and bottom stress induced current components. Water masses are
derived principally from the Gulf Stream via frontal event
processes, which not only advect warm, saline surface layer
stream waters onto and along the mid to outer shelf, but also
create an upwelling ridge along the outer shelf, during the
passage, within which offshore waters are advected up and onto
the shelf. Georgian shelf waters are advected into the CC region
during periods of persistent southwesterly winds while Virginian
coastal waters cross Diamond and even Lookout shoals, from the
north, during periods of persistent northerly winds. In the
offshore direction the thermohaline structure 1is essentially
formed by the Gulf Stream front. Finally, the Red Tide, a
dinoflagelate, can be carried from Florida coastal waters by the
Gulf Stream to North Carolina where the presence of warm frontal
filaments may allow the plant to be carried into shelf outer
waters. Thereafter the plants can be carried towards the coast
by wind induced currents.

INTRODUCTION

The coupled influence of the marine atmosphere and of the
western boundary current, the Gulf Stream, are considerable in
terms of the physical, chemical and biological aspects of the
oceanography of the Carolina Capes, the region between Cape
Romain, S.C., and Cape Hatteras, N.C., (cf. Figure 1). It 1is of
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use to present the setting and briefly review some of our
understanding of the Gulf Stream influence, which provides the
offshore boundary, and then to proceed with a presentation of
concepts and data which serve to lend insights into the dynamics
and effects of Gulf Stream frontal, wind and buoyancy flux
events on the outer shelf of the Carolina Capes including: Capes
Romain, Fear, Lookout and Hatteras.
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Figure 1. Mooring (large black dot), meteorological buoy,

sea 1level station, and meteorological station
locations, the data from which was available for
this study. :

The bathymetry of the shelf from Cape Romain to Cape
Hatteras includes three shoals extending to the shelf break,
forming a series of cuspate shaped semi-enclosed bays, as shown
in Figure 1. The shelf width, which is approximately 100 km off
Charleston and 120 km at Onslow Bay, narrows to 30 km off
Hatteras. Water depth at the shelf break varies from 50 to 75 m.
A more complete description of the geographic setting of the
entire SAB can be found in a document entitled "Oceanography of
the Southeastern U.S. Continental Shelf" (AGU, 1985).
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Very High Resolution Radiometer (VHRR) satellite imagery
suggests that south of 32°N the GSF follows the 100 m isobath
and onshore-offshore displacements of the GSF seldom exceed 25
km. At 32°N, 79°W, a topographic feature on the upper slope,
known as the "Charleston bump", causes the Gulf Stream to
deflect to the east causing a quasi-permanent excursion of the
GSF in the near downstream vicinity of this point (cf. Figure
2). This feature was first noted by U.S. Navy Commander J.R.
Bartlett in 1880 as he conducted a series of "soundings and
hauls of the trawl" from the Florida Straits to Cape Fear aboard
the U.S. Streamer Blake. Commander Bartlett (1883) dutifully
noted the offshore departure of the axis of the Gulf Stream from
the 100 m due east of Savannah in what may be the first recorded
reference to this feature. More recently, Pratt (1963),
Pashinski and Maul (1973), Legeckis (1979), Pietrafesa (1977),
Pietrafesa, Blanton and Atkinson (1978), and Brooks and Bane
(1978) have presented testimony derived variously from VHRR,
satellite altimeter and ocean station data, which provided
further corroboration to Bartlett's contention. Pietrafesa, et
al. (1978) estimated that the GSF was deflected 60-100 km
offshore of the shelf break 70% of the time.

34°N }-

32°N |

@ Fresh water input

=F Z3 Sering/Summar ]
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® Long Term mooring

Cape .
Conoveralj.

28°N 1

3 : L 1 1
sI°w T9°W TT°W
Figure 2. Conceptual shematic of continental margin

transport features related to the Charleston
Trough. (See text for details).
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According to Rooney, Janowitz and Pietrafesa (1978) and
Chao and Janowitz (1979), the interaction of the Gulf Stream
with the topographic irregularity, the bump, would affect the
generation of a quasi-stationary Topographic Rossby Wave with
wavelength the order of one to three hundred kilometers. In the
lee, i.e. to the north and west of the point of deflection, the
trough of the wave would exist. The easterly half of the trough
is defined by the Gulf Stream front as observed in VHRR
satellite imagery, but the western part of the trough is not
easily discerned by IR techniques. We are aided here by current
meter data and satellite altimeter data.

Monthly averaged currents on the outer shelf at the forty m
isobath offshore of Cape Romain (east of Charleston, S.C.)
display a net southerly motion except during the spring when an
easterly motion is suggested (Figure 3). Additionally, a sea
surface topography map (Figure 4) constructed from Seasat
satellite altimeter data suggested that the trough is a large
blow 1like depression about which there might be a cyclonic
circulation. The circulation resulting from such a cyclonic
cell, not necessarily closed, could entrain low salinity water
from off the shelf and there could also be persistent upwelling
within the trough itself as first suggested by Pietrafesa
(1979). Hydrographic observations (Figure 5) support this
notion.

Imagery from NOAA's Coastal Zone Color Scanner (CZCS image
compliments of C. McClain, NASA Goddard) shows a large pool of
high chlorophyll-a situated near the shelf break at 33°N (Figure
6). Pietrafesa (1983) hypothesized that such pools could form
in the trough of the TRW to the north of 32° as a consequence of
the sudden turning of the Gulf Stream eastward at 32° and return
of the Gulf Stream to the shelf break at 33.5°N Pietrafesa
(1987) finds relatively high concentrations of organic carbon
and nitrogen in the surface sediments on the north-northwest tip
of the Charleston bump. This find is clearly suggestive of a
mesoscale, isolated, persistent upwelling process.

The aforementioned pioneering works of Rooney, Janowitz and
Pietrafesa (1978) and Chao and Janowitz (1979) established the
theoretical bases for 1long wave generation at the "bump" and
provide speculation that the 1lee waves generated are the
"meanders" discussed by Webster (196l1a,b) (Figure 7a). It is of
note here that Hansen (1970) tracked the position of the GSF off
North Carolina for a year and determined that these meanders
left a signature of a wave pattern.

Other features frequently observed along the GSF are warm-

core folded back filaments or "shingles" (Von Arx, Bumpus and
Richardson, 1955). These shingles are manifested as warm,
southward oriented tongue-like extrusions of GSF surface waters
onto the shelf (cf. Figures 7a,b). While these features have

been described from VHRR imagery by DeRycke and Rao (1973),



Figure 3.

Figure 4.
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Monthly averaged currents at 40 meter isobath
mooring location off Charleston; Nov. 1977 - Oct.
1978. Indicated 1is the net southerly flow
dominated by Charleston Trough dynamics at the
"Long Term Mooring" shown in Figure 2.
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Sea surface map constructed from Seasat Satellite
altimeter data: which indicates the deflection of
Gulf Stream at 32N, 79W by Charleston "Bump", and
a bowl shaped depression 1in center of Charleston
Trough.
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Figure 6. CzZCS image showing high chlorophyl concentrations
found in Charleston '"Trough". (From C. McClain,
NASA Goddard).

Figure 7. (a) Sea surface temperature as observed by
satellite VHRR sensor, December 21, 1977. (b) EOFA
chart for December 22, 1976.
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Stumpf and Rao (1975), Legeckis (1975, 1979) and Vukovich, et
al. (1979), they were known to nineteenth century scientists
(Abbe, 1895) as "back set eddies" and were deemed responsible
for the shape of the cuspate capes of the Carolina coastline.
Studies by Lee (1975), Lee and Mayer (1977), and Duing, Mooers
and Lee (1977) offered in-situ current meter observations made
on the eastern Florida Shelf as evidence to the frequency and
persistence of these shingles, which were called "cyclonic cold
cores eddies", because these authors identified the appearance
of these events as a cyclonic rotation of current vectors
accompanied by a drop in temperature. However, it was shown by
Pietrafesa and Janowitz (1979) that these so called "eddies" can
appear to rotate either cyclonically or anti-cyclonically in an
Eulerian representation relative to the location of a current
meter within the Lagrangian event and consequently, looking for
a single sense of rotation, can 1lead to an underestimate of
frequency of events as well as a misunderstanding of the
Lagrangian makeup of the event itself.

There have been a number of theoretical attempts to explain
the nature of the GSF meandering and filament (shingle, cold
core eddy) formation. Of note are the following: Orlanski
(1969) considered the effects of bottom topography in inducing
growing wavelike instabilities of baroclinic jets, such as the
Gulf Stream; Niiler and Mysak (1971) investigated subinertial
waves in a barotropic, horizontally sheared jet over variable
topography; deSzoeke (1975) investigated the interaction between
a topographically trapped baroclinic wave and a thermal
baroclinic wave; Saltzman and Tang (1975) described the
consequences of baroclinic instabilities in a two 1layer jet;
Rooney, Janowitz and Pietrafesa (1978) and Chao and Janowitz
(1979) separately considered the generation of 1long waves as a
left-bounded jet passed over a topographic rise, and finally,
Brooks and Mooers (1977), Grimshaw (1977), McKee (1977) and
Helbig (1980), all studied different aspects of the character of
continental shelf waves in the presence of variously sheared
jets. Sun (1982) added a moving bottom layer to Orlanski's
model while Luther and Bane 1985 reconsidered Orlanski's model
on an 1inverse eigenvalue problem. It is clear that the problem
of modeling the stability characteristics of a baroclinic, time-
dependent sheared jet flowing over variable topography in both
the downstream and cross-stream directions and modified from the
surface by varying atmospheric sources 1is not an easily
formulated, let along mathematically tractable problem.

Blanton and Pietrafesa (1978) concluded that filament
features provide a mechanism for rapid shelf water mass exchange
in Onslow Bay, N.C. This flushing frequency 1is thought to be
directly related to the frequency with which meanders and
filament events occur. Pietrafesa (1977) indicates that the
frequencies of the events themselves are between 0.08 and 0.4
cycles per day (cpd) on the North Carolina shelf, but the
frequency of occurrence of these events is not known because
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VHRR imagery cannot provide definitive detection of the features
given the shielding of cloud cover. However, Pietrafesa (1978)
was able to detect 70 filament and large amplitude meander
events in the CC region during the 24 month period, May, 1976-
April, 1978. This estimate was derived from a culling of weekly
Environmental Ocean Frontal Analysis Gulf Stream maps (produced
by Mr. R. Pershall of the Naval Oceanographic Office) and from
actual images obtained from the Environmental Space Service. It
indicates that at a minimum, one well defined frontal event is
evident in the CC region every 10.4 days. From the many data
sets collected the past decade, it 1is obvious that large
amplitude current fluctuations with periods ranging from several
days to several weeks are common features on the continental
shelf off North Carolina. These data indicate that cycles in
diabathic flow rarely are correlated with local wind events
which occur more or less simultaneously at Cape Hatteras and
Wilmington at either end of the CC region (Weisberg and
Pietrafesa, 1983). Perturbations in the GSF represent a
mechanism that causes those mid-shelf flow cycles that seem
poorly or only weakly correlated with local winds. These cycles
also represent processes that either flood water into, or
alternatively, flush water from the embayment. They may also
pump the shelf with an essential fraction of the nutrients and
larvae necessary to maintain the productivity of the shelf.
This conclusion was in fact reached by Hofmann, Pietrafesa and
Atkinson (1981) and Atkinson, Pietrafesa and Hofmann (1982), for
the North Carolina shelf. These events may also be the supply
agents of the "red tide".

In this manuscript, the importance and characterization of
Gulf Stream spawned frontal events and marine atmosphere effects
on the shelf will be assessed using current and temperature data
collected in the Carolina Capes.

Data Sets

Studies supported by the U.S. Dept. of Energy (DOE) and the
U.S. Dept. of the Interior (DOI) have produced a dramatic
increase in the amount of physical oceanographic data available
for the area. A composite of the moorings deployed 1in the area
between 1975 and 1979, the years encompassing data referred to
in the text, is presented in Figure 1, with mooring designations
noted for later reference. Each DOE mooring was nominally
equipped with 2 Aanderaa RCM-4s, one positioned 17 m below the
surface and one 3 m above the bottom as shown in Figure 8.

Routine processing of the data includes the production of
40-hour low pass (40 HLP) filtered time series, which represent
the smoothed original data retaining the "low-frequency"
(subtidal) time series. All velocity vectors are rotated into a
"normal" coordinate system where the off diagonal element of the
Reynolds' stress 1is zero (Fofonoff, 1969). In the text, the
alongshore (or parabathic) component 1is positive 55° east of
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Figure 8. Mooring Configuration.

north and the offshore 1longshore (or diabathic) component is
positive offshore, or 146° east of north. The alongshore
component of the rotated vectors tends to be aligned with the
local isobath orientation and is positive toward the northeast.
The cross-shelf component (u) is positive offshore toward the
southeast. Coastal meteorological and sea level data, collected
at Charleston, Wilmington, Beaufort and Cape Hatteras (cf.
Figure 1) are treated in a manner consistent with the current
meter data. Coastal meteorological data were obtained from the
National Climatic Center in Asheville, N.C., and coastal sea
level data were supplied by the National Ocean Survey in
Rockville, Md4.

Observations of Wind Driven Currents and Gulf Stream Frontal
Events

Ccurrent meter data collected on the Carolina Capes shelf
reveal the variability of the shelf. In the frequency domain,
it is clear from the kinetic energy density spectra (KEDS) of
representative currents at the shelf break (HTOP), mid-shelf
(ETOP) and inner-shelf (OTOP) (refer to Figure 1 for instrument
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locations and Figure 9 for KEDS) that 2 to 13 day period
stochastic processes dominate the sub-inertial frequency end of
the spectrum throughout the water column. The only
deterministic features evident are the semi-diurnal and diurnal
tidal constituents.
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Figure 9. Kinetic energy density spectra for u and Vv

components for (a) HTOP, summer 1977, (b) ETOP,
summer 1977, (c¢) P TOP, summer 1977 and (d) O BOT,
summer 1978.

A closer examination of the sub-inertial end of the KEDS
reveals that both cross-shelf and alongshore current variances
contain broad (+2 days) spectral peaks centered about 4, 8, 12
and 16 day periods at sites H and E. The low frequency drop-off
in the alongshore current spectra contrast rather sharply with
the monotonic rise 1in the cross-shelf spectra, suggestive of
either the absence of lower frequency external forcing or a
limitation in the low frequency response of mid to outer shelf

alongshore currents to external forcing. This is not the case
for site P. where there is 'a prominent, monotonic rise at the
low frequency end of both the u and v spectra. Thus, inner

shelf alongshore currents are not response limited to external
forcing of periods between one and three months as are
outershelf alongshore currents. The prominent peaks in both the
u, v KEDS at these inner shelf sites (only site O is shown) are
centered at 3, 5 and 12 days.

Presumably, one could accept these spectral peaks in the
current component variance as conclusive indicators of the
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importance of two day to two week events in the dynamics budget
of the outer shelf, but is useful to consider an alternative way
of showing these data. One could take another view of the
current fluctuations by considering their kinetic energy
distributions as shown in Figure 10. These diagrams depictment
the velocity fluctuations in terms of spectral density functions
that have been integrated over the frequency variable and then
normalized relative to their individual total variance. The
result is a partition of the fluctuation kinetic energy, in
terms of percent of normalized variance, into the dominant modes
of flow. These partitions are quantified in Table 1. Table 1
also includes energy fractions of additional current sites and
seasons to establish a more representative feel for the nature
of current variability on the Carolina Capes shelf.
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Figure 10. Energy Fraction diagrams for moorings (a) H TOP,

summer 1977, (b) E TOP, summer 1977 and (c) P TOP,
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Table 1. Velocity variances in total and in percent of total by
location (Figure 1) and season (s = summer, w = winter) as a
function frequency bands for motions with periods: equal to
12.42 hours; within the semi-diurnal tidal to inertial range;
and greater than inertial.

Site Level Component Season cmz/sec2 $M2 %£(M2+1IP) $<IP
E,O0%*, (K) Top 76S 1821.5
Total 77s 1871.1 2% 21.5* 76.5*
TTW* 235.9* 4* 45.5%* 50.5%*
(77s) (1119.5) (3.5) (9) (87.5)
E,O* Bot Total 77s 415.8 8.3 24.7 67
TTW* 225.3* 4.5% 45* 50.5*
78S* 109.2* 4* 58.5* 37.5*%
C,p* Top Total 77s 2348.2 2 12 86
. TTW* 511.3*% 3x 33* 59*
78S8* 359.9* 3.5* 60% 35%
P, *(R} Bot Total (778) (197.5) (5.5) (4) {90.5)
TIW* 275.2* 5% 38.5* 56.5*
785* 83.8* 3.5* 52.5*% 44>
1 Top Total 77s 1609%.9 2.5 6 91.5
T7W 1149.4 6 10.5 83.5
78s 1255.3 3.5 8 91.5
131 Bot Total 77s 442.4 17.5 19.5 63
TIW 606.3 8 7 85
778s 292.6 17 17.5 65.5
J Top Total 77s 3087.1 1.5 5.5 93
T7W
78S 2048 5.5 7.5 87
J Bot Total 77s 453.7 15.5 12 72.5
. 77w

78s 425.5 16 12.5 71.5




102

From Figure 14 several conclusions can be drawn: the random
forcing of the atmosphere and Gulf Stream dominate the mid to
outer shelf, and at specific mid to outer shelf mooring
locations, both the total variance and the partition of
fluctuation kinetic energy (in terms of percent of total) of
subinertial frequency motions are relatively constant from
season to season and year to year (egs: ETOP-S76, S77; HTOP-S77,
W77, S78). There 1is in general, a decrease in low frequency
variance from top to bottom at a particular site and the upper
current elements decrease slightly in the winter, while those
near bottom increase in the winter, relative to summer values.
Also, values at shelf-break sites H and J are higher in Summer

1977 than during other summer periods. The 1977 summer was a
period of persistent and dramatic Gulf Stream frontal events
(Pietrafesa and Janowitz, 1980). Finally, there is a half

decade decrease in the level of low frequency variance at mid to
inner shelf sites (0, L, P, A, B) as compared to mid to outer
shelf sites (C, D, E, F, H, M, I, J, K). The four near coastal
sites are 1located at the 29 and 33 m isobaths, while the deeper
sites are in 40, 45 and 75 m of water. If one assumes that the
atmospheric contribution to upper water column current
variability is relatively constant across the shelf, then the
other source of current forcing, the Gulf Stream, must comprise
the other fraction of the total variance observed at mid and
outer shelf sites and not observed at inner shelf sites. We
first consider several prototypical Gulf stream Frontal events.

Since these frontal features dominate the outer shelf
physics, several of these events can be considered using actual
current meter data. As can be clearly seen in the Heat Capacity
Mapping Mission (HCMM) infrared image (Figure 11), the wavetrain
was well manifested on 27 March 1979. This was also true in the
TIROS-N VHRR image and for 27 March shown in Figure 12. (The
HCMM data was obtained from Mr. R. Crissman of the Research
Triangle Institute.) The meanders are displayed quite clearly
in the velocity vector time series shown in Figure 13 from upper
water column instruments at sites H and J. The two wave
"crests" (Pietrafesa and Janowitz, 1980) noted in the HCMM and
TIROS-N thermal images are clearly evident in the in situ data.

The two waves (meanders), which are shown in Figures 11 and
12, and the leading edge of their crests strike the upper
instrument at mooring H at:

.0000 hours, GMT on 23 march
and .0800 hours, GMT on 28 March, respectively.

The leading edge of the crest of the two-waves were initially
sensed at site J, by the upper instrument, at:

.1800 hours, GMT on 24 March
and .2200 hours, GMT on 29 March, respectively.



Figure 11.

Figure 12.
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HCMM infrared image for 27 March 1979
Mr.

NC) .

(courtesy
R. Crissman, Research Triangle Institute, RTP,

TIROS-N infrared image from 27 March, 1979
indicating wavelike meanders along Gulf Stream

front. Original image was enhanced to eliminate
lightest shade of gray.
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(JBOT) at mooring site J. Currents are for 1 March
to 24 April 1979.
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Two wave crests, "A" and "B", (see Figure 11) will be
studied. At approximately 0000 GMT on 23 March, 1979, the crest
of wave A was observed at site H and caused the currents to set
towards the northeast with speed of 7 cm/sec. and temperature of
19.0°C (Figure 16). Thirty-six hours later, the current
achieves a maximum Eulerian speed of 72 cm/sec. and by 0000 GMT
on the 25th, realized peak temperature of 21.8°C. The same wave
was manifested at site JTOP with maximum Eulerian speed of 90
cm/sec. and temperature of 21.4°C. Thus, the propagation of
phase of wave A was about 45 cm/sec. and that of wave B was 49
cm/sec. Calculations using satellite data indicated an average
phase speed of about 42 cm/sec. for both waves which is
essentially the same as that obtained from the current meter
data.

The HCMM data (Figure 11) shows that these meanders were
well offshore of the shallow moorings O and P. A discussion of
wind induced currents in a paragraph below will show that
currents at sites O and P were wind driven during this period.
At this point, the crests of the waves A and B are both clearly
discernable at sites H and J.

The regions upstream and downstream of the wave crests are
wave "troughs" (Pietrafesa and Janowitz, 1980). From the HCMM
imagery, it appears that the circulation is cyclonic in both of
the troughs. In the center of the elliptically shaped trough is
a relatively dark patch, indicative of waters cooler than those
surrounding the patch. Given the orientation of the path of
apparent propagation of phase of both waves A and B, it is seen
from the thermal satellite imagery that the trough which is
downstream of Wave A on 27 March, the western most part of
trough 1 (Figure 11), reached site H with a total current
directed toward the north at 20 cm/sec. The velocity vector
sticks (Figure 13) then rotated slowly, counterclockwise, and by
1600 GMT on the 18th were westward at 12 cm/sec. By 0000 GMT on
the 20th, the flow was to the southwest at 11 cm/sec. and
finally by the 23rd at 0800 GMT, the flow was southeasterly at
about 4 cm/sec.

The wind can effect currents in two ways on the middle to
inner CC shelf. The actual surface current is the sum of both
effects. First, due to the direct input of momentum, surface
currents are driven, in part, to the right of the wind, possibly
up to 25 degrees, with a magnitude of 0.035 V,; (Huang, 1979),
where V;, is the wind speed. We call this component of the
current Vpy. The thickness of the ygper layer, &, (an e-folding
length) is on the order of [2Av/f]1 (Pedlosky, 1979), where A,
is the vertical eddy viscosity and £f is the local Coriolis
parameter. Using

%
Ay = U,/200 f (Csanady, 1982)
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and * 2
= paCDVw /pwr
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we find that

Inha

1.4 x 1074v/£;

*
where p; 1is the density of air, Uy, is the friction velocity, Cp
is the drag coefficient, and p,;, is the density of water. At the
base of this layer,

1na

VDw 0.37VDW(surface).

Secondly, the presence of lateral coastal boundaries cause
variations in the height of the sea surface due to the wind
forcing off or onshore flow of water in the top layer. This
sea-surface variation produces a pressure gradient throughout
the water column and hence currents, which are manifested
throughout the water column and which we call Vg. These slope
currents are estimated as

Vg = 0(t4/6gfpy),

where T is the alongshore wind stress and 6g is the thickness
of the gottom layer (Janowitz and Pietrafesa, 1980). 1In that

paper, .

I

*
U,/40f = 3.5 x 1079V, /f

6p

and

I

Vg = .06V,

Thus, the order of the currents associated with wind induced
sea-level fluctuations are of the order of Vpy. However, Vg
depends on depth as well as the orientation of the wind vector
with respect to the shoreline and on the past history of the
atmospheric wind stress component. In waters of depths greater
than 6, an alongshore wind will drive surface waters offshore
and cause a set-down in coastal sea 1level, a cross-shelf
pressure gradient, and, consequently, an alongshore current on
the order estimated previously. In the CC region, an offshore
wind is not as effective in producing pressure gradients. In
fact, Chao and Pietrafesa (1980) showed the offshore winds are
only one-tenth as effective as alongshore winds in producing
coastal sealevel pressure gradients on the CC shelf. Thus, Vg
cannot be as easily computed as Vpy, but is as important as the
latter, since the actual surface currents are the sum of the two
terms with comparable magnitudes. As mentioned earlier, Vg
incorporates the past history of the wind as well as density
stratification and has a spin-up time (in seconds) of
approximately 3 x 104 D/V,, where D is the local depth (Janowitz
and Pietrafesa 1980).
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From March 15 - March 23, the winds were predominately from
the north, northeast or northwest. For the remainder of the
period, the winds were from the southern sector (Figure 14).
The persistent southward wind during the first half of this
period was probably the cause of an intrusion of Virginia
Coastal Waters southwards of Cape Hatteras. The effects of this
intrusion will be discussed later in the text.
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Figure 14. (a) Winds at Cape Hatteras meteorological
stations. Wind speeds are in meters per second.
The period is 1 March to 24 April 1979.

The ,current meter observations at moorings 0 and P, which
are in 33 m of water with the upper sensors 17 m £from the
surface, will be the primary data source in this discussion.
During this period, the wind speeds averaged 8 m/sec. This
leads to an estimation of the upper Ekman layer thickness (8) of
approximately 13 m. Thus, measurements of 17 m below the
surface reflect primarily Vg rather than Vpy. The observed
currents are shown in Figure 15.

During this period, the currents at site 0 (Figure 15A) are
north-northeasterly and then south-southwesterly at about 20
cm/sec. in both cases. The currents at site 0 are wind-driven
during this period. The wind vectors are shown in Figure 8a.
Comparison of wind and current vectors indicates nearly a
perfect match of alongshore current to alongshore wind

component. The relationship between current and wind is
approximately v -~ 4071a/pw where t5 is the alongshore component

of the wind stress vector, py, is the density of the water mass
and V is the alongshore velocity. So, if we take the value of
Ty at 1200 GMT on the 19th, we find that V has a value of 25

cm/sec. The observed alongshore current associated with this
wind is 22 cm/sec. This demonstrates that the currents are wind
driven. In any case, the current at OTOP is 22 cm/sec. at 1200

GMT on the 19th, north-northeastward at 13 cm/sec. at 1800 GMT
on the 17th, north-northeastward at 9 cm/sec. at 1600 GMT on the
18th, southerly at 6 ocm/sec. at 0000 GMT on the 20th, and
northeasterly at 5 cm/sec. at 0800 GMT on the 23rd.
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Figure 15. (A) Currents (cm/sec.) at 17 m from the surface
(OTOP) and at 3 m from the bottom (OBOT) at
mooring site O. (B) Currents (cm/sec.) at 17 m
from the surface (PTOP) and at 3 m from the bottom
(PBOT) at mooring site P. Currents are for the
period 1 March to 24 April 1979.

Given the apparent superposition of currents, wind, and
wave relationships that one must make at sites H and J, and
along the entire mid to outer shelf of the Carolina Capes, it is
concluded that the wave-trough related flow was to the SSW at 27
cm/sec. at 1800 GMT on the 17th, to the SW at 25 cm/sec. at 1600
GMT on the 18th, to the SSW at 5 cm/sec. at 0000 GMT on the 20th
as trough 1 passed by site H.  As trough 2 passed by site H, the
total velocity field realized was to the NE at 7 cm/sec. at 0600
GMT on the 26th, to the NE at 20 cm/sec. at 1800 GMT on the
26th, to the NE at 8 cm/sec. at 1200 GMT on the 27th, and to the
NE at 13 cm/sec. at 0600 GMT on the 28th.

The winds were consistently from the south to west gquadrant
during the p%rlod 23-24 March with stress values of the order of
1.5 dynes/cm These winds indirectly drove slope currents to
the northeast at 43 cm/sec. on the 26th and 27th of March, and
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at 25 cm/sec. on the 28th. Thus, it can be concluded that wave-
trough related flow speeds were in excess of 50 cm/sec. on the
26th and early the 27th and about 40 cm/sec. during the latter
part of the 27th and early on the 28th. The flow in all cases
was to the southwest.

The temperature at HTOP associated with trough 1 was about
19.0°C followed by a peak of 21.7°C in crest A, then 19.4°C
water in trough 2, and finally by 22.8°C water in crest B. The
flow fields at site J were similar to those at site H with some
variation and a phase lag of some 38-42 hours as discussed
previously. This variation 1is shown in the u,v,T scenario
depicted in Figure 16.

The TIROS-N, AVHRR frontal boundary analysis (Figure 17)
shows a hugh filament extending southwestward from Raleigh Bay,
across Onslow and into Long Bays. This feature was visually
manifested in the thermal IR on 6 April and lasted until 4 May.
The filament is 260-320 km long and up to 50 km wide. The event
is evident throughout the entire current meter mooring array,
most specifically at sites H, J, O and P. The frontal feature
will be referred to as (filament) "F".

Frontal wave, F, a baroclinic frontal instability with many
degrees of freedom is manifested in a discernable pattern in
current meter data. Filament F is definitely sensed at site H
by 0800 GMT on 10 April and at site J (Figure 16) by 0000 GMT on
12 April. At site HTOP, there is a net rise of 5.8°C, from an
initial temperature of 18.8°C +to a peak of 24.1°C. At site J,
the rise is from 20.3 to 25.9°C. The rise 1in temperature was
also evident at the Dbottom shelf break mooring sites with
measured rises of 6.9°C at site JBOT, at 72 m from the surface
in 75 m of water. This rise at JBOT occurred between 0000 GMT
on April and 1200 GMT on the 14th, and was then followed by an
immediate 5.1°C, drop in temperature. Upper water column
temperatures are generally sustained at sites H and J. A very
deep warm water mass, is suggested at sites H and J, extending
to at least 72 m inshore of a colder water mass. The warm water
mass originates at the top while the cold water mass has its
origins at the bottom.

The filament is initially manifested at site HTOP as flow
to the north-northeast at 55 cm/sec. at 0800 GMT on 10 April.
By 0800 GMT on the 12th, the flow has swung counterclockwise ~
150° to the southwest where it remains relatively fixed until
1600 GMT on the 23rd. There 1is a brief 20 hr. clockwise
rotation at 1200 GMT on the 20th. The scenario at JTOP is very
dramatic. Six hours before the event strikes, the flow is
toward the NE at 60 cm/sec. At the onset of the event at 0000
GMT on 12 April, the flow is easterly at 121 cm/sec. and then
begins to rotate counterclockwise to be NNE with speed of 133
cm/sec. at 0000 GMT on 13 April, to the N at 108 cm/sec. at noon
(GMT) on the 13th, to the SW at 66 cm/sec. and 0000 GMT on the
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111

Figure 17. Gulf Stream frontal analysis for 15 April 1979
constructed using TIROS-N AVHRR data.

15th. The flow swings both clockwise and counterclockwise
thereafter with clockwise swings accompanied by rises in

temperature and counterclockwise swings accompanied by drops in
temperature.

The jet, the 133 cm/sec. current, sensed at 0000 GMT on 13
April at site JTOP was accompanied by 5°C rise in temperature
and, contemporanecusly at site PTOP the flow rotates clockwise
to become more easterly. This change at P is also accompanied
by a rise in temperature of about 2.0°C. It is suggested that
the entire feature has moved onshore and that now mooring P is
closer to the center of the filament, in a regime of warmer Gulf
Stream based water, while mooring J is in the Gulf Stream front
proper, on the offshore side of the cold core.

The propagation of phase of the event from site H to J
occurred with a speed of 47 cm/sec. from the 12th to the 1l4th
April. Thereafter, the event appeared to lock 1in and become
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fixed spatially in the alongshore direction. In fact, in
Figures 18 and 19 which are GOES imagery derived schematics of
the event by (Dr. Steven Baig of NOAA/NWS) show the event still
present with an apparent clockwise circulation pattern about the
warm tongue. If the Baig rendering were correct, it could well
be manifested by flow patterns at sties 0 and P which were
positioned such to have been located within the event.

Mooring 0 is directly inshore, some 37.0 km, of site H and
as such should have sensed the presence of filament F after it
was noted at H but prior to it being felt at either site J or

site P which is 40.2 km onshore of J. The event was first
sensed at site 0 at 1600 GMT on 11 April and at site P at 0800
GMT on the 12th (see Figure 15). The curious point though is

that the flow at site 0 becomes northeasterly to northerly for
the next three weeks. At site P, the flow 1is northeasterly to
east-northeasterly for four complete weeks save for the 15th of
April, when P was out of the filament for a brief period and the
currents followed the wind for a day. Site 0 stayed within the

event as shown in Figure 19. Flows at both sites have
magnitudes ranging from 10 to 60 cm/sec. generally about 25
cm/sec. at 0 and 40 cm/sec. at site P. It is noted that these

currents persisted in opposition to the wind which was generally
directed towards the southwest at Cape Hatteras throughout the
entire period (see Figure 14).

Filament F had an apparently strong, intense hydrographic
front with 26.6°C water registered at site JTOP and 15.9°C water
sensed at JBOT. This feature likely blocked inshore water from
penetrating offshore virtually throughout the entire 1length of
Onslow, Raleigh and Long Bays. In fact, with the southward and
southwestward winds which were present, it 1is 1likely that
Virginia coastal waters were transported south around Cape
Hatteras across Diamond Shoals and thereafter around Cape
Lookout across its shoals and into Onslow Bay to be pinned
against the coast. The picture created by frontal event F is
shown schematically in Figure 20, in agreement with the previous
results found by Pietrafesa (1983) and McClain, Pietrafesa and
Yoder (1984) in studies of filaments off the coasts of Florida
and Georgia.

In summary, a time domain comparison of cross-shelf (u) and
alongshore (v) current components and contemporaneous
temperature (T), suggests that at shelf break and mid-shelf
locations, on the CC shelf, a north-easterly alongshore current
(v) associated with the nonperturbed flow in the GSF will
occasionally become diminished in magnitude or possibly reverse
in concert with a decrease in temperature. Typically, this v
and T scenario is followed several days hence by a return of the
current of a northeasterly set and an increase in temperature.
The rise in T wusually peaks at values characteristic of those
associated with the Gulf Stream front. The cross-shelf
component of current (u) will have gone from being positive
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Analysis of Gulf Stream frontal boundaries using
GOES satellite data for 18 April 1979 (after S.
Baig, NOAA/AOMC) Mooring locations are indicated.
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Figure 19. Analysis of Gulf Stream frontal boundaries using
GOES satellite data for 4 May 1979 (after S. Baig
NOAA/AOML) Mooring locations are indicated.
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Figure 20. Conceptual schematic of frontal filament
(Pietrafesa, 1983).

(offshore) to negative (onshore) to positive again during this
period and precedes the changes in v. The drop in temperature
related to the decrease in positive v could result from the fact
that the warm frontal waters have moved offshore, making way for
either a horizontal advection of cooler shelf/slope waters, both
in response to or from an upwelling of cool, deep shelf/slope
waters as a vertical consequence of a one-sided horizontal
divergence. (Conductivity data collected at these sites
indicates that the converging water masses are of Gulf Stream
origin).

Gulf Stream frontal meanders and, more likely, Gulf Stream
frontal filaments, frequently account for much of the coherent
in-phase velocity and temperature fluctuations seen in u, v, T
data. The observational evidence provided by the moored meter
data suggests that meanders of the front are a form of long
waves trapped over the steep bottom slope (a "waveguide")
seaward of the shelf break in the SAB. These results are
consistent with satellite observations (Legeckis, 1979), which
suggest that the meander is a long wave with a length the order
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of 100 to 300 km centered about the Gulf Stream front and moving
with the Gulf Stream so that the manifestation of sense of
propagation is to the north(east). Within the wave crest, which
is in the Gulf Stream proper, the streamlines of flow 1in the
water column follow the shape of the crest and thus have a net
anticyclonic sense of turning. In the wave trough, there 1is a
closed, cyclonically rotating cell, a '"cool pool".

Examples of the signatures of the passage of filaments at
the Charleston "Long Term Mooring Site" (45 m isobath) are shown
in Figure 21. These meanders are waves which grow in amplitude
in the horizontal plane at their crest and fold back around the
cool pool sitting in the wave trough. As the wave crest folds
back toward the coast, shallower depths are encountered and the
vertical vorticity constraint requires that the anticyclonic
motion along the streamline of the wave crest be augmented.
Flow is to the north on the shoreward side of the event and to
the south on the offshore side of the filament (Figure 22).
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Figure 21. Current vector stick plots at 10(01), 22(02) and
42(03) meters of water at the Charleston 45 M
isobath site.
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Figure 22. Gulf Stream filament observed in VHRR satellite
imagery at 13:38Z2 on 12 February 1978. (Courtesy
of Dr. R. Legeckis, NOAA/NESS). redrawn.

The warm Gulf Stream waters, which define the filament,
deepen due to the downward vertical velocity produced by the
increased negative relative vorticity. To the east (i.e. off-
shore, of the filament) and to the west (i.e. onshore) of the
Gulf Stream front is a cold water mass which is cyclonically
rotating and is, in fact, the trough of the mother wave. The
filament formation occurs in concert, either as cause or effect,
the wave trough realizes an intensified cyclonic torque and
spins-up more intensely. The net effect is a rapid vertical
ascension of isopycnals, a '"doming up" phenomenon (Figure 20).
As the filament advects north(east) ward along the Gulf Stream
front, a series of shelf break/slope cold pool eddies are spun-
up, forming an upwelled ridge, which, as a function of the
intensity of c¢yclonic torquing, has a peak that varies in
elevation, (cf. Figure 20).

Figures 23 and 24 represent frontal events observed at the
Onslow and Raleigh Bay sites. The signature of filament passage
can be either cyclonic or anticyclonic as a function of the
amplitude of the event and its location relative to the current
meter mooring array. Clearly 1if the mooring is located on the
inshore side of the filament (Line 14), the vectors hardly
rotate at all and temperatures rise. Curiously, the vector along
Line 10 hardly rotates also, but in this case, the mooring is on
the offshore side of the whole event and the temperature
decreases markedly as the -outer part of the cold core trough
passes by. Line 14 will yield a slight anticyclonic rotation.
Lines 11, 12 and 13 represent the intermediary and sometimes
rapidly rotating case.
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Figure 23. Snapshot of the streamlines of flow around the

surface plane of a folded-back Gulf Stream frontal
wave crest (a filament) and its associated trough.
Numbered lines indicate possible passage by fixed
current meter moorings.
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Figure 24. Time series of Eulerian currents and temperatures

(derived from moorings) based on the passages of
Lagrangian events shown in Figures 11, 12, 17, 18,
19, 22 and others manifested in NOAA/AOML VHRR

products.

There are also secondary frontal features which appear in
VHRR imagery in the CC. These secondary thermal boundaries
appear to mimic the curvature of mid-shelf bottom isobaths and
appear to reflect the existence of a boundary separating inner
from mid-shelf waters. This secondary front has not been

studied.

Penetration of Virginia Coastal Waters South of Cape Hatteras

The 1likelihood of the penetration of Virginia coastal
waters southward into Raleigh and, possibly, Onslow Bay
increases in the Fall season which is generally characterized by
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winds from the northeast (Weisberg and Pietrafesa, 1983).
However, during the March-April 1979 period, the satellite
imagery for 27 March indicated that cold virginia coastal waters
had penetrated into, at least, Raleigh Bay (Figure 11). In the
period 6-23 March, the winds were, on the average, from the
north or northeast (Figure 14), setting up conditions favorable
for the southward penetration of Virginia coastal waters
observed on 27 March.

Salinity provides an excellent tracer for Virginia coastal
waters off the North Carolina coast since the fresh water source
of the Chesapeake Bay results in a several parts per thousand
(®/oo0) salinity difference between these water masses. Annual
mean salinities from the Chesapeake Bay, Diamond Shoals, and
Frying Pan Shoals lightships are approximately 30°/oo, 34°/oo,
and 36°/o0o0 respectively as shown 1in Figure 25. These mean
differences are sufficiently 1large that the salinities remain
distinctive even on the time scales of the 1low frequency
fluctuations. From the relative fresh water inflow amounts from
the Chesapeake Bay and Cape Fear Rivers, also shown in Figures
25, we observe that the only significant fresh water source for
this study region exists northward of Diamond Shoals. Although
the proximity of the Gulf Stream to Diamond Shoals is generally
a barrier to communication of waters from the mid-Atlantic to
South Atlantic bight regions under favorable wind and or Gulf
Stream conditions waters will flow across this barrier. One such
wind was observed during March 1979.

Figure 26 shows salinity as a function of time from
moorings at two locations in Onslow Bay (moorings at two
locations in Onslow Bay (moorings P and O of Figure 1). A rapid
drop in salinity occurred at mooring P beginning around March
12. This salinity drop was followed some two weeks later by a
similar drop at mooring 0 situated further southwest along the
coast. Note that an even larger drop with a similar lag occurred
at these two stations between April and May. Figure 27 shows the
temperature/salinity (T/S) relationship at these stations as a
function of time during the March event. The rapid switch in
water properties is clear. Salinity declined rapidly by some 2-
39/00 and temperature declined by 1-15°/ooC resulting in a
decrease in water density. Although the origin of this lighter
and fresher water seems to be from the Virginia coastal waters,
or waters at least north of Diamond Shoals, the mechanism by
which salinity changed at sités P and O remains uncertain. The
fact that there is a two week time lag between the onset of the
event at O relative to P suggests southwestward advection.
However the horizontal currents observed at these locations do
not bear this out in a simple manner. Vertical advection
downslope of 1lighter fresher water initially trapped shoreward
by a Gulf Stream filament front may account for the observation.
The entire salinity fluctuation was confined to the bottom half
of the water column (depth ~33m) since the instruments at 17 m
observed no comparable variations. Therefore a vertical salinity



(DYNE/CMx%2)

Figure 25.

121

0.4, WILMINGTON WIND

-0.4.
06

0.3
0.0
-0.3
-0.6-

EVAPORATION

Ll wf”\m,mwww

] PRECIPITATION

30, AIR TI:MPERATURE

wn_\

(CM/DAY)

] 7 WwiL
20] /\;/'\
4 1]
|O.1 L
5 Skl W
o of
W 30, WATER TEMPERATURE
(o] p Ay

(10%*%6CUM/D)

—————

27/ \ CH

(PPT)

2' T 1 1 Bl T AS L}

1966 1967 ~ 1968 1969 1970 197I 1972

Weekly mean salinity and water temperature
observed from 1966 to 1972 at the lightship
stations offshore of the Chesapeake Bay, Diamond
Shoals, and Cape Fear. Cape Fear River and
Chesapeake Bay fresh water flow and Cape Hatteras
and Wilmington, N.C. meteorological station data

are also shown.



122

PBOT SAL PPT SP?

080T SAL PPT SP?

37.
36.
Js.
34.
33.
32.
31.
30.
29.
28.
27.
26.
25.

37.
36.
3S.
3%.
33.
32.

31

30.
29.
28.
27.
26.

Figure 26.

000 -
000
000 -
000
000 -
000
000 -
000 +
000
000
000
000
000 -

000 -
000 -
000 -
000 -
OOQ =
000 -
.000 -
000 A
000 A
000 -
000 A

000 J

. .
I 1l 21 31 10 2 30 10 20 30 9 (9
MAR APR MAY JUNE

Salinity as a function of time measure 3 m off the
bottom at moorings P and O.



123

Moorings P (e—e) and O (0--0)

4/15

17 F

16

Temperature (°C)

14

13 I

1
33.0 34.0 35.0 36.0
Salinity (%)

Figure 27. T/S curves as a function of time during the event
from 3/4-4/15, 1979.

gradient 2-39/o0o existed over the water column.

The larger decrease in salinity observed beginning toward
the end of April when salinity declined by around 7°/oco0 is
probably of the same origin since there is a similar lag between

P and O. Clearly, the water must have originated north of
Diamond Shoals since there 1is no other source of such low
salinity water. Again, the velocity vectors do not show a

period of sustained alongshore or offshore flow; rather they
oscillate with time scales shorter than the overall salinity
event. Notice, however, that the salinity event, at least at
mooring P, shows a step-like reduction in salinity which would
be consistent with a fluctuating front with each fluctuation
mixing fresher water into the region. Initial inspection of the
vertical shear in horizontal velocity suggests a general
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consistency between a frontal interpretation and what is implied
by the thermal wind relationship. The important points here are
that Virginia coastal water does penetrate southwestward along
the North Carolina coast as was suggested by Bumpus (1973) and
mid to inner shelf fronts, separate from that of the GSF and the
secondary frontal water masses, exist on the CC shelf.

Recruiting the Red Tide

During October, 1987, the dinoflagelate which constitutes
the red tide, the scourge of the fishing industry as well as the
tourist trade, made its appearance in Onslow Bay. This bug not
only poisons fish, particularly filter feeders, thus rendering
the creatures unfit for human consumption, but also creates
noxious fumes which cause respiratory and eyesight problems in
humans. Carolina Capes waters are not known to be infested with
this particular form of dinoflagelate so the question asked was:
What conditions were responsible for the outbreak of the red
tide? The more appropriate related question is: Where did the
red tide come from and what physical oceanographic conditions
were present to assist the dinoflagelate population on its
apparent maiden voyage into North Carolina coastal waters?

The origin of the red tide dinflagelate (RTD) was probably
west Florida coastal waters. The RTD could then have very
easily been entrained into the Gulf Stream and rapidly
transported by the Gulf Stream some 1600 km within several weeks
to Carolina coastal waters. Now, if a filament happened to be
present then it would be a direct route from the Gulf Stream to
the coast via one of the streamlines shown 1in Figure 20.
Following a filament streamline takes a parcel from surface
interior Gulf Stream waters right onto the mid to outer shelf on
the shoreward side of the filament where the water parcel is now
exposed to the direct wind stress driven as well as slope

current regime. The parcels of RTD laden water can then be
driven towards the coast where water masses may reside for
periods of 2-3 months (Blanton and Pietrafesa, 1978). During

the period 09 October - 07 November, 1987, the N.C. coast was
buffeted by northeasterly winds and several large filaments.
The conditions were perfect, as is explained in Pietrafesa, et
al. (1988), for recruitment of the RTD from Gulf Stream frontal
filaments onto the shelf to be advected across the shelf and
retained near the coast. Figure 28 conceptualizes the scenario.

SUMMARY AND CONCLUSIONS

Hydrodynamics and hydrography on the CC shelf are
controlled by atmospheric forcing from the top and Gulf Stream
frontal events from offshore. Gulf Stream phenomena which
affect the oceanography of the CC shelf include the deflection
of the stream at the Charleston Bump and the subsequent creation
of the Charleston Trough and frontal meanders and filaments.
Atmospheric wind effects are most apparent in mid to inner shelf



125

BEAUronT W— 7L — V%
A / Red Tide

WILMINGTON ., 9 Mechanically
;30&2\:" F removed from

-j‘ Feor f Stream

4 Cope
CHARLESTON . b-' Romaln
-

EKQj‘
SAVANNAM 3.
V4

K
Ogte.
Ovter
ey
[ LR Miggr
‘e

JACKSON (
7;;;;'._'._,_—_“‘/"-'-‘ : _ Bloke ."" ’j::l" gl
A .. Ploleou . [ i
*NAFLES | ?
- _Red Tide -
;b Entrainod $
2
4
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Coastal Waters: A conceptual scenario based on
VHRR and coastal wind data.

waters. 1In offshore waters wind effects are generally masked by
GSF events.

The alongshore component of the wind provides the important
forcing out to mid-shelf waters. Wind effects are Dboth
mechanically direct and indirect via the setup of coastal
pressure gradients. The mid to inner shelf current field
consists of a wind driven surface component and slope currents
which extend throughout the water column and are strongly
geostrophic coupled to both surface and mass field slopes. The
bottom boundary layer consists of geostrophic and bottom stress
induced current components.
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Water masses are derived principally from the Gulf Stream
via frontal event processes which not only advect warm, saline
surface layer stream waters onto and along the mid to outer
shelf but also create an upwelling ridge along the outer shelf,
during their passage, within which offshore waters are advected
up and onto the shelf. Georgian shelf waters are advected into
the CC region during periods of persistent southwesterly winds
while Virginian coastal waters penetrate the Diamond and Lookout
shoals, from the north, during periods of persistent northerly
winds.

In outer shelf waters, hydrographic fronts are formed by
the Gulf Stream front, a generally prograditional front
(Pietrafesa, 1983). In mid shelf waters, a retrogradational
front (ibid) can form consisting of inshore CC waters, or
occasionally Virginia coastal water, on the coastal side and GSF
waters on the offshore side. This front is not yet well
understood.

Finally the Red Tide, a dinoflagelate, can be carried from
Florida coastal waters by the Gulf Stream to North Carolina
where the presence of warm core frontal filaments may allow the
plant to be <carried into shelf outer waters. Thereafter the
plants may be carried towards the coast by wind induced or slope
currents.
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OVERVIEW OF NEOGENE AND QUATERNARY GEOLOGIC HISTORY,
NORTH CAROLINA CONTINENTAL MARGIN (ONSLOW BAY)

Scott W. Snyder and Stanley R. Riggs
Department of Geology, East Carolina University
Greenville, North Carolina 27858

ABSTRACT

Neogene and Quaternary sediment patterns on the Onslow Bay
continental shelf are, in 1large part, the product of eustatic
sea-level fluctuations. The lower to middle Miocene Pungo River
Formation was deposited during second-order supercycle TB2 (Hag
et al., 1987). Eighteen fourth-order seismic sequences within
the formation can be grouped into three third-order seismic
sequences (Frying Pan, Onslow Bay and Bogue Banks), each of
which corresponds to the maximum landward extent of a third-
order coastal onlap event. Despite the influence of eustatic
sea-level fluctuations on the depositional history of the
continental shelf, not all known third-order coastal onlap
events are represented by the Miocene sediments of Onslow Bay.
In addition to relative position of sea level, factors such as
topographic configuration of the shelf and flow path and
intensity of the Gulf Stream influenced depositional-erosional
patterns and the distribution of phosphatic vs. siliciclastic
sediments,. Explaining why specific onlap events are represented
by deposits whereas others are not will require additional
research. General lack of Pliocene deposits across the Onslow
Bay shelf and in portions of the adjacent coastal plain region
cannot be adequately explained solely by sea-level fluctuations.
Gentle upward movement along the Mid-Carolina Platform High
seems a more likely explanation for the present distribution of
marine Pliocene deposits.

Quaternary deposits were also strongly influenced by high#
frequency fluctuations of sea level. Widespread carbonates
deposited during interglacial marine transgressions were later
altered and partially eroded by subaerial and fluvial processes
during glacial regressive phases. Where dissected, the
resulting carbonate hardbottoms are bounded by exposed rock
scarps which support a prolific marine biota. Unconsolidated
sediments in low areas Dbetween the hardbottoms are the site of
secondary mineralization, including minor reprecipitation of
phosphate dissolved from underlying Pungo River phosphorites.

INTRODUCTION

Onslow Bay 1is a modern cuspate embayment in southeastern
North Carolina bordered to the north by Cape Lookout and to the
south by Cape Fear (Figure 1). The modern continental shelf in
Onslow Bay extends from the barrier island system to
approximately the 50-m isobath. The shelf has a maximum width
of about 100 kilometers and consists of Upper Mesozoic and
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Figure 1. Locality map showing Onslow Bay in relation to the

Mid-Carolina Platform High, Cape Lookout High and
outcrop patterns of Upper Mesozoic/Cenozoic strata
(after Stephen W. Synder (1982) from Scott W.
Snyder et al., 1988a).

Cenozoic strata that have built outward and upward to produce

its present configuration. This paper focuses on sediments
representing the Neogene and Quaternary Systems of the Cenozoic
Era. According to Hag et al. (1987), the Neogene System

includes sediments deposited between 25.2 and 1.65 million years
ago (mya) (Figure 2). The Miocene Series spans 20 million years
(from 25.2 to 5.2 mya), while the Pliocene Series spans 3.55
million years (from 5.2 to 1.65 mya). The Quaternary System
extends from 1.65 mya to the present day and includes the
Pleistocene and Holocene Series, which are not differentiated
for purposes of this report.

Over the past 20 million years the continental margin in
the vicinity of Onslow Bay has been influenced by diverse and
complexly interrelated geologic, biologic and oceanographic
processes. It has been repeatedly inundated by advancing seas,
subjected to episodes of marine scour and upwelling, blanketed
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Figure 2. The Neogene sea-level cycle chart (modified from

Hag et al., 1987) showing stratigraphic position
of third-order Miocene sequences (Frying Pan,
Onslow Bay, Bogue Banks) in Onslow Bay.

by deposits ranging from mostly authigenic minerals to
predominantly siliciclastic sediments, and exposed to subaerial
erosion and channeling during sea-level lowstands. Neogene
eustatic sea-level fluctuations, imprinted upon the structural
and stratigraphic framework produced during the earlier
evolution of this passive continental margin, have controlled
primary depositional features and sediment types, as well as
postdepositional alteration and secondary mineralization.
Superimposed upon patterns due to sea-level cyclicity are the
effects of oceanographic and/or climatic changes that were not
directly 1linked to eustacy. For example, Gulf Stream flow
probably intensified during the early to middle Miocene in
response to circulation changes in the Gulf of Mexico, which
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were triggered by tectonic events in Central America (Mullins et
al., 1987). Intensification of Gulf Stream flow, in turn,
profoundly affected the continental margin of Onslow Bay,
contributing to an intricate, sometimes confusing composite
geologic section.

Since 1979, geology of the Onslow Bay continental margin
has been the object of seismic, sedimentological, mineralogical,
chemical and paleontological analyses supported by the National
Science Foundation (grants OCE-7908949, OCE-8110907, OCE-
8342777 and OCE-8609161) and the North Carolina Sea Grant
College (grants NA83AA-D-00012/R/A03 and NA85AA-D-SG022/R/A04)
under direction of Stanley R. Riggs, Albert C. Hine and Scott W.
Snyder. The purpose of this paper 1is to provide a general
overview of this research and the geologic history of Onslow
Bay. It is not 1intended to be comprehensive or to supply
supporting data, which are available in references cited within
the text.

Structural and Paleotopographic Framework

Onslow Bay is located on the northeastern flank of a broad
region of pre-Jurassic continental crust called the Carolina
Platform, a tectonic component of the trailing margin of North
America that extends from Florida to Maryland (Klitgord and

Behrendt,, 1979). The relatively flat and shallow (less than 1
km) central portion of the Platform is located near Cape Fear,
North Carolina. Stephen W. Snyder et al. (1982) and Hine and

Riggs (1986) argued that this shallow segment of the Platform,
from which 1its margins descend into flanking embayments and
troughs, should be termed the Mid-Carolina Platform High, rather
than the Cape Fear Arch of traditional usage.

Distribution of post-Jurassic depositional sequences,
including those of the Neogene and Quaternary, was controlled in
large part by the configuration of the Mid-Carolina Platform

High. Outcrops of post-Jurassic strata follow broadly
concentric patterns around the eastern margin of this feature
(Figure 1). Deposits along its northeastern flank formed the

Neogene and Quaternary shelf sequences preserved in Onslow Bay.

During the Miocene, there were two depositional embayments

along the North Carolina margin. The Onslow Embayment to the
south was separated from the Aurora Embayment to the north by
the Cape Lookout High (Figure 1), an elongate, east-west

treading paleotopographic ridge formed by pre-Miocene sediment
drift along the merge-point of the Gulf Stream and south-flowing
shelf currents (Stephen W. Snyder, 1982; Popenoe, 1985). The
Cape Lookout High remained a prominent topographic feature until
nearly the end of Miocene deposition, when it was buried and the
two depositional embayments it had separated were joined.
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Studies discussed below concentrated on the feather-edge,
updip limit of outcropping Neogene sediments in Onslow Bay.
Oonly here could Miocene sediments be recovered by vibracoring
(maximum core length of 9 m). Although Neogene and Quaternary
sediments represent a small volumetric part of the entire
Mesozoic-Cenozoic wedge which forms the North Carolina
continental shelf, they record many significant geological
events.

Neogene System

Miocene Series

Miocene sediments of the exposed North Carolina Coastal
Plain occur only in the subsurface, where interbedded phosphatic
clays, sands and carbonates 'were assigned to the Pungo River
Formation (Kimrey, 1964). Pungo River sediments extend onto the
continental shelf of Onslow Bay where they occur in outcrop and
shallow subcrop beneath a widespread veneer of Quaternary sands
and more limited exposures of Plio-Pleistocene carbonates
(Blackwelder et al., 1982; Matteucci, 1984; Popneoe, 1985; Riggs
et al., 1986).

Detailed seismic stratigraphic analyses of Neogene and
Quaternary deposits extending from the outer coastal plain to
the wupper continental slope have delineated 18 distinct
depositional sequences within the Miocene Pungo River Formation
(Stephen W. Snyder, 1982; Stephen W. Snyder et al., 1982). Each
such sequence is bounded above and below by an unconformity, and
thus represents a depositional event within a discrete time--
stratigraphic interval (vail et al., 1977). Utilizing an
extensive network of seismic reflection data collected along the
Carolina continental margin (21,000 + km of high-resolution
profiling), depositional sequences were traced in the subsurface
and their outcrop pattern was mapped. These sequences strike
generally north-northeast, forming a complex outcrop/shallow
subcrop pattern in which younger sequences commonly truncate
older ones (Figure 3). From their western wupdip 1limit, Pungo
River sediments dip to the south-southeast, thickening to more
than 500 m at the shelf edge (Riggs et al., 1985).

Seismic analyses provided the stratigraphic framework for
biostratigraphic interpretation of sediments from 95 vibracores
which penetrated the Pungo River Formation. The 18 depositional
sequences mentioned above represent fourth-order seismic
sequences which can be grouped into three third-order sequences,
the ages of which can be resolved on the basis of bio-
stratigraphic evidence (Figure 3). Age assignments are based
upon planktonic foraminifera and nannofossils (Scott W. Snyder
et al., 1988b), diatoms (Powers, 1988) and radiolarians (Palmer,
1988).
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Figure 3. Map showing outcrop and shallow subcrop pattern of
fourth-order seismic sequences within the Miocene
section of Onslow Bay. Patterns differentiate
third-order seismic sequences (Frying Pan - solid
dots, Onslow Bay - dashes, Bogue Banks - open

circles). Seismic interpretation by Stephen W.
Snyder and A.C. Hine.

The stratigraphically lowest third-order sequence, dated as
middle Burdigalian (upper lower Miocene), is termed the Frying
Pan Sequence. It contains six fourth-order seismic sequences
(FPS-1 through FPS-6) (Figure 3). The overlying Onslow Bay
Sequence, dated as Langhian (lower middle Miocene), contains
four fourth-order sequences (0OBS-1 through OBS-4). The strati-
graphically highest of the three third-order sequences is the
Bogue Banks Sequence. It was deposited during the middle
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Serravallian (middle Miocene) and contains eight fourth-order
sequences (BBS-1 through BBS-8). Biostratigraphic constraints
on the ages of the Frying Pan, Onslow Bay and Bogue Banks
Sequences indicate that each was deposited during a third-order
coastal onlap event (Hag et al., 1987), whereas the entire Pungo
River Formation was deposited during a larger-scale, second-
order Miocene marine transgression (Figure 2).

The Frying Pan, Onslow Bay and Bogue Banks Segquences each
represent deposition associated with a sea-level highstand.
Intervening unconformities were most 1likely developed during
sealevel lowstands. The influence of eustatic sea-level oscil-
lations in producing this depositional record would seem to be
straightforward and obvious. However, Pungo River strata do not
represent all of the Miocene coastal onlap events depicted in
the chart of Hag et al. (Figure 2). We suggest two possible
explanations for this:

1) Oceanographic factors, such as impingement of the
westward migrating Gulf Stream on the continental
margin (Pinet and Popenoe, 1985), may have resulted in
sediment bypass/erosion during some episodes of coastal
onlap.

2) Deposits emplaced during some episodes of coastal onlap
were later removed by erosion, either by subaerial
processes during sea-level lowstands or by submarine
scour associated with migration of the Gulf Stream
during subsequent marine transgressions (Pinet and
Popenoe, 1985; Popenoce, 1985).

Resolution of specific mechanisms responsible for the Miocene
record must await 1) acquisition of continuous cores from
thicker, more complete downdip sections, and 2) better under-
standing of regional and global changes (tectonic, climatic,
oceanographic) during the Miocene.

The preserved depositional record in Onslow Bay contains a
variety of 1lithofacies. Successive seismic sequences may be
composed of similar lithofacies, in which case there is no
distinct 1lithologic change across the intervening stratal
reflector (Mallette, 1986; Scott W. Snyder et al., 1988a).
Lithologies change vertically through the Miocene section, but
the generalized 1lithofacies patterns within the northern,
central and southern portions of Onslow Bay tend to persist
through time. A source area to the northwest supplied
siliciclastic sediments to northern and central portions of the
Bay, while authigenic sediments accumulated farther south.
During deposition of the Frying Pan and Onslow Bay Sequences,
carbonates (composed largely of molluscan and Dbarnacle
fragments) and dquartz sands accumulated in northern Onslow Bay
along the southern flank of the Cape Lookout High. Deposits of
the Bogue Banks Sequence in the northern region changed to
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predominantly siliciclastic sands. The central portion of all
three third-order sequences (Frying Pan, Onslow Bay and Bogue
Banks) was dominated by siliciclastic sands and muds, with
abundant dolomite in both the Onslow Bay and Bogue Banks
Sequences. The slow accumulation of fine sediment in the latter
two sequences was repeatedly interrupted by influx of sands from
a point-source to the west-northwest, producing interbedded
fine-grained and coarser-grained deposits. Grain-size of the
siliciclastic sediments generally decreased southward,
indicating increased distance from the source area. During
deposition of the Bogue Banks Sequence, phosphatic sands
accumulated in the north and central portions of the Bay. In
southern Onslow Bay, where only the Frying Pan Sequence has been
extensively sampled, sediments consisted of largely authigenic
components. Rich basal phosphorate deposits were gradually
replaced by organic-rich, zeolitic muds (probably derived from
biogenic silica) and deposition culminated with fossiliferous,
fine quartz sands.

In reconstructing ancient depositional environments, the
contrast between conditions favoring siliciclastics and
authigenic phosphate sediments is of primary interest. Concen-
tration of authigenic sediments occurs only where they are not
overwhelmed by the influx of siliciclastic materials. Such
conditions existed in southern Onslow Bay, far removed from the
source area of siliciclastic sediments that lay to the

northwest. However, formation of extensive sedimentary
phosphorites also requires nutrient enrichment far beyond that
found in most marine environments. Riggs (1984) demonstrated

that interaction of the ancient Gulf Stream with topographic
features of the continental margin during marine transgression
could induce large-scale coastal upwelling. These upwelling
events, in areas of minimum siliciclastic sediment input, were
responsible for phosphate formation in southern Onslow Embayment
during deposition of the Frying Pan Sequence. Smaller-scale
phosphogenic episodes occurred in northern and central Onslow
Embayment during deposition of the Bogue Banks Sequence.

Paleontological studies based on benthic foraminifera
(Scott W. Snyder et al., 1988c) and diatoms (Powers, 1988)
indicate that phosphatic intervals were indeed associated with
episodes of nutrient enrichment. Although Miocene deposits
accumulated in relatively shallow waters (mid to outer
continental shelf), deeper, colder, more nutrient-enriched water
masses occasionally invaded Onslow Embayment, probably through
upwelling episodes 1like those described by Riggs (1984).
Sediments containing appreciable amounts of phosphate yield
benthic foraminiferal assemblages numerically dominated by forms
known to thrive under conditions of nutrient influx , organic
enrichment and oxygen depletion (Scott W. Snyder, 1989). These
same sediments also contain diatom assemblages enriched in
meroplanktonic and planktonic species known to be associated
with modern wupwelling systems (Powers, 1988). Conversely,
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and diatom assemblages in siliciclastic

benthic foraminiferal
with reduced

lithofacies indicate well oxygenated bottom waters
levels of nutrient content.

Phosphorate sediments in the Frying Pan Sequence of
southern Onslow Bay and the Bogue Banks Sequence of central
Onslow Bay (Figure 4) yield faunas and floras indicative of
nutrient enrichment. Phosphatic sands in the Bogue Banks
Sequence of northeastern Onslow Bay (Figure 4) are not so
clearly associated with wupwelling. Benthic foramininferal
faunas suggest well-oxygenated bottom waters with only modest
levels of organic enrichment (Scott W. Snyder et al., 1988c).
Perhaps these phosphate grains are reworked, rather than being

formed in situ.
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The Miocene deposits of Onslow Bay are largely the product
of high-frequency eustatic sea-level fluctuations and
oceanographic changes triggered by such changes. Depositional
episodes correlate with global coastal onlap events. Explanation
as to why all of the known Miocene onlap events are not recorded
in Onslow Bay requires further research. The composition of
deposits that have been preserved (siliciclastics vs. carbonate
vs. phosphate) depends on the interaction of numerous factors,
including relative position of sea level, rate of sea-level
change, configuration of the shelf margin, proximity to shelf
margin and to source areas of siliciclastic sediments, flow path
and intensity of the Gulf Stream and its interaction with the
margin, nature of deeper water associated with upwelling, etc.
Some of these factors are, in turn, dependent on global and
regional changes in climate and oceanic circulation. It is not
surprising that the resulting Miocene depositional record along
the North Carolina margin is so complex.

Pliocene Series

Pliocene sediments are absent throughout nearly all of
Onslow Bay (Figure 1). They form a veneer of siliciclastic
sands and carbonates along the modern shelf edge, and extend
onto the present-day shelf of Onslow Bay only in the
northeastern corner.

Absence of Pliocene deposits in Onslow Bay is consistent
with the distribution of equivalent-aged strata on the emerged
North Carolina Coastal Plain. Except for scattered outliers
(such as at Natural Well, Bear Bluff, etc.), marine deposits of
Pliocene age are absent across the coastal plain from the
vicinity of Cape Lookout to Cape Fear, whereas the Pliocene
Yorktown and Duplin Formations are widely distributed north of
Cape Lookout and southwest from Cape Fear into South Carolina,
respectively (Brown et al., 1985). In these latter areas,
marine Pliocene sediments extending westward across the coastal
plain record a major marine transgression, as suggested in the
chart of Hag et al. (1987) (Figure 2).

Lack of Pliocene deposits across the Onslow Bay continental
shelf and portions of the adjacent coastal plain cannot be
adequately explained solely by eustatic sea-level fluctuations.
Perhaps Pliocene sediments, once more extensive across the
Onslow Bay shelf, were eroded during subsequent sea-level
lowstands. However, the extensive marine Pliocene deposits
north of Cape Lookout and south of Cape Fear suggest that Onslow
Bay and the adjacent coastal plain region may not have been

extensively inundated during the Pliocene. Gentle upward
movement, perhaps initiated in the late Miocene, of the Mid-
Carolina Platform High (= Cape Fear Arch of traditional usage)

seems a more likely explanation for the present distribution of
marine Pliocene deposits. Our data are not sufficient to either
demonstrate or contradict either of these possibilities.
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Quaternary System

The Quaternary System includes the Pleistocene and Holocene
Series (Figure 2). These series are not differentiated for the
purposes of this report due to difficulties in distinguishing
them in sediments of Onslow Bay. There are several reasons for
this:

1) discontinuous nature of the Quaternary sediment cover,

2) extensive resuspension and vertical mixing of the
surficial veneer of sediment during storms,

3) lack of planktonic fossils suitable for differentiating
Pleistocene from Holocene deposits,

4) abundant relict Pleistocene materials within Holocene

deposits due, in part, to limited sediment supply from
modern rivers.

Two aspects of Quaternary sedimentation are of primary interest:

1) the formation and subsequent erosional history of
carbonate hardbottoms and their influence on modern
biological communities,

2) the distribution of and sources for secondary minerals
(e. g., phosphate and iron) within unconsolidated,
quartz-rich surficial sands.

Hardbottoms

Extensive and morphologically complex hardbottoms crop out
across the inner and middle continental shelf of Onslow Bay.
Hardbottoms are of three types:

1) calcareous quartz sandstones,

2) quartz-rich, molluscan-moldic, fossiliferous
limestones, '

3) extensively bored, fossiliferous calcarenites
(Mearns, 1986).

The first two types are associated with Neogene strata, whereas
the third is part of the Quaternary System which lies unconform-
ably above Neogene sediments. The focus here is upon
hardbottoms composed of the Quaternary calcarenites because
their more extensive exposure and greater vertical relief make
them more important in terms of their influence on modern
biological communities.

Using high-resolution seismic and sidescan sonar profiling,
the general distribution of hardbottoms which crop out on the
modern shelf of Onslow Bay has been mapped (Mearns, 1986; Riggs
et al., 1986). Quaternary hardbottoms are generally extensive,
unbroken, flat surfaces; however, where dissected by erosion
they usually rise 2 m or more above the surrounding sea floor.
They are concentrated in southern Onslow Bay. Their upper
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surfaces range from smooth to irregular and frequently are
covered with an ephemeral, highly mobile modern sand sheet.
Where dissected they form extensive mesa-like platforms of
carbonate rock bounded by highly eroded vertical scarps. Most
scarps probably originated through fluvial erosion during sea-
level lowstands. Once 1initiated, scarps are modified by
submarine biological, chemical and physical processes. Vertical
scarps are the most important aspect of hardbottoms.

Calcarenites exposed along vertical scarps are subjected to
intense bioerosion, mostly by endolithic lithophagid and gastro-
chaenid bivalves (Carter and Mearns, 1986). These borers
obliterate the calcareous rock fabric by chemical dissolution
and riddle the rock wall with boreholes. The more indurated
upper portion is protected by encrusting organisms. The net
effect is for bioerosion to wundercut the scarp, forming an
overhang which eventually collapses due to wave surge pressure.
With each successive episode of undercutting and collapse, the
edge of the hardbottom recedes, and rock debris accumulates
along the base of the escarpment as a rubble ramp (Mearns,
1986). Based on the width of the accumulated rubble, Mearns
demonstrated that Quaternary scarps in southeastern Onslow Bay
have receded as much as 80 m during the last 9000 years of
Holocene sea-level rise.

Several types of margins are developed along hardbottoms
(Figure 5). Vertical scarps that rise up to 8 m above adjacent
unconsolidated sediments host a rich bottom biota including
algae, sponges, corals, epifaunal and infaunal biavles, assorted

vagrant benthic organisms and a variety of fishes. With
increasing bioerosion and scarp recession, the zone of massive
boulder debris increases. The resultant increase in surface

area of exposed rock sustains a larger, more prolific bottom
biota. The northeastern margins of hardbottoms are usually
ramps composed of unlithified sands (Figure 5). They are gently
sloping surfaces that result from transport and deposition of
Holocene sands. Hardbottom margins with unconsolidated sediment
ramps do not support the rich biota associated with escarpments
and zones of boulder debris. Because the biota supported by
scarps serves as a food source for a variety of invertebrates
and fishes, knowledge about the nature and distribution of
hardbottom margins is important to understanding productivity on
the continental margin.

The geological origins of hardgrounds and their associated
margins are, like the underlying Miocene deposits, linked with

changes in eustatic sea level. Rises and falls in sea level
during the Quaternary were controlled by glacial retreats and
advances. Marine transgressions (interglacials) were marked by

warming climatic conditions, increased vegetative cover on
adjacent lands areas, and decreased terrigenous sediment input.
Siliciclastic sedmentation was limited to nearshore environments
whereas carbonate sediments predominated in more offshore
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(from Hine and Riggs, 1986).

environments (Riggs, 1984). Marine regressions (glacials) were
characterized by fluvial channeling and erosion by the migrating
shoreface, which dissected and removed much of the previously
deposited volume of shelf sediment (Hine and Snyder, 1985).
Subaerial exposure of the shelf during maximum sea-level
lowstands also indurated and diagenetically altered remaining
sediments (Riggs, 1984). Once formed and partially eroded by a
combination of subaerial and fluvial processes, hardground
scarps recede by the process of marine biocerosion during the
subsequent sea-level highstand. Repetition of this sequence of
events occurred throughout the Neogene and Quaternary. It is,
however, most dramatically exemplified by the younger and
consequently better preserved and exposed carbonate hardbottoms
of the Quaternary.

Secondary Mineralization
The Quaternary sand sheet, irregularly distributed across

the erosional surface capping Neogene strata, is the site of
rather interesting mineralization processes. Some minerals in
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these sands are not primary (i.e., formed at the time of
sediment deposition), but rather are being secondarily deposited
after dissolution and transport from other sediment sources.

In southern Onslow Bay, the Quaternary sands contain orange
phosphate grains which are petrologically and chemically
distinctive from dark brown phosphates of the underlying Pungo
River Formation. Orange grains have been extensively altered
during mechanical reworking and incorporation into the younger
sands. Phosphate content 1in the Ouaternary sands is highly
variable, with P,0g content ranging from negligible to 21.7%
(Riggs et al., 1986). The sands range in thickness from 0 to 3
m and occur largely between mesas capped by carbonate rock (the
hardbottoms discussed previously).

Distribution of phosphatic Quaternary sands provides
insight into the mechanism of phosphate formation. Figure 6
shows the distribution of sands which contain 3% or more P,0g
superimposed upon the seismic sequences of the underlying Pungo

River Formation. The richest phosphorites in the Miocene
deposits of Onslow Bay occur in the southern portions of seismic
sequence FPS-1 (Riggs et al., 1985). Note that the 3% P,0g

contour in Quaternary sands approximates the outline of the
phosphorate deposits of FPS-1. This contour suggests that the
majority of the phosphate is being mechanically reworked from
FPS-1 and re-deposited in overlying sands.

However, uranium-series age dates (Riggs et al., 1982 and
1983) suggest the presence of a component that may be younger
than 150,000 years. During mechanical reworking, some of the
phosphate was evidently dissolved and reprecipitated to produce
the minor occurrences of young, glossy-black phosphate grains.
Uranium-series dates reflect the time of reprecipitation of
these grains. This interpretation is supported by the fact that
dissolution continues on the modern seafloor where phosphatic
Miocene sediments are exposed, as evidenced by the release of
soluble reactive phosphate (SRP) into the benthic boundary
layer. Mean SRP at 1 cm above the sediment-water interface
ranges up to 2.5 times that at 3.5 m (T. Tisue, unpubl. data),
strongly suggesting release from the sediment. Similar SRP
gradients do not occur where exposed bottom sediments are non-
phosphatic.

Foraminifera within the same portion of the Quaternary sand
sheet are also being permineralized, but demonstrate that
phosphate is not the only, or even the major, mineral involved
(Riggs et al., 1984). Altered specimens of miliolid
foraminifera show gradational surface discoloration (white to
dark vyellow-brown) that progresses from late- to early-formed
chambers. The percentage of extensively altered specimens
varies directly with phosphate concentration in the sand
fraction. Nearby nonphosphatic sands are devoid of such
discolored specimens. Microprobe analyses of polished thin-
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Figure 6. Distribution of phosphatic sediments in Quaternary
sand sheet (modified from Hine and Riggs, 1986).

sections from completely discolored specimens indicate that
alteration involves a decrease in %Ca0 and concomitant
enrichment in %FeO and %P-0c. However, the degree of enrichment
in %P;05 (maximum of 0.%%? is minor compared to that for FeO
(maximum of 18%). Nevertheless, such phosphate enrichment
occurs only where the underlying sediments are phosphorites.
Clearly, underlying deposits are supplying a complex assortment
of elements that may precipitate in various mineral forms within
Quaternary sands.
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Secondary mineralization in Quaternary sands exemplifies
the complex digenetic history of continental shelf deposits.
Although this type of diagenesis is 1linked with eustatic sea-
level fluctuations, its net effect is to alter and obscure the

primary depositional record. The sedimentary record becomes
proportionately more complex and difficult to unravel with each
digenetic episode. Many such episodes characterized both the

Neogene and Quaternary deposits. Any given stratum may have been
repeatedly altered by successive digenetic events.

SUMMARY

The history of the Onslow Bay continental margin is
complex, with regard to both primary depositional events and
subsequent episodes of erosion and diagenesis. Unraveling its
history requires multidisciplinary research efforts and
recognition that traditional "layer-cake" stratigraphic concepts
are not applicable to this type of continental margin
depositional system.
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HYDROGRAPHY AND SEDIMENTATION ON THE CONTINENTAL
SLOPE AND RISE OFF NORTH AND SOUTH CAROLINA

Thomas C. Johnson
Department of Geology, Duke University Laboratory
Beaufort, North Carolina

ABSTRACT

The continental margin off North and South Carolina is very
complex in terms of 1its hydrography and sedimentation. The
north flowing Gulf Stream intersects the deeper Western Boundary
Undercurrent (WBUC) flowing southwards to create a complex
structure of salinity, temperature and turbidity. Sediments
that accumulate on the continental slope and rise are subject to
scour, erosion and transport by these two major current systems.
In addition, there is widespread downslope transport of sediment
by mass wasting. Much of the deep water circulation pattern was
established around 35 million vyears ago (ma). Distinct
erosional pulses occurred at 17, 11-12 and 2-3 ma. The onset of
glacial/interglacial conditions that are characteristic of the
Pleistocene began at about 2.4 ma. The WBUC has varied
significantly in strength during the past 100,000 vyears. It
decreased steadily from about 30,000 to 12,000 years ago (ka).
At 12 ka there was a major resurgence of the WBUC, marking the
end of the last major ice age.

INTRODUCTION

The North Carolina continental margin marks an important
oceanic boundary in the western North Atlantic. It separates a
temperate environment to the north of Cape Hatteras from a
subtropical environment to the south. A wide diversity of flora
and fauna are found on the North Carolina shelf in part due to
the convergence of temperate and subtropical species (Kirby-
Smith, this wvol.). Cape Hatteras marks the boundary between
carbonate-rich shelf sediments off the southeastern coast and
carbonate-poor shelf sediments off the middle Atlantic and New

England States (Milliman et al., 1972). In the deep waters
farther offshore, the Gulf Stream overrides the Western Boundary
Undercurrent (WBUC) (Figure 1), creating a dynamic and complex

hydrographic environment that strongly impacts on the morphology
of the sea floor and the texture of the bottom sediments.

The purpose of this paper is to provide an overview of the
deep-water circulation and its impact on sedimentation on the
North Carolina continental slope and rise. In addition, results
of paleoceanographic studies conducted upstream and downstream
from North Carolina will be presented that summarize our present
knowledge of the history of the WBUC in the western North
Atlantic basin.
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Figure 1. Location of the Gulf Stream (stippled) and Western
Boundary Undercurrent (heavy arrows) off the east

central U.S. continental margin (after Richardson,
1977).

Geological Setting

The continental margin off North Carolina is relatively
narrow compared to most of the east coast, and has complex
structure and morphology. Tertiary sediments outcrop on much of
the Carolina shelf and dip and thicken in a seaward direction.
They are exposed or covered by only a thin blanket of sediment
on the continental slope as a result of erosion by bottom
currents (Hutchinson et al., 1982; Riggs, 1984; Riggs et al.,
1985). The Tertiary deposits are overlain by a thin and patchy
veneer of Quaternary sediments on the shelf (Riggs et al., 1985)
and they overlie a thick sequence of Jurassic and Cretaceous
rift and post-rift sediments. The Mesozoic units are up to 10 km
thick in the long, linear Carolina Trough that underlies most of
the Carolina slope (Dillon et al., 1982; Paull, this volume).
The trough is bounded on the landward side by a growth fault and
on the seaward side by a series of salt diapirs that appear to
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have been active since the Jurassic (Dillon et al., 1982;
Hutchinson et al., 1982). The salt diapirs penetrate the
continental slope in some areas at a depth of about 2500 m,
creating a hummocky topography and sediments with high salinity
in the pore waters (Paull, this volume).

The Hatteras, Pamlico and Albemarle Transverse Canyons
incise the continental slope and rise off North Carolina north
of Cape Hatteras (Rona et al., 1967; Newton and Pilkey, 1969;
Cleary et al., 1977) (Figure 2). No major canyons are found
south of Cape Hatteras, either exposed or buried (Pilkey et al.,
1971).

Abyssal Plain
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Jacksonville

.
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Figure 2. Bathymetry of the continental margin off the
southeastern United States. Contours in meters.
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The Tertiary and Pleistocene sediments on the outer shelf
and upper slope lie in a series of prograding sedimentary lenses
that are bounded by erosional or non-depositional surfaces
(Pilkey et al., 1971) (Figure 3). This complex morphology and
structure is the result of Gulf Stream dynamics causing repeated
erosion and deposition on the outer shelf. Similar structure is
observed 1in the outer shelf sediments of Cretaceous age,
suggesting that a strong western boundary current similar to the
Gulf Stream was already established early in the history of the
Atlantic basin.

The upper slope morphology is further complicated by the
occasional build-up of carbonate reefs just seaward of the shelf
break (Menzies et al., 1966; Pilkey et al., 1971; Hine and
Riggs, 1986). A prominent notch 1in the sea floor (Figure 4)
that originally was attributed to reef construction by Menzies
et al. (1966) was subsequently found in most places to be caused
by erosion and deposition associated with the Gulf Stream
(Pilkey et al., 1971).

Echo soundings from 3.5 KkHz seismic systems from the
Carolina continental slope and rise have been classified and
mapped to better delineate the physical processes that control
sediment distribution and sea-floor morphology (Vassallo et al.,
1984). Damuth (1980) classified the echo character of 3.5 kHz
records into those with single or multiple reflectors, smooth,
hyperbolic or irregular seafloor, parallel or non-parallel sub-

bottom reflectors, etc. Certain features are considered
characteristic of turbidities, others of debris-flow deposits,
and still others of contourites. None of the echo types are

uniquely ascribed to one process, however, and in the final
analysis, the distribution of a particular echo type 1is most
indicative of the process that formed it. If the pattern of
distribution is parallel to bathymetric contours, then it quite
likely 1is controlled by contour currents. If, on the other
hand, the feature is linear in a direction perpendicular to the
contours it probably 1is the result of downslope sediment
transport (Stowe and Lovell, 1979).

The distribution of four echo types off the Carolinas
illustrates the relationship between distribution and process

(Figure 5). Profiles with regular hyperbolae tangent to the sea
floor usually indicate wavy bedforms formed by contour currents
(Damuth, 1980; Flood, 1980). Many of the areas of these

bedforms in the depth range of 3000 to 4000 m are elongate
parallel to the bathymetry and most 1likely reflect the effects
of the Western Boundary Undercurrent (WBUC). The fields of
tangential hyperbolae in the vicinity of the Hatteras Transverse
Canyon, however, are aligned perpendicular to the regional
bathymetry and suggest an origin associated with turbidity
currents. The distribution of sea floor with weak, indistinct
echoes, usually attributed to debris-flow deposits (Embley,
1980), are 1indeed elongate perpendicular to the bottom contours
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Figure 4.

Bathymetric profiles of the upper slope at six
locations off North Carolina, showing an erosional
feature resulting from the Gulf Stream dynamics that
originally was interpreted to be a carbonate reef.
Depths are in meters. (after Menzies et al., 1966).
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HIGH-RESOLUTION SEISMIC ECHO CHARACTER
(After Vassalio ot al., 1983) RN
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Figure 5. The distribution of four echo types off the Carolinas

(after Vasallo et al., 1983).
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in most areas. However, on the crest of the Hatteras Outer Ridge
and on the northwest flank of the Blake Outer Ridge, this echo
type is elongate parallel to the contours, suggesting the
presence of bottom currents strong enough to influence sea floor
morphology.

Based on echo character analysis, most of the continental
rise off North Carolina &ppears to be influenced more by
transport of sediment downslope rather than along slope by
contour currents (Figure 5). Exceptions to this transport
process are the Hatteras Outer Ridge and south of the latitude
of Wilmington where the contours curve off to the southeast on
the Blake Outer ridge. Here, strong lineations parallel to
bathymetry indicate that contour currents strongly affect the
distribution of sediments.

Seismic reflection profiles and results from the Deep Sea
Drilling Project show that Quaternary sediments are deposited on
the crest and lower flanks of the Blake Outer Ridge, but that
the WBUC erodes the upper flanks of the ridge (Figure 6).
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Figure 6. Line drawing of seismic reflection profile across the
Blake Outer Ridge at about 30° North. (after Ewing
and Hollister, 1972).
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Hydrography

The deep circulation of the western North Atlantic can be
divided into two components: the thermohaline-driven Western
Boundary Under Current (WBUC) that transports about 10 m3/sec of
water southward along the North American continental slope and
rise, and two major gyres farther offshore that are associated
with the Gulf Stream and North Atlantic Current (Worthington,
1976; Hogg, 1983). Worthington (1976) portrayed the two gyres as
anticyclonic. Subsequent papers by Wunsch and Grant (1982), Hogg
(1983) and Hogg and Stommel (1985) report the southern gyre to
be anticyclonic and the northern gyre to be cyclonic. In either
case, the deep-water circulation off North Carolina is of
critical importance to the system for it 1is the region of
intersection of the WBUC and the Gulf Stream gyre (Figure 1).
Consequently, the outer continental margin of North Carolina has
some of the most dynamic and complex deep-water flow of anywhere
in the world ocean.

The Gulf Stream flows northeastward along the shelf break
and upper slope from Florida to Cape Hatteras. Here it is
deflected eastward into the deep North Atlantic and overrides
the WBUC. Surface current speeds in the Gulf Stream are strong
and variable off the Carolinas, frequently in the range of 50 to
100 cm/sec (Pietrafesa and Janowitz, 1980; Pietrafesa, 1983;
Bane et al., 1981; Lee et al., 1985; Pietrafesa et al., 1985).
The Gulf Stream remains strong (>40 cm/sec) to a depth of about
800 m, below which it drops off significantly. The stream
maintains its identity all the way to the sea floor in water
depths greater than 4000m northeast of Cape Hatteras, although
bottom currents at these depths typically are slower than 10
cm/sec (Richardson, 1985; Joyce et al., 1986).

Volume transport (not to be confused with wvelocity) in the
WBUC is an order of magnitude less than in the Gulf Stream gyre,
yet the former generates bottom currents on the lower
continental slope that are strong enough to erode, transport and
redeposit sediment in large drift deposits (Heezen et al., 1966;
Laine et al., 1986; McCave and Tucholke, 1986).

Hydrographic profiles along a NW-SE section approximately
90 km northeast of Cape Hatteras clearly show the complex water
structure (Figure 7). Temperature and salinity isopleths slope
in response to different water source areas and the dynamics of
the interfingering WBUC and Gulf Stream (Figure 7 a, b). The
oxygen profile shows two distinct depth ranges on the slope with
high oxygen concentrations (>6.1 m./1l) associated with the WBUC
(Figure 7c). The velocity profile, derived from calculations
based on geostrophy and mass balance of the hyrographic data,
coupled with direct current measurements to derive the 1level of
no motion, shows that the WBUC is split into shallow and deep
components by the northeasterly flowing Gulf Stream (Figure 7D).
Along this section the axis of the Gulf Stream already has been
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deflected seaward away from the shelf break. Southwestward
flowing water with a mean velocity of less than 5 cm/sec extends
from about 1000m to 3000m. The Gulf Stream impinges on the
bottom between 3000m and 4200m with mean speeds perhaps as high
as 10-20 cm/sec. The main core of the WBUC is farther offshore
in a depth range of 4200-4600 m, with a mean speed exceeding 20
cm/sec (Figure 74).

The hydrographic structure and computed velocity field
directly off Cape Hatteras, approximately 90 km south of the
section portrayed in Figure 7, is very similar to that described
above, except the shallow, high-velocity core of the Gulf Stream
lies to the west of its deeper section, overrides the WBUC, and
impinges on the upper continental slope (Richardson and Knauss,
1971). Turbidity measurements made along the same transect show
three distinct regions of high suspended sediment concentrations
(Betzer et al., 1974) (Figure 8). The shallowest, centered at
about 1000m, is associated with the northward flowing, high
velocity core of the Gulf Stream. The two lower zones of high
turbidity are associated with the two southwesterly flowing
segments of the WBUC that are split by the deeper portion of the
Gulf Stream where it impinges on the sea floor. Direct
measurements of the bottom currents by Betzer et al. (1974) do
not agree with the computed velocity field based on geostrophy.
The current meters measured stronger southwesterly flow in the
depth interval of the shallower portion of the WBUC than in the
deeper portion, and they measured fairly strong southwesterly
flow where the deep Gulf Stream should have been carrying bottom
water to the northeast. These discrepancies underlie the
complexity of the hydrography off Cape Hatteras, and may result
from temporal variability on a time scale of days to weeks that
is associated with Gulf Stream meanders and eddies. The eddies
or rings can extend to the deep-sea floor and create "abyssal
storms". These can generate current speeds in excess of 25
cm/sec and high turbidity events that may last for one to two
weeks (Hollister et al., 1984; Hollister and McCave, 1984).

There have been no extensive hydrographic ,surveys off the
Carolina margin between Cape Hatteras at 35 °N and the Blake
Outer Ridge at about 31 °N. An analy51s of the sea-floor
photographs off North Carolina between 36 °N and 32°N by Rowe and
Menzies (1968) indicates that the bottom currents are flowing in
a manner similar to that described off Cape Hatteras. There is
strong northeasterly flow associated with the Gulf Stream
between the shelf break and 1000m depth, substantial south-
westerly flow associated with the WBUC between 1200 and 3100 m
depth and also between about 3900 and 4600 m. These probably
represent the upper and lower segments of the WBUC,
respectively, and they are separated by a region between 3100
and 3900 m where the bottom photos showed no evidence of bottom
currents. Only two of 21 bottom photographs from deeper than
5000 m showed any evidence of bottom currents. One at 5080 m
showed southwesterly flow and one at 5260 m showed northeasterly
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Figure 8. Turbidity profile off Cape Hatteras. (after Betzer

et al., 1974).

flow of Antarctic Bottom Water (AABW).

Farther south at 31°N, current meter arrays were deployed
for a one year period to measure the deep circulation in the
vicinity of the Blake and Bahama Outer Ridges (Mills and Rhines,

1974). These direct measurements, coupled with tritium
profiles, show the core of the WBUC to be at a depth of about
4000 m (Jenkins and Rhines, 1980). The current on the eastern

flank of the Blake Outer Ridge flowed southeastward parallel to
bottom contours at a mean speed of 21 cm/sec, and periodically
surged to 40 cm/sec towards the southeast and occasionally to
very slow flow in a northeasterly direction. These surges
occurred on time scales comparable to those of the benthic
storms described earlier. There was no evidence for the WBUC
being split into upper and lower components, probably because
the outer flank of the Blake Outer Ridge is well seaward of the
Gulf Stream.
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The WBUC continues around the nose of the Blake Outer
Ridge, flows northwestward along its western flank and then
follows the contours around to a southerly direction as it flows
along the eastern flank of the Blake Plateau (Amos et al., 1971;
Mills and Rhines, 1974).

Sediment Cover

The sediments on the continental slope and rise are
predominantly brown to gray to reddish-gray 1lutites. In most
regions they contain a small percent (typically <5%) of sand and
20-50% silt. The upper slope south of Cape Hatteras contains a
much higher percent sand than in other areas due to the
influence of the Gulf Stream, and shows a progressively finer
mean grain size with increasing water depth (Doyle et al.,
1979). Klasik and Pilkey (1975) examined 17 piston cores
collected along the 3500 m isobath from Cape Hatteras to the
Blake Outer Ridge and found the percent silt to decrease
steadily from about 50% in the north to 20% in the south.

Most piston cores recovered from the slope and rise show
few sedimentary structures other than burrow mottling. In the
immediate vicinity of the submarine canyons off Cape Hatteras
and to the north, graded turbidites are common. Cores that are
not from these areas, however, rarely have sand layers. Field
and Pilkey (1971) found the sand units not associated with the
canyons to differ from the turbidites in their lack of graded
bedding, finer grain size and better sorting. These sand layers
and other textural banding in cores (i.e. silt layers) are
attributed to the winnowing effects of contour currents.

The mineralogy of the deposits on the slope and rise is
distinctly different from the shelf sediments. The sand
fraction contains a higher feldspar-to-quartz ratio and more
mica than the shelf sands, indicating a source predominately to
the north of Cape Hatteras (Field and Pilkey, 1971). The heavy
mineral fraction of the sands shows two dominant assemblages, an
epidote-rich assemblage south of Cape Fear that is characterized
by relatively high occurrences of epidote, pyroxenes, amphiboles
and tourmaline, and an epidote-poor assemblage north of Cape
Fear that has relatively high concentrations of staurolite,
garnet and zircon (Pilkey, 1963). A close areal relationship
exists between several heavy mineral distributions and the
locations of the capes and shoals suggesting that these shelf
features affect the transport pathways of sands from the shelf
to the slope and rise (Pilkey, 1963). The abundance of calcite
increases progressively form north to south, with values
typically less than 10% north of Cape Hatteras and higher than
30% to the south (Doyle et al., 1979). The calcite is primarily
biogenic planktonic foraminifera in the sand fraction and
coccoliths in the silt and clay fractions.
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The clay mineralogy is dominated by 1illite and smectite,
with lesser amounts of kaolinite and chlorite. The relative
abundance of kaolinite increases from north to south (Klasik and
Pilkey, 1975). A significant temporal shift in c¢lay mineralogy
occurred on the continental rise during the last deglaciation.
The smectite/chlorite ratio drops in many cores from about 5:1
in Holocene sediments to about 2:1 in the Pleistocene, and the
kaolinite/chlorite ratio shifts from slightly greater than one
to slightly 1less than one over the same interval (Klasik and
Pilkey, 1975). These changes probably reflect a shift in the
relative importance of local and distal sources of clays with
fluctuations in sea level and global climate.

Authigenic pyrite 1is abundant in the slope and rise
sediments, often occurring as casts of burrows, Foraminifera and
Radiolaria. Authigenic siderite, ankerite, limonite and
greigite also have been found in slope sediments (Doyle et al.,
1979). Glauconite and phosphorite grains are also present on
the slope and rise in minor quantities and are interpreted to be
of detrital origin (Field and Pilkey, 1971; Doyle et al., 1979).

Sedimentation rates have been measured in very few cores
from the North Carolina slope and rise. Klasik and Pilkey
(1975) obtained rates of 12 and 13 cm/1000 y in two piston cores
from 3500 m depth near the Hatteras submarine canyon and by
correlation of carbonate profiles, inferred that the
sedimentation rate on the 3500 m isobath decreased steadily
southward. Doyle et al. (1979) obtained a sedimentation rate of
22 cm/1000 y on the continental slope off Delaware and Johnson
et al. obtained sedimentation rates of about 20 cm/1000 y in two
piston cores from the crest of Blake Outer Ridge. As more cores
are dated, rates in the range of 10 to 20 cm/1000 y probably
will be found to be representative of hemipelagic sedimentation
off North Carolina except in regions strongly impacted by debris
flows, turbidity currents and contour currents. The north-south
gradient in sedimentation rates is attributed to the
interfingering of the Gulf Stream and WBUC off Cape Hatteras
creating conditions favorable for deposition of sediment carried
in the two current systems (Klasik and Pilkey, 1975).

Paleocirculation

The deep-water circulation of the North Atlantic has varied
considerably through time as the ocean basin has changed shape
in response to sea-floor spreading and as the hydrography (i.e.,
distributions of water salinity and temperature) has altered
with tectonic and climatic change.

Extensive analyses of seismic reflection profiles and
sediments recovered by deep-sea drilling in the North Atlantic
have revealed a history of deep-sea circulation that, while
still vague in detail, is remarkably coherent in its broadest
aspects. The Cretaceous record is summarized by Arthur and Dean
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(1986) and the Tertiary history is described in Tucholke and
Mountain (1986). These syntheses are briefly summarized below.

The late Jurassic-early Cretaceous Atlantic basin was
narrow, strongly influenced by continentally-derived sediment,
and had a relatively deep calcite compensation depth (CCD). By
mid-Cretaceous times the basin had spread to a width that
resulted 1in significantly less continental influence on

sedimentation. There was an increase in deep-water circulation
and the consequent development of some localized, 1lensoid
sediment drifts. Organic-rich black shales were widespread in

both early and middle Cretaceous times, however, indicating that
deep-water stagnation must have been widespread during most of
this time. These conditions extended into the late Cretaceous,
although the mass accumulation rate of organic matter decreased
significantly, and the CCD, which had been as shallow as 2800 m
in mid to late Cretaceous times, plummeted briefly in the latest
Cretaceous to about 5000 m. These fluctuations in the CCD and
accumulation rates of organic carbon, as well as a widespread
hiatus of mid-Cretaceous age, indicate that the deep water of
the western North Atlantic changed significantly in degree of
oxygenation, pH and intensity of circulation through time.

The Tertiary/Cretaceous boundary is marked by an
uncomformity in most continental shelf regions of eastern North
America, just as it 1is in many other areas worldwide. The
Paleocene units that have been recovered by ocean drilling
contain abundant turbidites and interbeds of organic-rich
sediments, indicating stagnant conditions. By Eocene times,
biosiliceous sedimentation became widespread 1in the western
North Atlantic, a condition attributed by some to the
coincidental development of strong Gulf Stream flow. There is
some evidence for bottom current influence on deep-sea sedi-
mentation, particularly in the Labrador Sea, but it 1is not
extensive. The first major, basin-wide intensification of deep-
water circulation occurred in the latest Eocene/early Oligocene.
A widespread erosional unconformity is found along the entire
continental slope and rise off North America (Reflector AY),
dated at about 33-37 million vyears ago (Ma). This erosional
pulse was in response to the tectonic opening of a deep link
between the Arctic and North Atlantic basins, thereby creating a
substantial northern source of bottom water, coupled with global
cooling and the establishment of some continental ice sheets
(Miller and Tucholke, 1983). After the early Oligocene, sedi-
mentation in the North Atlantic became more complex as the
global climate became progressively cooler, continental
glaciation intensified, high-latitude production of bottom water
increased, sea 1level fluctuations became more dramatic, and
deep-water pathways for abyssal circulation became better
developed. Except for relatively brief periods of erosional
pulses, however, bottom currents were generally slower than they
had been during the 1lower Oligocene erosional phase, and
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substantial current drift deposits 1like the Hatteras and Blake
Outer Ridges began to develop.

The late Tertiary is marked by three erosional pulses: 1in
the late early Miocene, at about 17 Ma, the late middle Miocene
at 11-12 Ma, and the late Pliocene between 2 and 3 Ma. These
erosional pulses created the seismic reflectors designated as
R2, Merlin and Blue, respectively (Tucholke and Mountain, 1986).
These events also are observed in major shifts in the &C-13
content of benthic Foraminifera (Miller and Fairbanks, 1985).
The causes of the Miocene erosional pulses are not clearly
understood at this time. They wundoubtedly will be tied into
changes in global climate and morphology of deep-sea passageways
to sources of dense bottom water as more data on these
parameters are obtained.

The late Pliocene erosional pulse marks the transition to
Pleistocene conditions of major continental ice sheets waxing
and waning in response to the Milankovitch cycles of insolation
to the northern Hemisphere. This record is clearly shown in the
mean grain size record of detrital silt in DSDP Site 533 on the
Blake Outer Ridge (Johnson and Johnson, 1987; A. Johnson 1987
(Figure 9). The changes in grain size record fluctuations in
intensity of the WBUC on the crest of the Blake Outer Ridge.
Prior to about 2.4 Ma the grain size record shows relatively
small ampitude variability about a mean size of 14.5 um. At 2.4
Ma there is a major shift to coarser size and, above that level,
a Pleistocene record of high-amplitude variation about a coarser
mean size of about 16 um.

The extent to which the high-amplitude variability in grain
size (or WBUC behavior) is tied to fluctuations in continental
ice sheets 1is still being resolved. There is abundant evidence
from geochemical and paleontological analyses of benthic
foraminiferal assemblages in the deep North Atlantic that
indicates that bottom waters were not as well mixed during the
last glacial maximum compared to the Holocene (e.g., Schnitker,
1974; Boyle and Keigwin, 1985). Grain size analyses of the
detrital silt fraction in two piston cores from the Blake Outer
Ridge support this theory, and indicate that the WBUC
accelerated dramatically around 12 thousand years ago (Ka),
presumably marking the time of change from glacial to Holocene
conditions in the deep, western North Atlantic (Lynch, 1986; T.
Johnson et al.) (Figure 9). The tie Dbetween deep-water
circulation and glaciation prior to the last glacial maximum is
not so clear. Grain size variations between the two piston
cores do not appear to be synchronous between 30 and 100 ka,
suggesting that the axis of the WBUC migrated up and down slope
in addition to or perhaps instead of changing speed through that
time period (Figure 9). The high-resolution records in the two
piston cores do not extend back to the previous major
interglacial (oxygen-isotope state 5e), however. It is possible
that we will find a coherent shift in WBUC sStrength across the
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boundary of that interglacial and the previous glacial period
that is comparable to what is observed at the 12 ka boundary. If
so, the influence of Pleistocene climate change on the deep
North Atlantic circulation will be better understood.

Grain size analyses of piston cores obtained from the
continental slope off New Jersey, similar to the analyses of
Blake Outer Ridge cores, have not shown as coherent a pattern of
change from glacial to interglacial conditions as the Blake
Outer ridge cores (Ledbetter & Balsam, 1985). The reasons for
this discrepancy could be in a spatial variability in the
response of the WBUC to glaciation. More piston cores from the
continental rise off North America, particularly off the
Carolinas, need to be analyzed to resolve the relationships
between the deep western boundary currents, deep-water chemistry
and climatic change.

CONCLUSIONS

Sedimentation on the continental slope and rise off the
Carolinas is influenced strongly by downslope gravitational
processes and by strong bottom currents associated with the Gulf
Stream and southward-flowing North Atlantic Deep Water. The
intersection of the Gulf Stream with the Western Boundary
Undercurrent (WBUC) off North Carolina creates a complex
hydrographic structure that varies 1in time and space. In
general, the Gulf Stream erodes and strongly influences
sedimentation on the outer shelf and the upper 1000 m of the
continental slope. The WBUC is bisected by the Gulf Stream and
transports sediment southwards in depth ranges of 1000 to 3000 m
and about 4200-4600 m off Cape Hatteras. Farther south and
seaward of the Gulf Stream on the Blake Outer Ridge, the WBUC is
a single rather than bifurcated current, and is centered at a
depth of about 4000 m. Echo soundings from the Carolina
continental margin reveal that seafloor morphology is strongly
affected by the Gulf Stream in the upper 1000 m, and by contour
currents on the crest and flanks of the Hatteras and Blake Outer
Ridges. Most other regions are strongly affected by downslope
transport of sediment as well as by contour currents.

Many aspects of the modern deep-water circulation pattern
probably were established around 35 million years ago. Distinct
erosional pulses of intensified deep-water circulation occurred
since then at 17, 11-12 and 2-3 Ma. The latest event 1is more
precisely dated at about 2.4 Ma and marks the onset of glacial/
interglacial conditions characteristic of the Pleistocene.

The WBUC has varied significantly in strength and depth of
maximum speed during the past 100,000 vyears. It decreased
steadily in velocity during the last ice age from about 30 ka to
12 ka, at which time there was strong intensification of deep-
water circulation as Norwegian Sea overflow water once again
spilled into the western North Atlantic basin.



169

ACKNOWLEDGEMENTS

I thank Capt. Richard Ogus and the entire crew of the R/V
CAPE HATTERAS for their excellent assistance in coring the Blake
Outer Ridge. Numerous discussions with my graduate students,
Lisa Lynch and Andrea Johnson, and results of their thesis
research on the Blake Outer Ridge have helped in the development
of ideas presented in this paper. This work was supported by
NSF Grant OCE-85-10840 and ship-time support provided by the
Duke/UNC Oceanographic Consortium.

LITERATURE CITED

Amos, A.F., A.L. Gordon and E.D. Schneider. 1971. Water masses
and circulation patterns in the region of the Blake-Bahama
Outer Ridge. Deep-Sea Res. 18: 145-166.

Arthur, M.A. and W.E. Dean. 1986. Cretaceous paleoceanography
of the western North Atlantic Ocean. Pp. 617-630 in The

Western North Atlantic Region. P.R. Vogt and B.E.
Tucholke, eds. The Geological Society of America, Inc.,
Boulder, Co.

Bane, J.M. Jr., D. Brooks and K.R. Lorenson. 1981. Synoptic

observations of the three-dimensional structure and
propagation of Gulf Stream meanders along the Carolina
continental margin. J. Geophys. Res. 86: 6411-6425.

Betzer, P.R., P.L. Richardson and H.B. Zimmerman. 1974. Bottom
currents, nepheloid layers and sedimentary features under
the Gulf Stream near Cape Hatteras. Marine Geol. 16: 21-29.

Boyle, E.A. and L.D. Keigwin. 1985. Comparison of Atlantic and
Pacific paleochemical records for the last 215,000 years:
changes in deep ocean circulation and chemical inventories.
Earth, Planet. Sci. Lett. 76: 135-150.

Cleary, W.J., O.H. Pilkey and M.W. Ayers. 1977. Morphology and
sediments of three ocean basin entry points, Hatteras
Abyssal Plain. J. Sed. Petrol. 47: 1157-1170.

Damuth, J.E. 1980. Use of high-frequency (3.5-12kHz) echograms
in the study of near-bottom sedimentation processes in the
deep sea; a review. Marine Geology. 38: 51-75.

Dillon, W.P., et al. 1983. Growth faulting and salt diapirism:
Their relationship and control in the Carolina trough,
eastern North America. 1982 Amer. Assoc. Petrol. Geol.
Memoir. 34: 21-46.

Doyle, L.J., O.H. Pilkey and C.C. Woo. 1979. Sedimentation on

the eastern United States continental slope. Soc. Econ.
Paleont. Mineral. Spec. Pub. 27: 119-129.
Embley, R.W. 1980. The role of mass transport in the

distribution and character of deep-ocean sediments with
special reference to the North Atlantic. Mar. Geol. 38:
23-50.

Ewing, A.I. and C.D. Hollister,. 1987. Regional aspects of
deep sea drilling in the western North Atlantic. Init.
Rep. DSDP. 11: 951-973.



170

Field, M.E. and O.H. Pilkey. 1971. Deposition of deep-sea
sands; comparison of two areas of the Carolina continental
rise. J. Sed. Petrol. 41: 526-536.

Flood, R.D. 1980. Deep sea sedimentary morphology; modeling
and interpretation of echo sounding profiles. Mar. Geol.
38: 77-92.

Heezen, B.D., C.D. Hollister and W.F. Ruddiman. 1966. Shaping
the continental rise by deep geostrophic contour currents.
Science. 152: 502-508.

Hine, A.C. and S.R. Riggs. 1986. Geologic framework, Cenozoic
history, and modern processes of sedimentation on the North
Carolina continental margin. PP. 132-194 in Soc. Econ.
Paleont. Mineral. Field Guidebooks, Southeastern U.S. Third
Annual Meeting. Raleigh, N.C.

Hogg, N.G. 1983. A note on the deep circulation of the western
North Atlantic: its nature and causes. Deep-Sea Res. 30:

945-961.

Hogg, N.G. and H. Stommel. 1985. On the relation between the
deep circulation and the Gulf Stream. Deep Sea Res. 32:
1181-1193.

Hollister, C.D. and I.N. McCave. 1984. Sedimentation under
deep-sea storms. Nature. 309: 220-225.

Hollister, C.D., A.R.M. Nowell and P.A. Jumars. 1984. The
dynamic abyss. Sci. Amer. 250: 42-53.

Hutchinson, D., J.A. Grow, K.D. Klitgord and B.A. sSwift. 1982.
Deep structure and evolution of the Carolina Trough. Amer.
Assoc. Petrol. Geol. Mem. 34: 129-152.

Jenkins, W.J. and P.B. Rhines. 1980. Tritium in the deep North
Atlantic Ocean. Nature. 286: 877-880.

Johnson, A. 1987. Plio-Pleistoscene fluctuations in the
Western Boundary Undercurrent: DSDP Site 533. M.S. Thesis.
Duke University. Durham, N.C.

Johnson, T.C., E.L. Lynch and W.F. Showers. 1988. Pleistocene
fluctuations in the Western Boundary Undercurrent on the
Blake Outer Ridge. Paleocean. 3: 191-207.

Joyce, T.M., C. Wunsch and S.D. Pierce. 1986. Synoptic Gulf
Stream velocity profiles through simultaneous inversion of
hydrographic and acoustic doppler data. J. Geophys. Res.
91: 7573-7585.

Klasik, J.A. and O.H. Pilkey. 1975. Processes of sedimentation
on the Atlantic continental rise off the southeastern U.S.
Mar. Geol. 19: 69-89.

Laine, E.P., J.E. Damuth and R. Jacobi. 1986. Surficial
sedimentary processes revealed by echo-character mapping in
the western North Atlantic Ocean. Pp. 427-436 in The
Western North Atlantic Region. P.R. Vogt and Brian E.
Tucholke, eds. The Geological Society of America, Boulder,
Co.

Ledbetter, M.T. and W.L. Balsam. 1985. Paleoceanography of the
deep Western Boundary Undercurrent on the North American
continental margin for the last 25,000 vyears. Geology.
13: 181-184.



171

Lee, T.N., V. Kourafalou, J.D. Wang, W.J. Ho, J.0. Blanton, L.P.
Atkinson and L.J. Pietrafesa. 1985. Shelf circulation
from Cape Canaveral to Cape Fear during winter. Pp. 33-62
in Oceanography of the Southern U.S. Continental Shelf.

L.P. Atkinson, D.W. Menzel and K.A. Bush, eds. American
Geophysical Union. Washington, D.C.

Lynch, E.L. 1986. Quaternary fluctuations in the Western
Boundary Undercurrent. M.S. thesis. Duke University.
Durham, N.C.

McCave, I.N. and B.E. Tucholke. 1986. Deep current-controlled

sedimentation in the western North Atlantic. Pp. 451-468
in The Western North Atlantic Region. P.R. Vogt and B.E.
Tucholke, eds. The Geological Society of America, Boulder,
Co.

Menzies, R.J., O.H. Pilkey, B.W. Blackwelder, D. Dexter, P.
Huling and L. McCloskey. 1966. A submerged reef off North
Carolina. 1Int. Revue ges. Hydrobiol. 51: 393-431.

Miller, K.G. and R.G. Fairbanks. 1985. Oligocene to Miocene
carbon isotopic cycles and abyssal circulation changes. Pp.
469-486 in The Carbon Cycle and Atmospheric CcO2: Natural
Variations Archean to Present. E.T. Sundquist and W.S.
Broecker, eds. American Geophysical Union Geophysical
Monograph 32.

Miller, K.G. and B.E. Tucholke. 1983. Development of Cenozoic
abyssal circulation south of the Greenland-Scotland Ridge.
Pp. 549-589 in Structures and Development of the Greenland
Scotland Ridge. M.H.P. Bott, S. Saxov, M. Talwani and J.
Thiede, eds. Plenum Press. New York.

Milliman, J.D., O.H. Pilkey and D.A. Ross. 1972. Sediments of
the continental margin off the eastern United States. Geo.
Soc. Amer. Bull. 83: 1315-1227.

Mills, C.A. and P. Rhines. 1979. The deep western boundary
current at the Blake-Bahama outer ridge: current meter and
temperature observations. WHOI-79-85. 77pp.

Newton, J.G. and O.H. Pilkey. 1969. Topography of the
continental margin off the Carolinas. S. East. Geol.
10:87-92.

Pietrafesa, L.J. Shelfbreak circulation, fronts and physical
oceanography: East and West coast perspectives. In: The
Shelfbreak: Critical Interface on Continental Margins,
D.J. Stanley and G.J. Moore, eds., Soc. Econ. Paleont.
Mineral. Sp. Publ. 33, 233-250.

Pietrafesa, L.J., J.0. Blanton, J.D. Wang, V. Kourafalou, T.N.
Lee and K.A. Bush. 1985. The tidal regime in the South
Atlantic Bight. Pp. 63-76 in Oceanography of the
Southeastern U.S. Continental Shelf. L.P. Atkinson, D.W.
Menzel and K.A. Bush, eds. American Geophysical Union.
Washington, D.C.

Pietrafesa, L.J. and G.S. Janowitz. On the dynamics of the Gulf
Stream Front in the Carolina Capes. In: Statified Flows,
Tapin Publishing Co., pp. 184-197.



172

Pilkey, O.H. 1963. Heavy minerals of the U.S. south Atlantic
continental shelf and slope. Geol. Soc. Amer. Bull. 74:
641-6438.

Pilkey, O.H., I.G. Macintyre and E. Uchupi. 1971. Shallow
structures: shelf edge of continental margin between Cape

Hatteras and Cape Fear, North Carolina. Amer. AssocC.
Petrol. Geol. Bull. 55: 110-115.
Richardson, P.L. 1977. On the crossover between the Gulf

Stream and the Western Boundary Undercurrent. Deep-Sea
Res. 24: 139-159.

Richardson, P.L. 1985. Average velocity and transport of the
Gulf Stream near 55W. J. Mar. Res. 43: 88-111.

Richardson, P.L. and John A. Knauss. 1971. Gulf stream and
western boundary undercurrent observations at Cape
Hatteras. Deep-Sea Res. 18: 1089-1109.

Riggs, S.R. 1984. Paleoceanographic model of Neogene
phosphorite deposition, U.S. Atlantic continental margin.
Science. 223: 123-131.

Riggs, S.R., S.W.P. Snyder, A.C. Hine, S.W. Snyder, M.D.
Ellington, P.M. Mallette. 1985. Geologic framework of
phosphate resources in Onslow Bay, North Carolina
continental shelf. Economic Geology. 80: 716-738.

Rona, P.A., E.D. Schneider and B.C. Hezen. 1967. Bathymetry of
the continental rise off Cape Hatteras. Deep-Sea Res. 14:

625-633.

Rowe, G.T. and R.J. Menzies. 1968. Deep bottom currents off
the coast of North Carolina. Deep-Sea Res. 15: 711-719.

Schnitker, D. 1974. West Atlantic abyssal circulation during
the past 120,000 years. Nature. 248: 385-387.

Stowe, D.A.V. and J.P.B. Lovell. 1979. Countourites: their

recognition in modern and ancient sediments. Earth-Sci.
Rev. 14: 251-291.

Tucholke, B.E. and G.S. Mountain. 1986. Tertiary
paleoceanography of the western North Atlantic Ocean. Pp.
631-650 in The Geology of North America, Volume M., The
Western North Atlantic Region. The Geological Society of
America, Inc. Boulder, Co.

Vasallo, R.L., R. Jacobi and A. Shor. 1983. Echo character,
microphysiography and geological hazards. In OMD Regional
Data Synthesis Series, Atlantas 1. Map 40. J.I. Ewing and
P.D. Raginowitz, eds. Marine Science International. Woods
Hole, MA.

Worthington, L.V. 1976. On the ©North Atlantic Circulation:
Johns Hopkins Series in Oceanography no. 6. Johns Hopkins
University Press. Baltimore, Md. 110p.

Wunsch, C. and B. Grant. 1982. Towards the general circulation
of the North Atlantic Ocean. Progress in Oceanography.
11: 1-59.



Chapter 5. Continental Shelf Biota

Chairperson - Dr. Thomas Johnson






NOAA-NURP Rept. 89-2, 1989 175

A COMPARISON OF PHYTOPLANKTON AND BENTHIC MICROALGAL
PRODUCTION IN NORTH CAROLINA CONTINENTAL
SHELF WATERS

Lawrence B. Cahoon
Department of Biological Sciences
University of North Carolina at Wilmington
Wilmington, North Carolina 28403-3297

ABSTRACT

Production by phytoplankton and benthic microalgae was
measured and compared in North Carolina Continental shelf waters
at thirteen times in 1985 and 1986. Benthic microalgal
production was estimated from changes in dissolved oxygen
concentrations in 1light and dark chambers placed on the bottom
by SCUBA divers. Phytoplankton production was measured in situ
by the 14-C method.

Benthic microalgal production ranged from 1.8 to 47.2 mg C
m-2 h-1 (mean: 16.7), while phytoplankton production integrated
over the water column ranged from 2.9 to 71.0 mg C m-2 h-1

(mean: 26.3). Thus, benthic microalgal production is a
significant source of fixed carbon to this continental shelf
ecosystem. Benthic microalgae are a concentrated food source

for shelf herbivores that has been ignored until now.
INTRODUCTION

Sverdrup's classic explanation of the processes driving the
annual spring diatom bloom in the North Atlantic represents a
model of the interaction between mixing and 1light flux in
controlling phytoplankton production that is applicable to all
aquatic ecosystems (Sverdrup, 1953). Sverdrup showed that
phytoplankton population growth is controlled by the relation-
ship between the depth of the surface mixed layer and the depth
at which integrated phytoplankton production is just equal to
integrated phytoplankton respiration, a depth he termed
"critical depth." Critical depth is primarily a function of
light flux through the water column, which is a function of
season, latitude, and the 1light extinction properties of the
water. When critical depth 1s greater than the depth of the
surface mixed layer, phytoplankton populations in the surface
mixed layer will expand. When mixing processes drive the lower
limit of the surface mixed layer below critical depth, phyto-
plankton populations in the surface mixed layer will decline.

Continental shelves are a special case with respect to the
interaction of mixed layer depth and critical depth. By
definition, continental shelf waters are shallow, so the sea
bottom itself often acts to 1limit the maximum depth of the
surface mixed layer. Thus, the conditions favoring
phytoplankton growth are more frequently satisfied in
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continental shelf waters, making these waters more productive on
average than nearby slope waters, which in the temperate zone
have no permanent pycnocline to restrain the depth of the
surface mixed layer.

When water clarity is high in continental shelf waters,
critical depth effectively exceeds the depth of the mixed layer,
which can only extend to the sea bottom, meaning that positive
primary production can occur throughout the entire water column
and on the bottom. This 1leads to the hypothesis that clear
shelf waters should support high benthic primary production.

Primary production must be supported by a nutrient source
or sources, as well as by sufficient light levels. In the North
Atlantic ecosystem, nutrients are supplied to the surface waters
by the annual winter overturn of the water column and by
regeneration of nutrients by planktonic grazers. Continental
shelf waters have different but comparably adequate nutrient

sources. Runoff from coastal rivers and outwelling from
estuaries may supply nutrients in one form or another (Turner et
al., 1979). Regeneration of nutrients is also likely to be
important, especially release of nutrients from shelf sediments
(Rowe and Smith, 1976; Hopkinson and Wetzel, 1982). In
addition, coastal upwelling can provide nutrients. Thus,

nutrients may be adequately available to support benthic primary
production in continental shelf waters.

Several observations suggest that benthic primary
production may be important in North Carolina continental shelf
waters. First, water clarity is frequently high in shelf
waters, owing perhaps to intrusion of clear Gulf Stream waters
or to long periods of calm weather, which allows particulates to
settle out of the water (Table 1). Second, extensive work by
Searles and his students documents the abundance and growth of
benthic macroalgae across the North Carolina continental shelf
(Schneider, 1976; Schneider and Searles, 1979; Peckol, 1982).
Summer biomass peaks suggest that these months may coincide with
optimal conditions for benthic primary production (Peckol, 1982;
Peckol and Searles, 1984). Most of the shelf bottom is covered
with at least a veneer of wunconsolidated sediment, which could
be a substrate for the growth of microalgae. Therefore, I have
tested the hypothesis that benthic microalgal production could
make a positive and important contribution to total continental
shelf primary production, especially when water clarity is high.

The data reported here are only a portion of the total
collected during a larger project investigating the role of
sediment-water column interactions in the continental shelf
ecosystem of North Carolina. I have confined this paper to a
comparison of benthic and planktonic primary production and the
relationship of these, especially benthic production, to light
flux through the water column.
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Table 1. Quantum flux measurements at the bottom along a
north-south transect from Beaufort, North
Carolina, May 1984. Light extinction coefficient,
k, was calculated assuming surface incident
radiation to be 2350 uEinsteins m~2 s~1i.

Location Depth Flux k
(m) (uE m™2 s‘l)
Turning Basin 11.5 0 1.32
1 mile south 6.3 54 0.60
2.5 miles south 11.0 189 0.23
6 miles south 17.0 340 0.11
10 miles south 19.0 362 0.10
12 miles south 20.0 152 0.14

METHODS AND MATERIALS

Benthic primary production has been measured by a variety
of techniques. I chose to use in situ incubations of clear and
opaque benthic chambers coupled with measurements of oxygen
flux. First, in situ studies conducted with care are the most
realistic and least subject to handling artifacts. Chamber
incubations lent themselves most readily to estimation of areal
productivity. Finally, oxygen exchange in clear and opaque
chambers is a simple extension of the classical light/dark
bottle method; preliminary experiments established that this
method would have appropriate sensitivity.

Divers using SCUBA, SCUBA-Nitrox, or surface-supplied air
placed and sampled benthic chambers, which were plastic domes,

30 cm diameter with a 10 cm hole in the top (Figure 1). Diving
support was provided by the National Undersea Research Program's
vessel, R/V SEAHAWK. Divers were routinely able to place or

retrieve and sample from 6 to 8 chambers on a dive. Chambers
were placed carefully so as to minimize disturbance of the
sediment-water interface. Chamber tops, which incorporated a
whirling-cup-rotor stirring '~ device, were sealed onto the
chambers after placement using clear silicone sealer (Figure 1).
Chambers were set out in a single row, uniformly spaced, with
clear and opaque chambers alternating. Water samples for
analyses of oxygen content by the Winkler method (Strickland and
Parsons, 1972) were withdrawn by 60 ml plastic syringes after
flushing 2-3 times. The chamber retrieval process was
essentially a reverse of the above procedure. Incubation times
varied from 3 to 11 hours, depending on dive schedules and the
productivity anticipated.
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Figure 1. Diagram of a benthic chamber in place with

whirling cup rotor stirring device attached.
Chamber diameter is 30 cm.

Syringes containing water samples were returned to the ship
for further handling and analysis. Water samples intended for
oxygen analysis were fixed immediately after return to the
surface by injection of manganous sulfate and alkaline iodide
reagents directly into the sample syringes. Samples were then
stored in the dark to prevent photooxidation of the resulting
precipitate prior to further analysis. Oxygen samples were
analyzed during the evening of each field day. Samples were
acidified with sulfuric acid injected directly into sample
syringes. Fifty ml were then dispensed into a clean flask and
titrated against sodium thiosulfate solution, which had been
standardized against potassium iodate, using starch indicator.
Oxygen concentrations were calculated according to Strickland
and Parson's (1972) equations for nonstandard sample volumes.

A potential source of error in the handling of oxygen
samples might have arisen from degassing of oxygen during
transport of the samples to the surface. Oxygen concentrations
frequently exceeded the theoretical saturation 1level for
atmospheric pressure, but never exceeded the saturation level
for the depths at which the samples were taken. The short
interval between sample withdrawal and fixation may have limited
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the problem. In any event, loss of oxygen from samples would
most likely cause underestimates of gross production, since the
greatest loss would occur in samples with the highest oxygen
content, which would be those from the clear chambers at the end
of an incubation.

Benthic primary production was estimated by comparing
changes in oxygen concentration in clear and opaque chambers
over the course of an incubation. Since the chambers integrated
the oxygen flux effects of benthic microflora, benthic animals,
bacteria, and chemical oxygen demand, calculations of net
production (i.e., changes in clear chambers only during an
incubation) would give misleadingly low values. Accordingly,

gross production (i.e., differences between light and dark
chambers at the end of an incubation) was calculated as a better
estimator of actual benthic microalgal production. Oxygen

concentration changes were converted to carbon flux assuming a
photosynthetic quotient (PQ) of 1.2. PQ values below 1.2 would
yield estimates of gross production lower than those reported
here. Areal production rates were calculated uging values for
chamber volume and area of 3.5 liters and 0.14 mz, respectively.

Primary production in the water column was measured
simultaneously with benthic primary production on most dive
missions. Since phytoplankton concentrations were usually very
low, oxygen exchange methods were inappropriate, and the
standard 1l4-carbon method was used instead (Parsons et al.,
1984). All l4-carbon experiments were conducted in situ at four
or five depths chosen to integrate the water column (surface and
every five or ten meters to the bottom, including a near-bottom
depth). wWater incubated in these experiments was collected
immediately before use from the corresponding sample depth with
a Niskin or van Dorn bottle. Three clear and two opaque 300 ml
bottles containing raw seawater were spiked with a known amount
of 1l4-carbon labeled bicarbonate and suspended at each sample
depth early in each working day and retrieved in late afternoon.
A1l bottles were shaded immediately after retrieval and the
contents fixed with a few drops of Lugol's iodine. The entire
contents of each sample bottle were then filtered through a
glass fiber filter (Gelman A/E), which was rinsed twice with
fresh filtered seawater and placed in a scintillation vial
containing 10 ml of Scintiverse II cocktail. Samples were
counted on a Beckman LS-100 scintillation counter; sample counts
were corrected for quench and counting efficiency using count
data from internal and external standards. Primary production
at each sample depth was calculated according to Parsons et al.
(1984), using alkalinity data for each sample measured according
to Parsons et al. (1984). Total water column primary production
was calculated by integrating production estimates from each
sample depth. Primary production estimates obtained by use of
the l4-carbon method usually lie between actual net and gross
production.
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Light flux through the water column was measured with a
LiCor 550B integrating quantum sensor equipped with a 4 pi
collector during each productivity incubation. The sensor unit
was placed within 1 m of the bottom during these measurements.
This measurement technique was much preferred to use of a Secchi
disc owing to the frequent occurrence of near-bottom turbidity,
which would otherwise have caused overestimates of actual light
flux to the bottom. Light flux measurements were made at or
near solar noon of each working day; values from three one-
minute integrations were averaged to yield an estimate of mean
maximal light flux to the bottom.

The field sites chosen for this study were located in
Onslow Bay off the central coast of North Carolina (Figure 2).
Sites were chosen to give a range of depths and water types.
The inshore sites were in or close to the nearshore turbid zone,
and consequently had higher turbidity on average than the
offshore sites.

23-mile
Tugs [ ]
/
> AJ
Cape Fear
. Frying Pan
. Deep
Figure 2. Map of the study area off the North Carolina

coast, with individual study sites identified.
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An effort was also made to sample during several seasons in
the expectation that seasonality would be a major factor in
controlling primary production. It should be noted that weather
was an important factor that frequently limited dive operations.
The work reported here was done in generally calm weather,
although some sites were visited just after a major storm had
passed.

RESULTS

Benthic microalgal production was measured 13 times during
this study and averaged 16.7 mg C m~ h'l, with values ranging
from those ngt si%nificantly different from zero up to a high of
47.2 mg ¢ m~2 h-l (Table 2). The highest benthic microalgal
production values occurred during the summer, but not all summer
values were consistently high, indicating that some factor other
than simple seasonality controls benthic production. Benthic
production values were also highest at midshelf sites with
depths around 30 m, but not all values at these sites were high,
even in the summer. Comparisons of benthic production with
maximal light flux to the bottom during each work day suggest
that limited light availability at the bottom in the nearshore
turbid zone and at the deepest site restrain benthic production
in these locations. A regression of benthic production against
maximal light flux to the bottom (including data from 1983 and
1984 not otherwise discussed here) vielded a positive
significant regression coefficient (Figure 3). Thus light flux
to the bottom drives/limits benthic primary production, although
other factors must play a role.

Storm events strong enough to induce turbidity in the water
column might be expected to cause reductions in Dbenthic
production, either by decreasing light flux to the bottom or by
physical removal of benthic microalgae from the bottom. The
data set presented for July 1985 at Frying Pan site illustrates
the course of benthic production through time following Tropical
Storm Bob, which passed this site on July 25, 1985. The data
suggest that declining turbidity permitted increasing benthic
production over the 4-6 day period following the storm. Visual
observations of the bottom at the 23-mile site two weeks after
Hurricane Diana, a much stronger storm, passed over that area in
September 1984, revealed that the bottom had been thoroughly
resuspended with virtually complete removal of benthic
microalgae. Thus, storm events appear to play an important role
in regulating benthic production by inducing turbidity and at
least occasionally removing benthic microalgae.

Water column primary production was measured 12 times
during this study and averaged 26.3_ mg C m™ 2 h'l, with values
ranging from 2.9 to 71.0 mg C m~2 h-1 (Table 2). These
integrated values showed no clear seasonal pattern, with the
exception of markedly lower values throughout September 1985
compared to all other sample times.
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Table 2. Comparisons of benthic microalgal and
phytoplankton production at sites in Onslow Bay in
1985 and 1986. Locations as in Figure 2. BPP =
gross benthic primary production (mg C m™2 h'l);
PP = integrated water column primary production
(mg C m~ 2 h'l).

Location Date Depth BPP PP
(m)

23-mile 4/19/85 32 14.3% 24.4
Deep 4/21/85 41 4.0 71.0
3-mile 4/23/85 18 15.1%* 47.9
Frying Pan 7/29/85 32 13.0 46.0
Frying Pan 7/30/85 34 46 .3% 43.7
Frying Pan 7/31/85 30 47 .2% 30.8
Frying Pan 9/6/85 32 32.8% 8.1
Frying Pan 9/7/85 31 9.4 6.6
Frying Pan 9/8/85 31 6.7% 2.9
Frying Pan 9/9/85 34 1.8 6.3
23-mile 9/25/85 34 14.1 6.3
3-mile 3/4/86 16 5.3% 21.6
Tugs 3/5/86 20 6.7 --

*Denotes significant differences (P < 0.05) in oxygen
concentration changes between light and dark chambers during
incubations (one-way ANOVA, Sokal and Rohlf, 1969).

Benthic production exceeded water column production only in
the warm months, but this is only one way of viewing the
importance of benthic production. If benthic production is
assumed to be the activity occurring within the benthic
chambers, with 8 o<cm vertical extent, then a given benthic
production value represents a 187.5 fold concentration of the
same amount of phytoplankton production occurring through a 15 m
water column. Given that most of the production in a benthic
chamber is 1likely to be concentrated at the sediment-water
interface, benthic production is even more impressive.

DISCUSSION

Estimates of the primary productivity of North Carolina
continental shelf waters, and the waters of continental shelves
in general, have typically failed to consider the productivity
attributable to benthic microalgae. At the times when
productivity was measured in this study, benthic production
ranged from a minimum of 5.6% of water column production up to a
maximum of 40.5% of water column production. Thus, benthic
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80,

Y:0.2214+0.65

Gross Benthic Production, mg C m-2 h-1

0 100 200
Maximal Bottom Light Flux, uE m-2 s-1

Figure 3. Regression of benthic primary production vs. light
flux to the bottom. Regression 1line was fitted
using Model I regression (Sokal and Rohlf, 1969).

microalgal production is a significant source of production in
North Carolina continental shelf waters that has not been
measured previously.

Benthic production measured in this study was particularly
important in relative. terms in the warm months and in the mid-
shelf region. This may reflect the nature of the field sampling
program, which was limited by weather and the availability of
dive support. However, the apparent dependence of benthic
production primarily on light flux to the bottom suggests that
low light conditions, such as might be found in deeper, outer-
shelf waters, in the nearshore turbid zone and after turbidity-
inducing events, such as storms or strong plankton blooms,
limits the relative importance of benthic production. A much
more extensive field survey would be required to test these
ideas and identify more conclusively the spatial and temporal
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maxima of benthic microalgal productivity in North Carolina
waters. Nevertheless, there are times and places when benthic
microalgal production are quite important in the North Carolina
continental shelf ecosystem.

Generalizing from the case in North Carolina shelf waters
leads to the prediction that benthic microalgal production could
be significant in other shallow waters with high 1light flux to
the bottom. Coral sand habitats are especially likely to be
good habitats for benthic microalgae; measurements of microalgal
production on coral sand in the Florida Keys (Cahoon,
unpublished data) showed that significant production was
occurring. In addition to shallow continental margins, marginal
seas, such as the South China Sea and the Bering Sea, are areas
of interest. Numerous investigators have, of course, reported
benthic primary production data for estuarine waters, where
conditions allow more frequently successful sampling, e.g.,
Cadee and Hegeman (1974, 1977).

If Dbenthic microalgal production in North Carolina
continental shelf waters is relatively important in comparison
to phytoplankton production, then other processes that interact
with primary production will be affected proportionately. For
instance, if benthic microalgal production is roughly two-thirds
of phytoplankton production, as the data presented here suggest,
then nutrient uptake required to support total production must
be two-thirds higher as well. Recent debates over the relative
importance of nutrient sources for the South Atlantic Bight have
used estimates of shelf production to calculate nutrient demand
and the relative significance of particular nutrient sources.
Dunstan and Atkinson (1976) have, for instance, determined that
upwelling along the shelf break accounts for approximately 25%
of the '"new" nitrogen consumed in shelf waters. A revision of
these figures with benthic microalgal nutrient demand factored
in gives an estimate of about 15%. This suggests that sources
of nutrients external to the shelf are less important than
previously thought, while internal recycling is more important.

Benthic microalgae probably play an important role in
nutrient recycling. A considerable fraction of total nutrient
regeneration is 1likely to occur in or near the sediments (Rowe
et al., 1975; Rowe and Smith, 1976). Benthic microalgae are
ideally positioned to intercept regenerated nutrients. The
techniques used to study benthic nutrient regeneration have not
been used to detect microalgal effects on nutrient release from
sediments. Furthermore, the apparent heterotrophic capabilities
of at least some benthic microalgae (Lewin and Lewin, 1960;
Lewin and Hellebust, 1976) raise the possibility that nitrogen,
in particular, is recycled without necessarily being transformed
into the inorganic compounds investigators commonly measure.

Benthic microalgae represent a productive, concentrated
food source for benthic grazers and suspension feeders.
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Comparisons of productivity data and biomass data (Cahoon,
unpublished data) show that benthic microalgae can be as much as
three orders of magnitude more concentrated than phytoplankton

on a volume basis. Benthic microalgae should be immediately
available to benthic meiofauna and other infaunal and epifaunal
grazers and deposit feeders. Suspension of benthic microalgae

by turbulence could make them available to suspension feeding
organisms, including zooplankton. Thus, benthic microalgae are
likely to play an important role in the continental shelf food
web when and where conditions favor benthic production.
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ABSTRACT

Previously reported common to abundant modern Foraminifera
of North Carolina are summarized. The region is divided into
estuarine habitats, with salinities from 0.5°/00 to >35°/co, and
non-estuarine habitats from intertidal to abyssal plain.

The least saline estuarine environments are characterized
by arenaceous lituolid, rzehakinid, and trochamminid
Foraminifera with low species diversities. As estuarine
environments grade to normal marine salinities, calcareous
Foraminifera appear and increase in abundance accompanied by an
increase in species diversity and a decrease in the numbers of
arenaceous species. In littoral and shallow shelf environments,
the same kinds of Foraminifera are found as occur in the
estuarine habitats with normal marine salinities, except that
planktic forms are usually more common. On the middle and outer
shelf, planktic Foraminifera gradually increase in importance on
the middle and outer shelf as calcareous benthic forms decrease.
Planktic to benthic ratios on the continental slope remain
similar to those on the outer shelf but there are changes in the
generic composition of the faunas. Towards the abyssal plain, as
carbonate dissolution depths are approached, calcareous
Foraminifera give way to arenaceous ones. Unlike 1low saline
estuarine environments, ammodiscid and different lituolidacid
genera predominate. Benthic Foraminifera reach their greatest
abundance and diversity on the shallow and middle shelf.
Planktic Foraminifera are most abundant in the so-called
"Globigerina oozes" in deeper waters of the shelf and
continental slope above the carbonate compensation depth.

INTRODUCTION

Only common to abundant foraminiferal species are
considered because they are the best indicators of well adapted
elements of the faunas and reduce biases of accidentally
injected species, aberrant foreign species, or recently evolved,
but rare endemics (See introductory comments in Appendix I or
Appendix II for usage of the terms, "common" and "abundant").
Foraminifera in the North Carolina area are like those found in
similar habitats throughout the world. One would £find no
significant difference in the common to abundant genera from the
same habitat in either the northern of southern hemispheres.
Differences in benthic species do occur from region to region,
but the North Carolina species are morphologically similar to
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those found 1in 1like habitats 1in other areas. North Carolina
foraminiferal faunas are therefore typical and ecologically
diagnostic.

Inland and off-shore waters of North Carolina are ideally
suited for foraminiferal studies. Past investigations have been
sparse compared to those along the Gulf Coast or Caribbean. For
reviews of previous studies on the Foraminifera of North
Carolina and related works, see especially Grossman (1967),
Schnitker (1971), and LeFurgey (1976).

North Carolina foraminiferal faunas are considered under

two major categories: estuarine and non-estuarine (i.e.
littoral, neritic, and oceanic). Salinity 1is an important
controlling physical factor with regard to Foraminifera in

estuarine habitats. Foraminifera are influenced by temperature,
depth, and current patterns in non-estuarine habitats.

Estuarine Environments

The term estuary is taken to mean that zone from the first
detectable appearance of brackish water associated with fluvial
systems to coastal areas bounded by tidal inlets and longshore
bars (outer banks).

The North Carolina estuarine system is a complex of drowned
river valleys that have been modified by sediment deposition and
the consequent development of marginal swamps. Two areas into
which the largest rivers discharge have produced sizable
estuarine lagoons: Pamlico and Albemarle Sounds. Albemarle
Sound is only slightly saline because of the absence of tidal
inlets. Water in Albemarle Sound is flushed through Roanoke and
Croatan Sounds and connects with the open ocean only through
Oregon Inlet. No studies have been published on the Foraminifera
of Albemarle Sound. Foraminifera are probably distributed
sparsely over most of the Sound, increasing in abundance and
diversification near the northern end of Croatan and Roanoke
Sounds.

Estuarine habitats of North Carolina are divided into five
categories:

1. Western fluvial estuaries: Neuse, Pamlico, and Pungo
estuaries--the largest rivers draining into Pamlico
Sound are the most remote from oceanic influences. The
deepest water occurs in the estuarine channels.

2. Open sound: Pamlico sound--the largest estuarine water
mass in the region.
3. Eastern estuaries and sounds: small linear sounds

parallel to the coast, bounded to the east and north by
marginal marine swamps and sluggish fluvial estuaries,
and to the east and south, by the outer banks. Bogue,
Core, and Roanoke Sounds are examples.
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4. Tidal deltas: submerged, lagoonally directed deltas
formed at tidal inlets through the outer banks.
Foraminifera at Ocracoke, Beaufort, and Mason Inlets
have been studied.

5. Tidal channels: Those areas, other than inlets, where
strong tidal flow and current reversals are prominent.
Foraminifera in tidal channels have been studied mostly
in Bogue Sound and near Mason Inlet.

Mixing of shallow water open marine species with estuarine
species occurs in the eastern portion of the open sound
environment, as well as in the eastern estuaries and sounds,
tidal deltas, and tidal channels. Only the estuaries south of
Cape Hatteras have been studied, therefore comments on oceanic
influences are restricted to the southern shallow shelf
environment.

Western Fluvial Estuaries

Western fluvial estuaries are 1limited to the Neuse,
Pamlico, and Pungo rivers. These estuaries have been studied by
Grossman (1967) who sampled from 37 stations on both estuarine
margins and in mid-channel. Depths range from mudflats to about
1 meter on estuarine margins to a maximum of 7.6 meters in
mid-channel. Currents are moderate to weak, with a surface
outflow of fresh water and a bottom inflow of salt water during
high tides. Turbidity is moderately high, especially in
mid-channel. Water stratification develops between denser bottom
brackish water and less saline surface water. Ph tends to be
slightly acid. Salinities range from 0.5°/OO upstream at New
Bern, on the Neuse River, and at Washington, on the Pungo River,
to 129/ o at the river mouths. Salinities may be appreciably
reduced 8uring periods of heavy rainfall and elevated slightly
during dry periods. The substrate ranges from clays with the
consistency of axle-grease, when wet, to fine silts and sands.
Fecal pellets are common in the fine silts. The Foraminifera
diagnostic of the environment seem best adapted to salinities of
10°/oo to 150/00.

Foraminiferal species diversity is especially low in the
least saline facies and increases gradually to the most saline
portion of the habitat.

2ll species characteristic of the western fluvial estuarine
environment are arenaceous. (See Appendix I.) No Foraminifera
were found 1in waters less saline than 10/00. However, the
testate thecamoebid Difflugia (a sarcodinid protozoan with an
unilocular arenaceous test and lobose pseudopodia) seems to be
common in salinities between 0.5°9/,5 and 2.09/,. (See
Grossman, 1967, p. 46.)
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Open Sound

Pamlico Sound 1lies generally east of the western fluvial
estuaries, with a bottom salinity gradient from 12°/0co near
river estuaries to 26°/o0o near tidal deltas. Bottom salinities
fluctuate with wet and dry seasons. The average depth of
Pamlico Sound is only 3.7 meters. The maximum depth is 6.7
meters, slightly 1less than in the deepest western fluvial
channel. Currents tend to be weak although during hurricanes
and storm surges, high energies can occur. Turbidity is usually
high, water stratification 1is moderately to sporadically
developed in the deeper areas. Water may be slightly to
moderately acid, especially along the swampy landward margins.
The substrate is mostly fine to medium sand with minor amounts
of clay along leeward margins. The only published work dealing
with the Recent Foraminifera of Pamlico Sound is by Grossman
(1967) His 24 stations represent three north-south, and one
northwest-southeast, transects across the Sound.

Species diversity is low in Pamlico Sound, but increases as
salinity increases. Only three genera representing seven
species occur commonly or abundantly. (See Appendix I.) These
species are equally common in brackish-water fluvial
environments and represent a transition to open lagoonal

environments. Progressing eastward into the more saline waters
of Pamlico Sound, calcareous hyaline species gradually become
more dominant. In the most saline portions of the open lagoon,

Elphidium represented by three common to abundant species is
especially characteristic (Appendix I).

Eastern Estuaries and Sounds

These habitats consists of short fluvial estuaries of small
creeks and rivers characterized by slow sluggish currents which
drain lowland swamps and lakes as well as by small, narrow,
linear sounds bounded on the 1landward side by 1low marginal
marine swamps and on the oceanic side by longshore bars. The
salinity transitions parallel those of the combined 1large
western fluvial estuaries and open sounds environments, but the
salinity gradient from fresh water to normal marine salinity is
compressed to two kilometers or less in many cases as compared
to more than 100 kilometers from Washington or New Bern to
Ocracoke Inlet 1in the 1larger estuarine setting. No attempt is
made to subdivide the eastern estuaries and sounds in the same
fashion as 1in the western fluvial estuaries and open lagoons.
Sampling densities in the comparable subdivisions are sparse and
boundaries between subdivided habitats are less clearly defined.
Even 1in the larger setting, boundaries are transitional.
Because greater salinity gradients occur over shorter distances,
a greater diversity of Foraminifera have been recorded. More
students have studied the Foraminifera in these areas because a
considerable diversity of habitats are easily accessible by
small craft with a minimum of equipment.
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The eastern estuaries and sounds are shallow, ranging from
mudflats at water level to a meter or two deep in many places.
Channels have been dredged up to 4 meters deep for the Intra-
coastal Waterway. Currents are weak, usually less than 2 km/hr,
although 1locally, near tidal inlets, the currents may be
stronger. Turbidity is low except when wind conditions are high.
The water masses are too shallow to develop a good stratifi-
cation so that there is 1little salinity gradient from bottom
water to the surface. During dry seasons salinities can be high
(up to 40°/00) on marginal marshy environments and low during
periods of heavy rain. Overall normal salinities vary from
0.5%/00 in the upper reaches of tidal influence on the small
creeks and rivers to 36°/o0o near tidal inlets. Spartina grass
comprises an important part of the marsh biomass. Substrates
consist mostly of fine silts and clays with considerable fecal
pellet material. The substrate may be sandy near tidal inlets
and channels.

This summary of the eastern estuaries and sounds is based
on the works of LeFurgey (1976) for Croatan and Roanoke Sounds,
Grossman (1967) for Core Sound, Akers (1971) and LeFurgey and
St. Jean (1976) for eastern Bogue Sound, and Miller (1953) for
Mason Inlet. LeFurgey (1976) gives an excellent synopsis of the
ecological occurrence of most of the typical species 1listed in
Appendix I (for the eastern estuaries and sounds). Although the
majority of Miller's genera and species are typical, several
that he reports are more characteristic of open ocean, middle to
deep shelf environments. Possibly anomalous forms were
introduced by coastal storms or perhaps specimens deposited
during a higher sealevel stand have been reworked from nearby
Holocene sediments and mixed with modern sediments.

As in the larger fluvial estuaries and sounds, arenaceous
Foraminifera dominate the low salinity facies of small rivers
and creeks, with a rapid transition to more calcareous forms and
higher species diversity as salinity increases. These
environments are considerably impacted by storms and abnormally
high tides. Minor seasonal changes in foraminiferal populations
have been noted by some of the above mentioned authors.

The lowest salinity facies are characterized by arenaceous
Foraminifera, as in the case in the western fluvial and open
lagoonal environments. However, in the eastern case, there is
more generic and specific diversity (Appendix 1I). Akers (1971)
reported a questionable Psammosphaera, but that genus is usually
found in deep oceanic settings. The illustration is not typical
for the genus. Textularia, represented only by T. palustris, is
much more commonly associated with continental slope or shelf
environments.

Miliolid Foraminifera are dominant in areas which approach
normal marine salinities. Quinqueloculina is the dominant genus
(Appendix I). Miller found two species of Quinqueloculina in low
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salinity environments along with several hyaline species typical
of normal marine salinities. The estuary studied by Miller
(1953) is located so close to normal marine and tidal influences
that the milioloids may have been introduced by storms.

A modest diversity of hyaline Foraminifera is encountered
in the eastern estuarine environments. Miller (1953) reported
that two planktic genera (Globigerinella and Globigerinoides)
were common in near normal marine facies although planktic
foraminiferal tests are not usually prominent at depths of less
than 20 meters on open shelf environments. However, they do
occur in estuarine sediments on occasion.

Six benthic foraminiferal genera have been observed in the
normal saline facies (Appendix I). Buliminella reported by both
LeFurgey (1976) and Miller (1953), represents an anomalous genus
for estuarine environments, all the rest are typical and

specifically diverse. Included 1is Ammonia, which is somewhat
unigque amongst hyaline Foraminifera in that it has a wider
salinity tolerance than most (0.05°/oo to 339/00). The best

known species 1is the wubiquitous A. beccarii, which is found in
most estuarine habitats and is well known in shallow shelf
environments. Elphidium, Nonion, and Protelphidium are
especially common in estuarine environments of moderate to
normal marine salinities and are also found in tidal pools and
in shallow shelf environments.

Tidal Delta

Tidal deltas on the North Carolina coast are generally
small but dynamic environments transitional from estuarine to
neritic habitats. They are fan-shaped deposits on the estuarine
side of tidal inlets, breached by tidal channels characterized
by strong reversing currents. Depths are shallow. Turbidity is
moderate. Salinity ranges are moderate, from 24°9/0o to about
30°/00. The substrate is typically medium-grained sand with
minor amounts of clay, especially on the delta flanks. Grossman
(1967) did concentrated sampling on the tidal delta at Ocracoke
Inlet (25 stations) and at Drum Inlet (6 stations). Miller
(1953) studied the Foraminifera at one station on the Mason
Inlet delta.

Species have a moderately high diversity and are those
usually associated with near normal salinities. Miller reported
low salinity arenaceous species to be common (Ammobaculites
cassis) at the Mason Inlet delta, which 1is closer to low
salinity environments than the other deltas. Grossman reported
six milioloid species to be rare. They were most common at sites
near the tidal channels at Ocracoke and Drum Inlet. Elphidium is
the most typical genus. with five characteristic species
(Appendix I). Grossman also found the marine species Cibicides
lobautuls and Hanzawaia concentrica to be rare. Miller reported
the common occurrence of an unidentified species of Nonion.
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Tidal Channel

Tidal channels may extend from the tidal inlets to some
distance into the estuarine environment, especially in the
narrow estuaries parallel to the coast. Water depths are shallow
and currents are strong. Turbidity is usually low. The habitat
has nearly normal marine salinities, typically 31°9/00 to 339/co0.
The substrate consists mostly of fine to very fine sand with
measurable amounts of silt and clay. This summary of tidal
channel Foraminifera is based on four stations near Beaufort
Inlet studied by Akers (1971), one station repeatedly sampled by
LeFurgey and St. Jean (1976) (Foraminifera which passed through
an intake pipe from near a tidal channel), and one station
studied by Hadley (1936) from the deep channel in Beaufort Inlet
proper. Two stations sampled by Miller (1953) are from near
Mason Inlet.

Because tidal channels have nearly normal marine
salinities, the associated Foraminifera display a moderate
amount of generic and specific diversity.

Arenaceous Foraminifera are not as common as in less saline
waters. However, a few species have been reported (Appendix I).
The Miliolidae are more abundant and specifically diversified
than in any other inland marine setting (Appendix I). In fact,
one does not find them so abundant and diversified in neritic
settings until waters reach about 9 meters deep. The species in
the channels are the same as those in the neritic environment
(Appendices I, 1II). Quinqueloculina is characteristic (Appendix
I).

Planktic Foraminifera were reported as very abundant in the
tidal channel at Mason Inlet by Miller (1953) (Globigerinocides
cf. G. ruber) and common in moderately deep water at Beaufort
Inlet by Hadley (1936) (Globigerinoides cf. G. sacculifera).
Planktic Foraminifera do occur in shallow water settings, but
there, presence in abundance is unusual. Akers (1971, p. 152)
noted a considerable number of planktic Foraminifera and
realized the incongruity of the sample. He suggested that they
could be contaminants from samples dumped from the research
vessel EASTWARD which was formerly berthed nearby.

Benthic Foraminifera are more abundant and diversified than
others. Elphidium is the most characteristic (Appendix 1I).
Akers (1971, p. 152) refers to E. gentri. As the species is not
found in his faunal list (p. 162) but E. gunteri is included,
and as there is no species E. gentri found in Ellis and Messina
(1940 et seg.) E. gentri is here taken to be a misprint for E.
gunteri. The closely related genus Protelphidium, represented
by P. tisburyense are characteristic in Bogue Sound as are the
rotaloid species Ammonia beccarii and A. tepida. All other
noteworthy species are found in the deepest tidal channels at
Beaufort Inlet and are commonly associated with open ocean shelf
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environments (Appendix I). Miller (1953) reported that
Poroeponides repanda was common in the tidal channel at Mason
Inlet, but the illustration strongly suggests the planktic
species Globorotalia menardi, whose tests are more commonly
associated with outer shelf and slope sediments.

Non-Estuarine Environments

Most studies concerning 1littoral, neritic, and oceanic
Foraminifera have concentrated on their depth distributions,
with some emphases on temperature and current controls,
especially with respect to planktic species. Attention has been
placed on current patterns off the North Carolina coast
especially because of the contrasting faunas with Floridian and
Caribbean affinities influenced by the Gulf Stream and the
northern influences of the cooler water of the Labrador Current.
The impingement of the two currents off of Cape Hatteras, where
the continental shelf is wunusually narrow and the continental
slope is unusually steep, sets off a natural faunal boundary for
continental shelf Foraminifera especially, as noted by Culver
and Buzas (1981, p. 217). Not only does an important faunal
change occur off Cape Hatteras, but a major change also occurs
between continental shelf and continental slope faunas.

Some biases occur in published studies because there have
been more studies and a higher sampling density south of Cape
Hatteras than north of the Cape. More studies and greater
numbers of sample localities have also been studied in the
shallow water environments than in the deep water settings from
outer shelf to the Hatteras Abyssal Plain. As with the summary
of the estuarine Foraminifera, only those species which occur
commonly or abundantly are considered. The fact that a species
is not mentioned in a particular habitat does not mean that it
does not occur.

The following non-estuarine foraminiferal habitats are
considered:

1. Intertidal beach and surf. No stations north of Cape
Hatteras have been reported.

2. Marine delta. A deltaic lobe on the ocean side of a
tidal inlet (as opposed to the tidal delta on the
estuarine side of the channel). No stations north of

Cape Hatteras have been studied.

3. Shallow shelf north of Cape Hatteras. Low tide to 15
meters.

4. Shallow shelf south of Cape Hatteras.

5. Middle shelf north of Cape Hatteras. 15 to 60 meters.

6. Middle shelf south of Cape Hatteras.

7. Outer shelf north of Cape Hatteras. 60 to 200 meters.

8. Outer shelf south of Cape Hatteras.

9. Upper continental slope. 200 to 1000 meters.

10. Lower continental slope. 1000 to 3000 meters.
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11. Continental rise. 3000 to 4000 meters.
12. Abyssal plain. 4000 to +5000 meters.

Culver and Buzas (1981) computed Jaccard coefficient
clusters which distinguished northern and southern faunas for
the continental slope environment. The boundary of their
Analysis 1 is just to the south of North Carolina, though their
Analysis 2 1is set at about the Wilmington area. The data used
in this summary is not sufficient to indicate a good faunal
distinction for the slope and abyssal faunas, therefore the
continental slope, continental rise, and abyssal plain habitats
were not subdivided into a northern and southern zone.

The physical, chemical, and geologic setting of the
continental margin of North Carolina have been reported in
considerable detail by Newton and Pilkey (1971) and by Hine,
Riggs, and others (1986).

Intertidal Beach and Surf

Foraminifera are not usually found in intertidal beach
sands or in the surf. Hadley (1936) reports six species as
common at Shackleford Beach. He gives no details as to the
exact location of his material. It could be behind the point at
the west end of Shackleford Bank. In any event, it must have
been in a high energy beach environment. The other high energy
environment is that reported by Miller (1953) in the surf, about
600 meters east-northeast of Mason Inlet. All but two of the
species are identical with those reported from tidal channels
(See Appendix 1I).

No arenaceous Foraminifera were reported. Three species
were assigned to the milioloid genus Quingueloculina (Appendix
II). The benthic hyaline species Ammonia parkinsoniana and
Florilus aff. F. auriculus were not reported from the tidal
channels in the estuaries but the other benthic species,
Cibicides concentricus, Elphidium gunteri, and Elphidium
poeyanum did occur in the channels. No planktic Foraminifera
were reported. All of the Foraminifera Hadley and Miller found
in intertidal beach sands and surf are typical of shallow
neritic environments.

Marine Delta

Marine deltas are fan-shaped aprons of sediment located on
the oceanic side of tidal inlets. Only one identified marine
delta was studied. Grossman (1967) sampled 11 stations on the
delta at Ocracoke Inlet. His samples extend to about 8 km off-
shore. He does not indicate water depths. A surf zone occurs
on the margins of the deltas so that they represent high energy
environments. The substrate is sand with minor amounts of shell
material. Tidal currents are relatively strong.
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Species diversity is moderate and few species are common at
Ocracoke 1Inlet. Shallow water forms predominate. Arenaceous
examples are absent. Milioloids are more numerous than in the
sounds but only one species, Quingueloculina jugosa is common.
Although Q. 1lamarckiana is 1less usual, it was encountered at
most stations. The planktic Globigerina bulloides was collected
mostly on the southeast side of the delta, about 2.5 km off-
shore. The tests may have been brought in on prevailing
southeast winds, for the species 1is not usual in nearshore
environments (See Bock, 1982, p. 246). The rotaloid Elphidium
is generally less abundant than in the sounds and only two
species are prominent.

Shallow Shelf North of Cape Hatteras

Wilcoxin (1964, p. 20, 21) divided the shelf faunas into
inner, middle, and outer shelf: at 1 to 15 meters, 15 to 61
meters, and 61 to 192 meters, on the basis of the occurrence of
dominant species. McLean (1971, p. 20) compiled species depth
range charts based on all species reported by Wilcoxin. He
found what he thought were more significant breaks at 50 and 160
meters on the shelf. The inner shelf 1is here taken to range
from 1 to 15 meters, following WllCOXln, for only the common and
abundant species are considered in this report and McLean's
(1971, p. 36) charts indicate that some species are restricted
to the shallowest shelf, in keeping with Wilcoxin's inner shelf
zone.

Unlike the area South of Cape Hatteras, the shallow shelf
to the north is bounded on the west by outer banks which form a
broad, slightly sigmoid curve with only one tidal inlet, Oregon
Inlet, near Roanoke Island. The area 1is dominated by the
Labrador current, which is deflected under the Gulf Stream near
Hatteras. However, within the 15 meter depths of the shallow
shelf, the water temperatures do not vary greatly from those on
the shallow shelf south of Cape Hatteras. The habitat is a high
energy, wave dominated one.

Only one work (unpublished) has included inner shelf
Foraminifera North of Cape Hatteras, that by Workman (1981).
Two species occurred commonly to abundantly--Elphidium clavatum
and E. selseyense. These occurred 9 meters deep, on a substrate
of fine to medium sand which contained fine shell fragments. E.
clavatum was a common to abundant species in the tidal channel
in Bogue Sound and on estuarine tidal deltas as well as on the
marine delta at Ocracoke Inlet. E. selseyense occurred commonly
in the estuarine Roanoke Sound habitat which is located on the
western side, 15 to 20 km south of the shallow shelf occurrence
reported by Workman.
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Shallow Shelf South of Cape Hatteras

More investigators have studied the shallow shelf
Foraminifera south of Cape Hatteras than in any neritic habitat
off the North Carolina coast. However, the numbers of stations
are few (See Appendix II).

The western boundary is characterized by barrier islands
formed into three large northerly and northwesterly concave
arches shaped by eddie current gyres associated with the Gulf
Stream. Bottom temperatures do not differ markedly from surface
water temperatures due to the shallowness of the habitat.
Waters are well mixed, aerated, and wave dominated. The
environment can be substantially affected by storms. Schnitker
(1971, Figure 2) shows the bottom substrates to consist of very
fine to fine sand. A comparison of the northern and southern
shallow shelf species diversity 1is not possible because of the
little work done north of Cape Hatteras.

There is considerable species diversity south of Cape
Hatteras, especially of the hyaline benthic species. Arenaceous
species are uncommon. Schnitker reported that only Placopsilina
confusa was abundant (22%) and that at Jjust one station.
Porcellaneous Foraminifera are represented entirely by
Quingqueloculina, most of which commonly occur in the more saline
estuarine habitats as well--except Q. lata. The genus is
diverse with six common to abundant species (Appendix II).
Planktic Foraminifera are rare except for a species of
Globigerinoides compared to G. sacculifera by Hadley (1936).
Hyaline benthic Foraminifera are by far the most diverse

generically and specifically. At least 15 common to abundant
species belonging to 7 genera have been reported. Of these,
Elphidium is the most diverse, with 7 species. E. clavatum is
the most abundant, but only at one locality. E. clavatum also
commonly occurs in many estuarine as well as 1in deeper shelf
habitats. Ammonia is represented by 2 species. Ammonia

beccarii is also commonly found in estuarine environments. On
the shallow shelf, A. tepida was reported from most of Workman's
(1981) stations. A1l other genera with common to abundant
species are represented by only one species each (See Appendix
ITI). They are all typical of shallow open marine environments.
A few of them are found in deeper shelf waters.

Middle Shelf North of Cape Hatteras

The middle shelf is the habitat par excellence for
Foraminifera. Although not all Foraminifera are adapted to
middle shelf habitats, more genera and species are found in the
middle shelf depth ranges than any other ecologic setting.
There are some biases in the foraminiferal record of the middle
shelf north of Cape Hatteras. As with the shallow shelf, less
work has been done here than to the south. The summarized
information is Dbased on studies by Cushman (1918-1931, 1
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station), Murray (1969, 3 stations), Schnitker (1971, 22
stations), and Workman (1981, 7 stations). No real comparison
can be made with the shallow shelf north of Cape Hatteras as so
little work has been done there--only two species, belonging to
Elphidium, are known to occur commonly. Another bias is that
many more stations have been studied between 15 and 40 meters
than between 40 and 60 meters so that changes between the middle
and outer shelf may appear more marked and less transitional
than is really the case. For comparisons of middle shelf faunas
north and south of Cape Hatteras, see the following discussion
on the middle shelf south of Cape Hatteras.

The northern middle shelf is significantly influenced by
the southward flowing Labrador current which turns slightly
eastward towards Cape Hatteras where its more dense cooler
waters are forced under the north-northeasterly flowing warmer
waters of the Gulf Stream.

The substrate varies from very fine to medium sands.

Arenaceous Foraminifera start to increase in importance in
the middle shelf. As with the the 1less saline estuarine
environments, the Lituolidaceae 1is the dominate group, but
genera more characteristic of deeper shelf and ocean basin
habitats, such as Eggerella, Liebusella, Placopsilina, Reophax,
and Textularia, start to appear more commonly. There is little
diversity, however, for each genus is represented by only one
common species. All of these genera start to appear noticeably
in shallow areas of the middle shelf (at about 20 meters).

Porcellaneous Foraminifera are much reduced over their
abundance and diversification in the saline portions of the
estuaries and on the shallow shelf south of Cape Hatteras.
North of Cape Hatteras only Quinqueloculina seminula is common.

The planktonic Foraminifera begin to become much more
important. There is a notable increase in skeletal occurrences
in the sediment at about 20 meters depth and common to abundant
occurrences at 60 meters. Globigerina bulloides is especially
characteristic of the northern middle shelf and Globigerinoides
ruber is also important.

As on the shallow shelf south of Cape Hatteras, the hyaline
benthic forms are the most diverse and abundant. Elphidium
continues to be represented by more common species (5 species)
than any other genus, but it is not as diverse as in the shallow
shelf south of Cape Hatteras (8+ species). The ubiquitous E.
clavatum still remains the dominant species, extending through
the whole depth range of the middle shelf. The salinity tolerant
Ammonia tepida, found in estuaries and on the shallow shelf
south of Hatteras, also occurs abundantly here, but it is the
only species to do so. All the other examples are typical
mid-shelf genera. Cibicides and Planulina are each represented




199

by two species. Murray (1969) indicated that Rosalina consisted
of more than one unassigned species. All other genera are
represented by one species each (See Appendix II). Elphidium
poeyanum, Elphidium selseyense, and Hanzawaia concentrica also
occur on the shallow shelf south of Cape Hatteras. A species
with affinities with Florilus auriculus is known as well from
the surf zone near Mason Inlet, south of Cape Hatteras (Miller,
1953).

Middle Shelf South of Cape Hatteras

The middle shelf south of Cape Hatteras is dominated by the
northward flowing Gulf Stream and its associated counter
clockwise gyres. Differences 1in the foraminiferal faunas from
those north of Cape Hatteras reflect an association of warm
water species from the Gulf of Mexico and the Caribbean. Some
nutrients may be brought northward through the Florida Straits
which could have an influence on productivity as well (See Sen
Gupta and Strickert, 1982).

More stations have been sampled for Foraminifera south of
Cape Hatteras than to the north, but only by four investigators:
Murray (1969), Schnitker (1971), Wilcoxin (1964) and Workman
(1981). Murray, Schnitker, and Workman sampled most of the
stations upon which the summary north of Cape Hatteras was
presented above. By far the largest sample undertaking was that
by Schnitker who collected from 39 of the 59 stations reported
from the area. There is more faunal diversity amongst the common
to abundant genera and species south of Cape Hatteras than to
the north. Interestingly, all of the genera found to the north
except Liebusella occur south of Cape Hatteras as well. However,
Trochammina which does not occur to the north is prominent south
of Hatteras. Trochammina 1is also characteristic in some
estuarine habitats where certain species show a preference for
increasing salinities while others have opposite preferences.

There is more diversification amongst the porcellaneous
Foraminifera south of Cape Hatteras, with 9 species belonging to
4 genera, than to the north where only one species was found.
Quingqueloculina is the dominant genus, represented by 5 species.
Of these, Q. seminula, the only species found north of Hatteras,
is the dominant species in the southern area. Quinqueloculina
is more prominent on the shallower half of the middle shelf
except for Q. seminula which ranges out to the upper continental

slope. Peneroplis and the bizarre Calcituba are characteristic
of warm water Mediterranean type environments, especially on
carbonate platforms and Dbanks. The miliolid Triloculina

trigonula is found commonly in warm water environments as well.

Many more species of planktic Foraminifera occur south of
Hatteras than to the north (10 species versus 2 species), but
they are rare at depths 1less than 18 to 20 meters. Both
Globigerina bulloides and Globigerinoides ruber, the only two
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species north of Hatteras, are both found 1in the southern
faunas. However, G. bulloides 1is about three times more
abundant to the north. G. ruber is commonly twice as abundant
in the south. Tests of Globorotalia menardi found at about 40
meters deep in the southern area is usually a more dominant
planktic test deposited 1in deeper waters on the continental
slope, continental rise, and abyssal plain.

Amongst the Dbenthic hyaline Foraminifera, Ammonia tepida,
Cibicides bradyi, Cibicides concentricus, Elphidium clavatum,
Hanzawaia concentrica, Planulina exorna, Planulina ornata and
Stetsonia minuta are found both north and south of Cape
Hatteras. Elphidium still remains the most dominant and diverse
genus and E. clavatum a dominant species. Other than E.
clavatum, however, all the remaining four southern species are
distinct. The species of Elphidium north of Cape Hatteras have
more in common with the shallow shelf and estuarine species
south of Cape Hatteras. Elphidium subarcticum seems anomalous in
the warm waters south of Cape Hatteras. Cibicides is the second
most divers genus with three species. Two of them, C. bradyi
and C. concentricus, are also found in the north. Hanzawaia
concentrica occurs at more stations (27 stations) in the middle
shelf area south of Cape Hatteras than any other species. It is
also commonly encountered north of Cape Hatters. Bolivina,
Cancris, Caribeanella, Cassidulina, and Trifarina are all
encountered for the first time. The rotaloids (sensu stricto)
are more diverse and more characteristically warm water species
than in the north.

Outer Shelf North of Cape Hatteras

The outer shelf is here taken to be that zone from 60 to
200 meters deep. It is a zone where photopenetration declines
markedly. The outer shelf north of Hatteras 1is still dominated
by the colder waters of the Labrador Current.

The foraminiferal data may be somewhat biased in that few
stations have been studied (a total of 8). There is an important
gap in that no sampling has been reported between 140 and 200
meters.

The arenaceous Foraminifera are not as diverse as 1in the
middle shelf north of Cape Hatteras, but they are typical deep
water forms. Only two species were found to be common to
abundant, Reophax atlanticus which also occurred commonly on the
middle shelf north of Hatteras, and Tholosina vesicularis.

A noticeable change in the outer shelf 1is the 1lack of
common to abundant porcellaneous species.

Another notable change 1s the increasing importance of
planktic tests in bottom samples. Globigerina bulloides 1is the
most abundant planktic species as it is in the northern middle
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shelf environment. Globigerina borealis [assigned by Schnitker
to G. pachyderma (See Taccarino 1985, p. 300)] 1is especially
significant in that it is typically a cold water species.

The benthic species are much less diverse generically and
specifically than on the middle shelf. Each of the six genera
reported is represented by only one species. Most of them are
cold water adapted species. Bulimina marginata and Islandiella
subglobosa were found more widespread on the outer shelf than
the other species.

Outer Shelf South of Cape Hatteras

Most of the generalities concerning the outer shelf north
of Cape Hatteras apply equally to the south. Depths from 60 to
200 meters are transitional from the photic zone to a zone where
light penetration 1is so low as to be of 1little use to
photosynthetic organisms. The warmer waters of the Gulf Stream
seem still to have some influence on both the benthic and
planktic species. The planktic species show increasing
diversity and the benthic ones a decrease in diversity. As with
the collecting biases in the area north of Cape Hatteras, there
are far fewer stations from which Foraminifera have been studied
than is the case on the middle shelf. There are no reported
stations between the depths of 159 and 200 meters.

Unlike the area to the north of Hatteras, no common or
abundant arenaceous species were found.

Only one common or abundant porcellaneous species was
. found: Quingqueloculina seminula, which is more characteristic
of shallower environments.

The planktic species are more diverse than they are on the
outer shelf north of Hatteras. Three species are common to the
northern area, Globigerina bulloides is very abundant in both
areas, Neogloboquadrina dutertrei is about as common as it is to
the north, and Globigerinoides ruber is much more abundant than
to the north. Most of the species suggest moderately warm water.

Eight benthic genera represented by one species each
characterizes the southern outer shelf. Islandiella subglobosa,
found at one moderately deep station on the outer shelf, is the
only species also found to the north. It is more commonly
associated with cold water environments. On the other hand,
Amphistegina lessoni, which occurred commonly at only one
station on the shallow part of the outer shelf, is a well known
warm water species. The common occurrence of these two species
characteristic of diverse temperature tolerances at strikingly
different depths suggests that some thermal water stratification
occurs, or that tests of one or the other species have been
transported from their normal habitat to the outer shelf south
of Cape Hatteras. Elphidium clavatum is usually associated with
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more shallow environments, but occurs abundantly on the upper
outer shelf here and commonly to depths of nearly 160 meters.
Hanzawaia concentrica 1is still moderately common but not nearly
as widespread as on the middle shelf. All of the other benthic
species are typical of deeper middle to outer shelf and upper
slope environments.

Upper Continental Slope

From the upper edge of the continental slope down to the
Hatteras Abyssal Plain, the foraminiferal faunas are not set off
into areas north and south of Cape Hatteras because so few
collecting localities have been studied that comparisons would
have little meaning. In addition, the deeper water is mostly
cold so that wupper water temperature distributions have less
effect on the deeper benthic faunas. Planktic faunas start to
become more important than the benthic faunas in terms of
numbers of specimens for a given sample size. The planktic
species are strongly influenced by upper water temperatures and
current patterns (Bé, 1959, 1960, 1971). However, their tests
can be transported considerable distances before final
deposition and incorporation into bottom sediments, so that
narrow ecologic boundaries such as between north and south of
Cape Hatteras become fuzzy.

The upper continental slope is taken to be that zone from
the break 1in slope at the edge of the continental shelf, at 200
meters, to a depth of 1000 meters. The lower 1limit is
arbitrary.

As compared with shelf faunas, there are distinct
differences in the arenaceous Foraminifera representative of the
upper slope. Four species are common to abundant, each
belonging to a different genus; Clavulina, Cyclammina,
Psammosphaera, and Tholosina. The porcellaneous Foraminifera are
greatly reduced in numbers. Only two common species occur, the
ubiquitous Quingqueloculina seminula and the biloculine Pyrgo
subsphaerica. Pyrgo is typical of slope environments.
Quingueloculina 1is more typical of shelf environments. The
deposited tests of planktic Foraminifera are prominent in slope
sediments. Many of the species encountered on the upper slope
are the same as those found on the middle and upper shelf both
north and south of Cape Hatteras, though there are some
additional genera and species. Orbulina and Pulleniatina appear
commonly to abundantly for the first time. Both cold and warm
water species are common or abundant, which indicates the
influence of both the Gulf Stream and the Labrador currents.
Some species could possibly have been associated with the slowly
circulating Sargasso Sea (See Bé, 1960). The warm water species
seem to outnumber the cold water ones. Interestingly, no one has
looked at coiling directions of some of the classic planktic
species used for paleotemperature interpretations in other
areas.
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The benthic hyaline Foraminifera decline sharply. Most of
the common to abundant genera are more characteristic of the
middle to outer shelf. The lenticulinids are more prominent and
the rotaliids (sensu stricto) less prominent than on the outer
shelf.

Lower Continental Slope

The lower continental slope is taken to be that part of the
slope which is between 1000 and 3000 meters deep. Very little
previous work has been done off the North Carolina coast at
these depths. The only detailed report of the Foraminifera is
that by Cushman (1918-1931) which was based on the collections
made by the U. S. Research Vessel "Albatross". Eight sites were
reported on the North carolina continental margin that had
common to abundant species of Foraminifera. Depths are below the
effective photic zone and bottom waters are cold. Most common to
abundant species were collected above 2000 meters. Only
Astrorhiza angulosa was listed as common in deeper water at one
station.

Benthic faunas are dominated by arenaceous Foraminifera,
especially such characterized deep water genera as Astrorhiza,
Bathysiphon, Reophax, Rhabdammina, and Saccammina. No common to
abundant porcellaneous species were reported. The planktic
species are not as diverse as reported for the upper continental
slope. However, in view of the fact that the major work was
done before the great generic and specific splitting by modern
students of planktic Foraminifera, the apparent reduced
diversity may be an artifact of literature rather than a
biological one. The bottom sediments are characterised by
"Globigerina and pteropod" oozes.

Common and abundant benthic hyaline Foraminifera are much
reduced generically and specifically. Though deep, depths are
well above the carbonate dissolution zone. Bulimina 1is the
dominant genus, represented by three species. Bulimina marginata
occurs slightly deeper here than is typical to the north but
Uvigerina peregrina is especially characteristic (See Streeter
and Lavery, 1982).

Continental Rise

Only one station was reported to have common to abundant
species on the continental rise, at 3739 meters (Appendix II).
Only three species are arenaceous, all of the remaining 10
abundant species are planktic. Significantly, no hyaline nor
porcellaneous benthic species were reported as common Or
abundant. Most of the abundant planktic species are the same
that occurred abundantly on both the upper and lower continental
slope. No typical cold water planktic species had settled in
abundance on the continental rise at the sampled station.
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Hatteras Abyssal Plain

Cushman (1918-1931) reported three stations from the
Hatteras Abyssal Plain containing common to abundant species of
Foraminifera. All but one of these are planktic. The depths
should be near the carbonate dissolution line. Two species were
previously reported from shallower sediments, the temperate
water Globorotalia hirsuta and the tropical to subtropical
Pulleniatina obliquiloculata. The absence of abundant or common
benthic arenaceous species may seem anomalous. Though arenaceous
species are characteristic of abyssal environments and they are
usually the only Foraminifera recovered from below the carbonate
compensation line, they usually do not occur abundantly in any
one sample.

CONCLUSIONS
Estuarine Environments

The distribution of Foraminifera in estuarine environments
is controlled by salinity. In 1low salinity areas, arenaceous
forms dominate (Table 1). Miliammina is especially widespread
because it tolerates wide salinity ranges. In the low salinity
large western fluvial estuaries, Ammobaculites is the dominant
genus whereas in areas of comparable salinities in the eastern
estuaries Haplophragmoides and Trochammina are the dominant
genera. In general, Ammobaculites and Haplophragmoides decrease
in abundance with increasing salinities. In contrast, some
species of Trochammina do the same but other species actually
increase with increasing salinities (See eastern estuaries and
sounds, Appendix I).

Salinities are not sharply set off in each environment, but
rather grade from one to the other. Likewise there is a gradual
change in the composition of the foraminiferal faunas from one
habitat to another, so that transitional faunas are common.
Therefore, as salinities gradually increase into open sound and
lagoonal environments there is a gradual transition to more and

more calcareous benthic Foraminifera (Table 4). Ammonia is one
of the first calcareous Foraminifera to appear and persists on
to normal marine salinities. Elphidium 1is especially

characteristic after salinities reach about 20°/o0o and is found
in large expanses of Pamlico Sound as well as in the smaller
linear sounds adjacent to the outer banks. Porcellaneous forms
are most striking in areas of near normal marine salinities,
especially in well flushed tidal channels and on tidal deltas
(Table 2). Channels near the mouths of tidal inlets and small
inlets, such as Mason Inlet, which are especially subjected to
periodic inundation of oceanic waters and sediments during
severe storms are characterised by mixing of 1littoral and
neritic species with the more normal inland water species, so
that some anomalous species occur, though usually not abundantly
So. Planktic species, which are normally associated with
neritic and oceanic environments can be encountered in inland
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waters, but they are probably not indigenous (Table 3). Also,
benthic species which are commonly associated with moderately
deep shelf environments can be encountered. Where estuarine
sounds are the most narrow, and where freshwater runoff from
land surfaces are close by, transitions are rapid and greater
foraminiferal diversities occur.

Non-Estuarine Environments

Most of the shallow shelf species also occur in the more
saline environments in the estuaries, especially of Ammonia,
Elphidium, and Quinqueloculina (Tables 2 and 4). Some
characteristic benthic forms also become dominant such as
species of Cibicides, Discorbis, Guttulina, Hanzawaia, and

Florilus. A few planktic species begin to become common in the
shallow water sediments (Table 3). Comparisons of shallow water

faunas north and south of Cape Hatteras are not significant
because of the little work which has been done to the north.

Likewise, for the middle shelf, less work has been done to
the north. In the middle shelf, the planktic forms become
prominent from about 20 meters deep (Table 3). Tests of open
ocean arenaceous forms begin to appear commonly (Table 1), but
the benthic hyaline species still dominate the sediment (Table
4). Both the porcellaneous and hyaline forms are at their
optimum numbers and diversities (Tables 2 and 4). More benthic
genera of greater species diversity occur on the middle shelf
than in any other environment.

Many species continue from the middle to the outer shelf.
Beyond about 150 meters depth, there is a striking lack of
sampling which may cause the change from outer shelf to upper
slope faunas to appear more prominent than is really the case.
Planktic tests increase in importance, arenaceous tests should
increase in the number of common species, but only two species
were reported. The calcareous hyaline species also decrease in
importance.

Tests of planktic Foraminifera dominate the slope faunas
(Table 3). Most of them are warm water species, but a few are
known to be cool to cold adapted forms, indicating that the Gulf
Stream dominates the plankton of the North Carolina Coast.
Because of slow settling rates and increasing water depth, many
have been transported some distance northward from their normal
adaptive latitudes. On the lower continental slope, arenaceous
forms dominate the benthic foraminiferal faunas where

Astrorhiza, Bathysiphon, Cyclammina, Reophax, and Rhabdammina
are especially prominent, along with a number of other less
common genera (Table 1). The hyaline benthic forms decrease

strikingly on the lower continental slope.

Foraminifera on the continental rise and 1in the Hatteras
Abyssal Plain have been inadequately studied (i.e. few
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collection sites). Only tests of planktic species from the
upper water column occur in abundance (Table 3). Arenaceous
species characteristically occur, but are sparse (Table 1). The

calcareous benthic species should show increasing degrees of
leaching due to carbonate dissolution.

Two recent works have analyzed foraminiferal populations
over broad areas of the Atlantic continental margin in order to
generalize about neritic and oceanic foraminiferal distributions
(Culver and Buzas, 1981l; Sen Gupta and Strickert, 1982). Both
have used cluster analysis techniques. The faunal patterns and
the diagnostic genera and species on the North Carolina
continental margin appear to be compatible with the findings in
both studies, though there are some differences in common and
abundant species.

General Comments

The common and abundant Foraminifera reported in the
estuaries and on the continental margin of North Carolina are
typical of the environments they occupy and many of them are
diagnostic, although there are some genera and species with wide
ecological tolerances. Past studies, understandably, have
concentrated on the most accessible collection sites which
require the minimum equipment and support facilities.
Nevertheless, there have been a number of important and
extensive studies. All these data provide a sound base for
future sampling of similar areas as well as for extension of
studies into some of the least well studied regions, especially
those at greater depths on the 1lower continental slope and the
Hatteras Abyssal Plain. There have as yet been no studies
conducted in the Hatteras Canyon. We also need a better look at
the shelf and upper slope environments in the dynamic area off
Cape Hatteras where there is the interesting interaction of the
Labrador Current and Gulf Stream. There is also a surprising gap
in faunal collection sites between about 150 and 200 meters on
the outer shelf. A look at some of the more saline areas in
Albemarle Sound could also prove to be of interest.

Previous studies on the Recent Foraminifera of North
Carolina can serve as an important base for future monitoring of
major ecological changes in the marine habitats in and around
North Carolina, for many of the studies were undertaken at a
time when pollution and other environmental impact factors had
not yet developed to the present or probable future problem
levels. Because of the sensitivity of Foraminifera to their
environment, they can be important guides to environmental
changes (See, for example, Sen Gupta, 1982).

Past research on the Recent Foraminifera of North Carolina
serves as an important base for the interpretation of the
paleocecologic and biostratigraphic interpretation of the
Atlantic Coastal Plain and the marine geology off-shore.
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The great diversity of Foraminifera in the inland waters
and in the open ocean offer an abundance of material for purely
biologic study of the Order Foraminifera in such areas as life-
cycle studies, genetics, food-web relationships and cell
biology:; especially the symbiotic inter-relationship of
chromatophores and mitochondria to the organism in the diverse
habitats available for study in North Carolina waters (See Lee
and Hallock, 1987).
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Table 1. Recent Foraminifera of North Carolina

Ecological Distribution of Common to Abundant ARENACEOUS genera
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NOTE: Arenaceous Foraminifera are dominate 4in the 1least saline portions of the estuarine
environment and in the deepest oceanic environments, with a number of transitional
genera of low species diversity. (Numbers refer to the number of common to abundant
species in each genus.) W FLUV ESTU = western fluvial estuaries, E EST ¢ SNDS =
eastern estuaries and sounds, TIDAL CHANN = tidal channels, SH SH N HATTERAS = shallow
shelf north of Cape Hatteras, SR SH $ HATT = shallow shelf south of Cape Hatteras, MD
SH N HATT = middle shelf north of Cape Hatteras, MD SH § HATT = middle shelf south of
Cape Hatteras, OT SH N HATT = outer shelf north of Cape Hatteras, OT SH S HATT = outer
shelf south of Cape Hatteras, UP CONT SLP = upper continental slope, LOW CONT SLP =
lower continental slope, ABYSSAL PLN = abyssal plain.
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Table 2. Recent Foraminifera of North Carolina

Ecological Distribution of Common to Abundant PORCELLANEOUS Genera
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NOTE: Quingueloculina dominates the more saline parts of the estuaries and the shallow open

ocean habitats out to the middle shelf. All the other genera show low species diversity.
(Numbers refer to the number of common to abundant species in each genus). W FLUV ESTU =
Western fluvial estuaries, E EST & SNDS = eastern estuaries and sounds, TIDAL CHAIN =
tidal channels, SH SH N HATTERAS = shallow shelf north of Cape Hatteras, SH SH SH S HATT
= shallow shelf south of Cape Hatteras, MD SH N HATT = middle shelf north of Cape
Hatteras, MD SH S HATT = middle shelf south of Cape Hatteras, OT SH N HATT = outer shelf
north of Cape Hatteras, OT SH S HATT = outer shelf south of Cape Hatteras, UP CONT SLP =
upper continental slope, LOW CONT SLP = lower continental slope, ABYSSAL PLN = abyssal
plain.
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Table 3. Recent Foraminifera of North Carolina

Ecological Distribution of Common to Abundant HYALINE PLANKTIC Genera
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Hastigerina L] # 1 1
Neogloboquadrina L] L] 1 1 1 1
Pulleniatina L] # 1 1 1
Globigerinita L] ] 1
Orbulina ¥ L] 1 1 1 1
Note: Planktic Foraminifera are not found commonly or abundantly in estuarine environments.

when they are found, they are usually restricted to areas of near normal marine salinity.
In the open ocean, they are rarely found commonly or abundantly in bottom sediments at
depths less than 20 meters. They occur in great abundance on the middle shelf to the
continental slope, and decrease in the abyssal plain oozes below the carbonate com-
pensation depth. (Numbers refer to the number of common to abundant species in each
genus). W FLUV ESTU = western fluvial estuaries, E EST & SNDS = eastern estuaries and
sounds, TIDAL CHANN = tidal channels, SH SH N HATTERAS = shallow shelf north of Cape
Hatteras, SH SH S HATT = shallow shelf south of Cape Hatteras, MD SH N HATT = middle
shelf north of Cape Hatteras, MD SH S HATT = middle shelf south of Cape Hatteras, OT SH N
HATT = outer shelf north of Cape Hatteras, OT SH S HATT outer shelf south of Cape
Hatteras, UP CONT SLP = upper continental slope, LOW CONT SLP lower continental slope,
ABYSSAL PLN = abyssal plain.



Table 4. Recent Foraminifera of North Carolina

Ecological Distribution of Common to Abundant HYALINE BENTHIC Genera
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Note: Hyaline benthic Foraminifera first appear in moderately low saline water in the estuaries
and increase in abundance and diversification as salinites increase to normal.
Foraminifera are especially prominent on all shelf environments of the open ocean
reaching their ecological acme on the middle shelf. They continue to be prominent on the
outer shelf and slope, but are overshadowed by the great abundance of planktic tests.
Towards the lower shelf and abyssal plain, they are gradually replaced by arenaceous
forms as the dominant benthic Foraminifera. (Numbers refer to the number of common to
abundant species in each genus). W FLUV ESTU = western fluvial estuaries, E EST & SNDS =

eastern estuaries and sounds, TIDAL CHANN = tidal channels, SH SH N HATTERAS =
shelf north of Cape Hatteras, SH SH S HATT = shallow shelf south of Cape Hatteras,
N HATT = middle shelf north of Cape Hatteras, MD SH S HATT = middle shelf south

shallow
MD SH
of Cape

Hatteras, OT SH N HATT = outer shelf north of Cape Hatteras, OT SH S HATT = outer shelf

south of Cape Hatteras, UP CONT SLP = upper continental slope, LOW CONT SLP
continental slope, ABYSSAL PLN = abyssal plain.
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APPENDIX I--ESTUARINE FORAMINIFERA

The following faunal lists include only those species of
Foraminifera which were reported as common to abundant by the
indicated investigator. In cases where absolute numbers were
presented, 10 or more specimens are included in the lists.
Where percentages were given, abundances of 10% or greater are
included. Notations are taken from the following indicated
authors.

Symbols used:

[A] = Akers (1971)

[G] = Grossman (1967)

[H] = Hadley (1936)

[L] = living (based mostly on staining by rose Bengal)
[LeF] = LeFurgey (1976)

[LS] = LeFurgey and St. Jean (1976)

[M] = Miller (1953)

Western Fluvial Estuaries
Arenaceous
Ammobaculites pamlicoensis Grossman [G]--limited to western
estuaries and western Pamlico Sound
Ammobaculites crassus Warren [G] [LeF]--western estuaries,
western Pamlico Sound, Croatan Sound [L], Roanoke Sound
[L], Stumpy Point Bay [L]
Ammobaculites dilatatus Cushman and Br8nnimann [G]--limited
western estuaries and western Pamlico Sound
Ammobaculites exilis Cushman and Br8nnimann [G]--limited to
western estuaries and western Pamlico Sound
Ammobaculites neusensis Grossman [G]--limited to western
estuaries and western Pamlico Sound
Porcellaneous--no common or abundant species
Hyaline
Planktic--no common or abundant species
Benthic--no common or abundant species

Open Sound
Arenaceous
Ammobaculites pamlicoensis Grossman [G]--low salinity
facies, western Pamlico Sound
Ammobaculites crassus Warren [G]--low salinity facies,
western Pamlico Sound
Ammobaculites neusensis Grossman [G]--low salinity facies,
western Pamlico Sound
Ammotium salsum (Cushman and Br¥nnimann) [G]--low salinity
facies, western Pamlico Sound
Porcellaneous--no common or abundant species
Hyaline
Planktic--no common or abundant species
Benthic
Elphidium brooklynense Shupack [G]--higher salinity
facies, eastern Pamlico Sound
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Elphidium incertum (Williamson) [G]--higher salinity
facies, eastern Pamlico Sound

Eastern Estuaries and Sounds
Arenaceous
Ammoastuta inepta (Cushman and McCulloch) [A] [G]--Bogue
Sound area, 1 meter; Core Sound
Ammobaculites crassus Warren [G] [LeF]--western estuaries,
western Pamlico Sound, Croatan Sound [L], Roanoke Sound
[L], Stumpy Point Bay [L]
Ammobaculites subcatenulatus Warren [A]--Bogue Sound area,
3-4 meters [L]
Ammotium fragile Warren [LeF]--Croatan Sound [L]
Ammotium palustris Warren [LeF]--Stumpy Point [L], Croatan
Sound
Ammotium pseudocassis (Cushman and Br8nnimann) [A]--Bogue
Sound area, low tide [L]
Ammotium salsum (Cushman and Br8nnimann) [A]l [G] [LeF]--

Bogue Sound area, 1-5 meters [L]; Core Sound,
independent of salinity changes; Roanoke Sound, Croatan
Sound

Arenoparella mexicana (Kornfeld) [A] [G]--Bogue Sound area,
low tide to 1 meter [L]; Core Sound, decreases with
increasing salinity

Haplophragmoides manilaensis Andersen [G]--Core Sound,
decreases with increasing salinity

Haplophragmoides mexicanus Kornfeld [LeF]--Croatan Sound

Haplophragmoides wilberti Andersen [G] [A]--Bogue Sound
area, low tide to 1 meter [L]; Core Sound, decreases
with increasing salinity

Miliammina beaufortensis Akers [A]--Bogue Sound area, low
tide [L]

Miliammina fusca Brady [A] [G] [LeF]--Bogue Sound area, low
tide to 4 meters [L]; Core Sound, independent of
salinity changes; Roanoke Sound [L], Croatan Sound [L],
Stumpy Point Bay [L]

Psammosphaera sp. [A]--Bogue Sound area, low tide to one
meter (Probably not Psammosphaera)

Siphotrochammina lobata Saunders [A]l--Bogue Sound area,
marsh, low tide

Textularia palustris Warren [A]--Bogue Sound area, low tide
[L]

Tiphotrocha comprimata (Cushman and Br8nnimann) [A]--Bogue
Sound area, low tide to 1 meter [L]

Trochammina comprimata Cushman and Br8nnimann [G]--Core
Sound, decreases with increasing salinity

Trochammina inflata (Montagu) [G] [M]--Core Sound,
increases with increasing salinity; Mason Inlet area

Trochammina irregularis Cushman and Br8nnimann [A]--Bogue
Sound area, low tide [L]

Trochammina laevigata Cushman and Br8nnimann [A]--Bogue
Sound area, low tide to 1 meter [L]
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Trochammina macrescens (Brady) [G]--decreases with

increasing salinity

Porcellaneous
Quinqueloculina jugosa Cushman [A] [M]--Bogue Sound area,

0.5 meters; Mason Inlet

uinqueloculina lamarckiana d'Orbigny [M]--Mason Inlet
Qu

Quinqueloculina poeyana d'Orbigny [M]--Mason Inlet

Quingueloculina seminula (Linné) [A]--Bogue Sound area, 0.5

meters

Quingueloculina cf. Q. seminula (Linné) [A] [LeF]

[M]--Bogue Sound area, 1-4 meters; Croatan Sound;
Stumpy Point; Mason Inlet

Triloculina cf. T. brevidentata Cushman [M] Mason Inlet

Hyaline

Planktic

Benthic

Globigerinella sp. [M]--Mason Inlet (More typical of an
open ocean setting)

Globigerinoides cf. G. ruber (d4d'Orbigny) [M]--Mason
Inlet (More typical of an open ocean setting)

Ammonia beccarii (Linné) [A] [G] [L] [M]--Bogue Sound
area, low tide to 5 meters [L]; Core Sound;
Roanoke Sound; Mason Inlet

Ammonia limbatobeccari (McLean) [G]--Bogue Sound area,
occurs independent of salinity changes

Buliminella elegantissima (d'Orbigny) [M]--Mason Inlet
(More typical of a middle to deep shelf setting)

Elphidiella mexicana (Kornfeld) [M]--Mason Inlet

Elphidium excavatum (Terquem) [LeF]--Roanoke Sound

Elphidium gunteri Cole [A]--Bogue Sound Area, 0.5 to 2
meters [L]

Elphidium incertum (Williamson) [A] [M]--Bogue Sound
area, 1 to 5 meters [L]; Mason Inlet

Elphidium selseyense (Heron-Allen and Earland) [LeF]--
Roanoke Sound [L]

Elphidium sp. [A]--Bogue Sound area, 2 meters [L]

Nonion sp. [M]--Mason Inlet

Poroeponides repanda (Fichtel and Moll) [M]--Mason
Inlet [May be the planktic species Globorotalia
menardi (Parker, Jones, and Brady)]

Protelphidium tisburyense (Butcher) [G]--Bogue Sound
area

Tidal Deltas (Ocracoke, Drum, and Mason Inlets)

Arenaceous _
"Ammobaculites" A. cassis (Parker) [M]--Mason Inlet

Porcellaneous--no common or abundant species

Hyaline

Planktic--no common or abundant species
Benthic

Elphidium brooklynense Shupack [G]--important, but less
common than in the open sound biofacies
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Elphidium clavatum Cushman [G]--important, but less
common than in the open sound biofacies

Elphidium galvestonensis Kornfeld [M]--Mason Inlet

Elphidium incertum (Williamson) [G]--important, but
less common than in the open sound biofacies

Nonion sp. [M]--Mason Inlet

Tidal Channel
Arenaceous
Ammobaculites cf. A. dilatatus Cushman and Br&nnimann [A]--
Bogue Sound, 4 meters
Ammotium salsum (Cushman and Br8nnimann) [LS]--Bogue Sound
Trochammina inflata (Montagu) [M]--Mason Inlet
Porcellaneous
Quingqueloculina cf. Q. flexuosa d'Orbigny [H]--Bogue Sound,
12 meters
Quingueloculina jugosa Cushman [M]--Mason Inlet
Quingueloculina lamarckiana d'Orbigny [H]--Bogue Sound, 12
meters
Quingueloculina poeyana d'Oorbigny [H] [M]--Bogue Sound, 12
meters; Mason Inlet
Quingueloculina seminula (Linné) [A]--Bogue Sound, 4 meters
Quingueloculina cf. Q. seminula (Linné) [H] [M]--Bogue
Sound, 12 meters; Mason Inlet

Hyaline
Planktic
Globigerinoides cf. G. ruber (d4'Orbigny) [M]--Mason
inlet (more commonly associated with open ocean
environments)
Globigerinoides cf. G. sacculifera (Brady) [H]--Bogue
Sound, 12 meters
Miscellaneous plankton (Globigerinoides conglobatus,
Globigerinoides ruber, Globigerinoides sacculifera,
Globoguadrina dutertrei, Globorotalia menardi,
Globorotalia truncatulinoides, Pulleniatina

obliquiloculata--probably dumped from the research
vessel Eastward after an open ocean voyage, as noted by
Akers, 1971, p. 152)
Benthic
Ammonia beccarii (Linné) [A] [LS] [M]--Bogue Sound, low
tide; Mason Inlet

Ammonia tepida (Cushman) [H]--Bogue Sound, 12 meters
Cibicides concentricus (Cushman) [H]--Bogue Sound, 12

meters

Discorbis subaraucana Cushman [H]--Bogue Sound, 12
meters

Guttulina australis (d'Orbigny) [H]--Bogue Sound, 12
meters

Elphidiella mexicana (Kornfeld) [M]--Mason Inlet
Elphidium clavatum Cushman [LS]--Bogue Sound [LS]
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Elphidium gunteri Cole [A] [H]--Bogue Sound, low tie to
12 meters. NOTE--Akers, 1971, p. 152, refers to
"E. gentri". This may be a misprint as there is
no E. gentri in the Catalogue of Foraminifera
(Ellis and Messina, 1940 et seq.)

Elphidium poeyanum (d'Orbigny) [H]--Bogue Sound, 12
meters

Nonion grateloupi (d'Orbigny) [H]--Bogue Sound, 12
meters

Protelphidium tisburyense (Butcher) [LS]--Bogue Sound

Poroeponides repanda (Fichtel and Moll) [M]--Mason
Inlet
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APPENDIX II--NON-ESTUARINE FORAMINIFERA

The following faunal lists include only those species of
Foraminifera which were reported as common to abundant by the
indicated investigator. In cases where absolute numbers were
presented, 10 or more specimens are included in the lists.
Where percentages are given, abundances of 10% or greater are
included. Notations are taken from the following indicated
authors.

Symbols used:
[A] Akers (1971)
[c] Cushman (1918-1931)
[G] Grossman (1967)
[H] Hadley (1936)
[L] some specimens living

[Mi] Miller (1953)
[Mu] Murray (1969)
[S] Schnitker (1971)
[Wil] Wilcoxin (1964)
[Wol Workman (1981)

Intertidal Beach and Surf
Arenaceous--no common or abundant species reported
Porcellaneous
Quingueloculina cf. Q. flexuosa d'Orbigny [H]--beach
Quinqueloculina jugosa Cushman [Mi]--surf
Quinqueloculina cf. Q. seminula (Linné) [H]--beach
Hyaline
Planktic--no common or abundant species reported
Benthic
Ammonia parkinsoniana (d'Orbigny) [H]--beach
Cibicides concentricus (Cushman) [H]--beach
Cibicides cf. C. concentricus (Cushman) [Mi]--surf
Elphidium gunteri Cole [H]--beach
Elphidium poeyanum (d'Orbigny) [H]--beach
Florilus aff. F. auriculus (Heron-Allen and Earland)
[Mi]--surf (Note: Miller referred the species to
Nonionella)

Marine Delta
Arenaceous--no common or abundant species reported
Porcellaneous
Quinqgueloculina jugosa Cushman [G]
Quingueloculina lamarckiana d'orbigny [G] (encountered at
most stations, but not very common)

Hyaline
Planktic
Globigerina bulloides d'Orbigny [G] (rare, except at
one station on the southeast side of Ocracoke
delta)
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Benthic
Elphidium brooklynense Shupack [G]
Elphidium clavatum Cushman [G]

Shallow Shelf North of Cape Hatteras
Arenaceous--no common or abundant species reported
Porcellaneous--no common or abundant species reported
Hyaline
Planktic--no common or abundant species reported
Benthic
Elphidium clavatum Cushman [Wo]--9 meters
Elphidium selseyense (Heron-Allen and Earland) [Wo]--9
meters

Shallow Shelf South of Cape Hatteras
Note: Murray (1969) did not give depth data. Depths are
estimated based on Schnitker's (1971) depth data at nearby
stations and rounded off to the nearest 5 meters.
Arenaceous
Placopsilina confusa Cushman [S]--15 meters
Porcellaneous
Quinqueloculina cf. Q. flexuosa d'Orbigny [H]--9 meters
Quinqueloculina jugosa Cushman [Wo]--9 meters
Quinqueloculina lamarckiana d'Orbigny [H] [Mu] [Wo]--9 to
15 meters [L]
Quinqueloculina lata Terquem [Mu]--10 meters [L]
Quingueloculina poeyana 4'Orbigny [H]--9 meters
Quinqueloculina seminula (Linné) [A] [Wi]--11 to 15 meters
Hyaline
Planktic .
Globigerinoides ruber (d'Orbigny) [Wi]--15 meters
Globigerinoides sacculifera (Brady) [Wi]--15 meters
Globigerinoides «cf. G.  sacculifera (Brady) [H]--9
meters

Benthic

Ammonia beccarii (Linné) [A] [Mu] [S]--10 to 12 meters
(L]

Ammonia tepida Cushman [H] [Wi] [Wo]l--7 to 15 meters

Cibicides concentricus (Cushman) [H] [Mu]--9 to 15
meters

Discorbis subaraucana Cushman [H]--9 meters

Elphidium clavatum Cushman [S]--12 meters

Elphidium galvestonense Kornfeld [Wi]--11 to 15 meters

Elphidium gunteri Cole [A] [H] [Wol--7 to 11 meters [L]

Elphidium incertum (Williamson) [H]}--9 meters

Elphidium limatulum Copeland [Wo]--7 to 13 meters [L]

Elphidium poeyanum (d'Orbigny) [H] [Mul]--9 to 15 meters

Elphidium selseyense (Heron-Allen and Earland) [Wo]--7
to 13 meters

Elphidium spp. [Mu]--15 meters [L]

Florilus grateloupi (d'Orbigny) [H] [Mul]l--9 to 15
meters [L]

Guttulina australis (d'Orbigny) [H]--9 meters
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Hanzawaia concentrica (Cushman) [A]--11 meters

Middle Shelf North of Cape Hatteras
Note: Murray (1969) did not give depth data. Depths are
estimated based on Schnitker's (1971) depth data at nearby
stations and rounded off to the nearest 5 meters.
Arenaceous
Eggerella advena (Cushman) [Mu] [Wo]--19 to 40 meters [L]
Liebusella sp. [Wo]l--23 meters
Placopsilina confusa Cushman [S]--20 meters
Reophax atlanticus (Cushman) [S]--20 to 50 meters [L]
Textularia sp. [Wo]l--17 meters
Porcellaneous
Quingueloculina seminula (Linné) [S]--20 to 38 meters [L]
Hyaline
Planktic
Globigerina bulloides d'Orbigny [S]--60 meters
Globigerinoides ruber (d'Orbigny) [S]--60 meters
Benthic
Ammonia tepida (Cushman) [Wo]l--17 meters [L]
Asterigerinata pulchella (Parker) [S]--26 meters [L]
Brizalina sp. [Mu]--35 to 40 meters [L]
Buliminella elegantissima (d4'Orbigny) [Mul]l--40 meters
[L]
Cibicides bradyi (Trauth) [S]--20 to 50 meters
Cibicides concentricus (Cushman) [C] [Mu]--29 to 40
meters
Elphidiella mexicana (Kornfeld) [S]--38 meters
Elphidium advenum (Cushman) [Wo]--18 meters
Elphidium clavatum Cushman [Mu] [S] [Wo]--18 to 60
meters [L]
Elphidium poevanum (d'Orbigny) [Mu]--30 meters
Elphidium selseyense (Heron-Allen and Earland)
[Wo]l--17 to 23 meters
Florilus auriculus (Heron-Allen and Earland) [S]--20
meters
Fursenkoina fusiformis (Williamson) [S]--50 meters [L]
Globobulimina spinescens (Brady) [C]--29 meters
Guttulina lactea (Walker and Jacob) [S]--26 meters [L]
Hanzawaia concentrica (Cushman) [S]1--19 to 38 meters
[L]
Lagena distoma Parker and Jones [C]--29 meters
Nonionella sp. [Mu]--35 to 50 meters [L]
Planulina exorna Phleger and Parker [S]--38 meters
Planulina ornata (d'orbigny) [S]--22 to 32 meters
Reussella atlantica Cushman [S]--32 meters
Rosalina spp. [Mu]--40 meters
Stetsonia minuta Parker [Mu]--35 meters [L]
Uvigerina peregrina Cushman [C]--29 meters
Webbinella concava (Williamson) [S]--22 to 23 meters
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Middle Shelf South of Cape Hatteras
Note: Murray (1969) did not give depth data. Depths are
estimated based on Schnitker's (1971) depth data at nearby
stations and rounded off to the nearest 5 meters.
Arenaceous
Eggerella advena (Cushman) [Mul--30 to 45 meters [L]
Placopsilina confusa Cushman [S]--20 to 28 meters
Reophax atlanticus (Cushman) [S]--20 meters
Reophax scorpiurus Montfort [S]--25 to 30 meters

Textularia secanensis Lalicker and McCulloch [Wi]--18 to 41

meters
Trochammina compacta Parker [Mul--45 meters [L]
Trochammina ochracea (Williamson) [MU]--20 meters [L]
Trochammina pacifica Cushman [Wi]--30 meters
Porcellaneous

Calcituba decorata (Heron-Allen and Earland) [S]--23 to 28

meters
Peneroplis carinatus d'Orbigny [Mu]--35 meters
Peneroplis proteus d'Orbigny [S] [Wi]l--22 to 44 meters
Quingqueloculina akneriana d'Orbigny [Wi]--24 meters
Quinqueloculina compacta Cushman [Wi]--26 meters
Quingueloculina compta Cushman [S]--17 meters

uingueloculina lamarckiana d'Orbigny [S] [Wi] [Wol--16 to
Q

41 meters
Quinqueloculina seminula (Linné) [S] [W]i--17 to 57 meters
Triloculina trigonula (Lamarck) [Wi]--30 meters

Hyaline
Planktic

Globigerina bulloides d'Orbigny [S] [Wi]--18 to 55
meters

Globigerina eggeri Rhumbler [Wi]--20 to 41 meters

Globigerinoides ruber (d'Orbigny) [S] ([Wi]--18 to 55
meters

Globigerinoides sacculifera (Brady) [Wi]--18 to 41
meters

Globigerinoides trilobus (Reuss) [S]--33 to 55 meters

Globorotalia menardi (d'Orbigny) [Wi]--40 to 41 meters

Globorotalia truncatulinoides (d'orbigny) ([Wi]l--20
meters

Hastigerina aequilateralis (Brady) [Wi]l--26 to
meters

Neogloboguadrina dutertrei (d'Orbigny) [S]1--55 meters
(assigned by Schnitker to Globigerina)

Pulleniatina obliquiloculata (Parker and Jones) [Wi]--
20 meters

Benthic

Ammonia tepida (Cushman) [Wi] [Wo]--16 to 26 meters

Asterigerina carinata d'Orbigny [S] [Wi]--22 to 36

meters
Bolivina pulchella (d'Orbigny) [Wi]--30 meters

Brizalina paula (Cushman and Cahill) [Wi]--20 meters

(placed in Bolivina by Wilcoxin)
Brizalina sp. [Mu]--20 to 30 meters [L]
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cancris auricula (Fichtel and Moll) [Mu]--45 meters
(L]

Caribeanella polystoma Bermudez [S]--26 meters

Cassidulina subglobosa Brady [Wi]--40 meters

Cibicides bradyi (Trauth) [S]--42 meters

Cibicides concentricus (Cushman) [M]--20 to 45 meters
[L]

Cibicides mollis Phleger and Parker [Wi]--18 to 41
meters

Discorbis floridanus Cushman [Wi]--18 meters

Discorbis lomaensis (Bandy) [Wi]--22 meters (referred
by Wilcoxin to Rotorbinella)

Elphidium clavatum Cushman [Mu] [S]--16 to 57 meters

Elphidium discoidale (d'Orbigny) [Wi]--18 to 41 meters

Elphidium limatulum Copeland [Wo]l--16 to 17 meters

Elphidium rugulosum Cushman and Wickenden [Wi]--30
meters

Elphidium subarcticum Cushman [Wi]--18 to 30 meters

Florilus grateloupi (d'Orbigny) [Mu]--30 meters [L]

Florilus atlanticus (Cushman) [Wi]--24 to 26 meters
(assigned to Nonionella by Wilcoxin)

Fursenkoina sp. [Mul]l--30 to 45 meters [L]

Hanzawaia concentrica (Cushman) [S] [Wi]--18 to 33
meters

Planulina exorna Phleger and Parker [Wi]--40 to 41
meters

Planulina ornata (d'orbigny) [S]--29 to 42 meters

Rosalina spp. [Mul]--20 to 35 meters [L]

Stetsonia minuta Parker [Mul]--30 to 35 meters [L]

Trifarina angulosa (Williamson) [Mul--20 to 45 meters
[L]

Trifarina bradyi Cushman [Wi]--30 meters

Outer Shelf North of Cape Hatteras
Arenaceous
Reophax atlanticus (Cushman) [S]1--70 to 90 meters [L]
Tholosina vesicularis (Brady) [C]--122 meters
Porcellaneous--no common to abundant species reported

Hyaline
Planktic
Globigerina borealis (Brady) [S]--70 to 140 meters
(assigned by Schnitker to G. pachyderma. See
Taccarino, 1985, p. 300)
Globigerina bulloides d4'Orbigny [S]--70 to 140 meters
Globigerinoides ruber (d'orbigny) [S]1--70 to 120
' meters
Globorotalia inflata (d'Orbigny) [S]--70 to 140 meters
(assigned to Globigerina by Schnitker)
Neogloboquadrina dutertrei (d'Orbigny) [S]--120 meters
(assigned to Globigerina by Schnitker)
Benthic

Bulimina marginata 4'Orbigny [S]--70 to 140 meters
Cancris sagra (d'Orbigny) [S]--90 meters
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Cibicides pseudoungerianus (Cushman)--70 meters

Elphidium clavatum Cushman [S]--70 to 140 meters

Islandiella subglobosa (Brady) [S]--70 to 140 meters

Robulus orbicularis d'Orbigny ([S]--70 to 120 meters
(assigned to Lenticulina by Schnitker)

Outer Shelf South of Cape Hatteras
Arenaceous--no common or abundant species reported
Porcellaneous
Quingueloculina seminula (Linné) [S]--70 to 122 meters
Hyaline
Planktic
Globigerina bulloides d'Orbigny [S]--75 to 159 meters
Globigerinoides ruber (d'Orbigny) [S] [Wi]--65 to 159
meters
Globigerinoides sacculifera (Brady) [Wi]--145 meters
Globigerinoides trilobus (Reuss) [S]--75 to 125 meters
Globigerinita glutinata (Egger) [S]--75 meters
Globorotalia menardi (d'Orbigny) [S] [Wi]--140 to 145
meters
Neogloboguadrina dutertrei (d'Orbigny) [S] [Wi]l--65 to
122 meters (Schnitker put the species 1in
Globigerina. See TIaccarino, 1985. Wilcoxin
recognized the synonym Globigerina eggeri
Rhumbler. See Bolli and Saunders, 1985, p. 211)

Benthic
Amphistegina lessoni d'Orbigny [S]--70 meters
Angulogerina angulosa (Williamson) [Wi]--145 meters
Brizalina paula (Cushman and Cahill) [Wi]--145 meters

(placed in Bolivina by Wilcoxin)

Cassidulina subglobosa Brady [Wi]--145 meters
Elphidium clavatum Cushman [S]--65 to 159 meters
Hanzawaia concentrica (Cushman) [S]--65 to 122 meters
Islandiella subglobosa (Brady) [S]--155 meters
Rosalina globularis d'Orbigny [S]--125 meters

Upper Continental Slope
Arenaceous
Clavulina flintia Cushman [C]--218 meters
Cyclammina compressa Cushman [C]--943 meters
Psammosphaera fusca Schultze [C]--305 meters
Tholosina vesicularis (Brady) [C]--260 meters
Porcellaneous
Pyrgo subsphaerica (d'Orbigny) [Wi]--483 meters
Quingueloculina seminula (Linné) [Wi--338 to 669 meters
Hyaline
Planktic
Globigerina borealis (Brady) [Wi]--338 meters (Placed
by Wilcoxin in G. pachyderma. See Iaccarino,
1985, p. 300)
Globigerina bulloides d'Orbigny [Wi]--669 to 793
meters
Globigerina dubia Egger [C]--260 meters
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Globigerinoides conglobatus (Brady) [C]--260 meters
(Cushman put the species in Globigerina)

Globigerinoides ruber (d'Orbigny) [C] [Wi]--260 to 793
meters

Globigerinoides sacculifera (Brady) [C] [Wi]--260 to
793 meters

Globorotalia inflata (d'orbigny) [C]--260 to 943
meters (Cushman put the species in Globigerina)

Globorotalia menardi (d'Orbigny) [C] [Wi]--307 to 752
meters

Globorotalia truncatulinoides (d4'Orbigny) [Wi]--483
meters

Hastigerina aequilateralis (Brady) [c] [Wi]=-=-307 to
752 meters

Neogloboquadrina dutertrei (d'orbigny) [Wi]--338 to
752 meters (Wilcoxin put the species in
Globigerina and also recognized the synonym
Globigerina eggeri Rhumbler. See Bolli and
Saunders, 1985, p. 211)

orbulina universa d'Orbigny [C]--260 to 307 meters

Pulleniatina obliquiloculata (Parker and Jones) [c]
Wi]--307 to 752 meters

Benthic

Angulogerina angulosa (Williamson) [Wi]--338 to 752
meters

Brizalina paula (Cushman and Cahill) [Wi]--483 to 793
meters (put in Bolivina by Wilcoxin)

Bulimina marginata 4'Orbigny [Wi]--752 meters

Cassidulina subglobosa Brady [Wi]--483 to 793 meters

Cibicides mollis Phleger and Parker [Wi]--338 meters

Marginulina bachei Bailey [C]--218 meters

Planulina ariminensis d'orbigny [Wi]--338 to 752
meters

Reussella atlantica Cushman [Wi]--752 meters

Robulus lucidus (Cushman) [C]--218 meters (assigned to
Cristellaria by Cushman)

Robulus occidentalis (Cushman) [Wi]--338 meters

Uvigerina hispidocostata Cushman and Todd [Wi]--752 to
793 meters

Lower Continental Slope
Arenaceous
Astrorhiza angulosa Brady [C]--2982 meters
Astrorhiza arenarea Norman [C]--1241 to 1428 meters
Bathysiphon discreta (Brady) [C]--1241 meters (placed in
Rhabdammina by Cushman)
Bathysiphon filiformis Sars [C]--1241 to 1428 meters
Crithionina pisa Go¥s [C]--1241 to 1428 meters
Cyclammina compressa Cushman [C]--1541 to 1715 meters
Cyclammina pauciloculata Cushman [C]--1172 to 1441 meters
Discammina compressa (Go8s) [C]--1172 meters (Cushman
identified this species as Haplophragmoides emaciatum
(Brady). See Barker, 1960, p. 68)
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Haplophragmoides subglobulosum Sars [C]--1172 meters
Martinottiella communis (d'Orbigny) [C]--1172 meters
(Cushman placed the species in Clavulina)
Proteonina difflugiformis (Brady) [C]--1715 meters
Reophax dentilinaformis Brady [C]--1172 meters
Rhabdammina cornuta (Brady) [C]--1541 meters
Rhizammina indivisa Brady [C]--1431 meters
Saccammina sphaerica Sars [C]--1172 meters
Valvulina conica (Parker and Jones) [C]--1172 to 1541
meters
Porcellaneous--no common or abundant species reported
Hyaline
Planktic
Globigerina dubia Egger [C]--1172 to 1715 meters
Globigerinoides conglobatus (Brady) [C]--1172 to 1715
meters (Cushman put the species in Globigerina)
Globigerinoides ruber (d'Orbigny) [C]--1715 meters
Globigerinoides sacculifera (Brady) [C]--1715 meters
(Cushman put the species in Globigerina)
Globorotalia inflata (d'Orbigny) [C]--1172 to 1715
meters
Globorotalia menardi (d'Orbigny) [C]--1441 meters
Globorotalia tumida (Brady) [C]--1441 meters
Orbulina universa d'orbigny [C]--1172 to 1715 meters
Benthic
Bulimina inflata Seguenza [C]--1441 meters
Bulimina marginata d4'Orbigny [C]--1172 meters
Globobulimina pyrula (d'orbigny) [C]--1715 meters
(Cushman put the species in Bulimina)
Cibicides pseudoungerianus (Cushman) [C]--1441 meters
Uvigerina peregrina Cushman [C]--1441 to 1715 meters

Continental Rise
Arenaceous
Hormosina globulifera Brady [C]--3739 meters
Trochammina globulosa Cushman [C]--3739 meters
Trochammina subturbinata Cushman [C]--3739 meters
Porcellaneous--no common or abundant species reported
Hyaline
Planktic
Globigerina bulloides d'Orbigny [C]--3739 meters
Globigerina dubia Egger [C]--3739 meters
Globigerinoides conglobatus (Brady) [C]--3739 meters
(Cushman put the species in Globigerina)
Globigerinoides ruber (d'orbigny) [C]--3739 meters
Globigerinoides sacculifera (Brady) [c]--3739 meters
(Cushman put the species in Globigerina)
Globorotalia inflata (d'Orbigny) [C]1--3739 meters
Globorotalia menardi (d'Orbigny) [C]--3739 meters
Globorotalia truncatulinoides (d'Orbigny) [C]--3739
meters
Globorotalia tumida (Brady) [C]--3739 meters
Orbulina universa d'orbigny [C]--3739 meters
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Benthic--no common or abundant species reported

Hatteras Abyssal Plain
Arenaceous--no common or abundant species reported
Porcellaneous--no common or abundant species reported
Hyaline
Planktic
Globigerina dubia Egger [C]--4592 to 5391 meters
Globigerinoides sacculifera (Brady) [C]--4592 to 4706
meters (Cushman put the species in Globigerina)
Globorotalia hirsuta (d'Orbigny) [C]--4706 meters
Globorotalia menardi (d'oOrbigny) [C]--4592 to 4706
meters
Globorotalia truncatulinoides (d'Orbigny) [C]--3739
meters
Globorotalia tumida (Brady) [C]--3739 meters
Orbulina universa d'orbigny [C]--3739 meters
Pulleniatina obligquiloculata (Parker and Jones) [C]--
5391 meters
Benthic--no common or abundant species reported







NOAA-NURP Rept. 89-2, 1989 231

CONTINENTAL SHELF MOLLUSCAN ZOOGEOGRAPHY OF NORTH AND SOUTH
CAROLINA

Hugh J. Porter
Institute of Marine Sciences
University of North Carolina
Morehead City, North Carolina 28557

ABSTRACT

The marine molluscan fauna of North and South Carolina is
re-examined in relation to recent collections and zoogeographic
literature on Middle Atlantic Bight fauna. Its mollusca are
described belonging to the Arctic-Boreal, Boreal, Transhatteran,
Carolinian, Caribbean, Bathyal, and Abyssal provinces. Of these
the fauna of the Carolinian, Caribbean, and Boreal in these
waters is imperfectly known.

About 1550 different kinds of mollusca are known from
marine and estuarine waters of North and South Carolina. Recent
common mollusca are listed by province. Molluscan habitat and
feeding types frequently found within each province are
discussed.

The Transhatteran province in North and South Carolina
waters is characterized by and found along a southern flowing
nearshore current. Offshore of these same waters, the Caribbean
province is found along the northward flowing Gulf Stream. The
Carolinian province occurs between these currents over the mid-
shelf area. There the waters move in an on-shore off-shore
counterclockwise direction. Flushing time of these waters is
believed sufficient to permit larvae spawned there to
metamorphosis in the same waters and thus perpetuate the local
Carolinian province fauna. Where both currents and associated
provinces interact with the Carolinian mid-shelf fauna,
considerable overlapping of province faunas takes place.

INTRODUCTION
Recent molluscan papers by Franz and Merrill (1980a and

1980b) effectively redefined the zoogeography of the continental
shelf area north of Cape Hatteras wusing the following faunal

groupings: Arctic-Boreal, Boreal, and Transhatteran. These
were based on minimum and maximum depth ranges, geographical
ranges, and geological origin. They further discussed the

relationship of these regions to the Boreal, Carolinian,
Transatlantic, and Virginian regions of Coomans (1962) and
Johnson (1934). The 1latter authors had Cape Hatteras as a
southern boundary of the Virginian region and the northern
boundary of the Carolinian region. The Transatlantic region of
Franz and Merrill (1980a and 1980b) was now designated to
include species, not having the cape as its northern or southern
boundary, but including species occurring from New England
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waters south into Florida and New Mexico waters. Differences
between Transhatteran, Carolinian, and the Caribbean provinces
were not examined by Franz and Merrill (1980a and 1980b).

Cerame-Vivas and Gray (1966) divided the North Carolina
marine area into three biogeographic provinces: Virginian,
Carolinian, and Tropical [Caribbean]. Relative areas covered by
these faunal provinces were additionally illustrated by Abbott
(1968). Cerame-Vivas and Gray recognized that Cape Hatteras was
more a barrier between the Virginian and Tropical provinces than
it was Dbetween the Virginian and Carolinian. The barrier was
described in terms of water temperature differences, coastal
current circulation, and the temperature-current inter-
relationships of larval-adult survival, reproduction, and larval
drift patterns. Intrusions of Virginian or Florida currents
over this barrier caused species to overlap into provinces north
or south of their viable ranges. The Carolinian and Tropical
provinces were thought to be separable and existing as distinct
areas. However, statistical analysis of samples, taken along a
transect just south of Cape Hatteras (near Cape Lookout) from 0-
200 m depth by Day et al. (1971), was unable to confirm a
separation between the Carolinian and Tropical (Caribbean)
provinces of Cerame-Vivas and Gray. Johnson (1934) and later
Rehder (1954) pointed out that the area of transition between
the Carolinian and Caribbean provinces was mainly speculative.

This paper attempts to: redefine or separate the
Transhatteran, Carolinian, and Caribbean faunal provinces off
the coast of the Carolinas, to identify their major molluscan
elements in those waters, and discuss faunal interrelationships
within them.

Menzies et al., 1973 1is followed 1in use of the terms
"faunal province" and "faunal zone"; faunal province is defined
as a major division of a realm and faunal zone as a subdivision
of a province.

METHODS

North Carolinian molluscan records in the UNC-IMS mollusk
collection that resulted from efforts aboard the R/V's ADVANCE
II, CAPE HATTERAS, DAN MOORE, EASTWARD, ENSIGN, MACHAPUNGA,
OREGON, CAPRICORN, etc. plus a number of offshore commercial
trawlers from dredge, trawl, scuba, echinoderm stomach samples,
etc. are the initial data base (Porter, 1947b). Added to that
data base are North and South Carolina records published since
1974 or not previously included, such as: Abbott, 1974; Emerson
and Jacobson, 1976; Eyster, 1980; Merrill and Petit, 1965;
Mikkelsen and Mikkelsen, 1984; Porter, 1974a; Porter and Safrit,
1981; Porter and Schwartz, 1981; Rehder, 1981; Rios, 1975;
Scheltema, 1985; Schwartz and Porter, 1976; Shoemaker et al.,
1978. A 1987 summarization of North and South Carolina mollusks
housed in the UNC-IMS collection, along with approximate numbers
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of collections per species; minimum and maximum collection
depths of each live-collected and non-live collected material
for each species, geographical range, and North and South
Carolina published depths are included. The latter follow
Abbott, 1974; Emerson and Jacobson, 1976; Franz and Merrill,
1980a; Merrill et al., 1978; Porter, 1974b; Rehder, 1981 plus
specific citations as noted in Tables 1, 3-6.

Taxonomic order follows Vaught (1989). Genus and species
generally follow Turgeon et al. (1989).

Depth zone categories - <0-10 (m); 11-45; 46-80; 81-100;

101-246; 247-445; 446-940; >940 (note Tables 1,3-6) - were
modified from those used by Franz and Merrill (1980a) and
Menzies et al. (1973). General habitat and feeding type was

included where possible for each species.

Molluscan density records of species found in the Carolina
coastal region are not available from the UNC-IMS collection.
As an alternative density each species was assigned a given
rating equal to the product of the number of its occurrences in
the UNC-IMS collection and estimated number of original
published records in North or South Carolina for it. The latter
was based on the number of original citations per species in
Porter, 1974b and recorded since then.

All species were assigned to one of four density
categories, based on the density rating of each. Density values

and their category were: <3 non-recent = "vr" [very rare]; 3-5
(2-5 1if recent live collection or publication) = "s" [scarcel;
6-20 = "c" [common]; >20 = "a" [abundant]. Density values were

set so that each zoogeographic fauna would contain some of each
density and that density categories would reflect this author's
knowledge of the molluscan fauna in the Carolinas.

Each species was assigned to one or more of the following
faunal provinces:

Arctic-Boreal

The Arctic-Boreal province occurs north of Newfoundland,
its southern limits are near Cape Cod, although about 25% of the
fauna occurs farther south in deeper waters. It contains
amphiatlantic and North Pacific species arising during late
Pliccene to early Pleistocene (Franz and Merrill, 1980b) and
contains a large proportion of species of deep-water
capabilities (7.7% <101 m maximum depth and 76.9% having maximum
depths >200 m - data, Franz and Merrill, 1980a).

Boreal

The Boreal province, Cape Cod to Cape Hatteras, contains
transarctic migrants from the Pliocene, amphiatlantic species,
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and endemic species from the Miocene (Franz and Merrill, 1980b).
Most species occupy 100-200 m depths (25.0% <101 m maximum depth
and 28.6% with maximum depths over 200 m - data, Franz and
Merrill, 1980a). Assignment of a species to either the Arctic-
Boreal or Boreal provinces was difficult when its northern
boundary was north of Cape Cod, 1its southern boundary was near
Cape Hatteras, and when paleontological history was not known.

Transhatteran

Molluscan members of this province range north to the Gulf
of St. Lawrence and south of Cape Hatteras. No Pacific or
amphiatlantic species are present. Geologically, these species
are closely related with or derived from warm-temperate American

Miocene species (Franz and Merrill, 1980b). Populations are
maintained in thermally unstable, shallow waters north and south
of Cape Hatteras (Franz and Merrill, 1980a). Depth data (Franz

and Merrill, 1980a) indicates that the Transhatteran province
occupies almost equally all depth categories: <10 m, 8.8%; 10-
50 m, 19.1%; 51-100 m, 29.4%; 101-200 m, 16.2%; >200 m, 26.9%.
Franz and Merrill (1980a) further divided the Transhatteran into
two subgroups: #2 had northern 1limits north of Cape Cod and
frequently was from shallow waters; #1 had its northern limits
south of Cape Cod and generally was found at depths deeper than
at #2.

Carolinian

The northern limit of this province is Cape Hatteras. Its
range extends southward to near Palm Beach or St. Lucie Inlet
near Stuart, Florida and then reappears north and west of Tampa
or Cedar Keys in the Gulf of Mexico (Work, 1969). 1Initially,
mellusks south of Cape Hatteras, found inshore of the
Lithothamnion reef (80-100 m depth, Menzies et al., 1973) and
not Transhatteran, were characterized here as Carolinian.
Later, this outer depth boundary was moved inshore to a 62 m
depth, approaching the 50 m depth Carolina Capes shelf break
(Pietrafesa et al., 1985).

Caribbean

The Caribbean province lies south of Cape Hatteras over a
80-100 m depth Lithothamnion reef influenced by the Gulf Stream.
Its fauna was considered by Menzies et al. (1966) to be a
submerged tropical shelf faunal =zone. Inshore and offshore
depth boundaries are 62 and 246 m. The area offshore of the
reef to about a 246 m depth, is called the "outer shelf"
(Menzies et al., 1973) and species therein are believed to be
Caribbean. Lyons and Collard (1947) believed one of the major
differences separating the Carolina and Caribbean faunas was
that the Carolinian is mainly a soft substrate inhabiting group,
whereas, the Caribbean is a hard substrate fauna.
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Bathyal
Inshore and offshore boundaries of the Bathyal faunal
province are designated as 247 and 940 m depths. Quinn (1979)

lists an Upper Bathyal 2zone at 180-1000 m depth. A somewhat
similar area at 445-940 m depths off the Carolinas is called an
"Archibenthal zone of Transition" (Menzies et al., 1973).
Quinn's (1979) designation is used here in preference to the
"zone of transition" of Menzies et al. zone of transition.
Species in this province have, I believe, a northern boundary
near Cape Hatteras.

Abyssal

The Abyssal province includes all species reported from
depths >940 m. Menzies et al. (1973) considered this depth as
the beginning of the "Upper Abyssal" province off the Carolinas.
Some species reported from almost all depths, designated here as
Abyssal, may be questioned. This and the Bathyal provinces were
represented by few collections in the UNC-IMS collection.

Endemic

Species labeled endemic were Kknown from few specimens and
from waters only off +the Carolinas; as such, this distribution
generally precluded assignment of them of a faunal province.

RESULTS

A total of about 1550 different marine mollusca (in 220
families) are known from the waters off the Carolinas. Species
recorded from live collections having densities "a" and "c",
unless otherwise noted, are 1listed in Tables 1, 3-5 (420
species). Species listed as "Characteristic" of their province,
are species considered most common and not of questionable
status in their province. Species having a "s" density or "a"
and "c¢" densities but not collected alive are listed at the
addendum at the end of this paper - this includes an additional
515 species. An additional 600+ species having a "vr" density
can not be listed because of space limitations of this paper.

Percent species by faunal province is indicated in Table 7.
Substantial overlap o©of depth-zonal fauna into neighboring depth
zones >247 m depth is indicated (Figures 1-3). Depth data south
of Cape Hatteras was restructured to have a break at 62-63 m
instead of at 80-81 m so as to provide a better separation point
between the Carolinian and Caribbean provinces than was present
at the 80-81 m depth. Restructured bivalve data of 63-100 and
101-246 m depth zones was similar but different from the 11-62 m
data. Gastropod data had a closer relationship between the 63-
100 and 101-246 m depth zones than between the 11-62 and 63-100
m zones (Figure 3).
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The percentage of total species in each density category
is: "vr" = 46%; "s" = 33%; "c" = 12%; and "a" = 10% (Table 8).
Density percentage values are different when only 1live-
collected species are considered [live-collected = species that
have been collected alive at least once from Carolina waters].
There, percentages for "s", "c", and "a" are nearly equal and
the value for "vr" 1is considerably less than the other three.
This value is expected, for, generally if a species has been
collected alive, it has sufficient density points to raise it
above the "vr'" density category.

Arctic-Boreal and Boreal Provinces

There were not enough Arctic-Boreal species from Carolina
waters to show a depth habitat difference from Boreal species
also from the Carolina waters (Table 1). Boreal gastropods were
spread throughout the depth range with most occurring in depths
<81 m. The Bivalvia may occur in deeper depths than the
gastropods (Table 1). The few characteristic Arctic-Boreal
species are: BUCCINIDAE: Colus pubescens; YOLDIIDAE: Yoldia
sapotilla; and MYTILIDAE: Modiolus modiolus.

Characteristic Boreal species are: BUCCINIDAE: Colus
stimpsoni; HAMINEIDAE: Haminoea solitaria; YOLDIIDAE: Yoldia
limatula; MYTILIDAE: Mytilus edulis; TELLINIDAE: Macoma

balthica; VENERIDAE: Pitar morrhuanaus; MYIDAE: Mya arenaria;
and LYONSIIDAE: Lyonsia hyalina.

Transhatteran Province

Transhatteran species occupy primarily depths <101 m, with
highest numbers <11 m depth (Table 3). This differed from Franz
and Merrill (1980a) data where the species were found equally
throughout all depths. Franz and Merrill also recorded that
their Transhattern #1 species were generally found in deeper
depths than were those of Transhatteran #2. There does not seem
to be any depth differences between the Carolina Transhatteran
#1 or #2 species (Table 3). Differences between the data of
Franz and Merrill and the data presented in this paper may be
partly a function of sampling differences.

Characteristic live-collected Transhatteran faunal species
(densities: "a", "c") listed on Table 3 include: Transhatteran
#1 - TISCHNOCHITONIDAE: Chaetopleura apiculata; FISSURELLIDAE:

Diodora cayenensis; LITTORINIDAE: Littorina irrorata;
CREPIDULIDAE: Crepidula fornicata, C. plana; NATICIDAE:
Polinices (Neverita) duplicatus; CERITHIOPSIDAE: Seila adamsi;
MURICIDAE: Eupleura caudata; COLUMBELLIDAE: Anachis
(Constanachis) avara, Mitrella lunata; MELONGENIDAE: Busycon
carica, B. sinistrum, Busycon (Busycotypus) canaliculata;
PYRAMIDELLIDAE: Odostomia (Boonea) impressa; ACTEONIDAE:
Rictaxis punctostriatus; OCTOPODIDAE: Octopus vulgarus;

NUCULANIDAE: Nuculana acuta; ARCIDAE: Anadora ovalis;
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MYTILIDAE: Ischadium recurvum; PECTINIDAE: Chlamys
(Axrgopecten) irradians concentricus; CARDIIDAE: Laevicardium
mortoni; TELLINIDAE: Macoma tenta; SEMELIDAE: Abra lioica;
PSAMMOBIIDAE: Tagalus divisus; DONACIDAE: Donax roemeri
protracta; and CORBULIDAE: Corbula contracta.

Transhatteran #2 - CERITHIIDAE: Bittium varium;
NATICIDAE: Natica pusilla; MURICIDAE: Urosalpinx cinerea;
COLUMBELLIDAE: Anachis (Costanachis) lafresnayi; NASSARIIDAE:
Ilyvanassa obsoleta; PYRAMIDELLIDAE: Odostomia (Boonea)
seminuda; LOLIGINIDAE: Loligo pealeii; SOLEMYIDAE: Solemya
velum; NUCULIDAE: Nucula proxima; MYTILIDAE: Geukensia
demissa; OSTREIDAE: Crassostrea virginica; MACTRIDAE: Mulinia
lateralis; CULTELLIDAE: Ensis directus; VENERIDAE: Gemma
gemma, Mercenaria mercenaria; and PETRICOLIDAE: Petricola
phecladiformis.

Carolinian and Caribbean Provinces

Characteristic Carolinian live-collected species
{densities: "a", "c") from off the Carolinas (Table 4) include-
TROCHIDAE: Calliostoma pulchrum; TURBINIDAE: Turbo castanea;
PHASIANELLIDAE: Tricolia thalassicola; CERITHIIDAE: Obtortio

adamsi; EULIMIDAE: Melanella conoidea, Niso aeglees,
Strombiformis auricinctus; STROMBIDAE: Strombus alatus;

TRIVIIDAE: Trivia maltbiana; TONNIDAE: Tonna galea; MURICIDAE:
Chicoreus florifer dilectus, C. (Phyllonotus) pomum, Hexaplex
(Muricanthus) fulvescens, Murexiella levicula; BUCCINIDAE:
Pisania tincta; FASCIOLARIIDAE: Fasciolaria lilium hunteria;
OLIVIDAE: Oliva sayana; MARGINELLIDAE: Marginella
aureocinctus; TEREBRIDAE: Terebra concava; TURRIDAE:
Cerodrillia simpsoni, Cryoturris citronella, Kurtziella rubella,
Nanodiella oxia; ARCIDAE: Anadara floridana, Arca zebra,
Barbatia candida, B. domingensis; MYTILIDAE: Brachidontes
exustus, Lithophaga aristata, L. bisulcata, Modiolus americanus,
Musculus 1lateralis; PTERIIDAE: Pteria colymbus; CHAMIDAE:
Arcinella cornuta; CARDIIDAE: Laevicardium laevigatum,
Trachycardium egmontianum; MACTRIDAE: Spisula raveneli;
TELLINIDAE: Tellina aequistriata, T. sybaritica; SEMELIDAE:
Semele proficua; VENERIDAE: Callista (Macrocallista) nimbosa;
and PHOLADIDAE: Martesia cuneiformis.

Caribbean - TROCHIDAE: Microgaza rotella inornata;
CERITHIIDAE: Litiopa melanostoma; CYPRAEIDAE: Cypraea spurca
acicularis; NATICIDAE: Polinices lacteus; RANELLIDAE; Distorsio
constricta mcgintyi; OLIVIDAE: Olivella watermani; PECTINIDAE:
Chlamys benedicti; TELLINIDAE: Tellina americana; VENERIDAE:
Callista eucymata, Chione cancellata mazycki, C. litilirata,
Pitar fulminatus; and DENTALIIDAE: Dentalium lagqueatum.

Bathyal and Abyssal Provinceé

Characteristic 1live-collected Bathyal and Abyssal faunal
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species (densities: "a", "c¢", and "s"; Table 5 include ["s" and
several "vr" densities included as provinces represented less
than 1% of all samples in UNC-IMS collection]: Bathyal
RISSOIDAE: 2?Alvania syngenes [density = vr]; CASSIDAE: Qocorys
sulcata; BUCCINIDAE: Mohnia carolinensis? [density = vr];

TURRIDAE: Drillia cf. oleacina; PYRAMIDELLIDAE: Pyramidella
lissa; and CUSPIDARIIDAE: Cardiomya costellata?.

Abyssal - TROCHIDAE: Solariella infundibulum, SKENEIDAE:
Ganesa proxima?; BUCCINIDAE: Colus obesus, ?Mohnia caelatulus;

TURRIDAE: Gymnobela agassizii, Oenopota subvitreus,
Pleurotomella atypha, P. Dbairdii; LIMACINIDAE: Limacina
inflata, L. 1lesueurii; CAVOLINIIDAE: Clio recurva, Creseis
acicula, C. wvirgula, Diacria guadridentata, D. trispinosa,
Hyalocylix striata; PERACLIDAE: Peracle reticulata, P.

triacantha; ARGONAUTIDAE: Argonauta argo; MALLETIIDAE: Malletia
obtusa; SEMELIDAE: Abra longicallis americana; and DENTALIIDAE:
Dentalium meridionale verrilli.

Endemic and Other Faunas

There are 17 endemic 1live-collected species known from
Carolinian marine waters, see Table 6 for listing of them. The
total number of endemic species from Carolinian province waters
is 63 if mollusks known from dead shell are included.

At least 110 species (including three live-collected forms)
could not be assigned to any faunal province. . There were also
44 pelagic species of world-wide distribution which could not be
assigned to any faunal province. Most of these and all of the
unknown fauna species were of "s" or "vr" densities.

Range Extensions

One Arctic-Boreal and three Boreal province species (Table
1) were recorded with new southern ranges: MYTILIDAE: Modiolus
modiolus; PYRAMIDELLIDAE: Odostomia (Boonea) bisuturalis, o.
(Fargoa) gibbosa; and NUCULIDAE: Nucula delphinodonta.

Nine Carolinian and Caribbean province species (Table 4)
with new northern ranges are: EULIMIDAE: Melanella conoidea;
BUCCINIDAE: Engina corinnae; OLIVIDAE: Olivella pusilla, O.
watermani, MITRIDAE: Mitra fulgurita?; TURRIDAE: Cryoturris
fargoi, Mangelia (Glyphoturris) rugirima; PYRAMIDELLIDAE:
Odostomia emeryi; and PECTINIDAE: Chlamys benedicti.

Another possible 14 range extensions are within the "g"
density species listed in the Addendum.

Overlapping Provinces

Total species occurrences (2121), number of species per
faunal group, and density per faunal group are recorded in Table
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8. As mentioned earlier, 1548 different species are recorded
off North and South Carolina waters. The difference is caused
by species with dual faunal province affinities (=overlap). Of

known species collected alive, the .Carolinian province has the
highest density (39%) of total species <collected alive (Table
8). The combined Transhatteran fauna has the second highest
density followed <closely by the Caribbean fauna. Of the total
known fauna, the Caribbean has the highest density (29%)
followed closely by the Carolinian, Abyssal, and then the
Transhatteran faunas. The Arctic-Boreal and Bathyal faunas had
the lowest density of living and total faunal species.

Little change was present in the above density order if the
species were considered by their faunal or overlapping faunal
provinces (Table 7). The "Carolinian + Caribbean'" group however
was third and fourth highest in density when 1live collected and
total species were considered. Twenty-six percent of both live-
collected and total species groups were 1in overlapping faunal
provinces.

Molluscan species present in Carolina waters north of Cape
Hatteras are composed of: Arctic-Boreal - 5%, Boreal - 14%,
Transhatteran - 30%, Abyssal - 40%, and Endemic - 4%. An
additional 8% (5% Carolinian and 3% Caribbean) are
representatives north of their expected range. Species south of
Cape Hatteras are: Transhatteran - 16%, Carolinian - 22%,
Caribbean - 29%, Bathyal - 6%, Abyssal - 21%, and again Endemic
- 4%; 3% (1% Arctic-Boreal and 2% Boreal) are species south of
their geographic range (Table 9). Of total Carolinian Arctic-
Boreal and Boreal species, 27 and 38% were south of Cape
Hatteras (83 and 75% of 1live-collected, "a" and "c¢" density
species). Only 14% of the Carolinian and 6% of the Caribbean
species ranged north of Cape Hatteras (23 and 22% of live-
collected, "a" and "c" density species).

Habitat and Feeding Tvypes

Percent habitat and feeding types by faunal province for
the Gastropoda and the Bivalvia, where known, are listed on
Tables 10 and 11. Similar data on Polyplacophora, Scaphopoda,
and Cephlopoda are not included as North and South Carolina
representatives have few living species of each.

DISCUSSION

Separation of Arctic-Boreal, Boreal, and Transhatteran Provinces

What distinguishes the Carolina molluscan provinces from
each other so that they can be considered having unique,
perpetuating, but overlapping faunas?

The barrier affect of Cape Hatteras separating the cold
water provinces (Arctic-Boreal) of the Middle Atlantic Bight
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from the more southern provinces (Carolinian and Caribbean) of
the South Atlantic Bight has been thoroughly discussed by many
including: Cerame-Vivas and Gray, 1966; Day et al., 1971; Franz
and Merrill, 1980b; Stefansson et al., 1971. Their discussions
document the role Cape Hatteras may play in effectively
deflecting the southern-flowing Labrador or Virginian Current
seaward, confining most Arctic-Boreal and Boreal species and
their larvae in waters to the north of Cape Hatteras.

Depth separable characteristics of Arctic-Boreal, Boreal,
and Transhatteran mollusca of the Middle Atlantic Bight (Franz
and Merrill, 1980b) were generally not repeated in the molluscan
fauna of the Carolinas. Bivalves of Arctic-Boreal and bivalves
and gastropods of Transhatteran provinces had a greater
proportion of species in depths shallower than those given by
Franz and Merrill (1980a) for similar provinces (Tables 1, 3).
Franz and Merrill (1980a) listed most Boreal mollusks from 100-
200 m depths; however, most Carolina Boreal species were from
waters <101 m depths. Carolina Transhatteran species were
restricted to more shallow waters than Carolina Arctic-Boreal or
Boreal and Transhatteran species of Franz and Merrill.

Separation of Carolinian and Caribbean Provinces

North of the Carolinas, Carolinian species are recorded at
26-156 m depths (Merrill et al., 1978). The fauna has been
characterized as temperate, eurytolerant, and having few hard
substrate species (Lyons and Collard, 1974). Porter and Safrit
(1981) delineated it to nearshore estuarine waters and
containing species not dependent upon larval drift from
Caribbean waters for population recruitment. Separation of the
Caribbean and "Gulf-Atlantic shelf [Carolinian]" provinces from
each other occurred during the early Paleocene (Givens, pers.
comm.). Separation continued thru the middle Eocene and was
affected by marine transgressions attributed to rising and
falling of sea level and the more turbid, cooler, slightly less
saline waters present above the "Florida-Georgia cut" than in
the Caribbean waters south of the cut. This separation has
continued through succeeding periods. The Gulf-Atlantic shelf
province of Givens may include elements of the Transhatteran
province.

Carolinian and Caribbean province molluscan faunas can not
be separated precisely by depth characteristics using the data
presented here. Forty-one percent of species with depth faunas
characterized as Carolinian overlapped depths faunas of species
characterized as Caribbean (living molluscan species only); 66%
of the species with Caribbean depth faunal affinities overlapped
mollusks with Carollnlan depth faunal affinities (data developed
from Table 7).

The Caribbean fauna occurred slightly offshore of the
Carolinian (Figure 1). Depth zones faunas, <0-10 and 11-62 m,
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while different from each other, were also different or

separated from faunas of >63 m depth (Figure 3). Depth zone
faunas >62 m depth were not clearly separable from each other
(Figure 3). While Day et al. (1971) were unable to show a

difference between the Carolinian and Tropical provinces of
Cerame-Vivas and Gray (1966), they found faunal differences
between their depth =zone groupings of 3-20, 40-120, and 120-
>200.

The Carolinian fauna has been stated by Work (1969) to
extend southward to near Stuart, Florida and then reappear north
of Tampa in the Gulf of Mexico. Few published 1listings exist
for Carolinian 'Atlantic Coast molluscan species south of South
Carolina. A comparison is made here of the Gulf of Mexico and
Caribbean molluscan species to that of the Carolinas (Table 12).
The Gulf of Mexico faunal listings closely resemble
Transhatteran and Carolinian province 1lists in North and south
Carolina waters. More than 70% of the Gulf of Mexico species
could be categorized into either Transhatteran and Carolinian
faunal species, with 1less than 25% from the Carolinian +
Caribbean, Caribbean, and Bathyal areas. Further, over 46% of
the Gulf of Mexico species were also common or abundant ("a" or
"c" densities) in North and South Carolina waters.

A comparison was made of Caribbean mollusk species
collected from the Caribbean (Table 12). The percent of
Caribbean collected species occurring in the
Carolinian+Caribbean, Caribbean, and Bathyal provinces [off
Carolina coast] was considerably higher than the percent of Gulf
of Mexico species found in our Carolinian+Caribbean, Caribbean,
and Bathyal provinces (>38 wvs. <25%) (Table 12). A smaller
percentage of mollusks from the Caribbean were found in the
Transhatteran and Carolinian provinces (Table 12) than were
found in the Gulf of Mexico lists. Only 10-56% of the species
from the Caribbean were recorded as common or abundant in North
and South Carolina waters whereas 46-81% of the Gulf of Mexico
species were recorded ("a" - "c" densities) in waters of the
Carolinas. If most of the Caribbean collected mollusks, not
reported in waters off North and South Carolina (20[?], 42-74%
of total), are considered Caribbean, and if about half of
those that reach the Carolina waters might be considered of
Carolinian or Transhatteran faunal origin, then less than 25% of
the species reported in the Caribbean faunal lists overlap the
Transhatteran and Carolinianh provinces of ©North and South
Carolina. A comparison of the Carolinian+Caribbean zone species
groupings with published lists of Gulf of Mexico - Carolinian
species and UNC-IMS collection data, confirmed that many species
in the Carolinian+Caribbean list are not Caribbean but
Carolinian.
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Relationship of Circulation Within South Atlantic Bight to
Perpetuation of Molluscan Provinces

Any continuance of the faunal separation between provinces
is greatly dependent upon the ability of species within each
being able to perpetuate their existence within each province.
This is not a problem of molluscan species having non-pelagic
larval development, such mollusca include: Buccinidae, and the
genus Busycon (Robertson, 1974); Fasciolaridae, Prunum apicinum
(D'Asaro, 1970); and most of the Muriciadae (Radwin and
D'Atillio, 1976) - all represented by less than 4% of total
recorded species from Carolinian waters. Most mollusca,
however, reproduce through planktonic larval development
lasting, for some bivalve larvae, as short as one to two weeks
(Loosanoff and Davis, 1963; Castagna and Duggen, 1971) or longer
than three months for some gastropod larvae (Scheltema, 1971).
Continuance within a zoogeographic province of species
populations having planktonic development depends on where
oceanic currents have placed the larvae of these populations
when metamorphosis or setting of their larvae begins.

Scheltema (1971) demonstrated that gastropod larvae are
transported past the Carolinas by the Gulf Stream. Gulf Stream
water is of Caribbean origin with little contribution from other
sources (Stefansson et al., 1971). Gulf Stream water containing
larvae from spawnings of mollusca in the Caribbean are probably
the only means of continuance of the offshore Carolina Capes
Caribbean fauna. Spawn from Caribbean province mollusca off the
coast of the Carolinas are probably carried out to sea by the
Gulf Stream where few if any can undergo metamorphosis. If the
molluscan fauna from the shelf of the Carolinas is dependent on
the Gulf Stream for continuance of its existence, then this
fauna should be primarily Caribbean. It will be shown, however,
that the fauna present on the shelf within the Carolina Capes is
a fauna 1including many species not found in Caribbean waters, a
fauna here called the Carolinian. It has also been stated
(Givens, pers. comm.), that the very turbid waters of the Gulf-
Atlantic shelf province may have been a barrier to larvae from
clear Caribbean waters.
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