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PREFACE

The South Carolina Sea Grant Consortium, with support from the National Ocean Pollution Program Office of the
National Oceanic and Atmospheric Admmistiation, U,S. Department of Commerce, organized and managed a project
involving scientists from tbe Marine Resources Reseaidt Institute  SC Wildlife and Marine Resources Depsrtment! and
the Belle W. Baruch Institute  University of South Carolina! to characterize three South Carolina estuaries � Charleston
Harbor, North Inlet and Winyab Bay, Tbe results of this two-year study are presented in two vohnnes, each preceded by
an Executive Suttmttary.

Volume I inciudes the Executive Summary and detailed information and analyses for Charleston Hatbor, while Volume
II includes the Executive Summary and results for North Inlet and Winyab Bay,

Kevin B. Davis and Robert F. Van Dolah of the SC Wildlife and Marine Resources Department researched and wiote on
Charleston Harbor Estuary, The report on North Inlet and Winyab Bay was prepared by Ehzabeth R. Blood and F. kobu
Vernberg of the University of South Carolina The Executive Summary was prepared by M. Richard DeVoe of the SC
Sea Grant Consortium with the assistance of l atberine H, Doak AII documents were copyedited by Anne Miller
 University of South Carolina! and M. Richard DeVoe and word proofed by Cberyl Nybro  University of South
Carolina!.

The project investigators and slaff thank Dr. Larry Pugh, National Ocean Pollution ~yam ~ for his insight,
guidance and patience, without which this effort wouM have been most difhndt to complete.

This research was supported by the National Ocean Pollution Program Office, NOAA, U.S. DeIertment of Commerce,
under Grant Nos. NA85AA-D-SG121, Amendment 5 and NA90AA-D-SG790, Amendment 2, and the SC Sea Grant
Consoitium.

Cover Photo: Color composite based ou ~ TM ot the Charlestou Harbor estuary,
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INTRODUCTION

OB JECTIVES AND RATIONALE

Estuaries are an extremely important resource

which serve a multitude of often competing constitu-

encies. The over 850 estuaries located along the
nation's coasts serve as important nursery grounds

and habitat for a variety of finfish, shellfish, and

other aquatic organisms. The shores of estuaries are
also prime sites for cities, business and industry,
military facilities, and ports. Multiple uses of estuar-
ies are expected to intensify as more of the popula-
tion continues to move to the coastal areas.

Due, in part, to these increasing pressures, a
number of federal- and state-sponsored programs

 e.g., coastal zone management, fisheries manage-
ment, water quaIity standardization! were developed
in the late 1960's and early 1970's. Their underlying

goal is the protection and, in some cases, rehabilita-
tion of estuarine systems. It is paramount that infor-
mation on the complex interaction of physical, chemi-
cal, biological, and geological processes in estuaries
be developed to allow a better understanding of the
behavior of estuarine systems and improved capabil-

ity to manage them. Unfortunately, the diversity of
research efforts conducted in our nation's estuaries
has often been restricted along specific disciplinary

lines, and few comprehensive studies have been at-

tempted to date. As a result, estuarine management
has usually focused on specific sites and particular
needs, thus limiting evaluations of how effective
estuarine management efforts have been.

The overall goal of the project was to conduct a
systematic review and comparison of the long-term
trends �5-year period! in land and water use patterns

and biological and physical changes of Charleston
Harbor, North Inlet and Winyah Bay, three important
South Carolina estuarine systems, The analyses

sought to relate these trends to changes in pollutant
1

In a recent review of estuarine research, the

National Research Council's  NRC! Panel on Estua-

rine Research Perspectives indicated that although
estuarine systems are undergoing continuous change,
there are not many scientific studies which can ad-
equately demonstrate such changes in particular es-
tuaries  NRC 1983!. The Panel further stated that it
is difficult, if not impossible, to relate such changes,
if they can indeed be accurately documented, to
"some one or more causes, anthropogenic or other"

 NRC 1983!. They suggested that comparative stud-
ies of estuaries be conducted in urbanized areas and
in less-developed regions where climatic and topo-
graphic characteristics are similar to "provide an
insight into the long-term effects of anthropogenic
stresses in the absence of  or as a supplement to!

historical records"  NRC 1983!.

The South Carolina Sea Grant Consortium, with

support from the National Marine Pollution Program
Office  National Oceanographic and Atmospheric
Agency!, coordinated the development and imple-
mentation of a project involving researchers from
the Marine Resources Research Institute  SC Wild-
life and Marine Resources Department! aud the Belle

W. Baruch Institute for Marine Biology and Coastal

Research  University of South Carolina! to conduct a
characterization study and analysis of three South

Carolina estuaries.

concentration loadings and the resultant effects on

the living marine resources of the two systems. Spe-
cific objectives of this assessment were

�! to compile and synthesize data and informa-

tion sources available for the review period and,

where possible, evaluate long-term trends in land
and water use patterns, water quality, and living



aquatic resources for each estuary;

�! to where possible, correlate changes in his-
torical use patterns with observed effects on the

living marine resources; and

�! to compare the trends from each estuary in
a fashion which will be most useful to estuarine

managers and scientists.

Charleston Harbor, North Inlet, and Winyah

Bay estuaries are quite different with respect to hu-

man influence. The Charleston Harbor Estuary is

located midway along the South Carolina coastline

and is formed by the confluence of the Ashley, Coo-

per, and Wando rivers. The area surrounding the
harbor is heavily populated and highly developed,
with numerous urban, suburban, industrial, and mili-

tary sites. Sources of pollution to the estuary include,
for example, runoff from municipal and suburban

areas, septic tanks overflows, sewage discharges,
industrial outfalls, and runoff from agricultural areas

 Mathews et al, 1980!. However, far and above the
most significant environmental perturbation to af-

fect the Charleston Harbor Estuary was the diversion

of more than 80% of the Santee River flow to the

Cooper River in 1942  see Kjerfve 1976; RPI 1980!
and the recent rediversion of this water back into the

Santee River beginning in 1985  US Army Corps of

Engineers Santee Rediversion Project!.

The continual buildup of sediments which oc-

curs in the Charleston Harbor and its river tributaries

is derived from marsh erosion and requires mainte-

nance dredging and removal. The harbor basin is

usually dredged and maintained at a depth of 10.7 m.
Upon completion of the Charleston Harbor Deepen-
ing Project in 1995, this depth will increase to 12.2

lina, and is part of the 17,500-acre Hobcaw Barony
which is characterized by an estuarine-marsh com-

plex and upland forest. It is a relatively undisturbed
estuary; most of the marsh and adjacent uplands are

undeveloped and owned by private foundations which
have established these lands in perpetuity for conser-

vation and research. North Inlet, with intermittent

Freshwater input and little salinity stratification, is
classified as a IA estuary. An important aspect of

North Inlet is that the high quality of this area was

recognized by the Experimental Ecology Reserve

Project, TIE, which rated it at 98% for site quality.

The North Inlet system was also the first marine site

selected to participate in the National Science
Foundation's Long-Term Ecological Research Pro-

grarn  LTER!.

However, North Inlet Estuary faces future pol-

lution pressures from two primary sources: Winyah
Bay and coastal development activities. The Winyah
Bay watershed is approximately 18,000 mi'. Fresh-
water input into Winyah Bay estuary ranges from
2,000 to 100,000 cubic feet per second  cfs!, with a
mean runoff of 15,000 cfs. Water quality is influ-

enced by the City of Georgetown through the Sampit
River, which receives discharges from waste treat-

ment plants, a pulp mill, and a steel mill. Pollutant

Ioadings from the Pee Dee, Waccamaw, and Black

rivers into Winyah Bay are dominated by agricultural
runoff, with additional inputs from wastewater treat-

ment plants. Most importantly, however, about 20%
of the water exchange in North Inlet is through tidal

creeks associated with Winyah Bay. Wind direction

and river discharge influence the quality and quan-

tity of water entering North Inlet from the bay. Be-
cause of Winyah Bay's proximity to and influence

upon North Inlet, it was added to the study.

The North Inlet estuary was chosen as our sec-

ond system for study because it is a prime example of

an estuary with minimal anthropogenic influence.
North Inlet is located in Georgetown, South Caro-

The second potential source of pollutants which

could affect the North Inlet system may come from

increased coastal development. Several years ago,

approximately one-quarter of the North Inlet water-



tems.

many,

GEOGRAPHIC SETTING

Charleston Harbor Estuary

shed was zoned for urban development. About 2,300
dwelling units will be constructed, along with one or
two golf courses. Surface water drainage has been
significantly modified and plans are being consid-
ered to modify existing wetlands on the property
zoned for urban development. Additionally, modifi-
cation of existing tidal creeks has been proposed.
These actions may have visible effects on the hydrol-
ogy, chemistry and biota of North Inlet. Increases in
anthropogenic chemicals  pesticides, herbicides, pe-
troleum hydrocarbons, etc.! have been projected.

The choice of these systems was based on the
fact that most estuaries have been altered by human
activity either through direct impacts  e.g., dredging,
filling, and pollution! or indirect impacts  e.g., alter-
atian of watershed characteristics and freshwater
discharge!. and these changes have modified their
structure, function, and temporal dynamics. Because
the understanding of anthropogeuic effects and the
resistance aud resilience of estuarine systems is poor,
some insights might be gained by comparing estua-
rine systems which exhibit varying degrees of human

The watershed areas of Charleston Harbor,

North Inlet, and Winyah Bay estuaries lie entirely
within the South Carolina Coastal Plain and repre-

sent extensive estuarine-marsh systems. The Coastal
Plain slopes downward toward the sea, accounting
for high stream flows. It consists af Pleistocene
sedimentary deposits of sand, gravel, clay, marl and
limestone resting upon a basement of ancient racks.
Underlying sediments of the Coastal Plain are meta-
morphic and igueaus rock. Above this are sediments
of consolidated and unconsolidated materials from
marine and al!uvial deposits. Overlying these depos-

its is a thin blanket of unconsolidated sand, clay and

intervention. This study was an attempt to compare

and contrast three estuarine systems with quite dif-
ferent histories to gain a better understanding of how
human influence can impact critically important sys-

These estuarine systems were also chosen for
study because they represent the more thoroughly
studied systems in South Carolina. For instance,
many of the more than 900 scientific papers and
books that have been published by the Baruch Insti-
tute focus on research conducted in North In1et and
adjacent habitats, such as Winyah Bay. Studies have
dealt with the functional dynamics of coastal envi-
ronments from the molecular to the ecosystem level
of organization, with a goal of understanding the
temporally and spatially complex interactions be-
tween biotic and abiotic components of this estuarine
system. Information available on Charleston Harbor
Estuary has been developed primarily in response to
the many activities and manipulations that have oc-
curred in and around the harbor; the sources are

shell comprising the Pleistocene and Recent forma-
tions. This material is 3 m to 5 m thick with
maximums reaching 15 m, The area is dissected into
terraces as a result of former sea level episodes.

The Charleston Harbor watershed is the second

largest watershed in South Carolina. Classified as a
2b estuary  according to Hansen and Rattray 1966!,
Charleston Harbor has the third largest estuarine
drainage area and the second largest inflo of fresh-
water fram all sources in the state,



The estuary is located midway along the South

Carolina coastline at the junction of three rivers-

the Cooper, Wando, and Ashley. The lower harbor

basin is bound on the north by residential communi-

ties of Sullivans's Island and Mt. Pleasant, on the

south by James Island and the undeveloped Morris

Island, and on the west by the peninsula of Charles-

ton city. The lower harbor meets the Ashley River at
the Intracoastal Waterway and meets the Cooper

River at its junction with the Wando River.

Portions of the watershed containing the Ashley

River, Wando River, and the lower harbor basin

drain an extensive area of marsh and lowlands. The

Ashley River, with its origin in Cypress Swamp in
Berkeley County, drains a 900 km'area in Berkeley

and Charleston counties. The Wando River flows

fram headwaters in the Iron Swamp in Charleston

County and drains 310 km'. The lower harbor basin

covers an area of 65 km' and drains an additional area

of 104 km'.

Due to environmental engineering projects com-

pleted by the US Army Corps of Engineers  US ACOE!
within the watershed, the amount of area drained by

the Cooper River has fluctuated dramatically. Prior
to 1942, the area drained totalled 3,625 km'. After

completion of the Santee-Cooper Hydroelectric

Project in 1942, which diverted waters from the

Santee River into the Cooper River, the total drain-

age area increased to 41,000 km' and freshwater flow

increased to approximately 428 m'/s. However, due

to continued problems with increased shoaling and

higher dredging costs as a result of the extra flow, the

USACOE completed the Cooper River Rediversion

Project in 1985. The Rediversion Project diverted

approximately 70% of the Santee-Cooper drainage

back into the Santee River in the vicinity of St,

Stephens, South Carolina. Subsequently, the monthly

mean flow in the Cooper River has been reduced to

approximately 128 m'/s. Since information included

in this report was limited to the period 1970 to 1985,

the data used to characterize the watershed and deter-

raine long-term trends reflect conditions preceeding
the Rediversion Project of 1985, unless otherwise

stated. Available information generated after

rediversion is now available in Van Dolah et al.

�990!.

Throughout the history of the Charleston Har-

bor, sea level has risen and fallen, periodically inun-

dating the Coastal Plain, layering sediments and di-

viding the plain into terraces. The estimated rate of
sea level rise is 2.5 mm per year. This rate creates

concerns over the greenhouse effect aud its influence

on global temperatures, sea level rise and weather

conditions.

Presently, the climate in the area is relatively

mild compared with inland temperatures. The win-

ters are miM and temperate, while the summers are

warm and humid, The estuary receives an annual

average precipitation of 124.87 cm, which is almost

exclusively rainfall.

Charleston Harbor has served as a strategic

shipping port ever since 1670 and is, in fact, the

second largest container port along the Atlantic sea-

board. The area is a popular tourist attraction due to

its history and culture, and more importantly, is a

great economic resource, The lands surrounding the

estuary are largely developed and support a popula-

tion of more than one-half million people within the

tricounty area of Charleston, Dorchester and Berke-

ley counties. Within the 3,000 km' area are the
area's largest municipalities � Charleston and North

Charleston. Land use patterns in the area are 56%

foresred, 14% agricultural, 10.3% rural, and more

than 6% each urban and open water.

Economic activity and population growth within

and around the Charleston Harbor watershed has

placed many demands on the estuarirre system. For

example, the Cooper River is home to military facili-



ties which rank as the third largest home port of the

US Navy. In addition, numerous marina, industrial,
and municipal wastewater facilities are situated in
the watershed's rivers. Some of the largest municipal

dischargers include the Charleston Commissioners
of Public Works, North Charleston Sewer, Berkeley

County Water and Sewer Authority, and the Town of
Summerville. WestVaco is the largest industrial dis-

charger in the area. The lower harbor basin, sur-
rounded by city and urban developments, boasts many
commercial port facilities and receives effluent from
a number of point sources. Nonpoint source runoff
from low-lying areas and periodic flooding of the
drainage system adds to the point-source discharges
in the area.

North Inlet and Wlnyah Bay Estuaries

North Inlet Estuary is a bar-built class C type

estuary  Pritchard 1955! located 70 km northeast of
Charleston, South Carolina. The watershed drains a

24.8 km' area of mostly forest to the east and west

and a moderately developed residential watershed to
the north. The North Inlet Estuary is composed of

numerous winding tidal creeks and is considered a
pristine tidal estuary due to minimal anthropogenic
impacts. The marsh is bounded by sandy barrier
islands to the east and is connected to the coastal

ocean by way of the tidal inlet of Town Creek through
which 79% of all water exchange occurs. North Inlet

is bound to the south and southwest by Winyah Bay

and is connected to it by three creeks: South Jones,

No Man's Friend, and Haulover.

The Winyah Bay watershed is one of the largest

estuarine ecosystems on the Eastern Seaboard and is

classified as a B type estuary by Pritchard �955!. It
is located 14.4 km south of North Inlet. The entire

basin drains an extensive area of approximately

46,736 km' and is composed of the lower Winyah
Bay, which enters into the Atlantic Ocean, and the
subbasins of six major rivers: Pee Dee, Lynches,

Little Pee Dee, Black, Waccamaw, and Sampit. The

drainage originates in the Blue Ridge Mountains of
North Carolina and enters the Yadkin-Pee Dee River

system, which accounts for more than 41,451 km'of
the basin. Of the remaining total area, the Lynches

River basin composes 3,549 km', the Little Pee Dee

River 2,849 km', the Black River 5,298 km', the

Waccamaw River 2,578 km', and the Sampit River

622 km'. Mostof the area drained is rural except for

the marsh and cypress and hardwood swamps in the

Waccamaw River and Sampit River areas, which are

closest to the lower bay.

The lower Winyah Bay is oriented in a north-

west-southeast direction and is 29 km long with a

surface area of 155.4 km'. This estuary is widest at its

center, 7.2 km, and is a narrow 1.2 km at its entrance.

The mean depth is 4.2 m; however, a navigation
channel is maintained at 8.2 m and is 29 km long,

extending from the Port of Georgetown to the jetty at
the entrance, Several islands occur within the bay

and a very shallow area, called Mud Bay, is centrally
located. The Winyah Bay Estuary and its six subbasins
together comprise 20.1% of North Carolina's and
25.3% of South Carolina's total land area, draining

through the Piedmont regions and Coastal plains.
The area includes the South Carolina counties of

Chesterfield, Darlington, Florence, Marlboro,

Marion, Dillon, Georgetown, William sburg,

Lancaster, Kershaw, Lee, Sumter, Horry and

Clarendon.

Winyah Bay is a true coastal plain estuary, and

receives its freshwater from the Pee Dee, Waccamaw

and Sampit rivers. Two major factors influence the

current geomorphology of this estuary: jetty con-
struction and maintenance of a navigable commer-

cial boat channel. The area is dredged due to exten-

sive shoaling and sand trapping caused by the jetty.

North Inlet is very dynamic with the formation
of spits and swash bars. A well-developed ebb-tidal



PHYSICAL AND CHEMICAL PROPERTIES

Charleston Harbor

delta was present by 1963 as weII as a lengthening
main ebb-channel. The low elevations and coastal

location of the watershed produce a temperate to

subtropical climate with moderate temperatures. The
mean annual temperature is 18'C and ranges from an
average 8.4'C in January to 26.9 C in July. Precipi-
tation averages 130 crn per year, with summer being
the wettest season, Climate and precipitation are

influenced by two major factors affecting the south-

east coastal environment: large rainfall deficits

 droughts! and rainfall excesses  tropical storms and
hurricanes!.

The entire Pee Dee- Yadkin Basin of South Caro-

lina supported a 1980 population of 619,800 people,
with the majority of people residing within the
Yadkin-Pee Dee and Black subbasins. The projection

for 1990 wa that more than 2,500,000 people would

reside in this area. Urban and developed areas com-

The operation of the Pinopolis hydroelectric

plant on the Cooper River influences freshwater flow
and salinity in Charleston Harbor. Before diversion
of the Santee River the monthly average flow was

11.8 m'/s; after diversion the number significantIy
increased to 455 m'/s. Since the Redi version Project,

the flow from the Cooper River into Charleston Har-

bor has become more stable with a monthly mean of

122 ms/s.

The estuary experiences semidiurnal tides. Prior

to rediversion the mean tidal amplitude range was 1.6
m, and during a spring tide the range increased to 1.8
m. Effects of the Rediversion Project on the tides are

not yet well-documented. The reversals of surface
arrd bottom currents over a single tidal cycle deter-

rnine the circulation patterns in the harbor. The estu-

ary is stratified with a net downstream flow in a
6

prise a relatively small portion of the basin, however.

Forestry resources dominate, making up 12,144.4
km' of the basin. The dominant economic activity of

the Fee Dee subregion is agriculture, accounting for

7,629.3 km'of the subregion. Tobacco and soybeans

are the primary cash crops.

The Waccamaw Region Planning District, which

includes Winyah Bay and North Inlet estuaries, in-

cludes the counties of Georgetown, Horry, and

Williamsburg. Wetland areas comprise 29% of the
total land area, forest 45.6%, agriculture 21%, and

urban areas 2.5%. East of the Waccamaw River is a

popular tourist area, the Grand Strand, made up of
residential andcomrnercial developments. The North

Inlet area is primarily forest or undeveloped  89.6

km'!, wetlands �2.6 km'!, and the remaining area
�.1 km'! is residential and recreational  e.g., golf
courses!.

relatively freshwater surface layer, a net upstream

flow in the bottom saline layer, and a net bottom to

surface flow of water.

After diversion of the Santee River, sedimenta-

tion in Charleston Harbor averaged approximately

7,645,350 m'/y. The Rediversion Project was under-
taken to reduce sedimentation rates in Charleston

Harbor, but post-rediversion rates have not yet been

documented. The three major sources of material

entering the harbor include offshore coastal material,
Holocene deposits within the Cooper River basin,

and materiaI transported from the upper Santee River

basin through lakes Marion and Moultrie.

Basic water quality parameters, including tem-

perature, salinity, dissolved oxygen, nutrients, and
pollutants, have been measured extensively through-
out the estuary. The water temperature averaged
19.8'C and ranged from 6.2'C to 29.9'C. The



difference between surface and bottom temperatures

ranged between 0.5'C and 2.0'C, and seasonally
ranged from a low of 1.5'C to a high of 35.0'C
throughout the entire estuary.

Salinity regimes are controlled by freshwater
flow and tidal stages. At high river discharges the

estuary is strongly stratified; conversely, at lower
freshwater flows the estuary is less vertically strati-

fied. Prior to rediversion, the mean harbor salinity

was 16.8 parts per thousand  %6! with a range of 7.7
%6 to 29.5 %e prior to rediversion. Within the water-

shed the salinity ranged from 0%e to 35.6%o. The
average salinity at the mouth of the Cooper River
varied from 4.5 %6 to 5.3%0, and at the mouth of the

harbor from 16.0%0 to 18.5 %6.

demand was 0.15 mg/I to 11.0 mg/1, of chemical

oxygen demand 0.00 mg/1 to 930 mg/I, and of fecal
coliform I to 31,500 colonies/100 ml.

VVinyah Bay and North Irriet Estuaries

Of the freshwater inflow into Winyah Bay Estu-

ary, 90% originates from the Pee Dee River and the
remainder from the Waccarnaw and Sampit rivers.
Freshwater inflow occurs at a rate of 26.9 m'/s at low
flow and 7,884 m'/s during major floods. The great-
est flow occurs in the winter. In contrast, there is

little freshwater input inta North Inlet Estuary. In-
flow occurs at a rate of 1-5 m'/s from groundwater

input and upland runoff. Half of the volume is a
result of rainfall.

Dissolved oxygen levels in the estuary, which
are affected by such factors as temperature, presence

of phytaplankton, magnitude of river flow, and sea-
sonal fluctuations, ranged from 0 mg/I to 17.05 mg/

l and averaged 7.46 mg/l. Dissolved oxygen  DO!
levels were higher in surface waters and in colder
months. The percent saturation of DO in bottom
waters of the upper harbor is 52%, the lower harbor

77%, near the mouth of the harbor 80%, and at the
mouth 90-95%. Studies examining the effects of the
Rediversion Project on DO content in Charleston

Harbor Estuary are reported by Van Dolah et al. �990!.

Nitrates, phosphates, and ammonia are several
of the nutrients monitored during the study period,
KjeMahl nitrogen was found to range between 0.04
mg/1 and 19.90 mg/1. Total ammonium concentra-
tions ranged between 0.02 mg/1 and 13.0 rng/l. Nu-
trients found in lower amounts include nitrate-nitrite

�.0-6.65 mg/I!, orthophosphate �.0-1.56 mg/I! and,
total phosphate �,02-4.6 mg/1!,

Pollutants were monitored throughout the estu-

ary. Metals were detected in maximum amounts of
10,310 pg/I for iron, 2,000 Itg/I for copper, and 1,080
itg/1 for chromium. The range of biochemical oxygen

7

The mean tidal amplitude of Winyah Bay is 1.0

m ar. Georgetown Harbor and 1.2 m at the mouth of
the bay. Aside from freshwater input, the semidiurnal
tide is the dominant factor influencing circulation

patterns. The bay is partially stratified for most of
the year with the greatest stratification occurring
during high freshwater discharge. North Inlet has a
tidal range of 1.1 m for neap tides and 2.5 m for
spring tides. The average flow of tidal currents is 1.3
m/s. Circulation is driven by tidal pumping and those
factors influencing tidal variation. Sheet flow plays
a minor role. The estuary is well mixed; no signifi-

cant vertical stratification of salinity or density oc-

CUTS.

Sedimentation in Winyah Bay is extensive. Ap-

proximately 25,509,943 tons of soil per year are
eroded throughout the watershed, Silt and clay char-
acterize the majority of the sediments in the upper
third of the harbor and estuary, while more than 59%

of the sediments in the lower bay consist of sand.

Surface sand formations are deposited on marls, sands,

clays, and limestones formed by sedimentation. The
interridge of marsh along the perimeter of North Inlet
is sand, with evidence that this marshland has evolved
from a forest environment. Sedimentation rates of



1.3 mm/yr to 2.5 mrn/yr in North Inlet are minimal

compared to Winyah Bay.

A number of water quality parameters have

been studied in these systems. Water temperature

averaged 19.2'C in Winyah Bay during the reporting

period, with a mean monthly average of 6.3'C in

January and 28.2'C in July. These temperature ex-

tremes occurred in Mud Bay. No vertical stratifica-

tion in temperature was found. In the North Inlet

estuary, the average temperature was 18.7'C with a
monthly average of 8.3'C in January and 27.2'C in

July.

Spatial and temporal variation in salinity oc-

curred in both Winyah Bay and North Inlet estuaries.

Strong vertical stratification was present in the upper

bay with ocean-dominated bottom water, whereas

little vertical stratification was present in the lower

bay due to tidal mixing. Salinity in the bay ranged
from 3.5 %6 to 15 %0 with a mean salinity of 7.4 %e.

Within North Inlet Estuary the highest salinity �3.3

%o! existed at Town Creek. Due to high flushing of

the inlet, salinity is spatially homogeneous over the

year. Mean monthly salinities ranged from 29.5 %0 in

May to 34.4 %o in October.

Monthly dissolved oxygen concentrations in

Winyah Bay exhibited an inverse relationship to

temperature; the lowest concentrations coinciding

with maximum productivity. The mean monthly con-

centration ranged from 5.2 mg/I to 10.9 mg/I with

greatest variation occurring in July. In North Inlet,

the DO range was 1.5- 7.4 ppm. The highest concen-

trations occurred during daylight and at high tide.

In Winyah Bay, total phosphorus averaged 3

Irg-at/I. Seasonal variation in total phosphorus was

positively correlated to temperature. The highest

concentrations were found in June and the lowest in

winter. Phosphorus concentrations increased with

increasing depth. The Sampit River contained the

highest total phosphate concentrations. Much of the

data indicates that concentrations of total phospho-

rus were from river sources. Orthophosphate aver-

aged about 22% of total phosphorus and exhibited

little variation with depth and season. The overall

mean orthophosphate concentration was 0.55 ug-at/l.

Within the North Inlet Estuary, particulate phos-

phorus comprised 56% of total phosphorus, which

averaged 1.03 Itg-at/I. The lowest total and ortho-

phosphate concentrations �.74 pg-atji and 0.018 ltg-

at/I, respectively! occurred at Town Creek, while the

waters adjacent to Winyah Bay contained the highest

concentrations  up to 2.89 p.g-at/I and 2.58 pg-at/I,

respectively!. Particulate phosphorus concentrations

were found to be highest near the forest and lowest

toward the mouth of the inlet. Seasonal variations in

total, orthophosphate and particulate phosphorus were

present, with highs in August and lows iu winter.

Nitrogen was also monitored in Winyah Bay.

Total Kjeldahl nitrogen averaged 75.78 p,g-at/I,

nitrate-nitrite averaged 16.57 p.g-at/I, ammonia 14.07

ling-at/I, and dissolved organic nitrogen 61.71 pg-at/

1. Higher dissolved organic nitrogen concentrations

were found to occur during the early summer months

and October. The highest concentrations of and

variations in total nitrogen were measured in October

and May, whereas ammonia and nitrate-nitrite were

highest in summer and winter. Significant temporal

and spatial variations in nitrogen concentrations oc-

curred in Winyah Bay. Nitrate-nitrite and total nitro-

gen decreased along the main channel from the upper

bay to the ocean during spring. A strong linear rela-

tionship of total nitrogen with salinity suggests that

the river waters entering the bay are significant

sources of nitrogen. The average total concentration

in these rivers was 20% greater than the average

concentration in the bay.

Within North Inlet Estuary the mean total nitro-

gen concentration was 33.67 ttg-at/I. Of this, 60%



was dissolved organic nitrogen, 34% particulate ni-

trogen, 5% ammonia and less than 1% nitrate-nitrite.
The highest concentrations of total nitrogen were
found near Winyah Bay and the lowest near Town

Creek. Total nitrogen exhibited a strong seasonal

pattern which co-varied with primary production and
the annual temperature cycle, primarily as a result of
variatiorr in particulate nitrogen. Concentrations
were highest in summer months and lowest in Janu-

ary.

In contrast to Winyah Bay, nitrogen patterns in

North Inlet Estuary were more closely related to the

temperature cycle than to freshwater runoff. Increased
concentrations in rritrate during May, June, and July

BIOLOGICAL CHARACTERISTICS

The productive Charleston Harbor watershed

sustains a vast array of biological communities.
Marsh acreage exceeds 21,000 ha and includes brack-
ish and salt marsh, freshwater marsh, and coastal

impoundments. The distribution of intertidal veg-
etation is infiuenced by salinity conditions and the
duration of tidal flooding. The predominantly ma-
rine and brackish waters of the Ashley and Wando

rivers support Juncus romerianus in large quantities.
The Cooper River contains a diversity of freshwater

and saltwater types. The most common genera are

Juncus, Spartina, Sagittaria, and Scirpus. Total an-
nual production of a freshwater marsh at Dean Hall

Plantation was 1,600 g/m'.

The watershed does not support extensive

subtidal seagrass beds or benthic macroalgae com-

munities except for the Egeria beds in the upper
Cooper River. The minimal amount of subtidal veg-
etation is probably due to high turbidity levels and a
lack of suitable shallow water substrate in the subtidal

Charleston Harbor Estuary

in Winyah Bay were similar to the peaks in North

Inlet Estuary; however, the winter peak coincident
with freshwater input in Winyah Bay was not evident
in North Inlet. Peaks in nitrate-nitrite in January,

March, and June exhibited a strong relationship with

salinity, Ammonia had the opposite relationship to

salinity in Winyah Bay, with highest ammonia values
corresponding to the lowest salinities. In North Inlet
Estuary highest ammonia concentrations occurred

with high salinity peaks  June, August, and Septem-
ber!. Ammonia tracks temperature in North Inlet

Estuary, unlike in Winyah Bay. Total nitrogen showed

a strong seasonal pattern, tracking temperature, in

North Inlet Estuary but an erratic pattern in Winyah

Bay.

zone. Epiphytic algae is dominated by chlorophytes,

diatorns, and cyanophytes. The abundant popula-
tions of dominant taxa occurring at many locations

may be a reflection of the eutrophic water quality.
Species diversity is found to be low in contrast to

other South Carolina estuaries.

Four hundred fifty-one species of phytoplank-

ton were found in a 1984 study of Charleston Harbor.

The genus Skeleronenra dominated the area. The high-

est abundance of phytoplankton was found in areas

of high salinity, Diatoms tended to dominate during

the spring and fall, whereas cyanophytes and flagel-
lates dominated during the summer and winter. The
overall abundance of zooplankton, however, was

found to be lowest compared to other river systems

studied in South Carolina. In a 1976 report on the

Cooper River, the zooplankton types observed in
decreasing order of abundance were amphipods, iso-

pods, and pelecypods.

A diverse assemblage of benthic invertebrate

species is found in the Charleston Harbor watershed,



but detailed studies of macrofaunal cornrnunities were

limited prior to 1984. No studies were found on
meiofauna in the estuary for the study period.

For the macrobenthos, one limited study in

1976 suggests that polychaete worms were mosr. abun-
dant in high salinity locations, whereas, at low salin-

ity locatiorrs, many more arnphipods, isopods, and
bivalves were found. Oligochaetes and amphipods

comprised 49% of total abundance.

More studies of the larger invertebrate species

have been conducted which show that the Charleston

Harbor system supports large populations of penaeid
shrimps and blue crabs, Penaeus setiferus tended to

peak in abundance irr September through October,
while Penaeus aztecus peaked in June and July. The

latter species occurred in smaller numbers and in
higher salinity areas in the lower estuary. Calli nectes

sapidus was highest in abundance in October and was
least abundant upstream. Shellfish beds of

Crassostrea virginica and Mercenaria rnercenaria

are also abundant in the estuary.

The diverse finfish assemblage has value to

recreationaI and commercial fisheries. The finfish

were found to be most abundant in spring and win-

ter. Common genera included Leiostornus,

Micropogonias, Cynoscion, Sciaenops, Parali chthys,
Morone,/ctal urus, Stelli fer, Anchoa, and Brevoortia.

North Inlet and Winyah Bay Estuaries

North Inlet Estuary contains 2,260 ha of salt

marsh, 86% of which is low marsh and 13% of which

is high marsh. The low marsh is dominated by the

species Spartina alterniflora, while the high marsh
contains a mix of species. Common genera include

Spartina, Juncus, Borrichia, Distichlis, Salicornia,

Jva, and Fimbristyplis. Winyah Bay has a diverse

plant community due to its broad range of salinities.
Of the total area of marsh habitat �2,730 ha!, fresh-

water marshes compose 81%, brackish marshes 18%,

and salt marshes less than 1%. Many of the same

genera that occur in North Inlet are present in Winyah

Bay; the bay does harbor several more varieties.

Diatoms dominate the 229 species of phyto-

plankton found in North Inlet Estuary, The genera
Thalassionema and Skeletonema were continually

present and dominant in all seasons. Total phyto-

plankton productivity generally follows the annual
temperature cycle with highs �34 mg C/m'/hr! in
summer and lows �.4 mg C/mar! in winter. In

Winyah Bay, the average chlorophyll-a concentra-
tion was 5,16 mg C/m', with highest concentrations

in surface waters.

Benthic microalgae production during the pe-

riod 1973 to 1975 was 2.5 times greater than phyto-

plankton production for that same period. Benthic

rnacroalgae species, particularly the genus
Znterornorpha, dominate the winter months, being a

significant source of energy and carbon. The great-

est number of species occurs at North Inlet and

declines toward Winyah Bay, where significantly

less biological information exists.

More information exists concerning benthic

communities. Benthic infauna in Winyah Bay were

highly diverse compared to similar sites in other
southeastern states. The number of polychaete spe-

cies dominated the benthic infauna, while pelecy-

pods were high in abundance. The relative abun-

dance of major taxa at sites adjacent to Winyah Bay

differed from Charleston Harbor in which polychaetes

�7%! were more abundant than pelecypods �%!,
cephalochordates �0%!, and sipunculids �%!, The
number of species and species richness was greatest

during the summer. The highest diversity occurred at

the most seaward stations.

Sessile epibenthic species occurred in low num-

bers in the bay. Cnidarians and arthropods made up

10
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the largest number of species �1 each!, followed by
mollusks �5! and bryozoans �2!; species common
to abundant in other South Carolina estuaries. The

mean number of total epibenthic organisms was high-
est in the Pee Dee River. Mysid shrimps were the
dominant epibenthic organism, averaging approxi-
mately 42% of the catch.

In North Inlet, the highest biomass and density

values for zooplankton were measured at locations with
less variable salinities. Copepods, including their larval
stages, were the most dominant, comprising 649o to 69%
of total zooplankton numbers and biomass. The most
common genus was Parvocalarius. Major species in North
Inlet are representative of those found in Florida waters,
Peaks in zooplankton density occurred in the summer. In
Winyah Bay the highest number of zooplankton were
collected at high saIinity locations, with lowest densities
found at riverine locations. Copepods tended to be most

abundant in the warmer months.

North Inlet contained a diverse fish fauna with over

100 species. Common genera included Anchoa, Menidia,
Brevoorri a, Fundulus, Let'osromus, Alosa, Dorosoma, and

I.ong-term trends for Charleston Harbor, North
Inlet, and Winyah Bay estuaries were difficult to
identify. The data available for character analysis
were mostly derived from short-term studies and
were not collected for a sufficient period of time for
trends analyses. The lack of consistent and standard-
ized sampling procedures from one study to the next,
as well as gaps in the data, further compounded the
difficulty in determining long-term trends. These
problems also precluded detailed comparisons among
the estuaries. Thus, the characterization of condi-
tions, in addition to the trends outlined in this report,
represent the best attempt to compile, organize and
highlight the pertinent information that was avail-
able.

Mugil. Shrimps and crabs also were present, with crabs
 Callinectes spp.! most dominant

Fish fauna in Winyah Bay Estuary was diverse,

with up to 75 species collected. Generally, high and
variable salinity locations had the highest number of
individuals and species, while locations with the
lowest and most stable salinities had the lowest num-
bers. The numbers of fish species were positively
correlated with bottom temperature and salinity and
negatively correlated with oxygen and depth. The
most dominant species were seasonal inhabitants and
abundant in specific areas.

Decapod crustaceans were not as abundant as
fishes in Winyah Bay. Penaeid shrimp were numeri-
cally dominant, comprising 50% to 53% of the deca-
pod catch with P, seriferus comprising about 42%
alone. Blue crabs were also found year-round with
the largest catches from September to December.
Species found in the upper reaches of Winyah Bay
were primarily freshwater genera, including
Macrobrachium and lcralurus.

Land and Water Use Trends

One of the most significant trends affecting

resource use is the increase in population within the
Charleston Harbor watershed area. The population
of the tricounty region increased steadily throughout
the 1970 to 1985 survey period, with primary growth
in Berkeley and Dorchester counties. Total residen-
tial acreage increased, resulting in the urbanization
of rural areas and development of additional infra-

structure to accommodate this growth. Both the
recreational and commercial use of Charleston Har-

bor increased substantially. Recreational boat regis-
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trations increased by 45%. Additionally, 10 marinas

and 13 public boat landings were developed within

the time frame considered in this report, Commercial

vessel traffic increased from 1,400 ships and barges

to more than 1,800 as container cargo increased from

168,000 tons to 2.8 million tons. Expanding port

facilities as well as the major addition of the Wando

River Terminal accommodated the increases. The

US Navy also expanded its port facilities and stepped

up its dredging operations.

The number and volume of municipal and in-

dustrial discharges in Charleston Harbor Estuary,

surprisingly, decreased from a total of 115 in 1969 to

a total of 78 in 1986. The volume of the discharges

dropped from 212.4 million gallons per day  MGD!

to 92.9 MGD. The most significant decrease in

discharges over the period occurred in the Ashley

River. The Ashley River originally received dis-

charges from 51 sources at a volume of 149.9 MGD,

but the volume decreased ta 32.9 MGD from 28

sources by 1985. The Cooper River, lower harbor,

and Wando River, in order of decreasing importance,

also received less discharge volume to a lesser ex-

tent. The largest municipal discharges originate fram

the Charleston Commissioners of Public Works and

North Charleston Sewer, each with volumes of 18.0

MGD. The Berkeley County Water and Sewer Au-

thority I and the Town of Summerville discharge

less, with 10.0 MGD and 6.0 MGD, respectively.

The largest industrial discharger is West Vaca with a

volume of 20.0 MGD. Mabay Chemical and DuPont

Chemical are also major contributors with discharge

volumes of 6.5 MGD and 1.2 MGD, respectively.

'North Inlet aud %iuyah Bay Estuaries

The major land use trends are those which ac-

company increases in population. The trend of con-

verting forested and agricultural land to primarily

residential-urban and commercial development is ex-

pected ta continue through 1995. Within the Yadkin-

Pee Dee River Basin, forests have declined by over

3.800 ha per year since 1970. Agriculture has de-

clined by 2,000 ha per year. Urban land use increased

4% since 1970 by 4,800 ha per year, A major land use

change in the Waccamaw subregion was a conversion

of 3,440 ha of forested land to residential communi-

ties. Agriculture decreased by 1,020 ha. By 1995,

residential area is expected to increase by 2,400 ha

and forests to decline by 6,490 ha. Projections within

Georgetown County for 1985 indicated that forested

lands would decrease by 1 4%, forested wetlands by

0.6%, nonforested wetlands by 0.6%, and agriculture

by 0.1%. Residential, industrial, and commercial

land use will increase by 0.6%, although commer-

cial use of Winyah Bay itself has not increased dur-

ing the study period. However, growth in recreation

and tourism has occurred along the Grand Strand,

and industrial growth occurred iu and around

Georgetown, Sumter, and Florence.

The national trend of population migration and

business and industry location in the Sunbelt states is

evident in the Yadkin-Pee Dee Basin. The popula-

tion in the basin has increased by more than 30%

from 1970 to 1985, with the largest increase occur-

ring in the Waccamaw subarea  Georgetown, Horry,

and Williamsburg counties!. Over the next 30 years,

the population of the Yadkin-Pee Dee Basin in both

North and South Carolina is expected to increase by

53%. The major impact will occur along the lower

Waccamaw Neck and is expected to increase drink-

ing water demands and sewage wastewater treat-

ment. Water demands for power, industry, irrigation

and consumption will also increase.

Public water supplies increased by 88 MGD for

the 15-year study period. Municipal and industrial

demand increased from 251 MGD in 1970 to approxi-

mately 319 MGD in 1985; a 4.5 MGD increase per

year. Irrigation use within the basin was 36.3 MGD

in 1977 and is expected to increase to 83.5 MGD by

the year 2010. The lower Waccamaw River subbasin



is being subjected to increasing amounts of industrial
and private domestic effluents from point-source

discharges. In 1969, there were eight industrial,
municipal, and private domestic dischargers inro the
lower Waccamaw River subbasin with a total dis-

charge of slightly more than 95 MGD; by 1976, five
additional dischargers were sited, adding an addi-

tional permitted discharge of 41.18 MGD and 22,422
lbs/day BOD,. The major trend in wastewater dis-
charge into the Winyah Bay system is an increase in
the rrumber of municipal sewage treatment plants to
accommodate population growth and urban develop-
ment. There are no municipal or industrial wastewa-

TRENDS IN PHYSICAL CONDITIONS

Large changes in several water quality param-
eters occur in the Charleston Harbor basin over a

tidal cycle. Distinct seasonal trends in water tem-

perature and dissolved oxygen are evident.

The mean dissolved oxygen values for loca-

tions within the estuary ranged from 1.40 mgfl to
7.43 mg/1, except for rhe Goose Creek Reservoir and
the upper Ashley River whose mean values were
lower. The individual chemical oxygen demand val-

ues range from 1.4 mg/g to 150 mg/g during the
survey period and the average COD ranged from 0.4
rng/g to 62.25 rng/g. COD was highest for the lower
Ashley and the lower harbor sediments than in any
other areas of the estuary, Overall COD levels de-

creased in all areas measured between the period

1975-1979 to the period 1980-1985.

Salinity fluctuated with freshwater fIow and

the tides. Salinity was highest during summer months
when freshwater flow was lowest. The highest salin-

ity occurred in the lower harbor and high salinity in
the lower rivers, especially in the Cooper and Ashley
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ter discharges into North Inlet estuary.

In South Carolina, over 36% of the total tourist

trade occurs in the Grand Strand. Myrtle Beach State

Park in Horry County and Huntington Beach State
Park in Georgetown County are two of the state' s

major park facilities. Recreational use has, as a re-

sult, increased from less than 9.5 million travelers
and visitors in 1972 to over 13 million in 1985, Boat

registrations in Georgetown County have increased
from 1,124 in 1965 to 5,785 in 1985. However, no

additional public boat landings have been constructed

in Winyah Bay Estuary to handle the increase.

rivers. Salinity was lowest in the Goose Creek Res-

ervoir and in the upper Cooper River.

The average turbidity values ranged from 6.31
FTU to 20.67 FTU throughout the estuary. The high-

est turbidity value occurred in the upper Ashley
River, due most likely to the high impact of
starmwater runoff. The values for other areas in the

estuary are fairly similar in magnitude.

Mean orthophosphate values ranged from 0,04

mg/1 to 0.46 rng/1; higher orthophosphate concentra-
tions were found irr the upper Ashley River and the
Goose Creek Reservoir, while lower levels were

measured in the upper Cooper River. Average total

phosphate values ranged from 0.08 mg/1 to 0.43 mg/
1, and the mean Kjeldahl nitrogen values ranged from

0.6 mg/I to 1.38 mg/1 during the study period with
higher concentrations in the upper Ashley River and
Goose Creek Reservoir than in other areas of the

estuary. The mean nitrite-nitrate values ranged from
0.06 mg/I to 0.26 mg/1, with higher levels in the upper
Ashley River. Mean total ammonia values ranged

from 0.12 mg/1 to 0.33 mg/1 and suggest a lower
concentration of ammonia in the upper Cooper River.



water discharge.
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North Inlet and Winyah Bay Estuaries

No significant trends in freshwater inflow oc-

curred. Low flows occurred in 1978, 1980, and 1984

due to below-average precipitation. No significant

trends in temperature or salinity were found.

Only one long-term data set was available to

evaluate water quality in Winyah Bay, and water

quality sampling was not standardized by tidal stage,

river discharge, time of day, day of month, or month

of the year. In general, water quahty in Winyah Bay

has improved since 1972. Some violations of SC

Water Quality Standards occurred and were associ-

ated with point source and, to a lesser extent, non-

pointsource discharges. However, by 1984 and 1985
more than 99% of the salt water area in the lower

Waccamaw subbasin met SC Water Quality Stan-

dards The major problem was DO contraventions

due to municipal discharges into White's Creek  City

of Georgetown! and the industrial discharge from

The inorganics monitored during the study pe-

riod included mercury, copper, chromium, cadmium,

and lead. The samples taken were analyzed during

two study periods: 1975-1979 and 1980-1985. The

average mercury concentrations in sediments ranged

from 0.11-0.40 p.g/g in the upper Ashley River dur-

ing the 1975-1979, The average maximum values for

mercury in sediments were comparable with mid-

range values for mercury in sediments obtained from
other estuaries throughout the US. Mercury levels

increased in the lower harbor basin and in the lower

and upper Cooper River area in the 1980-1985 period

vs the 1975-1979 period Mercury levels decreased

in the upper Ashley River and changed only slightly

International Paper into the Sampit River. Dissolved

oxygen concentrations significantly increased over

the 10-year period, and were related to freshwater

discharge. DO values ranged from 3.5 mg/I to 15 mg/

I in Winyah Bay, and from 1.5 mg/l to 7.4 mg/I in

North Inlet, Monthly BOD, values significantly de-

clined during the 10-year period.

In North Inlet, nitrate and total phosphorus

showed no significant trend, but total Kjeidahl nitro-

gen and ammonia significantly increased during the

1975 to 1985 period. In general, concentrations of

total nitrogen and total phosphorus in North Inlet

Estuary are decreasing, while inorganic nitrogen sig-

nificantly increased at Town Creek. Ammonia and

nitrate-nitrite had significant interannual variation

in seasonal patterns, which was linked to salinity.

Turbidity exhibited a significant seasonal

pattern, which was related to salinity as well. This

variation indicates a loading associated with fresh-

in the Wando River and lower Ashley River areas,

The average concentrations of copper in sedi-

ments ranged from 6.75 Itg/g in the upper Ashley

during the 1975-1979 period to 34.40 pg/g in the

Wando River during the 1980-1985 period. The

average concentrations of copper found in the Charleston

Harbor Estuary were low in comparison with other

estuaries: however, individual measurements did

range up to the higher levels found in some of the

nation's more polluted estuaries. Copper levels in-

creased from the 1975-1979 period to the 1980-1985

period in the areas of the upper and lower Ashley

River, the Wando River, and the upper Cooper River.

Levels in the lower Cooper River and lower harbor

basin showed only slight changes.



Average chromium concentrations in sediments
ranged from 8.20 itg/g to 32.00 Itg/g during the
review period, and were higher in the Ashley River,
lower Cooper River, and lower harbor areas, par ticu-
larly during the 1980-1985 period. Values were low
in comparison to other estuarine areas. Values in-
creased from the 1975-1979 period to the 1980-1985
period in the lower and upper Ashley River, the lower
harbor basin and the upper Cooper River. Values
decreased in the Wando River area and remained
relatively consistent in the lower Cooper River.

Average cadmium concentrations in sediments
ranged from 0.68-5.09 Itg/g during the review pe-
riod, Cadmium levels in the lower Ashley River were

significantly higher than other areas in 1975-1979
but were substantially lower during 1980-1985. Other
vaIues remained fairly consistent between the two
time frames. Average values were comparable to
mid-high values from other estuarine areas.

The average lead concentrations in sediments
ranged from 18.40 pg/g to 96.65 pg/g in the estuary.
Higher levels existed in the upper Ashley River area
during 1975-1979. The average values were compa-
rable to mid-range vaIues in other estuaries. Other
than the significant decrease in concentrations from
the 1975-1979 period to the 1980-1985 period in the
upper regions of the Ashley River, the other areas of
the estuary exhibited increases in lead concentration.

PCBs, DDTs, and coliform bacteria were among

the organic pollutants monitored. Concentrations of
PCBs in the sediments were a great deal higher in the
Wando River and somewhat higher in the Cooper
River during the 1975-1979 period than other areas
of the estuary. The maximum average concentration
of PCBs was 47.9 pg/g. The highest PCB concentra-

tions found in the harbor exceeded the maximum
values for other areas throughout the country. Dur-
ing the 1980-1985 survey period PCBs were found at
the Wando River stations.

The maximum average concentration of DDT
was 1.93 p.g/g, which was high when compared with
available data from other estuaries. Increased levels

of DDT were found in the lower Cooper and lower

Ashley rivers during both time periods, as well as in
the upper Cooper River during the 1975-1979 time
period.

The SCDHEC has classified the waters of

Charleston Harbor as "SC," which allows average

feral coliform levels of up to 1,000 colonies/100 ml
on an annual basis, and represents fairly low water

quality. Mean coliform values ranged from 15 colo-
nies/100 ml to 410 colonies/100 rnl during the survey
period, while median values ranged from 7 coIonies/
100 ml to 143 colonies/100 ml. Several stations in
the Ashley River, lower harbor, lower Cooper River,
and Goose Creek Reservoir had relatively high fecal
coliform values, with mean values exceeding 200
colonies/100 ml. Consistently lower concentrations
of fecal coiiforms were found in the upper Cooper
and Wando rivers than in other areas of the estuary.

Nor tb Inlet and Wluyah Say Estuaries

Heavy metals were analyzed in the water, sedi-
ments, and fish for Winyah Bay. Several metals  Cd,
Cu, Ni, Cr! have over 75% of their reported concen-
trations below the analytical detection limits. For

Pb, Zn, and Hg more than 50% of the analyses were
above the detection limit. Concentrations of heavy

metals dissolved in the water column in general were

very low. Only lead and zinc were detected at levels
above SCDHEC criteria. When comparing heavy

metal concentration averages of 1975-1980 and 1981-

1985, chromium significantly decreased. Mercury
decreased at most stations.

Sediment heavy metal concentrations in Winyah
Bay vary spatially as a function of sediment type and
point source discharges, Data on mercury �.2Itg/g
to 0.3 p.g/g!, copper  I p.g/g to 10.9 Itg/g!, chromium
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� p.g/g to 26.2 pg/g!, lead � p.g/g to 26pg/g!, nickel

� p.g/g to 100 p.g/g! and zinc  8 gg/g to 40 ltg/g! were

collected for one station in the bay. Higher concen-

trations of lead and zinc were detected in the Sampit

River adjacent to Georgetown Steel, where the major

heavy metal problem occurs. Concentrations af lead,

copper, chromium, and zinc were greater in the upper

bay than in the lower bay or Sampit River. Only

copper significantly declined over the study period.

No other metals showed any significant trends.

The Winyah Bay watershed has one of the high-

est reported pesticide use rates in the United States,

ranked second nationally in overall and annual pesti-

cide use and ninth in annual pesticide use per area.

Winyah Bay ranked fifth in toxicity-normalized pes-

ticide use, meaning that it is not only a high use area,

but also a high-toxicity pesticide use area. Even with

this heavy use, relatively few pesticides have been

detected in Winyah Bay waters, sediments, shellfish,

or fish tissue. The only organic compounds which

have routinely been detected are Dieldrin, DDT,

DDD, DDE, and PCBs.

As with Charleston Harbor Estuary, the waters

of Winyah Bay are classified SC; therefore shellfish

harvesting is prohibited. Only one location is moni-

tored for coliform bacteria; during the period 1970 to

Very few data sets are available that provide

long-term  >5 years! data on biological resources for

these estuarine systems, and much of it exists as

landings of commercially important species.

Estimates of fisheries landings from Charleston

Harbor generally showed patterns similar to those

observed state wide, suggesting that production of

1985, the long-term average for coliform was 28.5+

18.1/100 ml, with a range of 0/100 ml to 2,000/100

ml. Seasonal variations are great, with the highest

averages of 60.3 colonies/100 ml and 61.9 colonies/

100 ml for May and November, respectively, and

11.1 colonies/100 ml in early spring for the low,

Sources for fecal coliforms in Winyah Bay in-

clude municipal point sources and numerous non-

point source contaminations from septic systems.

Fecal coliforms significantly declined during this

15-year study period. The major fecal coliform input

originates in the Sampit River and in areas of munici-
pal discharge. The lack of high coliform measure-

ments can be partially attributed to lower loading and

the relatively undeveloped nature of the lower basin

compared to other estuaries like Charleston Harbor.

Portions of North Inlet Estuary have been re-

stricted or conditionally restricted for shellfish har-

vesting due to high fecal coliform levels; neverthe-

less, most of North Inlet is classified "SB" or "SA"

by SCDHEC. Coliform measurements are taken at 11

locations throughout the inlet, with long-term aver-

ages ranging from 26 colonies/300 ml to 91 colonies/

100 ml. The lack of significant trends during the 15-

year period reflect the absence of increased develop-

ment pressures in this area.

shrimp and crabs from this estuary is typical of other

South Carolina estuaries. Reduced landings of white

shrimp, P. seriferus, most likely due to a decreased

number of spring spawners after unusually cold win-

ters, occurred in 1977, 1978, 1981, 1984, 1985, and

1986. Highest landings of brown shrimp, P. aztecus,

which were less variable during the study period,

were noted in 1980, 1981, and 1987. Blue crab, C.

sapidus, landings were relatively low from 1975 to

1977 compared with later years, unlike patterns ob-



served in state wide landings. Very little change

occurred in dominant finfish and decapod crustacean
species composition between collections taken in
1984 and during the period 1973-1977.

North Inlet and %inyah Say Estuaries

Commercial landings data on shad, blue crab
and most shrimps taken in Winyah Bay suggest that
commercial landings increased significantly over the
15-year study period, although reduced landings were
observed from 1973-1977. Landings of penaeid

HUMAN HEALTH IMPLICATIONS

Shellfish populations are abundant in the
Charleston Harbor Estuary; however, essentially all
oyster and hard clam grounds are closed to shellfish
harvesting due to high bacterial counts. In 1982,
some 7.5 ha of oyster grounds existed in the Wando
River, 2.0 ha in the Ashley River, 5.6 ha in the lower
harbor, and less than 0.5 ha in the Cooper River.
Large beds of the hard clam, Mercenari a rnercenaria,
also exist in the lower portion of the estuary. There
are no data sets available for analysis of the potential
human health impacts due to inadvertant consump-

tion of polluted shellfish or diseased finfish.

North Inlet and Winyah Bay Estuaries

Shellfish grounds found in Winyah Bay and
North Inlet estuaries, as in other water bodies of the

state, are classified as prohibited, restricted or ap-
proved by SCDHEC according to the quality of the
overlying waters . Most of Winyah Bay is classified
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shrimp, P. aztecus and P. setiferus, showed little
variation over the study period.

Landings in Georgetown during 1979 did not
follow the state wide trend, but during the mid-1980s
landings were similar. Over the study period there
was an increase in blue crab landings. An apparent

increase in sturgeon landings in Winyah Bay oc-
curred. An increase in landings data may be a direct

result of the increased fishing effort and not neces-

sarily a reflection of increased fishery resources.

as prohibited or restricted. Water quality is influ-
enced by the City of Georgetown through the Sampit
River, which receives discharges from waste treat-

ment plants, a pulp mill, and a steel mill. Pollutant
Loadings from the Pee Dee, Waccamaw, and Black
rivers into Winyah Bay are dominated by agricultural
runoff, with additional inputs from wastewater treat-

ment plants. High levels of organic pollution have
resulted in the closing of the Sampit River to shell-
fish harvesting. Shellfish closures, however, had little
effect on recreation since most recreation involves

swimming, golf, and boating  primarily fishing!.

North Inlet Estuary, on the other hand, has been

classified into three zones; the Mud Bay area adja-

cent to Winyah Bay as restricted; an interface zone as
conditionally restricted; and the rest of the inlet as
approved. Again, there are no data available for
analysis of the potential human health impacts due to
inadvertant consumption of polluted shellfish or
diseased finfish.



SUMMARY

ment.
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The Charleston Harbor, North Inlet, and Winyah

Bay estuaries, located only 70 miles apart along the

South Carolina coast, are very distinct in terms of

anthropogenic influences. Charleston Harbor is an

urban estuary with a controlled source of freshwater

flow. Its quality has actually improved over the last

15 years due primarily to the upgrade of wastewater

treatment facilities  to secondary treatment!. How-

ever, the Charleston metropolitan area continues to

grow at a significant rate so that recent improve-

ments in resource quality are once again in jeopardy

without adequate and holistic planning and manage-

The North Inlet and Winyah Bay estuarine sys-

tem is also subjected to human influences, particu-

larly from inland agricultural activities and nonpoint

source runoff. North Inlet, historically isolated from

the direct influences of man, faces pressures from

rapid residential and resort development on adjacent

lands. Winyah Bay is also somewhat removed from

the direct effects of pollutants, being buffered by

large expanses of marsh, but is influenced by river

discharge and agricultural runoff.

It was apparent from the outset that a character-

ization of these estuarine systems  including trends

analysis! utilizing extant data from existing informa-

tion resources would pose a great challange. This

project provided added evidence that comparisons of

long-term trends or comparisons among major estu-

aries is often not feasible unless comparable method-

ologies are used.

Not surprising, the major constraint facing the

project investigators was in the analysis and synthe-

sis of datasets from diverse sources; datasets which

first had to be identified, located, and qualified.

Generally, no standard protocols or processes were

followed among the various studies in the collection

of data in these estuarine systems. Much of the data

found in published reports and "grey" literature was

reported in a multitude of fashions, rendering direct

comparisons and trends analyses difficult, if not im-

possible. This was particularly true for the water

quality datasets acquired through the STORET files

of the US Environmental Protection Agency. Water

quality data collected during the study period �970

to 1985! was not standardized to tide stage or river

discharge; prominant factors influencing water qual-

ity conditions. Therefore, while spatial trends could

be detected, temporal trends were most difficult to

identify, More recently, a SCDHEC study attempted

to evaluate trends in the Charleston Harbor Estuary

using nonparametric procedures.

Secondly, many of the studies conducted in

Charleston Harbor, North Inlet, and Winyah Bay

estuaries were of relatively short duration  three

years or less!, making attempts to correlate resource

trends to the health of the systems tenuous, This is

less true for North Inlet, where the Long-Term Eco-

logical Research program staff has been collecting

estuarine data for more than 10 years, However,

environmental studies examining the relationship

between resource use and health remain few in num-

ber and limited in duration.

Nevertheless, several benefits have resulted

from this investigation. Obviously, no study of this

type had ever been performed for the Charleston

Harbor, North Inlet, and Winyah Bay estuaries. This

reporr. should prove to be a useful reference to scien-

tists, graduate students, resource managers, and state

and local government officials. For instance, the

Office of Coastal Resources Management  NOS-

NOAA! has recently initiated the development of a

Special Area Management Plan  SAMP! for Charles-



ton Harbor; a copy of this report was immediately
requested by the SAMP staff. Interest in the North
Inlet and Winyah Bay characterization has been ex-
pressed by a number of environmental consulting
firms as background material for the development of
proposals in response to a call by the South Carolina
State Ports Authority to identify potential dredge
material containment areas in that region of South
Carolina. The literature cited offers a valuable source

of bibliographic references on refereed and grey
literature available for these systems.

The study also highhghts the limited amount of
data available for Charleston Harbor, North Inlet,
and Winyah Bay. Additional effort will be necessary
to collect physical, chemical, and biological data on
a time frame useful for trends analysis, Most data
collected now, with the notable exception of those
collected in North Inlet, are associated with short-

term, single objective studies. Multi-objective and
multidisciplinary investigations into the relationships
between land use trends and the health of the estua-

rine ecosystem may be necessary. Unfortunately,
significant gaps in the data can be found for almost
all attributes of the estuarine systems studied.

A standardized method far collecting water qual-

ity data is necessary for meaningful temporal trends
analyses. Water quality data provide a legitimate
means for assessing the health of an estuarine sys-

tem, identifying "hot spots" and analyzing temporal
trends. Until such aprotocol is established, the water

quality data will be of limited use for detailed trend
analyses that are sensitive to detecting changes in the
estuary before they become significant problems.

The study of estuarine systems has been ongo-
ing for some 25 years. As is often the case with
scientific investigations, the gain in knowledge is
of fser. by the number of new questions that are raised.
It will take many more years of study and significant
financial support to unravel and understand the com-
plex processes that drive estuarine systems and the
influences of man's activities on those processes.

However, resource managers and policy-makers do
not have the luxury of time on their side, It is the use
of existing information, compiled and synthesized,
that provides the basis for the development of many
policies and plans; thus lies the value of this system-
atic characterization of Charleston Harbor, North
Inlet, and Winyah Bay estuaries.
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SYSTEM CHARACTERIZATION

SETTING

Charleston Harbor is located midway along the

South Carolina coastline with its entrance at approxi-

mately 32 45' N latitude and 79' 52' W longitude
 Fig, Il- 1!. The Charleston Harbor Estuary is classi-
fied as a type 2b according to the Hansen and Rattray

�966! classification, and is formed by the

junction of three coastal rivers: the Cooper,
the Wando, and the Ashley  Fig. II-2!. Prior

to 1942, these three rivers and the lower

harbor basin drained a watershed area of

Fig. II-1. Coastline of South Carolina.

Watershed Characteristics

approximately 3,625 ktn'  US ACOE 1957a;
1966a, 1972, 1976; USDOI 1966; NOAA

1985!. The majority of freshwater flow into
the harbor system was from the Cooper River,
with its headwaters originating in Biggin

Swamp in Berkeley County, South Carolina

 Mathews et al. 1980; Kana et al. 1984!.

In 1942, the United States Army Corps

of Engineers  USACOE! completed the
Santee-Cooper Hydroelectric Project which

included construction of the Wilson Dam on

the Santee River forming Lake Marion, con-

struction of the Pinopolis Dam at the head-

waters of the Cooper River forming Lake
Moultrie, construction of a diversion canal

from Lake Marion to Lake Moultrie, and the

subsequent diversion of the Santee River flow

into the Cooper River  Fig. II-3!  Arthur D.
Little, Inc. 1974; USACOE 1975; Kjerfve

1976!. This project effectively increased the

total drainage area for the Charleston Harbor

watershed to approximately 41,000 km'  Fig.

II-4! due to the inclusion of the Santee River
drainage basin, which is one of the largest
river basins on the east coast of the United

States  SCDHEC 1975; Kjerfve 1976; NOAA 1985!.
The change in drainage increased the freshwater fiow

into Charleston Harbor to approximately 428 m'/s.

Prior to completion of the Santee-Cooper

Hydroelectric Project, shoaling in Charleston Harbor
was considered a minor problem, and was alleviated



drainage back into the Santee

River by way of a rediversion

canal constructed between

Lake Moultrie and the Santee

River in the vicinity of St.

Stephens, South Carolina.

The monthly mean flow into

the Cooper River through the

Pinopoiis Dam has been re-

duced to approximately 128

m'js since redivers ion.

With a total drainage

area of 41,000 km', the

Charleston Harbor watershed

is the second largest water-

shed in South Carolina  Table

II-1!  NOAA 1985!. In addi-

tion, it has the third largest

estuarine drainage area, and

the second largest inflow of

fresh water from all sources

in the state  NOAA 1985!,

The lower portion of Charles-

ton Harbor is bound on the

north by Sullivan's Island and

Mount Pleasant, on the south

by James Island and MorrisFig. 11-2. The Charleston Harbor basin is formed by the confluence of the
Ashley, Cooper, and Wando rivers. Key points discussed in the text are Island,audon the westby the
labeled. Charleston Peninsula, extend-

bytheremovalofapproximately137,620m'ofsedi- ing up the Ashley River to its junction with the
ments per year through maintenance dredging Intracoastal Waterway andup the Cooper River toits
 USACOE 1957a, 1958, 1966a, 1975; SCWRC 1979!. junction with the Wando River  Fig. II-2!  Arthur D,
After the project was completed, shoaling in Charles- Little, Inc. 1974; Mathews et al. 1980!. This portion

2ton Harbor increased to the point where removal of of the harbor basin covers an area of 65 km and
7,645,350 m' of sediments per year was needed to drains an additional 104 km'of local marsh and
maintain the navigation channels  USACOE 1966a,

1975!. To alleviate the shoaling problem in Charles-

ton Harbor, the USACOE completed the Cooper River Average depth of the harbor basin at mean low
Rediversion project in 1985  Fig. II-3!. This project water  MLW! is 3.7 m, and navigation channels were
rediverted approximately 70% of the Santee-Cooper maintained at a depth of 10.7 m prior to the Charles-



Table II-l. Comparisons of drainage areas, freshwater flows, and tidal prisms af major South Carolina
estuaries  NOAA 1985!.

Freshwater Tidal PrismTotal Drainage

Area  km'!

Estuarine Drainage

Area  km'!
Estuary

 m'!Flow  ru'/s!

1.35 x 10'

8.60 x 10"

3.94 x 10'

5.41 x 10~

1 75 x 10'

2.51 x 10'

456

578

130

25

362

76

40,880

46,850

12,377

n/a

10,484

3,414

3,113

24,633

3,980

2,590

2,372

1,860

Charleston Harbor

Winyah Bay

Santee River

Port Royal Sound

St. Helena Sound

Savannah River

from 1.5 m to 12.8 m within its natural channel

 USACOE 1957a: SCWRC 1973, 1975!. The Wando
River is influenced by tidal action throughout its

entire length.

ton Harbor Deepening Project  US ACOE 1958, 1966a,
1975!. This project, which is scheduled for comple-
tion in 1995, will increase the channel depth to

approximately 12.2 m. Charleston Harbor's mean
tidal range is 1.6 m and spring tides average 1,9 m.
The highest astronomical tides in the harbor exceed
2.1 m  USDOC 1981!.

The Wando River flows approximately 38 km

from its headwaters in Iron Swamp in Charleston

County to its junction with the Cooper River on the
north side of the Charleston Peninsula  Fig. II-2!

 Mathews et al. 1980!. The river basin drains a 310
km' area of marsh and lowlands, and its depth ranges

The Ashley River flows approximately 50 km
from its headwaters in Cypress Swarup in Berkeley
County to its junction with the Intracoastal Water-
way on the south side of the Charleston Peninsula,
where it empties into the lower harbor basin  Fig. II-
2!  Arthur D, Little, Inc. 1974; Mathews et al. 1980!.
The river basin drains a 900 km' area of marsh and

lowlands, spread out over Berkeley and Charleston
counties  Arthur D. Little, Inc, 1974!. Depths of the
natural channel in the river range from 1.8 m to 1I.O
m, and are influenced by tidal action throughout the
river's length  USACOE 1958!.

The Cooper River drainage basin is extremely
complex due to the construction of the Santee-
Cooper Hydroelectric Project, but can be divided
into three distinct components. One component is
the area downstream of the Pinopolis Dam, the sec-
ond component includes the area above the Pinopolis
Dam, including Lake Moultrie, the diversion canal
and Lake Marion, and the third component is the
upper Santee River drainage basin. The latter com-
ponent extends approximately 400 km from the head-
waters of the Santee River drainage basin in the
western North Carolina Blue Ridge Mountains to

Lake Marion  created by the Wilson Dam! on the
Santee River  Fig. II-4!  USACOE 1958, 1966a,
1975; Arthur D. Little, Inc. 1974; SCWRC 1979!.
This component drains approximately 37,200 km' of
mountains, highlands, and freshwater wetlands and
includes the Broad, Catawba, Congaree, Enoree,

Pacolet, and Wateree rivers, as well as Wateree Lake

and Lake Murray, all of which eventually empty into
the Santee River above Lake Marion  US ACOE 1975;

SCWRC 1979!.



The middle component of the Cooper River

drainage basin extends approximately 90 km from

the beginnings of Lake Marion, through the diver-

sion canal into Lake Moultrie, ending at the Pinopolis

Dam  Fig. II-3!. Lake Marion covers a 450 km' area,

while Lake Moultrie covers a 245 km' area  SCWRC

1979!. The entire component contributes approxi-

mately 900 km' of freshwater wetlands and lowlands

to the total drainage area of the Cooper River.

The lower component of the Cooper River drain-

age basin extends approximately 80.5 km from

Pinopolis Dam to the mouth of the Cooper River on

the north side of the Charleston Peninsula where it

flows into Charleston Harbor  Fig. II-3!. This sec-

tion of the river drains approximately 3,625 km' of

midlands and lowlands, including fresh and brackish

wetlands  USACOE 1975!. The west branch of the

Cooper River is 26.5 km long and flows from the Tail

Race Canal at Moncks Corner to its junction with the

East Branch. The east branch is approximately 12.3

km long and flows from its headwaters in Hell Hole

Bay to its junction with the west branch, which is

commonly referred to as the "Tee." The river then

flows 28.5 km to its junction with the Charleston

Harbor basin on the north side of the Charleston

Peninsula. The Back River drains an area of approxi-

mately 18 km'  SCWRC 1980!, and there is some

exchange of water with the Cooper River via the

Durham Canal  Fig. II-2!. The 10.7 m deep naviga-

Fig. II-3. Location and extent of the Cooper River Rediversion Project, adapted from Kjerfve and Magill
1990!.



Sedimentary Regimes and
Geological History

Geological History

Charleston Harbor lies en-

tirely within the South Carolina

Coastal Plain. A detailed descrip-

tion of the geological history of

South Carolina can be fottnd in

Cooke �936!, and the following

summary of geological character-

istics for the Charleston Harbor

area is based on this source as well

as Taber �939!, Cooke and

MacNeil �952!, Malde �959!,

Colquhoun �969!, Rankin   1977!,
and Mathews et al. �980!.

The Coastal Plain was ance

part of a large, nearly level plain
covered by a thick mantle of de-

composed rack. An extreme con-
tinental warping, which occurred

at the end of the lower Cretaceous,

Fig, II-4. The entire Charleston Harbor and Santee River watersheds raised up the region which is cur-
which extend into the mountains of North Carolina. Lakes and large rently the Appalachian Mountains.
cities are filled. This warping also tilted the land

lying to the east, south, and southwest of the moun-
tains downward, submerging much of the South Caro-
lina CoastaI Plain beneath the sea. The greater slope

brought about higher flows in streams present in the
nousubmerged portions of the region, which cut into

the cover of original rock, carrying decomposed felds-

par, grains of quartz, and flakes of mica to form the
Tuscaloosa Formation. Sea level then rose and fell

tion channel maintained in the lower Cooper River

extends 32 km upstream from the mouth of the river

 USACOE 1966b, 1975!.

Prior to rediversion, the estuarine portion of the

Charleston Harbor watershed  Fig. II-5! extended

from the mouth of the harbor to points approximately

35 km upstream in the Cooper River, approximately
44 km upstream in the Ashley River, and approxi-
mately 37 km upstream in the Wando River  SCWRC
1973; Mathews and Shealy 1978, 1982!. Although
the estuarine extent has changed since rediversion in

1985, this report will focus on the estuary as it
existed prior to August 1985.

several times which resulted in several additional

sedimentary formations.

During the Pliocene Epoch, the seashore in the
region of the South Carolina Coastal Plain was ap-
proximately 65 km inland from its present position,



Fig. II-5. The extent of the estuarine-marsh system in the Charleston
Harbor area prior to rediversion. the older ones, and are composed

largely of fine sand and clay that

was washed out of the older deposits, carried to the

sea, and distributed by waves and currents that were

too weak to transport coarse sand and gravel,

Stratigraphic units associated with the beds of

the different basins forming the Charleston Harbor

Estuary include the Middle Eocene Santee Lime-

stone, the Oligocene Cooper Marl, disconnected oc-

currences of Late Miocene Duplin Marl, and various

Pleistocene terrace sediments, and Holocene accu-

mulations  Cooke 1936; Taber 1939; Cooke and

MacNeil 1952; Malde 1959; Colquhoun and Johnson

1963; Colquhoun 1969; USACOE 1975!. The beds

Sn ari graphy

and sea level was approximately 30 m above its present

level. The crustal movements which ended the Pliocene

Epoch depressed the Coastal Plain to a depth of approxi-

mately 82 m below sea level. Since that time there have

been no recognizable tectonic movements of land in the

Coastal Plain region, although sea level has fluctuated

widely. Sea level has gradually subsided due to an

increase in the capacity of the ocean basins, brought about

by seafloor spreading at the rnid-Atlantic Ridge.

The Coastal Plain of South Carolina consists

entirely of Pleistocene sedimen-

tary deposits of sand, gravel, clay,

marl, and limestone, all of which

rest upon a basement of ancient

rocks  Cooke 1936!. The base-

ment is composed of granites,

schists, gneiss, and other crystal-

line rocks  Fig. II-6! that are simi-

lar to, and a continuation of, the

rocks that underlie the adjoining

Piedmont Province. Detailed de-

scriptions of each stratum can be

found in Cooke �936!, Cooke and

MacNeil �952!, Malde �959!,

Colquhoun and Johnson �968!,

Little �974!, and Rankin �977!.

Fluctuations in sea level during

the Pleistocene Epoch were re-

sponsible for laying down and, in

some cases, eroding away the up-

per layers of sediments. None of

the Pleistocene Formations are

very thick, and nowhere in South

Carolina is there a complete series

of one upon another  Cooke 1936!.

The younger formations generally

contain less coarse materials than



ments have filled the depressions.

Bedrock Origirrs

The bed of the Cooper River

alternates between scoured Coo-

Cooper Marl lies at, or very close
ro, the bed of the river. In the

Ashley River, the Cooper Marl lies
beneath 3 rn to 9m of sands, clays,

and sludge deposited over the past

10,000 years  Fig. II-7!  USACOE
1972!. Within Charleston Harbor,

e Charleston Harbor area  adapted
the basin has a highIy variable sur-

face with much scouring having

occurred in the geologic past. These valleys carved

in the Cooper 1Vfari are filled with up to 18 m of less
consolidated sands and clays  Fig. II-7!  USACOE

1972!.

of the three river basins within the estuary are prima-

rily formed by the Cooper Marl Formation overlying
S an tee Limestone  US ACOE 1972; Arthur D. Little,

Inc. 1974!. This Cooper Marl is a sandy, calcareous,
7

Fig. II-6. General stratigraphy in th
from Cooke and MacNeil 1952!.

silty clay and is slightly ta moder'-

ately phosphatic, and medium
brown to olive-green color. It is

very compact and contains an early
Oligocene fauna in the Charleston
area. In many areas of the basin,

the Cooper Marl has been scaured
out and eroded Pleistocene sedi-

per Marl and less consolidated
sands and muds throughout irs

length  Fig. II-7!  USACOE 1972!.
The majority of the river bed is

composed of loosely consolidated
sediments 5 m to 8 m thick, over-

lying a srrb-bed of Cooper Marl.
In the Wando River, Cooper Marl

lies at the surface of the river bed

from the headwaters to Juba Is-

land  Fig. II-7!  USACOE 1972;
Arthur D. Little, Inc. 1974!. There

is a large sediment-filled channel
system throughout a 2-km section
down river fram Juba Island; and

downstream from that section the



Fig. II-7. General composition of bottom sediments in the Charles-
ton Harbor Estuary. Areas without shoaling have unknown compo-
sitions  adapted from USACOE 1972!.

Origins and Morphology of

Sediments

Prior to the Santee River Diversion in 1942, the

Charleston Harbor drainage area consisted primarily

of Recent sedimentary deposits, formed during peri-

ods of fluctuating sea level  USACOE 1972, 1975!,
The majority of the sediments entering Charleston

Harbor originate below Pinopolis Dam, but some o f

the sediments originate in the upper regions of the
watershed. Sediments occurring in the Charleston

Harbor watershed are primarily sands, silts, and clay,

originating from erosion of marsh  USACOE 1954,

Presence of Faults in the Region

The seismic history of the southeastern United

States is dominated by the 1886 earthquake near

Charleston, South Carolina  Cooke 1936; Colquhoun

1969; Bollinger 1975; Rankin 1977!. This large

earthquake registered a X on the modified-Mercalli
scale. Numerous smaller earthquakes have occurred

during recent history in the Coastal Plain near

Summerville, South Carolina  Bollinger 1975; Rankin

1977!, with the ma~ority occur

ring along a 15-km zone terminat-

ing at Middleton Place. Most of

the earthquakes which have oc-

curred since the 1886 earthquake

are considered to be aftershocks

of the 1886 earthquake  Rankin

1977!. The historic record sug-

gests that the Charleston-

Summerville area had a continuum

of low-level seismicity prior to

1886, and that a low-level of strain

energy release continues in the

same area today. A complete list-

ing of earthquakes in the region is

presented in Bollinger �975!.

The epicenters of earth-

quakes in this region are well
within the North American Conti-

nental Plate, and are not associ-

ated with faults in the region

 Bollinger 1975; Rankin 1977!,
The recent seismicity originates at

depths of I km to 8 km, in the

crystalline basement beneath the

sedimentary rocks of the Coastal

Plain  Rankin 1977!.



1957a,b,c,d, 1972, 1975; Benson 1976, 1977!. Coarse
to medium sands are found in the Wando River and
the Cooper River, as well as along the north side of
the harbor inland toward the Battery  USACOE 1972,

Arthur D. Little, Inc. 1974, SCWRC 1979!. Domi-

nant silts and clay are found in the Ashley River,
along the south channel of the harbor, as well as
between the Battery and North Charleston, Sedi-
rnents with high organic content  ! 2%! occur through-
out the Ashley River, in the central harbor, the lower
Wando River, and throughout most of the Cooper
River. Other data on sediments in the Charleston

Harbor Estuary can be found in USACOE �957a,
1957b, 1957d, 1958, 1966a, 1966b, 1966c!, FWPCA
�966!, Colquhoun �972!, Hoss et al. �973!,
Settlernyre and Gardner �975!, SCDHEC �975!,
and Benson �976, 1977!.

Changes in Sea Level

The continental ice sheets had a profound influ-

ence on the Pleistocene history of the South Carolina

Coastal Plain, although the ice sheets themselves

stopped far to the north of the region. The climate of
South Carolina was probably not much colder than at
present, but the influence of the ice sheets has in-
cluded fluctuations in global sea level. During the
Pleistocene, the sea flooded and subsequently re-

treated from the Coastal Plain on numerous occa-

sions. These periods of inundation laid down a
number of layers of sediments, which divide the
South Carolina Coastal Plain into terraces. Through-

out geological history, sea level has risen and fallen
by over 300 m due to changes in the size of ocean
basins, the amount of water in the oceans, the aver-
age density of sea water, and the emergence and
submergence of land due to crustal movements  Titus
1986!. Colquhoun and Johnson �968! reported 13
major changes in sea level for the South Carolina
Coastal Plain region which included five periods of
sea level rise separated by periods of sea level fall or

stable periods. According to the USACOE �972!,
the most recent major rise in sea level reached 13 m
above current mean sea level, and occurred between

147,000 and 86,000 years ago. This rise was fol-
lowed by a faII in sea level which paused at 10 m, 8
m, 5 m, and 2.5 m above current mean sea level.

During more recent times, Titus �986! indicated
that sea level was rising at approximately 10 mm/yr
between 17,000and 7,000 years ago and Kana et al. �984!
reported that sea level was rising at approximately 3 mm/
yr between 7,000 and 3,000 years ago. Hicks �978!
reported that sea level rise between 1922 and 1958
averaged 3.8 rnm/yr, and 2.9 mm/yr between 1940
and 1975. The current rate of rise in local sea level

 Charleston Harbor! is estimated at 2.5 mrn/yr
 Ringold and Clark 1980; Hoffman et al. 1983, 1985;
Kana et al. 1984, 1986; Titus 1986!.

Concerns over greenhouse effects, and their
influence on global temperatures and sea level, have
prompted recent research designed to predict inter-
actions with the current rate of sea level rise. These
models have incorporated complex scenarios to pro-

vide information on a wide range of effects on sea

level. Recent proj'ections  Hoffman et al. 1983, 1985;
Kana et al. 1984! have predicted a rise in local sea

level for Charleston Harbor of between 0.32 m and

1.00 m by the year 2060, and 1.44 m and 2.17 m by
2100. According to Hoffman et al. �983! the rise in
sea level could be as low as 0.074 m or as high as 3.45

m by the year 2100. Kana et al. �984! predicted the
effects of various accelerated sea level rise scenarios

on land masses in Charleston Harbor. Models based
on rise in sea level and rate of marsh formation
concluded that without human intervention a I-m

rise in sea level over the next century would result in

a loss of 50% of wetlands in the Charleston area, and
a 1.5 m rise woold result in an 80% loss  Kana et al.

1986!.



Charleston Harbor area
Table ll-2. Monthly and annual mean temperature and wind data for Charleston
Harbor between 1970 and 1985  based on NOAA 1972, 1985!. are presented in Table II-

2. Temperatures in the

Charleston Harbor area

Mean Speed Prevailing

km jhr Direction

Daily

Min

Month Daily

Max

are generally moderated

by marine influences and

are often 2-3'C lower in

January

February

March

the summer and 3-8'C

April

May

June

July

August

September

October

November

December -6.5'C are unusual for the

estuary.

14.2 NNE24.3 12.4Annual

Wind direction and

velocity in Charleston

Harbor are highly vari-

able, and rather evenly distributed in all directions

 Arthur D. Little, Inc. 1974!. The inland portions of

the estuary are subjected to a southwest-northeast

wind regime  Mathews et. al. 1980!. The prevailing

winds are northerly in the fall and winter, and south-

erly in spring and summer  Arthur D. Little, Inc.

1974; NOAA 1985!. The monthly average wind

velocities and directions for the area range from a

low of 12.1 kph in May to a high of 16.7 kph in March

 Table II-2!. The maximum recorded wind speed for

the period 1960-1985 was 114 kph in March 1971

 Arthur D. Little, Inc. 1974; NOAA 1985!.

CI imatology

The estuary receives an annual average precipi-

tation of 124.87 cm  NOAA 1972, 1985; Arthur D.

Little, Inc. 1974!, which is almost exclusively rain-

falI. Very little precipitation  less than 0,5 cm! is

recorded as snow, sleet, or hail. The greatest mean

10

16.4 3.1

16.8 4.5

20.0 7.3

24.9 11.5

28.8 16.6

31.6 20.6

31.6 22.2

31,5 21,4

29.2 18.8

25.1 12.7

19.9 6.6

16.1 3.5

The climate of the Charleston Harbor Estuary

is relatively mild as compared with areas further

inland  Arthur D. Little, Inc. 1974; Purvis and

Rampey 1975, Mathews et al. 1980!. The mountains

of the northern portion of South Carolina and Geor-

gia serve as a barrier to cold air masses from the

northwest, and the Bermuda high pressure system

tends to retard the progress of cold fronts into the

coastal area. These conditions produce relativeIy

mild, temperate winters. Summers are warm and

humid, but relatively moderate with regard to tern-

perature extremes, largely due to the influence of the

ocean, especially the Gulf Stream  Arthur D. Little,

inc. 1974; Mathews et al, 1980!.

Average monthly air temperatures for the

14.8

16.6

16.7

16.1

14.3

13,7

13.0

12.1

13.0

13.2

13.2

14.0

SW

SSW

SSW

S

S SW
SW

N

higher in the winter than

areas just a few kilome-

ters inland of the estuary

 NOAA 1972, 1978,

1983, 1985; Arthur D.

Little, Inc. 1974; Purvis

and Rampey 1975;

Mathews et al. 1980!.

Temperatures higher

than 38'C and lower than



area are presented in Table II-3.monthly precipitation is normally received iu July
while the smallest amountof precipitation normally

occurs in November {Table II-3!. Tropical cyclones frequent the east coast of the
United States, and almost always have some effect on
the weather around Charleston Harbor. Historical

accounts of tropical cyclones can be found in Dunn

and Miller �960!, Ludlum �963!, Suggs and
Carrodus �969!, Carter �970!, Purvis and Landers
�973!, and Ho {1974!. OccasionaIly these cyclones
come close enough to the estuary to affect tides in
Charleston Harbor, and if of hurricane force, they
can cause extreme beach and marsh erosion. Hurri-

canes normally occur between August and December
 Mathews et al. 1980!. Tornadoes are extremely rare
in the vicinity of Charleston Harbor, but have oc-
curred in inland portions of the estuary  Mathews et

al, 1980!.

Relative humidity in the Charleston Harbor area

is normally very high and fluctuates greatly. Gener-
ally, it is higher during the summer months than other
times of the year, and the coastal areas exhibit a
lower relative humidity than inland portions of the

estuary {Arthur D. Little, Inc. 1974; Mathews et. al.
1980!. The monthly mean relative humidity for four
different times of day are presented in Table II-3,

Cloud cover varies widely for Charleston Har-

bor, with annual averages of 101 clear days, 115
partly cloudy days, and 149 cloudy days  NOAA
1972, 1985, Arthur D. Little, Inc. 1974!. The mean

monthly clear, partly cloudy, and cloudy days for the

Table II-3. Monthly and annual mean precipitation, relative humidity, and cloud cover for Charleston
Harbor between 1960 and 1985  based on NOAA 1972, 1985!,

Cloud CoverPrecipitation Relative Humidity by TimeMonth
% Number of Days

Clear Partly Cloudy0100 0700 1300 1900 cm!

82 84 55 73

79 82 52 68

81 83 50 67

84 84 50 67

88 84 54 72

90 86 59 75

91 88 64 79

92 91 63 80

91 91 63 82

88 89 56 80

85 87 51 77

82 84 54 74

January

February

March

April

May

June

July

August

September

October

November

December
14

149101 11586 86 56 75124.87Annual
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Table II-5. Classification of land use patterns adjacent to
the Charleston Harbor watershed. Approxitnate area and
percent area.

Percent Area Area km'Classification

Agriculture

Forests

Urban

Rural

Open Water

Low Salt Marsh

High Salt Marsh

Brackish Marsh

Freshwater Tidal Marsh

Coastal Impoundments

Diked Disposal Areas

100.0 3,000Total

cation of land use within the watershed is summa-

rized in Table II-5, and a brief description of the

general use patterns for the areas adjacent to the

estuary is provided below.

The areas surrounding Charleston Harbor and

the harbor itself are historically prominent due to the

fact that this estuary has served as a critical port in

the southeast since it was settled in 1670. Goodwin The entrance of Charleston Harbor is formed by

two barrier islands: Sullivans Island, which is fully

developed as a residential community, and Morris

�989!, describing the historical changes in land

around Charleston Harbor, noted that the colonial
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14.0

56.0

6.0

10.3

6.0

2.7

0.6

0.5

2.5

0.7

0.7

Adjacent Land Use Patterns

420

1,680

180

309

180

81

18

15

75

21

21

economy of the area was largely supported by

cattle ranching; production of indigo; rice, and

cotton crops; and mining for phosphates. The

harbor also served as a critical port for both

shipping and defense, and was the site where the

first shots were fired in the Civil War.

Charleston's rich history has made the peninsu-

lar city a major tourist attraction with numerous

historica1 landmarks.

The port facilities currently represent the

largest economic resource associated with the

estuary. Currently the volume of cargo passing

through the port make this harbor the second

largest container port along the Atlantic sea-

board. The United States Navy maintains its

third largest home port in the Cooper River.

These port facilities have retluired extensive

dredging for maintenance and deepening of the

shipping channels in recent years.

The lands surrounding the estuary are

largely developed and support a population of

more than one- half million people in Charles-

ton, Dorchester, and Berkeley counties, which

comprise an area of approximately 3,000 km'.
The two largest municipalities adjacent to the

estuary are the cities of Charleston and North

Charleston, but there are several other smaller

towns and municipalities as well  Table II-4,

Fig. II-2!. To date, there have been no detailed

analyses of land use patterns for the Charleston

Harbor watershed, but general land use patterns

can be detertnined from the literature  Tiner

1977; Mathews et al. 1980!. An areal classifi-



Island, which is currently undeveloped. The
entrance channel between these islands is stabilized

by jetties which extend approximately 5 km into the
ocean and were built in 1894. Most of the lower

harbor basin is surrounded by city and urban devel-
opments, As noted previously, the harbor receives
considerable shipping traffic due to the large com-
mercial and naval port facilities located in the harbor
basin as well as in the Cooper and Wando rivers. The

commercial port facilities in the basin are located on
the Charleston City peninsula. The Atlantic
Intracoastal Waterway  AIWW! also crosses the har-
bor-basin between Mt. Pleasant and James Island at

Wappoo Creek, Although there are no major indus-
tries located in the lower harbor area, the basin

receives effluents from two large sewage treatment

facilities which provide secondary wastewater treat-
ment. These are located on Plum Is1and, and on Mt.

Pleasant near the AIWW. Other sources of pollution

affecting the lower harbor include nonpoint source
runoff from the city and urban areas, several marina
facilities in the lower reach of the Ashley River, and
runoff from pollution sources in the three river sys-
tems. The harbor basin also has several diked dis-

posal areas for dredged materials, with the largest
being Drum Island.

The Cooper River has the greatest concentra-

tion of industrial and port facilities among the three
river systems forming the Charleston Harbor Estu-
ary. The majority of the facilities are located on the
western shoreline and include naval port facilities,
commercial facilities associated with the State Ports

Authority, and private industries including Dupont,
General Dynamics, Mobay Chemical Co�Amoco,
Westvaco, and the South Carolina Electric aud Gas

Company. To accommodate the ship traffic, a 10.7 m
deep navigation channel is maintained in the lower

Cooper River, the channel extends 32 km upstream
from the mouth of the river  USACOE I966b, 1975!.
The eastern shoreline of the Cooper River is largely

undeveloped, although there are several large diked
disposal areas along the length of the maintained
channel.

The Ashley River has the second largest num-

ber of industrial and commercial facilities which are

located on the eastern shoreline. One of these sites,

which is no longer in operation, is the Koppers facil-
ity. This site is currently under consideration for
designation as an EPA Superfund site. In addition,
numerous wastewater facilities for cities aud subdi-

visions discharge into the mid and upper Ashley
River, including the Charleston CPW, the town of
Summerville, the Pepperhill subdivision, and the
Berkeley County WSA. Much of the remaining up-
land areas on both sides of the river support residen-

tial developments.

The Wando River presently has the least upland

development compared to the other two river sys-
tems, except in the lower reaches of the river, In that
area, the State Ports Authority maintains the large
Wando Terminal Facility which is located on the
eastern shoreline. There are also several residential

communities which are either already present or be-

ing deveIoped on this shoreline. Large diked dis-
posal areas are located on Daniel Island, which forms
the western shoreline of this river. The only major

industrial facility on this river is Detyens Shipyard
located at Cainhoy  Fig. II-2!.

Additional details on land use patterns sur-

rounding Charleston Harbor, and the changes which
have occurred during the 15-year review period are

presented in the trends section.
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PHYSICAL AND CHEMICAL PROPERTIES

fallowing sections.

TidesFreshwater Flow

The Charleston Harbor Estuary is a complex

system with respect to its physical and chemical

properties. Hydrographic circulation patterns, sedi-
rneutation patterns, and the distribution of basic wa-

ter quality parameters, such as temperature, salinity,

dissolved oxygen, pH, and nutrients are all strongly

affected by climatic conditions, tides, and freshwater

fiow. Because freshwater flow was markedly altered

in 1985 by the Cooper River Rediversion Project

 Kjerfve and Magill 1990!, many of the conditions
described for the study period covered in this report

may now be different. General changes which may
occur as a result of rediversion are noted in the

The flow of fresh water from the Cooper, Wando,

and Ashley rivers into Charleston Harbor opposes

the cyclic rise of the tide, and pushes salt water back

downstream after high slack tide  SCWRC 1973!.

Charleston Harbor received a monthly average flaw

of 11.8 m'/s from all sources prior to the diversion of

the Santee River into the Cooper River basin in 1942

 USACOE 1966a,b,c!. The Cooper River contrib-

uted 2.0 m'/s, the Wando River 2.5 m'/s, the Ashley

River 7.4 m'/s, and local runoff 0.1 m'/s of fresh

water flaw to the harbor  Benson 1977!. Diversion of

the Santee River increased the flow of fresh water

into the harbor ta a monthly average of 455 m'/s,

with a range of 87 m'/s ta 844 m'/s  USACOE

1966a,b,c; Kjerfve and Magill 1990!.

The operation of the Pinopolis hydroelectric

plant became the main source of fresh water flowing
into Charleston Harbor, and salinity in the harbor

became controlled by the flow  USACOE 1966a!.

The hydroelectric plant operates on a basis of

demand for electricity, making flow through the dam

quite variable  USACOE 1966a,b,c; Kjerfve and

Magill 1990!. The long-term daily average flow into

the harbor between 1942 and 1984 was 456 m'/s

 NOAA 1985!, attd according to Kjerfve and Magill

1990!, the monthly average Cooper River discharge

was 418 m'/s. Discharge was normally highest dur-

ing the winter months  January � March! aud lowest

during the autumn months  September - November!

during the period of diversion  Fig, II-8!, with spring
floods resulting ingreater flows  SCWRC 1979; NOAA

1985!. Since the rediversion of the Santee River in

1985, the flow from the Cooper River into Charleston

Harbor has become more stable, with a monthly mean

of 122 m'/s aud a range of 92 m'/s to 147 m'/s

 Kjerfve and Magill 1990!.

Charleston Harbor experiences semidiurnal

tides, with two nearly equal high aud low tides during

a single lunar day �4.8 h!  USACOE 1966a; NOAA
1985!. The tidal prism of Charleston Harbor is ap-

proximately 1.35 x 10' m'  NOAA 1985!. Tidal
heights and current velocities are extremely variable,

and are strongly affected by winds, storms and river

flow  SCWRC 1973, 1979!. Flood tide cycles can be

dramatically reduced during and after heavy rainfall,

or greatly increased by shoreward winds and storms

 Gallagher l963!, Prior to rediversion, the mean

tidal amplitude  range! within the harbor was 1.6 m,

and spring tide amplitudes averaged 1.8 m  SCWRC
1973; Arthur D. Little, Inc. 1974; NOAA 1985;

Kjerfve and Magill 1990!. Maximum tidal ampli-

tudes of 2.5 m have been recorded, and amplitudes

may range from 1.3 m above mean slack low  MSL!

tide to 1.2 m below MSL  Arthur D. Little, Inc.

1974!.

The Cooper, Wando, and Ashley rivers are tid-

ally influenced throughout their lengths, with an

average 1.5 m tidal amplitude extending 18 km up the



Cooper River, 20 km up the Wando River, and 12 km
up the Ashley River  NOAA 1985!. Tidal amplitudes
within the Cooper River have been reported to be 1.3
m at Cote Bas �2.5 km upstreatn! and 0.5 m at

Pimlico �7 ktn upstream!  SCWRC 1979!. Prior to
rediversion, the USDOC �981! projected the high

tide at Pirnlico  Fig. II-2! would occur approximately

3 hours and 20 minutes later than in the

harbor and low tide approximately 3

hours and 50 minutes later. ln the Ashley

River, tidal amplitudes average 1.6 m at

Wappoo Creek �.2 km upstream! and.
1.7 m at Dray ton Hall �4 km upstream!,
with high and low tides at Drayton Hall

occurring approximately 45 minutes af-

ter they occur in the harbor  USDOC
1981!. The Wando River exhibits tidal

amplitudes of 1.8 m at Cainhoy �4 km

upstream! and 2.0 rn at Big Paris Island
�2 km upstream!, with high tide at Big
Paris Island occurring approximately 65

minutes after it does in the harbor and

Fig. II-8. Monthly mean temperature, surface salinity, and
freshwater discharge into the Charleston Harbor Estuary for
1970-1985. Discharge data is from the Pinopolis Dam. Tem-
perature and salinity data were collected at the Custom's House
in the harbor basin.
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low tide, occurring approximately 55 m in-

ures later  USDOC 1981!.

Historical data have recorded high

tides in excess of 3.2 m above MSL in

the harbor, and Iow tides in excess of 2,2

m below MSL  Arthur D, Little, Inc.

1974!. In addi tion, research by the United

States Weather Bureau has suggested that

the tide exceeded 4.4 m above MSL dur-

ing a storm in the year 1752. According
to Neiheisel and Weaver �967!, the gen-

eral circulation within the harbor fol-

lows a counter- clockwise pattern over a

tidal cycle. Normal tidal current veloci-

ties reach a maximum of 0.9 m/s to Ll

m/s in the harbor, but ebb tide currents

often reach velocities of 1.8 m/s to 2.7

rn/s when river Qow is high  USACOE

1958, 1966; USDOC 1967!.

Probable effects of the Cooper River Rediversion

Project on tidal stage, amplitude, and current velocities in
different parts of the estuary were not we11 documented
prior to 1985. Following rediversion, the National Ocean
Survey  NOS! conducted an intensive study of tidal cur-

rents in Charleston Harbor Estuary in order to develop

tnore accurate tide tables, and to resolve general current
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Fig. II-9. Basic water quality sampling stations in
Harbor Estuary for 1970-1984,

patterns  Wilmont and Williams 1987; Wilmont 1988!.

The USGS is also collecting post-rediversion data on tide

stage and other parameters at several sites in the estuary

 Fig. II-9!  USGS unpublished data!. Results from. the

NOS study indicate that 1987 tide stage and currentpredic-

tions fax exceeded NOS error litnits in many harbor areas.

Circttiation Patterns and Salinity Regimes

Prior to rediversion, tides and freshwater flow

were the major factors controlling circulation pat-

terns in Charleston Harbor, while

winds and longshore currents con-

stituted minor factors  USACOE

1966!, Following rediversion,

freshwater flow has been greatIy

reduced, and presumably plays a

lesser role. Circulation patterns in

the harbor are characterized by re-

versals of both surface and bottom

currents over a single tidal cycle.

These patterns change from one

tidal cycle to another, depending

on differences in tidal amplitude

and freshwater flow.

Charleston Harbor is a strati-

fied estuary with a net downstream

flow in a relatively freshwater sur-

face layer, a net upstream flow in a

bottom saline layer, and a net bot-

tom to surface flow of water

 USACOE 1958, 1966a; Lindner

1960, SCWRC 1973; Van

Nieuwenhuise 1978; Kjerfve and

Magil1 1990!. As the tide begins to

flood, a bottom salt wedge begins

moving upstream, while the fresher

surface layer is still flowing down-

stream. The surface layer begins to

move upstream and the majority of

the upstream flow follows a path

along the northern portion of the estuary. The salt

wedge is most strongly defined in this area due to the

freshwater discharge from the Cooper River. As the

tide begins to turn, the surface layer becomes slack

and then begins to ebb, while the bottom layer con-

tinues to flood. The salt wedge begins to ebb, result-

ing in an attenuated salt wedge. During ebb tide, the

majority of the flow follows a path through the southerly

portion of the estuary.

Maximum surface current velocities during nor-



mal cycles in the harbor range from 1.0 m/s to 1.5
m/s during ebb tide, and 0.5 m/s to 1.3 m/s during
flood tide. Current velocities at the bottom are

generally lower than at the surface. According to
Mathews et al. �980!, surface current velocities are
greater in the northern portion of the harbor than in
the southern portion during maximum flood, and the
reverse is true during maximum ebb.

Prior to rediversion, few detailed circulation

studies were conducted. The USACOB constructed a
scale model of the harbor at the Waterways Experi-

ment Station  WES! in Vicksburg, Mississippi, and a
number of studies were conducted with the model to

determine the effects of varying flow and topography
within the harbor  USACOE 1954, 1957a,b,c!. A
few studies were also conducted in the estuary to

determine the validity of the model  USACOE 1977!.
In addition, limited dye-dispersion studies have been
conducted in the Wando and Cooper rivers  SCWRC
1973; Arthur D. Little, Inc. 1974!. Additional stud-
ies were being conducted by the NOS to better define
post-rediversion circulation pattertrs  Wilmont and
Williams 1987; Wilmont 1988!.

Sedimentary Patterns

Charleston Harbor has been utilized as a sea-

port since colonial times, and during the 20th cen-
tury, the harbor has been dredged to maintain chan-
nel depths. Average prediversion dredging resulted
in the removal of approximately 137,620 m'of mate-
rial per year. After diversion of the Santee River into
the Cooper River and completion of a channel deep-
ening project, sedimentation in the harbor increased
dramatically. Dredging efforts increased to keep up
with the added deposition, averaging approximately
7,645,350 m'/yr during the period 1943 through 1985.
As a result, many studies evaluated the sources,

distribution, and mechanisms of sediment deposition

in Charleston Harbor  Neiheisel 1959, USACOE
1966a, 1972; Neiheisel and Weaver 1967; Settlemyre

and Gardner 1975; Mathews and Shealy 1978, 1982;
Van Nieuwenhuise 1978!. A summary of informa-

tion provided by these references follows,

There are three major sources of sediments

entering the harbor: marine material, Holocene de-
posits within the Cooper River basin, and material
transported from the upper Santee River basin through
lakes Marion and Moultrie. The amount of material

settling in the harbor from marine sources has been
estimated at approximately 919,750 m'/yr. Scouring
and runoff from the Cooper River basin contributes

approximately 752,500 m'/yr of a wide size spectrum
of sand, sift, and clay which settles in Charleston
Harbor. Fine sands and silt capable of being trans-

ported through lakes Marion and Moultrie from the
upper Santee River basin contribute an additional
1,421,400 m'/yr to the volume of material settling in
Charleston Harbor.

Marine sands are concentrated in the harbor

mouth as well as along the northern half of the

estuary in the vicinity of Mount Pleasant. Marine
sands are also found in the navigation channels to

approximately 18 km above the harbor mouth. Bot-
tom samples from the vicinity of the jetties and
landward between Fort Sumter and Fort Moultrie

contain over 90% sand size particles. Upstream of
these locations, the sand is mixed with silt and clay
of both marine and riverine origins. Marine silts are

widely found in the harbor entrance, less in the
harbor basin, and extend into the Ashley River.

Sands originating from recent Holocene depos-
its occur in bottom sediments in both the Wando and
Cooper rivers. Similar deposits occur in the Ashley
River, but are covered by recently deposited silts and
clays. The harbor basin is dominated by fluvial and
mixed silts, described as dark-gray sludge, com-

posed of more than 75% silt and clay, with the
content of silt and clay increasing abruptly toward
the west, and more gradually toward the north, The
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distribution of river-derived silts throughout the

harbor is due to the net seaward flow of the surface

layer.

The shoals in Charleston Harbor are dominated

by silr. and clay-size sediments, representing the low-

est average median diameter �.06 mm! of all sedi-

ments in the harbor. The salt water wedge mecha-

nism constitutes the major factor responsible for

sedimentation in Charleston Harbor. Simmons �965!

concluded that the landward flow along the bottom

prevented sediments from being

transported past points of no-net-

motion  nodal points!. Sediments

associated with the wedge move

back aud forth over the bottom

with tidal cycles, being deposited

at the nodal points.

In Charleston Harbor, the

salt wedge is most strongly devel-

oped in the western portion of the

harbor, and the Cooper River car-

ries the majority of upstream sedi-

ments. Therefore, sedimentation

Flocculation is another im-

Fig. II-10. Station locations for the South Carolina Department of
Health and Environmental Control's monitoring program with three
years or more data during the 1970-1985 survey period. Stations are
identified in Table II-6,

portant mechanism in the, deposi-

tion of river sediments within the

estuary, particularly in the areas
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occurs most significantly iu this

area. According to Van

Nieuwenhuise �978!, three major

nodal points exist within the estu-

ary, migrating From 8 miles to 11

mHes inland over a single tidal

cycle. In addition, the nodal points

represent the landward boundary

for deposition of most marine de-

rived material, as well as the sea-

ward boundary for the majority of

river-derived material.

having higher salinities, higher concentrations of

suspended solids, and lower turbulence. According

to the USACOE �966a!, the effects of a spring tide

and lower than average freshwater flow promote

flocculation at points further upstream, while neap

tides and higher than average flows promote deposi-

tion Further down in the harbor.

NeiheiseI and Weaver �967! noted that the

bottom suspended sediment load is greater at flood

tide than at ebb in most parts of the harbor, although



Table II-6. Identifications and the years sampling
took place for the SCDHEC stations plotted in Fig. II-
10.

S tation SCDHEC Years

SampledDesignation

MD-049

MD-135

MD-052

MD-020

MD-034

MD-165

MD-048

MD-070

MD-071

MD-046

MD-047

MD-500

MD-501

MD-198

MD-504

MD-503

MD-502

MD-045

MD-115

MD-113

MD-114

MD-043

MD-152

MD-505

MD-044 Temperature

the reverse situation was found in some areas. They
also found that at the north end of the harbor, more

bottom sediment is entering the harbor than leaving,
whereas at the southern end more sediment was leav-

ing than entering the harbor. The suspended sedi-
ments in the northern part of the harbor are primarily
sands, while those in the southern part are primarily
silts and clays. Mathews aud Shealy �978, 1982!
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1972-1985
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1970-1985
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1979-1982

1979-1982

1979-1982
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1972-1985

1970-1985

1970-1985

1974-1985

1972-1985

1979-1982

1974-1985

observed total suspended solids in Charleston Har-

bor ranging from 14.00 rng/1 to 57.84 mg/1 for
surface samples and 22.96 mg/1 to 144.40 mg/1 for
bottom samples. Nelson �974! reported total
nonfilterable residue concentrations of 12 mg/1 to

63 mg/1 in surface samples.

The Cooper River Rediversion Project will
presumably reduce seditnentation rates in Charles-
ton Harbor. Actual changes in sedimentation rates

have not been documented to date, and it may take
many years before average rates in different por-
tions of the estuary can be defined. The Charleston

Harbor Deepening Project, which was initiated af-
ter rediversion, will undoubtedly delay the determi-

nation of post-rediversion sedimentation rates in

the harbor.

Basic Water Quality Parameters

A number of sources exist for basic water

quality data in the Charleston Harbor Estuary  Figs.
II-9, II-10. and II-11!. The majority of these sources
consist of short-term sampling periods conducted
for specific research projects or environmental im-
pact statements. The most comprehensive data
base is that of the South Carolina Department of

Health and Environmental Control  SCDHEC!,

which has collected water quality data at numerous

stations for many years  Figs. II-10 and II-11, Table

Il-6!.

Water temperatures within Charleston Harbor
average 19.8'C and range between 6.2'C and 29.9'C
throughout the year  USACOE 1966a; Mathews and
Shealy 1978, 1982; Kjerfve and Magill 1990!. Large
diurnal variations  > 3 C! in temperature are uncom-

tnon in Charleston Harbor, and differences between

surface and bottom temperatures range between 0.5'C
and 2,0'C  USACOE 1966a, 1972; Mathews and
Shealy 1978, 1982!. According to Mathews and



were observed at the mouth of the harbor. MathewsShealy �978,1982!, the average diurnal variation in

water temperature is 1.5'C, and may be as high as

2.5'C at the surface and 2.7'C on the bottom. In

addition, SCDHEC monitoring during the period

1970-1985 revealed a seasonal range of water tem-

peratures from 1.50 C to 35.00'C throughout the

entire estuary  Appendix A!.

Salinity

of the Cooper River. Average salinities were be-

tween 4.5%a and 5,3%e at the mouth of the Cooper

River, average salinities between 16.0%v and 18.5%v

Fig. II-11. Studies which collected basic water quality data in the Charleston Harbor Estuary during the
1970-1985 review period.

20

The mean harbor salinity as measured in the

harbor basin was 16.8%e, with a range of 7.7%o to

29,5%<prior to rediversion  Kjerfve and Magill 1990!.

Mathews and Shealy �978, 1982! reported that sa-

line conditions extended approximately 25 km up the

Cooper River from the mouth of the harbor, and that

the salt wedge extended upstream to Big Island.

They also reported that bottom salinities decreased

from approximately 27% at Cummings Point to fresh

water at the confluence of the east and west branches

et al. �980! stated that isohalines were very com-

pressed from the lower harbor to the mouth of the

Cooper River, and then become tnore spread out.

Mathews and Shealy �978! reported that salinities

tnay range between 2%o and 22%e over a single tidal

cycle in the harbor basin. They also reported average

ranges of salinities over a tidal cycle of 10%6 to 12%a

at the surface, and 14%a at the bottom. SCDHEC

monitoring during the period 1970-1985 revealed a

range of 0.0%o to 35.6%x within the watershed.

Prior to rediversiou, salinity regiines in Charles-

ton Harbor were predominantly controlled by

freshwater flow, exhibiting distinct seasonal trends

 FWPCA 1966, USACOE 1966a,b,c; Kjerfve and

Magill 1990!. At high river discharges the estuary is

strongly stratified and salinity distribution becomes

dependant on the stage of the tide. At freshwater

flows less than 280 m'ls, the estuary is less vertically

stratified  Pili'PCA 1966; USACOE 1966a, 1972; Kjerfve

and Magill 1990!. In addition, the rate at which salin-

ity moves upriver is influenced by the tidaI range as



the mouth of the harbor.

Dissolved Oxygen

21

well as the prevailing downstream flow  FWPCA
1966; SCWRC 1979!, and a difference in tidal ampli-
tude has a pronounced effect on salinity distribution
 Van Nieuwenhuise 1978!, At high discharges the

characteristics of mixing and stratification also be-
come strongly dominated by channel geometry, and
there is restricted mixing between surface and bot-

tom layers. Spring tide conditions result in an in-
creased response in the surface layer related to more
intense mixing at the bottom layer-surface layer in-
terface, created by higher shearing velocities.

One important anomaly in the circulation within
the Charleston Harbor Estuary occurs in the Wando
River, High and low slack tides occur in the south-
erly portion of the Wando River approximately 40
minutes before they occur in the Cooper River. At
low slack tide, the flow of water fram the Cooper

River often moves upstream into the Wando River

 USACOE 1966a!. Similarly, at high slack tide,
water may flow up the Cooper River from the Wando
River, Under certain conditions, the salinity 13 km

up the Wando River is higher than that encountered
at its mouth.

Dissolved oxygen levels within the Charleston

Harbor Estuary fluctuate widely on tidal, diurnal,
and seasona1 cycles  FWPCA 1966; USACOE 1966a,
1972; Mathews and Shealy 1978, 1982; Mathews et

al. 1980!. SCDHEC monitoring during the period
1970-1985 revealed dissolved oxygen concentrations

ranged from 0.00 mg/I to 17.05 mg/I, with an average
of 7.46 mg/I for the entire estuary  Appendix A!.
Dissolved oxygen concentrations were generally
higher in the colder months than in the summer
months due to the lower temperature and reduced

consumption of oxygen by organisms  FWPCA 1966,
USACOE 1966a, Arthur D. Little, Inc. 1974!. Arthur

D. Little, Inc. �974! reported concentrations of dis-
solved oxygen between 4.9 mg/I and 9.4 mg/I in

bottom waters and between 5.2 mg/I and 10,6 mg/I in

surface waters. According to the FWPCA �966!,

law dissolved oxygen concentrations  less than 3 mg/
I! were cammonly reported from the Ashley River
during the 1950's and 1960's. USACOE �966a!
reported saturation of dissolved oxygen in bottom
waters of 52% in the upper harbor and 77% in bottom

waters of the lo~er harbor. Mathews and Shealy

�978! reported saturation of dissolved oxygen of
80% near the mouth of the harbor and 90% to 95% at

Dissolved oxygen levels in the estuary are in-

fluenced by many factors. At high river flow and
strong stratification, mixing between the surface and
bottom layers is restricted, and the source of dis-
solved oxygen for the bottom layer is offshore, oce-
anic waters  FWPCA 1966!. Consequently, the con-

centration of dissolved oxygen in the bottom layer is

dependant on factors affecting bottom flow. Also, at
high river flow the dissolved oxygen percent satura-

tion is fairly constant throughout the estuary  FWPCA
1966; USACOE 1966a!. At low river flow, surface

aeration is the major source of dissolved oxygen

throughout the estuary, The dissolved oxygen con-

centration in the estuary is generally lower during
low river flow, and drops markedly in the upstream

direction  FWPCA 1966!. Other factors such as wa-

ter temperature and phytoplankton concentrations
exhibit seasonal influences on dissolved oxygen lev-

els in the estuary  FWPCA 1966; USACOE 1966a;

Arthur D. Little, Inc. 1974!,

Rediversion of the Cooper River was expected

to markedly affect some of the physical and chemical
properties of the estuary, while other properties would
go unchanged. Water temperatures will not be af-
fected, while salinity regimes up the Cooper River
were expected to increase marked1y. Speculation has
abounded on the effects of rediversion on parameters

such as dissolved oxygen concentration and pollut-

ant resident times within the estuary, but the actual



Fig. 11-12. Studies which collected nutrients data from Charleston Harbor Estuary during 1970-1985.

Fig. 11-13. Studies which collected metals data from Charleston Harbor Estuary during 1970-1985.

Fig, II-14. S tudies which collected organic IMllutants data from Charleston Harbor Estuary during 1970-
1985.



ents data is the SCDHEC monitoring program. This

monitoring program recorded ranges of Kjeldahl
nitrogen between 0.04 mg/I and 19.90 mg/I, nitrate-
nitrite between 0.00 mg/1 and 6.65 mg/1, orthophos-

phate between 0.00 mg/1 aud 1.56 mg/l, total phos-
phate between 0.02 mg/1 and 4.60 mg/1, and total
ammonia between 0.02 mg/l and 13.00 mg/I  Appen-

dix A!.

Pollutants

Six sources of metals data  Fig. II-13! and four

sources of organics data  Fig. II-14! were found for

the Charleston Harbor Estuary. The SCDHEC moni-

toring program sampled for numerous metals in the
water column on a quarterly basis, and for orgauics

and metals in sediments on an annual basis. Ranges

for metals in the water column are presented in Table

II-7, and the sediment contaminants are presented in

the trends section. Only three sources for biochemi-

cal oxygen demand  BOD!, chemical oxygen demand
 COD! and coliform data were identified  Fig. II-15!.

Again, the only long-term data set is from the
SCDHEC monitoring program, and it contains ranges

of 0.10 to 11.00 mg/I for BOD, 0.00 mg/1 to 930,00

mg/1 for COD, and 1 colony/ml to 31,500 colonies/
100 ml for fecal coliform.

effects may not be known for many years. A study
was initiated by SC~D in 1984 to document the

changes in physical and chemical parameters foIlow-
ing rediversion, Sampling for this study was com-
pleted in 1988, and a final report was recently pub-

lished  Van Dolah et al. 1990!.

Nutrients

A number of studies sampled for nutrients in

the estuary during the period 1970-1985,  seen in
Fig. II-12! but the only long-term source for nutri-
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Fig. II-15. Studies which collected BOD, COD, and/or coliforms data from Charleston Harbor Estuary
during 1970-1985.



BIOLOGlCAL CHARACTERISTICS

The Charleston Harbor Estuary supports a vast

array of biological communities due to the abun-

dance of marsh and other diverse habitats. Numerous

recreationally and commercially important species

of finfish and invertebrates utilize the estuary during

some portion of their life history. Studies of vegeta-

tion and fauna found within the Charleston Harbor

Estuary, however, are limited in comparison to geo-

logical and hydrographic data

available for the system. Informa-

tion from these studies is summa-

rized below for the various bio-

logical components.

Intertidal Vegetation
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Kilometers

The best description of the

marsh vegetation present in the

estuary is provided by Tiner

�977!, who completed a general

inventory of all coastal marshes

Duncan � 975!

Q Jsaaea and DaviS �986!
USFWS  unpablishad!

'raar �973! - coven@ same csun

throughout South Carolina. Addi- Fig, II-16. Area covered by aerial studies of the vegetation of Chaiies-
tional surveyshavebeenconducted ton Harbor Estuary during 1970-1985.

Marsh vegetation bordering

the Charleston Harbor Estuary is

quite extensive, largely due to a

relatively high tidal range com-

bined with a low coastal topogra-

phy. The estimated acreage of

marshes in the system exceeds

21,000 ha  SCWMRD 1972:

Duncan 1975; Tiner 1977!, of

which approximately 2,000 ha lie

within coastal impoundments,

7,500 ha consist of freshwater

marsh, and 11,500 ha consist of

brackish and salt marsh  Tiner

1977!.

by others  SCWMRD 1972; Batson 1974; Stalter

1974; Duncan 1975; Williams 1984; Jensen and Davis

1986; USFWS unpublished data!, but these generally

have been 1imited to small portions of the estuary

 Figs. II-16, II-17, and II-18!. All of these studies

document a diverse assemblage of plant species which

are typically found throughout the southeast, with

distribution patterns of the species determined pri-
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Table II-8. Dominant species of marsh vegetation found in the
Charleston Harbor Estuary  by type of marsh and vertical zona-
tion!.

High MarshLow Marsh

Saline

Juncus rornerianusSpartina alrerniflora

Brackish

Pontederia cordata

Juncus rornerianus

Sagi ttaria sp.

Juncus rornerianus

Spartina cynosuroides

Scirpus validus

Sagirtaria sp.

Fresh

Zi zani opsis rnili aceae

Alrernanthera

Scirpus validus

Pontederia cordata

philoxeroides

Pontederia cordata

Sagittaria spp.

Saururus cernus

water rnarshes of the upper Cooper River, owing to

the prediversion brackish conditions.

Few studies have addressed the role of marshes

with regard to primary productivity within the estu-
ary, although Duncan �975! utilized remote sensing
techniques to examine the marshes of the Wando
River-Clouter Creek area, categorizing the marsh

into four productivity classes. In addition, Williams
�984! determined the total annual production of a
freshwater marsh at Dean Hall Plantation to be on the

order of 1,600 g/m'  plant material!, with the sea-

sonal fluctuations in the total live biomass ranging

from a low of approximately 200 g/m' in April to a
peak of approximately 1,000 g/m' in September.
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marily by salinity and duration of tidal

flooding  Stalter 1974!. The general
distribution pattern of the dominant

plant species is summarized in Table II-8,
and a complete list of marsh plants

reported from the estuary is present in
Appendix B.

Tidal marshes in the Ashley and

Wando rivers reflect a strong marine

influence, exhibiting salt and brackish

marsh vegetation throughout almost
their entire length. Duncan �975! re-

ported that Juncus romerianus occu-
pied the higher marsh zone within the
lower reaches of the Wando River, and

became the dominant vegetation within

the upper reaches. The Cooper River
marshes, on the other hand, exhibit a

wide range of vegetation, changing
markedly from salt to brackish to fresh-

water types between its mouth at the
harbor and the upper estuarine extent at

the confluence of the east and west

branches of the Cooper River  Tiner

1977; Williams 1984!. Remnant stands

of J. romerianus are present in the fresh-

Borrichia sp.

Disti eblis spi cara

Sahcornia sp,

Sparrina parens

Standing dead material and litter also exhibited dis-
tinct seasonal trends which were consistent with

growth patterns of the dominant vegetation  Wil-
liams 1984!.

The effects of rediversion on marsh vegetation

in the estuary are still unknown. A redistribution of
plant species may occur along the estuarine gradient,
and some plant communities in the upper Cooper

River may be influenced by changes in the water
level due to low flow conditions. The best data on

changes in the Cooper River may come from a de-
tailed survey conducted by the USFWS  unpublished

data! from 1981 to 1983. This study uti1ized low
altitude infrared imagery combined with ground-



Fig. II-17. Studies which collected vegetation data from Charleston Harbor Estuary during 1970-1985,

Periphyron

A number of studies have collected information

Subtidal Vegetation
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truthing transects at several sites in the river to

determine species composition. Equivalent surveys

planned for the future should define distributional

shifts in the assemblages observed in that study.

Another study in the upper Cooper River conducted

by Kelly et al. �990! includes a quantitative com-

parison of vegetated plots in several remnant im-
poundments and a qualitative survey of one open
marsh area on the upper Cooper River. These areas

have also been sampled prior to and following

rediversion by other studies. Additionally, the ex-

tensive aerial imagery available for the Charleston

Harbor system should provide ample opportunities
for researchers to compare pre- and post-rediversion

distribution of vegetation throughout the entire estu-

ary in the future.

In contrast to many other estuarine systems

along the Atlantic Coast, the Charleston Harbor Es-

tuary is not known to support extensive subtidal

seagrass beds or benthic macroalgae communities,

except in the upper Cooper River where algeria densa
beds are common. This may be due to high turbidity

levels in this estuary combined with a lack of suitable

shallow water substrate in the subtidal zone. Only a

few algal species have been collected in trawl or

dredge samples taken within the harbor  Sandifer et

al. 1980!, although beds of Porphyra sp. and Ulva

sp. have been observed in the shallow subtidal and
intertidal areas of the lower harbor basin. A com-

piete list of benthic macroalgae species reported

from the estuary is present in Appendix II-C.

on the periphyton communities in the estuary, but the
data are generally limited and qualitative  Figs. II-19

and H-20!. Batson and Blackwelder �974! exam-

ined the vertical distribution of epiphytic algae on

S. alrerniflora from transects on the Cooper and

Wando rivers and reported 15 species consisting of

nine cyanophytes, three chlorophytes and three

rhodophytes. The dominant species were

Chaetomorpha minima and Entophysalis conferta.

Diatoms and other small forms were not examined.

The authors reported that many samples contained no

algae at all, and noted that these results were quite
different from those obtained in other South Carolina

estuaries where species diversity was high.

Williams �984! also conducted a seasonal study

of periphyton within the Cooper River and identified

117 taxa of algae dominated by chlorophytes, dia-



ties.

Plankton

The more recent unpub-

lished studies provide the most

comprehensive in formation on the planktonic assem-
blages in the harbor. Davis  SCWMRD! collected
472 phytaplankton samples from throughout the es-
tuary  Fig. II-19! between December 1983 and De-
cember 1984. These samples contained 451 different

species of phytoplankton, including 170 diatoms, 152
chlorophytes, 48 dinoflagellates, 36 cyanophytes, 29
euglenophytes, 10 chrysophytes, and 6 cryptomonads.
The data indicated distinct trends in both community

structure and abundance with salinity. Species corn-

position ranged from oceanic species collected in the
lower harbor; to brackish species collected in the

upper harbor, lower Cooper River, and throughout

Fig. 11-18. Location of ground survey stations for vegetation
studies in Charleston Harbor Estuary during 1970-1985.
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toms, and cyanophytes. His results demonstrated
that the dominant taxa were quite similar at all sta-

tions, and the author concluded that the abundant

populations observed during all seasons indicated
eutrophic water quality. No trends in chlorophyll
values were observed with salinity gradient, although

the cell concentrations enumerated were among the

highest reported for freshwater habitats.

Increased saltwater intrusion resulting from

rediversion will presumably affect the periphyton
community structure by allowing saline-degendant
species to grow further up the estuary. These changes

should be greatest in the Cooper

River relative to the other river

systems; however, we are not

aware of any studies evaluating

the changes in these communi-

Relatively few studies have

been published which examined

the phytoplankton and zooplank-
ton communities in Charleston

Harbor during the review period

 Bears Bluff 1964: FWPCA 1966;

Enwright Laboratories, Inc.

1977!. The location and sam-

pling periods of those studies, as

well as sotne unpublished studies

that have sampled planktonic as-

semblages are shown in Figures
11-19 and II-20. These studies

have identified over 450 species

of phytoplankton and more than
130 zooplankton taxa  appendi-

ces D and E!.



the exception of larger numbers

of cyanophytes being found in

the upper Ashley River. Davis

also observed seasonal trends

in abundance for the entire es-

tnary are summarized in Figure

II-21.

Only one report  En wright

Laboratories, Inc. 1977! de-

scribed zooplankton communi-

ties in the Charleston Harbor

Fig. 11-19. Station locations for studies which collected periphyton,
phytoplankton, and/or zooplankton data from Charleston Harbor Estu-
ary during 1970-1985.

the Wando and Ashley rivers; to fresh-

water species collected in the upper

Cooper River. The phytoplankton

samples were dominated by Skele-

roaema cosratum and three other dia-

toms, one cyanophyte, and one

chIorophyte  Table 11-9!.

Higher abundances of all phyto-

plankton occurred at higher salinities,

and distributions with salinity in all

areas of the harbor were identical, with

in species composition, with dia-

toms dominating the spring and

early fall periods,and cyanophytes

and small flagellates dominat-

ing the summer and winter peri-

ods. Seasonal trends observed

Estuary during the review pe-

riod. That study involved a

short-term assessment of zoop-

lankton populations in a portion

of the Cooper River during 1976

 Fig. 11-19!. Many of the spe-

cies reported are typically char-

acterized as benthic organisms,

Among the 88 taxa noted am-

phipods were the most abundant

organisms with Gammarus sp.



Fig. 11-20. Studies which collected periphyton and/or phytopiankton data for the Charleston Harbor
Estuary during 1970-1985.

rivers.

Since 1985, several additional unpublished stud-

ies have examined the ingress and distribution of

postlarval organisms in the estuary. These include

Prior to the review period,

Bears Bluff Inc. �964! studied the

zooplankton in the Cooper River

over a one-year period and con-

cluded that the overall abundance

of zooplankton was lowest among

the rivers studied in South Caro-

lina. The abundance of zooplank-

ton fluctuated seasonally, with peak

abundances noted in June and July

and lowest abundance observed in

December. Larvae and postlarvae

of commercial fish and shellfish

species were present in the Cooper

River at various times of the year,

Fig. II-21. Seasonal abundance of phytoplankton in the lower Charles-
ton Harbor basin during 1984-1985, all species combined.

and Hyalella azteca being the dominant species.

Isopods  primarily Cyathura polita, Cassidinidea
lunifrons, and Chiridotes sp.! were the second most

abundant organisms, and pelecypods were the third
most abundant organisms. The remaining organisms
were a mixture of flatworms, other aquatic worms,

insects, snails, water mites, crabs and shrimps.

Postlarvae and megalopae of Callinectes sapidus

were collected during four months of the study, while
postlarvae of Penaeus setiferus were collected only
in September, The only seasonal trend observed by
Enwright Laboratories, Inc. �977! was an increase

in amphipod densities during August and September.

but were also collected in low numbers compared to

the other river systems, except for penaeid shrimp.

Coelenterate hydromedusae and copepods were the

two most abundant taxa. Fish larvae and postlarvae

 primarily Micropogonias undulatus, Leiostomus

xanthurus, Brevoortia tyrannus, and Anchoa

tnitchilli! were noted to be less abundant in the

Cooper River than in either the Ashley or Wando



Among the studies reviewed,

data collected by Calder and

Boothe �977a,b! suggest that

polychaete worms were the most

abundant organisms at high salin-

ity stations, while lower salinity

stations supported larger popula-

tions of amphipods, isopods, and

bivalves. Their sampling, how-

ever, encompassed only eight sites

in the estuary which were sampled

ance or twice during a two-year

period.

Enwright Laboratories, Inc.

�977! sampled the benthic com-

munityy in the middle and upper reaches of the Cooper
River in 1976 and reported that oligochaetes and

amphipods were the most abundant organisms, com-

prising 49% of the total abundance. Gastropods and
pelecypods were the third and fourth most abundant
organisms collected, representing 23% and 10% of
the total respectively. Dominant species from each
group are listed in Table II-10. With the exception of
the dominance of oligochaetes, similar species com-

position and abundances were observed by Williams

studies of the penaeid shrimp postlarvae and blue
crab megalopae  Wenner SCWMRD!, and studies of

finfish species  Hoffman SCWMRD!.

Macroinvertebrates

Charleston Harbor supports a diverse assem-

blage of benthic invertebrate species, but detailed
ecological studies of the macroinfaunal communi-

ties were limited prior to 1984  Calder and Boothe
1977a. Jones Edmunds and

Table II-ll. Quarterly mean number of dominant macroinvertebrates per
square meter in the Wando River between 1981 and 1984  Enwright Labora-
tories, Inc. 1984!.

Feb. May. Aug. Nov. MeanSpecies

Streblospio benedi cti

Balanus sp.

Mulinia lateralispublished and unpublished

studies on the macrofauna Paraprionospio pi nnata

Nereis suecineaare shown in Figures II-22

and II-23 and a list of the Heterornastus filifortnis

Membranipora sp.

Tellina sp.

macroinvertebrates re-

ported from the estuary is

provided in Appendix F.
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7

Assoc. 1983; Enwright

Laboratories, Inc. 1984;

Williams 1984!, To our

knowledge, no studies have

been conducted on the

meiofauna in the estuary.

The location and dates of

748

1134

138

176

103

62

7

0

433 292

43 239

359 29

96 2

67 85

127 36

78 121

0 54

784 564

0 354

14 135

132 102

58 78

5 58

0 52

147 50



ln 1984, the SCWMRD be-

gan a study of the macrobenthos in
the harbor basin and all three river

systems as part of a larger study

designed to characterize!he hy-

drographic and biological condi-

tions in the estuary following

rediversion. This study involved

quarterly sampling at several in-

dex sites over a four-year period

and a one-time assessment of sedi-

ments and benthic assemblages at

178 sites in the harbor basin and

lower reaches of the three rivers.

A list of species observed at the

index sites sampled in 1984 is in-

cluded in the species list of

macroinvertebrates reported from

the estuary in Appendix F. The

composition of benthic communi-
ties within the estuary following

rediversion is described by Wendt

and Van Dolah �990!.

Fig. Il-22. Station locations for studies which collected benthic
rnacroinvertebrate data for Charleston Harbor Estuary during 1970-
1985.

�984! and the PANS �975! using artificial sub-

strate samplers in the upper Cooper River.

The only other published surveys of the
tnacrobenthos in Charleston Harbor which were com-

pleted during the review period includes quarterly
assessrneuts of the infauna at several sites in the

lower Wando River from 1981 to 1984 [see Enwright

Laboratories �9S4! for review]. Dominant species
observed in those surveys are listed in Table II-I I.

The larger epifaunal inverte-

brate species have been sampled

more extensively in the harbor sys-

tem than the benthic assemblages,

largely owing to the existence of a

number of recreationally and com-

mercially important species. The

Wando, Ashley, and Cooper rivers

support large populations of penaeid shrimps  prima-
rily Penaeus seriferus and P. azrecus! and blue crab

 Callinectes sapidus!, and also serve as nursery

grounds for their juveniles  Bears Bluff, Inc. 1966;
FWPCA 1966; Westvaco 1972; Arthur D. Little, Inc,

1974; Turner and Johnson 1974; Enwright Associ-

ates, Inc. 1977; Shealy and Bishop 1977; Weuner et

al. 19S4; Williams 1984; Archambault et al. in press!

Other crustacean species are also abundant through-

out the estuary. For example, Wenner et al. �984!



Fig. II-23. Studies which collected data for benthic macroinvertebrates in the Charleston Kubor Estuary
during 1970-1985.

Bluff, Inc. 1966; Bishop and Shealy 1977; Wenner et

al. 1984; SCWMRD unpublished data!.

Both P. setiferus and P. aztecus uti-

lize the tidal creeks of the three river
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reported a total of 44 species of decapod crustaceans

from trawl samples taken in the estuary between

1973 and 1977. Five of these species accounted for

more than 97% of the total number and 98% of the

total biomass of decapod crustaceans  Table II-12!.

The average density for decapod crustaceans reported

in this study was 678 individuals/ha and an average

biomass of 4.98 kg/ha was noted for the entire estu-

ary. The mean numbers of decapod crustaceans were
highest at the high salinity stations, and species
richness decreased in the upstream direction.

systems within the estuary on a seasonal

basis  Bears Bluff, Inc. 1965; FWPCA

1966; Westvaco 1972; Arthur D. Little,

Inc. 1974; Turner and Johnson 1974;

Bishop and Shealy 1977; Enwright Asso-

ciates, Inc. 1977; Wenner et al. 1984;

WiIIiams 1984!. Penaeus setiferus are

usually first collected from the estuary in

July, reach peak abundance in September

and October, and decrease in abundance

throughout the rest of the year  Bears

Penaeusaztecusutilize the estuary in smaller num-

bers and for shorter periods of time; they are present

between May and September and most abundant in

June and July. This species appears to be more

abundant in higher salinity areas than P. setiferus,

and they are generally found only in the lower areas

of the estuary  Bishop and Shealy 1977; Wenner at

al. 1984!.



Finfish Communities
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Callinectes sapidus are present throughout the

estuary, although they were generally least abundant up-
stream  Wenner et al. 1984; Archambault et al. 1990!. The

distribution of this species varies with size and sex,

Small C. sapidus of both sexes have been found in the
harbor throughout the year, being abundant in Octo-
ber  Archambault et al. 1990!. The small crabs

prefer lower salinity areas, and migrate to higher
salinity areas as they mature. According to
Archambault et al. �990!, mature females exhibit a
stronger preference for high salinities than mature
males. While Archambault et al. �990! reported

finding many more female than male blue crabs,
other authors reported that between 70% and 90% of

Fig. II-24. Areas of subtidal and intertidal oyster beds.

all adult crabs collected were male  Bears Bluff, Inc.

1966; Arthur D. Little, Inc. 1974; Turner and John-

son 1974!.

The distribution of other decapod species which

are abundant but not commercially or recreationally

important is described by Bears Bluff, Inc. �966!,
'Enwright Associates, Inc. �977!, Turner and John-

son �974!, and Wenner et al. �984! for the review
period. Descriptions of the distribution of these
fauna after rediversion are provided by S tender and

Martore �990! and Wenner et al. �990!.

Shellfish populations are also abundant in the
Charleston Harbor Estuary. Beds

of intertidal Crassosrrea virgi nica

occur throughout much of the es-

tuary  Fig. II-24!, but most of the
grounds have been closed to col-

lecting for consumption due to

poor water quality restriction
 SCWRC 1973; SCDHEC 1976,

1985a!. Total areas covered by

oyster beds in 1982 were 7.5 ha in
the Wando River, 2.0 ha in the

Ashley River, 5.6 ha in the lower

harbor, and less than 0.5 ha in the

Cooper River  SCWMRD unpub-

lished Oyster Survey data!. Large

beds of M ere enaria mer cenari a

have also been found in the lower

portion of the estuary  SCWMRD

unpublished data!.

Finfish communities in the

Charleston Harbor Estuary have

been examined in numerous pub-

lished studies  Figs. II-25 and II-

26!  PANS 1974; Shealy et al.

1974; Turner and Johnson 1974;



Dames and Moore 1975; Curtis 1976; Enwright Labo-

ratories, Inc, 1977, 1984, Jones, Edmunds and Asso-

ciates 1984; Wenner et al. 1984; Williams 1984!.

These studies have documented that the estuary sup-

ports a diverse assemblage of finfish species, includ-

ing large populations of many commercially and

recreationally valuable species such as Leiostontus

xanthurus, Micropogonias undulatus, Cynoscion

nebulosus, Sciaenops ocellatus, Paralichthys lethosti gtna,

P. dentatus, Morone antericana,lctaluruscatus, I. furcatus,

I. punctatus, and several other species which are less

abundant.

The distribution of finfish

Fig. II-25. Station locations for studies which collected finfish
data in the Charleston Harbor Estuary during 1970-1985.

34

throughout the estuary changes

along the salinity gradient up the

Cooper River, and in the different

habitats provided by the tidal

creeks. In general, abundance and

biomass of fish decrease in the

upstreain direction toward fresher

water  Bears Bluff, Inc. 1965;

Shealy et al. 1974; Wenner et al.

1984; Williams 1984!. Wenuer et

al. �984! reported that finfish bio-

mass and density were greatest dur-

ing spring and winter, while other

studies reported that greater num-

bers of fish were present in the

summer than at other times of the

year  Bears Bluff, Inc. 1966;

Arthur D. Little, Inc. 1974; Shealy

et al. 1974; Turner and Johnson

1974; Williams 1984!. According

to Shealy et al. �974!, the finfish

communities of the Wando and

Ashley rivers are similar to those

on the Cooper River, but are usu-

ally less abundant.

Studies throughout the estu-

ary have reported more than 125

species of finfish, dominated by Stellifer lanceolatus,

Anchoa mitchilli, Micropogonias undulatus, Brevoorti a

tyrannus, and Leiostonius xanthurus  Bears Bluff,

Inc. 1965; Shealy et al. 1974; Turner and Johnson

1974, Dames and Moore 1975; Enwright Laborato-

ries, Inc. 1977, 1984; Williams 1984!. Four species

of anadromous fish  Alosa aestivalis, A. mediocris,

A. sapidissima, and Morone saxatilis! and one spe-

cies of catadromous fish  Anguilla rostrata! are found

throughout the estuary during different times of the

year. The seasonal and temporal distributions of the



Table II-13. Dominant spec,ies of finfish by season and location  from Wcnner et al. 1984!.

Spring SummerWinter

Upper Cooper:

 C001!
A. aestivalis

O. oglinum

A. aestivalis1. nebulosus

D. petenense

T. maculatus

1. purr ctarus

A. rostrata

I. nebulosusT. maculatus

Mid Cooper:

 C 002! I. carus

D. petenense

T. rnaculatus

L, xanthurusA. mirchilli

Lower Cooper:

 C003!
A. mirchilliL. xanthurus

A. mitchilli

B. tyrannus

A. mirchilli

C. regalts

M. undulatus

T, maculatus

A. aestivalis

Lower Cooper:

 C004!
S. lanceolatus

A. mirchilli

S. lanceolatus

A, mitchilli

S. plagiusa

M. undulatus

C. regalis

M. undulatusM. undulatus

Upper Harbor:

 J001!
S. lanceolarusM, undulatus S. lanceolatusS. lanceolatus

S. plagiusa

L. xanthurus

B. tyrannus

A. mitchilli

M. undulatusS. plagiusa

Lower Harbor:
S. lanceolatus

A. mitchilli

M. undulatusU. regius

A. mitchilli

S. lanceolatus J003!
C. regalis

L. xanthurus S. plagi usa

M. amertcana

S. plagi usa

M. undulatus A. mirchiOi
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B. chrysura

B. tyrannus

S. lanceotatus

B. tyrannus

S. plagiusa

A, mitchilli

I. carus

A. rostrata

M. undulatus

I. punctatus

A. mitchilli

M. undulatus

I. cacus

8, ryrannus

A. mitchilli

M. undulatus

I. catus

8. tyrannus

S. lanceolatus

M. undutatus

A. mitchilli

U. regius

S. lanceolarus

L. xanthurus

A, mitchilli

B. chrysura

D. petenense

A. rnitchilli

I. catus

A. mitchilli

T. maculatus

B. chrysura

C. regalis

8. chrysura

S. plagtusa

S. plagiusa

8. chrysura

A, mitchilli



Fig. II-26. Studies which collected finfish data for the Charleston Harbor Estuary during 1970-1985.
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roost abundant species of finfish collected in the

estuary during 1973-1978 are summarized in Table

II-13 and described more completely in the above

references. A complete list of all species reported

from the estuary is presented in Appendix G. Addi-

tional descriptions of finfish composition and distri-

bution after rediversion are provided by V an Dolah et

al. �989! aud Steuder aud Martore �990!.



LONG-TERM TRENDS

RESOURCE TRENDS

Relatively few of the physical, chemical, and

biological studies described in the preceding sec-
tions involved collecting data over a sufficient period

af time to be useful for trends analyses. Addition-

ally, the studies which do provide data from multiple
years often did not involve consistent sampling or
analytical methodologies required for rigorous sta-

tistical analyses. These problems also
limited comparisons among studies
during the 15-year review period. De-

spite these limitations, some basic
trends are evident in the data available

county,

Land and Water Use

Fig, II-27, Population of the tricounty region of the Charleston
Harbor Estuary between 1970 and 1985. Data for 1975 and 1985
are estimated.

Fig. If-28. Number of boats registered with the South Carolina
Wildlife and Marine Resources Department, Division of Boating.
The 1970 figure is estimated.
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for land and water use, fisheries re-

sources, basic water quality param-

eters, and pollutant concentrations in

sediments.

Changes in land and water use

within the Charleston Harbor water-

shed are not well documented, but gen-

eral trends can be inferred from �!

population and housing data for the
Berkeley-Charleston-Dorchester

County region, �! the number and vol-
ume of discharges into the watershed,

and �! recreational boating figures

for the tricounty area. The estuary lies

within Berkeley, Charleston, and

Dorchester counties, with very little of

the area forming these counties ex-

cluded from the watershed. A general

land-use pattern map for much of the
Charleston Harbor watershed was pre-

sented by Davis et al. �980!, although
no summary statistics for the region

were included. A statewide map of land use patterns

is being prepared by the South Carolina Land Re-
sources Commission. This map will provide data by

Population in the tricounty region increased

steadily during the 1970-1985 survey period  Fig. II-
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Discharge  MGD!Dischargers

Municipal:

1. Charleston CPW

2. North Charleston Sewer

3. Berkeley County WSA I
4. Town of Summerville

Commercial use of the harbor also

5. Dorchester Public Works

6. St. Andrews PSD

7. Town of Mount Pleasant

8. Town of Hanahan

9. Pepperhill SD

10. Summerville Water Plant

11. Berkeley County WSA II

Industrial.

20,0

6.5

1.2

1. Westvaco

2. Mobay Chemical
3. DuPont Chemical

39

Table II-15. Identification and volume of discharge for major
municipal and industrial dischargers located in Fig. II-30.

18.0

18.0

10.0

6.0

2.0

1.5

1.4

1.25

1.2

1,1

1,0

27! as have thenumberof jobs, dwell-
ing units, and total residential acre-
age  BCDCOG 1987!. The primary
areas of growth have been in Berke-
ley and Dorchester counties. This has
in turn increased the population den-

sity in the Charleston metropolitan
area and resulted in the conversion of

fringing rural areas to urban areas

 BCDCOG 1988!.

The influx of people to the

tricouuty area has resulted in a sub-
stantial increase in the recreational
use of the harbor. From 1970 to 1985

the number of boat registrations for

the three counties increased by ap-

proximately 45%  Fig. II-28!. Addi-
tionally, 10 of the 11 marinas and 13
of the 14 public boat landings cur-

rently sited in the estuary  Fig. II-29!
have been constructed since 1970.

grew considerably between 1970 and
1985. In 1970, the Port of Charleston

received more than 1,400 ships andbarges,

and handled approximately 168,000 tons
of container cargo. By 1985, vessel traf-
fic had increased to more than 1,800 ves-
sels and the container cargo handled dur-

ing that year exceeded 2.8 million tons
 South Carolina State Ports Authority per-
sonal communication!. All of the port

facilities within theestuary were expanded
during the review period, including the
major addition of the Wando River Ter-
minal. In 1991, the Port of Charleston

was the second largest port on the eastern

seaboard in terms of container tonnage

handled,



The United States Navy has also expanded its

port facilities since 1970. Currently, the Navy main-
tains numerous docking facilities that serve as home

port for more than 70 surface vessels and subma-

rines, a shipyard, and a weapons station. All of these
facilities are located in the Cooper River. Due to the

expansion of naval facilities, dredging operations

were conducted during the review period in the Coo-

per River to accommodate larger ships and maintain

existing channels.

The number of municipal and industrial dis-

charges within the estuary actually decreased during
the review period from a total of 115 in 1969 to a total

of 78 in 1986  SCDHEC 1970, BCDCOG 1987a!
 Table II-14!. In addition, the total volume of dis-
charges dropped from 212.4 to 92.9 million gallons

per day  MGD!  Table II-14!. In 1969, 149.9 MGD
were being introduced into the Ashley River basin by
51 dischargers, as compared with 32.9 MGD intro-

duced by 28 dischargers in 1986. Decreased dis-

charges into the Cooper River basin were not as great,
with 61.5 MGD released by 51 dischargers in 1969,

compared with 59.4 MGD by 42 dischargers in 1986.

The lower harbor basin received 0.9 MGD of effluent

from 12 dischargers in 1969, and 0.5 MGD from five

dischargers in 1986. The Wando River basin has

always received the lowest amount of effluent when

compared with the other systems, with 0.1 MGD

being discharged by one discharger in 1969, and 0.05
MGD by three dischargers in 1986. The major  > 1
MGD! dischargers in the estuary as of 1986 are

plotted on Figure II-30 and summary statistics for

these discharges are presented in Table II-15.
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TRENDS IN PHYSICAL CONDITIONS
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Two long-term data sets exist which contain

physical and chemical data for the entire survey
period of 1970-1985. The first data set was collected
by National Oceanic and Atmospheric Administration
 NOAA! at the Charleston Custom's House and was

analyzed by Kjerfve and Magill �990!. This data set
contains daily measurements of surface salinity and

temperature which are not standardized by time or
tidal stage. Kjerfve and Magill �990! compared
these measurements against flow data for water en-

tering the Cooper River through the Pinopolis Dam
and concluded that salinity in Charleston Harbor,

prior to rediversion, exhibited distinct seasonal trends
which were primarily controlled by the freshwater
flow  Fig. II-8!. On average, salinities were highest
during the summer months when freshwater flow was
lowest. long-term trends were not detected in the
Custom's House data set by Kjerfve and Magill

�990!, most likely due to the control of harbor
salinity by freshwater flow.

The second long-term data set was collected by

the South Carolina Department of Health and Envi-
ronmental Control  SCDHEC!, and is available

through the US Environmental Protection Agency's
STORET database  SCDHEC 1985c; Chestnut 1989;
USEPA, Research Triangle Park, NC!, This database
includes measurements of numerous physical and

chemical parameters collected at many sites through-
out much of the estuary, and is summarized. by Chest-

nut �989!. Data were collected throughout the sur-

vey period as part of SCDHEC's water quality moni-
toring program. However, sampling of water quality
parameters at these stations was not standardized by
tidal stage, and the tidal stage was not always re-

corded in the data files.

A study conducted from 1973 to 1978 by the
SCWMRD  Estuarine Survey Program unpublished

data; Mathews and Shealy 1978, 1982! documented

large changes in several water quality parameters
during different stages of a tidal cycle in the harbor

basin. For example, surface and bottom salinities

measured at the same station during 25-hour sam-

pling periods varied as little as 4%a and as much as
21%oover a single tidal cycle. The variability in these

measurements was dependant, in part, on the tidal

amplitude and the position of the station within the
estuary. Therefore, a lack of standardized sampling
procedures, along with numerous gaps in the STORET
data available for most stations, precludes detailed

time series analyses for many parameters using nor-

mal procedures.

The SCDHEC STORET database contains some

monthly measurements for a number of basic water
quality parameters from 49 stations throughout the
Charleston Harbor Estuary. Twenty-five of these

stations were sampled for at least a 3-year period
during the 15-year survey period  Fig, II-10!. Four of
these stations, however, were not sampled continu-

ously for 3 years, so data from the remaining 21
stations were analyzed for geographic and temporal

trends in basic water quality parameters.

To determine if geographic trends in water qual-

ity existed during the survey period, all values for
nine water quality parameters at the 21 SCDHEC
stations were averaged and are presented below. The

raw data were then tested for normality and homoge-

neity of variance  Kolmogrov-Smirnov and Bartlett's

tests!. Where appropriate  i.e., high variance, outli-
ers, non-normality!, the data was common-lag trans-

formed and again tested for normality and homoge-

neity of variance. If proper assumptions were met
 Sokal and Rolf 1981!, the next step would have been

to test for significant differences among stations
with ANOVA and past-hoc tests. However, transfor-



mations did not yield either normality or homogene-
ity of variance, even when smaller �-5 year! data
sets with contiguous samples were extracted from the

raw data for analysis. Further analyses may yield

valid statistical conclusions about the observed dif-

ferences in means, but these analyses are beyond the

scope of this review. The reader is warned that the
observed differences in the plots of mean values by

stations are nat meant to imply statistically signifi-

cant differences.

Basic water quality parameters at the 21
SCDHEC stations were also analyzed for temporal

trends over the 15-year survey period, Two goals of
this analysis were to determine if seasonal trends
existed in these parameters, and if non-seasonal long-

term trends occurred. These analyses were initiated

by first plotting raw data for appropriate surface or
bottom parameters over time. The stations with the
largest amount of data from the six areas of the
estuary for bottom dissolved oxygen and surface
fecal coliform, total nitrite-nitrate, total ammonia,

and ortho-phosphate are plotted over time in the
figures that follow. These time series plots demon-

strate the high variability within the data set, as well
as the high frequency of occurrence of missing val-
ues. Data for other parameters and other stations

were collected, but the series have even larger gaps

and are not presented here.

Data were analyzed for long-term trends using

modifications of the methods of Box and Jenkins

�976!. Raw data, except the fecal coliform data,
were smoothed using a moving average function  lag

= 3!. The fecal coliform data were windsorized to

remove outliers and subsequently smoothed with a

series of moving median functions  Velleman and

Hoaglin 1981!. Due to large gaps in the series and
the unequal periodicity of sampling, Fourier analysis
was not performed on the data. Instead, Cleveland's

�979! scatterplot smoothing was utilized to analyze
the series for functional relations, which allows for

the unequal periodicity of sampling. No linear trends
were observed for any 15-year series and all series
were assumed to be nonlinear. Series analyses were

also performed on smaller, 5-year sets of data when
the complete series introduced extreme variability
due to missing values or disjoint sampling of a sta-

tion over time.

Autocorrelation plots were applied to both raw

and smoothed series to test initial transformations

and identify subsequent transformations needed.
These plots suggested seasonality  autocorrelations
at lag = 12! in the dissolved oxygen and water tem-
perature series for all stations utilized. Seasonal
models were estimated using ARIMA techniques,

and the resultant models identified distinct seasonal

trends in both water temperature and dissolved oxy-

gen parameters. Seasonally detrended series for dis-
solved oxygen and water temperature showed na

significant increase or decrease in these parameters
over the 5-year period from 1980 to 1984,
Autocorrelation plots of series for other parameters

demonstrated numerous aurocorrelations at various

points, however, and subsequent smoothing transfor-
mations did not help to identify models for these

parameters. The data for these other parameters were
abandoned for statistical trends analysis at this point.

Further analyses may reveal distinct seasonal and/or

long-term trends in these data series, but are beyond
the scope of this review.

Salinity

Average salinity values for stations during the
survey period are presented in Figure II-31 as a
representation of the salinity regimes found through-
out the estuary. The 21 stations are plotted in Figure
II-10 and identified in Table II-6.

Turbidity

Average turbidity valuesranged from 6.31 Hach

FTU to 20.67 Hach FTU throughout the estuary and
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suggest higher turbidities in the upper Ashley River
 Fig. 11-32!. The BCDCOG �987a! identified the
upper Ashley River and many of its tributaries as
areas highly impacted by runoff, which would ex-
plain the high turbidity and nutrient loadings as well
as the low dissolved oxygen concentrations in this

area.

Dissolved Oxygen

The mean dissolved oxygen values for the 21

stations derring the survey period were similar for
almost all stations  Fig. 11-33!, although the total
range was from 1.40 mg/1 to 7.43 mg/1. The two
exceptions were the Goose Creek Reservoir and the
upper Ashley River where mean values were lower.
The raw data plots of the bot-

tom dissolved oxygen  DO!

concentration in the six areas

The mean orthophosphate

values  Fig. II-36! ranged from

0,04 mg/1 to 0.46 mg/1 and sug-
gest that higher concentrations
occurred in the upper Ashley

River and Goose Creek Reser- Fig. II-31, Mean salinity values for SCDHEC stations sampled during
1970-1985 Mean values are for all dates and all depths combined.

voir during the survey period.
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of the estuary suggest a sea-

sonal trend in DO, but do not

lend themselves to distinguish-

ing geographic trends in the
estuary  Fig. II-34!. The COD
was higher in the lower Ashley

and lower harbor sediments

than other areas of the estuary

during both time periods  Fig.

II-35!, and average CODs
ranged from 0.4 mg/g to 62.25
g/g. Individual COD measure-
ments ranged from 1.4 mg/1 to
150.0 mg/g during the review

period.

The same trend is also evident from the mean total

phosphate values presented in Figure II-37. Average
total phosphate values ranged from 0.08 mg/1 to 0.43
mg/1. Mean Kjeldahl nitrogen values ranged from
0.60 mg/I to 1.38 mg/1 during the 15-year survey
period  Fig. II-38!, again showing geographic trends
similar to those for phosphates, with higher concen-

trations in the upper Ashley River and Goose Creek
Reservoir. Average nitrite-nitrate values, however,

were higher in the upper Ashley River but not iu the
Goose Creek Reservoir during the survey period
 Fig. II-39!. The mean nitrite-nitrate values ranged
from 0.06 mg/1 to 0.26 mg/1 over the 21 stations
during the survey period. The mean total ammonia
values ranged from 0.12 mg/I to 0.33 mg/1, and
suggest a lower concentration of ammonia in the
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Fig. 11-34. Bottom dissolved oxygen from six SCDHEC stations in the Charleston Harbor Estuary
between 1970 and 1985, Absence of vertical bars means no sample was taken. Station locations are
shown in Fig. II-10.
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Fig, II-35, Average values for chemical oxygen demand  COD! iu sediments in six areas of the estuary
during the periods 1975-1979 and 1980-1985. The N value is the number of SCDHEC samples averaged
over each period. Stations are located beneath graphs or are depicted by lines.

Kilometers

* values represent the
average of two stations, see
text p. 53 for details
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upper Cooper River when com-

pared with the rest of the estuary

 Fig. II-40!.

Plots for total surface ni-

trite-nitrate do not demonstrate

49

trends by season, time, or geo-

graphic location, and demon-
strate the high variability and

spottiness of the data  Fig. II-

41!. Plots of total surface ammo-
nia do not indicate seasonal,

long-term, or geographic trends
either, but indicate that higher

concentrations occurred through-

out the estuary between 1981 and

1983  Fig. II-42!. Surface or-

th op h os p hate m ea sure men ts

were not taken at a large number

of stations during the review pe-

riod, and the stations that were

sampled do not indicate seasonal,

long-term or geographic trends

 Fig. 11-43!,

Fig. II-40. Mean total ammonia values for SCDHEC stations sampled
during 1970-1985. Means are for all dates and all depths combined.
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Fig. 11-41. Total nitrite-nitrate  mg/I! from six SCDHEC stations in the Charleston Harbor Estuary�'between
1970 and 1985. Absence of vertical bars means no sample was taken. Station locations are shown in Fig.
EI-10. Data depicts surface values only.
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Fig. II-43. Orthophosphate from six SCDHEC stations in the Charleston Harbor Estuary between 1970 and
1985. Absence of vertical bars means no sample was taken. Station locations are shown in Fig. II-10. Data
depicts surface values only.



TRENDS IN POLLUTANT LOADINGS

Itt or ganics
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The SCDHEC STORET database contains an-

nual measurements for metals and organic pollutants
in sediments and quarterly measurements for dis-
solved organics and metals. Values reported for the
dissolved pollutants rarely exceeded the detection
limit, and were, not useful for analysis in this review.
Chestnut �989! found decreasing trends for many
dissolved contaminants between 1974 and 1987, but
concluded that these trends were actually the result
of decreasing detection limits over time through the
use of better analytical techniques.

The contaminant data for sediments provide

another indication of changes in pollutant loadings
throughout the estuary over time. These data are less
subject to short-term variability resulting from the
large daily changes that occur in water quality pa-
rameters of estuarine systems. Therefore, only the
sediment data were utilized for these analyses. Three
separate stations  MD-048, MD-052, and MD-115!
and three sets of combined SCDHEC stations  MD-
049 and MD-135; MD-045 and MD-046; and MD-

043 and MD-152! were selected for analysis of trends
in sediment concentrations. These stations had the
largest amount of data for the lower harbor, lower
Ashley River, upper Ashley River, lower Cooper
River, upper Cooper River, and Wando River areas.

Average values for the periods 1975-1979 and
1980-1985 were cakulated for concentrations of mer-

cury, copper, chromium, lead, PCBs, and total DDT
from sediments in the six areas, and are presented in
Figures II-44 through II-50. Other parameters were
measured in these areas, but levels were generally

undetectable. The range and average values for all
sediment parameters in each area are presented in
Appendix A, as are the minimum, maximum, and
average values for major parameters sampled at all
SCDHEC stations during the review period.

Average concentrations of mercury in sediments
were not widely different throughout the estuary nor

over the two time periods  Fig. II-44!. The average
concentrations of mercury in sediments ranged from
0.11 p.g/g in the lower harbor during the 1975-1979
period to 0.40 Itg/g in the upper Ashley River during
the 1975-1979 period  Fig. II-44!. Individual values
for mercury ranged from below the detection limit to
0.56 pg/g during the review period. Both the average
and maximum values for mercury in sediments are
comparable with mid-range values for mercury in
sediments obtained from other estuaries throughout
the United States by the National Status and Trends
Program  NSTP!  NOAA 1988!.

Average concentrations of copper in sediments
ranged from 6.75 ling/g in the upper Ashley River
during the 1975-1979 period to 34.40 p.g/g in the
Wando River during the 1980-1985 period  Fig, II-
45!. Levels of copper were somewhat elevated in the
Wando and Ashley rivers during the 1980-1985 pe-
riod as compared with the other areas of the estuary.
Individual values for copper in sediments ranged
from 5.0 pg/g to 149.0 kg/g during the review period
 Appendix A!. The average concentrations of copper
found in the Charleston Harbor Estuary were low in
comparison with other estuaries, but individual mea-
surements ranged into the higher levels found in
some of the nation's more polluted estuaries  NOAA

1988!.

The average chromium concentrations in sedi-
ments ranged from 8.20 pg/g to 32,00 pg/g during the
review period, and were higher in the Ashley River,
lower Cooper River, and lower harbor areas  Fig. II-
46! as compared with the rest of the estuary, particu-
larly during the 1980-1985 period. The range of



Fig. II-44. Mean values for mercury in sediments in six areas of the estuary during the periods 1975-1979
and 1980-1985. The N value is the number of SCDHEC samples averaged over each period. Station
locations are beneath graphs or denoted with lines.
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* values represent the
average of two stallons, see
text p. 53 for details
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Fig. Il-45. Mean values for capper in sediments in six areas of the estuary during the periods 1975-1979
and 198D-1985. The N value is the number of SCDHEC samples averaged over each period. Station
locations are beneath graphs or denoted with lines.

Kilometers

* values represent the
average of two stations, see
text p. 53 for details

55



Fig. II-46. Mean values for chromium in sediments in six areas of the estuary during the periods 1975-I 979
and 19SO-1985. The N value is the number of SCDHFC samples averaged over each period. Station
locations are beneath graphs or denoted with lines.
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individual chromium values extended from 4.0 p.g/g

to 50.0 p.g/g during the review period, and are low in
comparison with concentrations found in other estu-
aries  NOAA 1988!.

Average concentrations of cadmium in sedi-
ments ranged from 0.68 pg/g to 5.09 pg/g throughout
the estuary during the review period, Concentrations
of cadmium in the lower Ashley River sediments

were quite a bit higher than other parts of the estuary

during the 1975-1979 period  Fig. II-47!. Individual
values far cadmium ranged from less than 0.50 p.g/g

to 22.20 p.g/g during the review period. Average
values for cadmium in sediments in the Charleston

Harbor Estuary are comparable with mid and high
values obtained from other estuaries, while the maxi-

mum individual values exceed the highest levels

reported by the NSTP  NOAA 1988!.

The average concentrations of lead in sedi-
ments ranged from 18.40 ltg/g to 96.65 pg/g in the
estuary during the review period, and higher levels
were found in the upper Ashley area during the 1975-
1979 period than in other areas  Fig. II-48!. Indi-
vidual values for lead ranged from 3.0 p.g/g to 531.90

pg/g during the survey period. The maximum values
measured by SCDHEC exceed those reported for
other estuaries  NOAA 1988! and the average values

are comparable to rnid-range values.

Concentrations of PCBs in the sediments were

a great deal higher in the Wando River and somewhat
higher in the Cooper River than in other areas of the
estuary during the 1975-1979 period  Fig. II-49!.
The average values for PCBs ranged from below the
detection limit to 47.9 gg/g. The highest PCB con-

centrations found in the Charleston Harbor Estuary

exceeded the maximum values reported for other

estuaries throughout the country  NOAA 1988!.

The concentrations of most pesticides in sedi-

ments were too low to be detected during the review

period. Higher levels of DDT and its degradation
products were found in the lower Cooper River and
lower Ashley River during the two time periods, as
well as in the upper Cooper river during the 1975-

1979 period  Fig. II-50!. Average concentrations of
total DDT ranged from below the detection limit to

1,93 pg/g, which is high in comparison with data
from other estuaries  NOAA 1988!.

The fecal coliform data contained a great deal

of variability, largely due to the infrequent occur-
rence of extremely high values. For this reason,!he
median and mean coliform values by station are

presented in addition to the mean coliform values in
Figure II-51. The mean coIiform values ranged from
15 colonies/100 ml to 410 colonies/100 ml during the
survey period, and median values ranged from 7
colonies/100 ml to 143 colonies/100 ml. The median

values are lower than the corresponding mean val-

ues, but the pattern of ranking among stations is very
similar for the two plots. Several stations in the

Ashley River, lower harbor, lower Cooper River, and
Goose Creek Reservoir had relatively high fecal coli-

form values, with mean values exceeding 200 colo-

nies/100 ml.

Timeseries plots of surface fecal coliform show

distinct geographic trends, and suggest seasonal
trends for this parameter at some stations  Fig. II-

52!, but no long-term trends are evident. Almost the
entire CharIeston Harbor Estuary was designated as

SC waters by the SCDHEC  SCDHEC 1985a,b,c;

Chestnut 1989!, and values for most parameters rarely

exceeded values for SC waters as water bodies were

designated during the review period. The upper
Cooper and Wando river stations demonstrated con-
sistently lower concentrations af fecal coliform than



Fig. II-47. Mean values for cadmium in sediments in six areas of the estuary during the periods 1975-1979
and 1980-1985. The N value is the number of SCDHEC samples averaged over each period. Station
locations are beneath graphs or denoted with lines.
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Fig, II-48. Mean values for lead in sediments in six areas of the estuary during the periods 1975-1979 and
1980-1985. The N value is the number of SCDHEC samples averaged over each period. Station locations
are beneath graphs ar denoted with lines.
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Fig. II-49, Mean values for PCBs in sediments in six areas of the estuary during the periods 1975-1979
and 19SO-1985. The N value is the number of SCDHEC samples averaged over each period. Station
locations are beneath graphs or denoted with lines. Time periods with no vertical bars indicate that
concentrations were below detection limits.

Kilometers

* values represent the
average af two stations, see
text p. 53 for details

60



Fig. II-50. Mean values for DDT and its degradation products in sediments in six areas of the estuary
during the periods 1975-1979 and 1980-1985. The N va4e is the number of SCDHEC samples averaged
over each period. S tation locations are beneath graphs or denoted with lines. Time periods with no vertical
bars indicate that concentrations were below detection limits.

%a

3,

Kilometers

* values represent the
average of two stations, see
text p. 53 for details

61



ceeded by other stations.

62

Fig. II-51, Mean  top! and median  bottom! coliform values for
SCDHEC stations during 1970-1985. Means and rnediaus are for all
dates and all depths combined.

other areas of the estuary. The fecal

coliform plots at these stations indi-

cate the number of times that the

values exceeded the SCDHEC des-

ignation limits of SA waters �00

colonies/100 ml! and SB waters

�,000 colonies/100 ml! using the

SCDHEC designations in use during

the review period. The Wando River

station  MD-115! exceeded SA lim-

its three times  out of 78 measure-

ments! during the 15-year survey pe-

riod, while the upper Cooper River

station  MD-043! exceeded SA lim-

its only once  out of 77 measure-

ments!. The lower Cooper River

station  MD-047! exceeded SA lim-

its 20 times  out of 81 measurements!

during the surveyperiod, The upper

Ashley River station  MD-049!,

however, exceeded SA limits 28

times and SB limits eight times  out

of 63 measurements!, while the lower

Ashley station  MD-020! exceeded

SA limits 27 times and SB limits

three times  out of 78 measurements!

between 1970 and 1985. Finally, the

lower harbor station  MD-048! ex-

ceeded SA limits 19 times and SB

limits twice  out of 77 rneasure-

ments! during the survey period. 1t

should be noted that these six sta-

tions are representative of each area

of the estuary, but do not indicate

the number of times limits were ex-

Trend analysis for changes in

basic water quality and pollutant

loadings yielded some seasonal

trends, but we did not observe long-

term trends in the Charleston Harbor
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Pig. H-52. Fecal coliform from the surface waters of six SCDHEC stations in the Charleston Harbor
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SCDHEC's old desination of water quality.



Estuary based on our review of the SCDHEC STORET

database. Trends may have been masked by the lack

of sampling during a standardized tidal stage which

undoubtedly contributed to the massive variances

noted in the data set. In addition, the majority of

stations were not sampled continuously during the

review period, which also contributed to the large

variances. Chestnut �989! reported significant de-

creases in some water quality parameters using the

same data set, although extended through 1987. The

additional three years of data extend thtough the

period of rediversion, and may be responsible for

these discrepancies. It should be noted, however,

that the inferential techniques employed by Chestnut

�989! were designed to be utilized in river systems

that experience a relatively constant flow, and the

observed trends may be due to variations in freshwa-

ter flow, tidal stage, and tidal amplitude in the system

between sampling periods.
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TRENDS IN BIOLOGICAL RESOURCES

There are only two biological data sources avail-

able for the Charleston Harbor systetn that provide

more than five years of data for biological resources.

These include commercial land-

ings data for blue crab and

penaeidshrimpspecies SCWMRD

unpublished data!, and fishery

independent sampling for
penaeid shrimp populations col-
lected at several sites in the har-

bor basin  Whitaker unpublished

SCWMRD data!.

considered landings from 0 miles

to 12 miles offshore and from

Capers Island to Kiawah Island

as the best estimate of shrimp

that were likely to be produced

from the Charleston Harbor

Fig. II-53. Comparison of estimated landings of white shrimp  P.
setiferus!, brown shrimp  P, astecus!, and blue crab  C. sapidus!
produced from Charleston Harbor versus statewide landings esti-
mates  SCWMRD unpublished data!. Commercial landings estimates
represent catches from Capers Inlet to Kiawah Island from 0 miles to
12 miles offshore.

drainage system. A comparison
of the landings estimates showed
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The commercial landings

data provide estimates of catches
for all commercially harvested

species in South Carolina

throughout most of the review
period. Estimates are also avail-

able by fishing region within the

state beginning in 1979
 SCWMRD, Office of Fisheries
Management!. Landings esti-
mates for three species, the white

shrimp Penaeus settferus, the
brown shrimp P. aztecus, and the

blue crab C. sapidus, which are

very abundant in Charleston Har-
bor, are plotted in Figure II-53.

Because the penaeid shrimps are

only commercially harvested off-

shore in the Charleston area, we

large fluctuations during the survey period, but there
were no cIear trends over time for any of these

species. Estimates of the landings from Charleston



pattern not observed in the

state-wide landings. This dis-

crepancy is most Iikely the

result of poor landings esti-

mates available for that time

period.

system. Two stations located

in the lower harbor basin

which have been continuously

sampled since the mid-1970's

were evaluated for trends in

abundance over time. These

stations include one off the

Fort Johnson Marine Re-

sources Center and one locatedFig. II-54. Comparison of estimated landings and SCWMRD sampling from
Charleston Harbor of white shrimp  P. seriferus! and brown shrimp  P.
aztecus!. Commercial landings estimates represent catches from Capers
Inlet to Kiawah Island from 0 miles to 12 miles offshore. SCWMRD

sampIing data represents the annual sum of monthly catches averaged from
two index stations in the lower harbor.

in the lower harbor anchorage

basin. Monthly sums of trawl

catches averaged among these

two stations are plotted by year

in Figure II-54 and compared

with the fishery-dependent landing estimates for

Charleston Harbor described above. These data also

show fluctuations in the yearly abundance of P.

seriferus and P. ar recus corresponding roughly to the

changes noted in the commercial landings, with no

consistent long-term declines or increases in abun-

dance.

Two other data sets of shorter duration provide

some additional information on demersal finfish and

decapod crustacean assemblages. Wenner et al. �984!

described these assemblages at several sites in the

harbor basin and Cooper River which were sampled

over the five-year period 1973-1977  see previous

section for detaiIs!. Several of these stations were

Harbor generaIly showed patterns similar to those

observed statewide, which suggests that the produc-

tion of shrimp and crabs from this estuary is typical

compared to other South Carolina estuaries.

Reduced landings of white shrimp were ob-

served in 1977, 1978, 1981, 1984, 1985, aud 1986

 Fig. II-53!, These were years in which spring spawner

abundance was reduced because of unusually cold

winter temperatures  Whitaker, personal communi-

cation!. Brown shrimp landings were less variable

during the survey period, with highest landings noted

in 1980, 1981, and 1987. Blue crab landings esti-

mated far Charleston Harbor were relatively low

from 1975 to 1977 compared with later years, a

Fishery independent data

collected by Whitaker  unpub-

lished data, SCWMRD! pro-

vides a second long-term da-

tabase for penaeid shrimp at
I

several locations in the harbor



Table Il-16. Rank of numerically dominant finfish species captured by
trawl at five sites in the harbor basin and Cooper River during 1984-
1988  SCWMRD unpublished data! and 1973-1977  Wenner et al.
1984!.

1984-88 1973-77Rank by abundance

9G,O95.4% of total number
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Anchoa rnitchilli  bay anchovy! I
Stellifer lanceolatus  star drum! 2
Leiostontus xanthurus  spot! 3
Mi cropogonias undulatus  Atlantic croaker! 4
Cynoscion regalis  weakfish! 5
Bairdiella chrysoura  silver perch! 6
Urophycis regius  spotted hake! 7
Ictalurus catus  white catfish! 8
Brevoortia tyrannus  Atlantic menhaden! 9
Syrnphurus plagi usa  blackcheek tonguefish! IO

2 1

5 3 8 7 9
11

4 6



revisited from 1984 to 1988 using similar, although

not identical, sampling techniques  Van Dolah et al.

1989!. Comparisons of the numerically dominant

finfish species  Table II-16! and decapod crusta-

ceans  Table II-17! collected in 1984 versus 1973-

1977 indicate very little change in the species com-

position at these stations. Even after rediversion, the

composition of numerically dominant species in the samples

collected at these sites was not markedly different  Van

Dolah et al. 19&9!.
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Appendix A. Minimum, maximum and average values for parameters at all SCDHEC stations in the
Charleston Harbor Estuary from 1970-1985  t = total, o = ortho, d = dissolved, s = sediments!. Values
were derived from all depths sampled during each year, excluding data tagged as suspect by SCDHEC.

Temp pH DO Sal Turb k-N N-N a-PO4 t-PO4 t-NH BOD COD
MD-020

MIN: 6.00 6.40 2,00 G.OG 1.00 0.04
MAX: 35.00 8.80 12.40 33.00 34.00 3.50

A VG: 19.55 7.64 7.34 20 47 8.07 0.67

0.02 0.00 0.02 0.02 0.60 24.00

1.06 0.5 I 0.42 1.80 8,00 739.00

0.12 0.18 0.11 0.22 1,83 325.25

MD-034
0,30 88.000,02 0.00

6.60 400.00

1.85 230.34

1.29 0,48

0.11 0.24

lVf D-043
2.80 0.00 0.80 0,05 0.00 0.00 0.02 0.02 0.20 6.00

5.75 27.00

1.46 17.75

13.80 20.50 32.50 3AO 1.52 0.09 4.60 2.20
7.15 7.36 6.90 0.61 0.14 0.04 0.11 0.15

MD-044
0.01 O.OO 0.02 0.02 0.40 28.0G

0.67 0.87 0.46 2.50 6.75 98.00

0. 14 0.12 0.09 0,20 1.63 51.00

MIN: 2.60 4.10 2.80 0.00 G.80 0.05
MAX; 33.00 8.50 13.80 24.00 70.00 5.40

AVG: 19.61 7.53 7.21 8.94 7.48 0,71

MD-045

2.90 1.00 0.30 0.05 G,02 0.00 0.02 0.02
0.34 0,70

0.08 0.17

16.60 30.00 140.00 2.06

7.07 16.64 8.80 0.60

1.89 0.18

0.13 0.08

MD-046
2.50 G,GG 0.40 G.G5 0.02 0.06 0.02 0.02 0.40 110.00
17.00 35,00 100.00 3.60

7.15 20.61 8.82 0.66

4.60 1,20 8.15 410.00

0.11 0.21 1.80 190.00

0.53 0.39

0.11 0.20

MD-047
0.02 0.02

0.30 2.90

MIN: 5.00 . 4,20 3.10 1.50 0.50 0.05

MAX; 3200 910 1420 3250 2200 460

0,10 SG.GG0.01 0.00

3.76 1.56 7.00 772.00

1.76 224.15A VG: 2'0.60 7.61 7,14 19.57 6.31 0.68 0.15 0.18 0.08 0.24

89

MIN: 6 20 6 20

MAX: 33.00 8,60

AVG; 19.58 7.70

MIN: 5.00 6.00

MAX: 34.00 8.80

AVQ: 20.47 7.54

MIN; 5.00 6.50

MAX: 33.00 9.00

A VG: 20.18 7.70

MIN: 6.50 6,50

MAX: 32.00 9.10

AVG: 20.36 7.80

2.2G 7.80 0.80 0.05

12.20 36.00 80.00 4.00

7.19 21.27 7.99 0.69

0.03 0.02

G.48 2.00

0.10 0.24

0.50 19.00

8.20 140. 00

1.52 81.83



Temp pH DO Saf Turb k-N N-N o-PO4 t-PO4 t-NH BOD COD

MD-048

MIN; 7.00 5,60 2.40 0,50 1.40 0.05 0.02 0.12 0.03 0.02 0.60 100.00

4.95 580.00M A X: 33.00 10.00 14,60 40.00

A VG; 19.93 7,80 7.27 23.56

4400 340 1.38 033 036 200

6,73 0.66 0.10 0.19 0.09 0.23 1.77 245.50

MD-049

MIN: 4,00 4.80 2.30 0.00 0.16 0.10 0.02 0.00 0.05 0.02 1.00 44.00

MAX: 33.00 8,50 28.00 18.00 75.00 7.80 3.24 1.14 1.40 4,00 7.20 600.00

A VG; 22.43 7,14 5.55 5.52 20,67 1.26 0.26 0.41 0.43 0.21 2.72 139.79

MD-052

MIN: 2.50 5.90 3.30 6.80 1.10 0.04 0.02 0.00 0.02 0.02 0,30 68.00

MAX: 34.00 8.60 14.50 31.00 130.00 3.30 0.66 0.57

AVG: 20.61 7,64 6,95 19.27 9,25 0.69 0.12 0,26

6,65 398. GO

2.02 221.38

1.73 1.00

0.15 0.20

MD-070

MIN: 2.60 6.30 3.00 9.00 1.10 0.10 0.00 0.02

MAX: 32.00 8.90 14.00 36.00

A VG: 20.14 7.74 7.00 24.68

0.81 0.75

G.G9 0.22

29.00 3.80

7.19 0.61

MD-071

MIN: 1.50 6.00 2.40 1,00 1.10 0.10

MAX: 32 00 8.70 15.80 32.50 29.00 5.28

A VC; 20.45 7.58 6.52 22.57 8.69 0,83

MD-113

MIN: 4.00 4.80 0,00 0.00 1,30 0.05 G,OO 0.00 0.05 0.02 0.15 8.00

MAX: 32 00 9 30 11 90 71 00 83000 1240 3 84 0 81 I 80 3 00 8 20 661 0G

A VC; 19.16 6.98 4.8 I 0.98 13.46 1,05 0.11 0.30 0,24 0.17 3.16 83.27

0.74 0.05 0.00 0.00 0.05 0.02 0 15 G,GO

56.00 19.90 0.80 1.32 1.90 1.40 11.00 171.20

8 33 1 38 0 06 0 38 0 42 0 21 3 74 55 71

90

MD-060

MIN: 17.00

MAX: 30.00

AVG: 26,33

MD-114

MIN. 2.70 3,10 0.00 0.00

MAX: 32.00 8.40 8.80 1.00

A V G: 1 8,17 6.42 1.40 0.18

0.01 0,04

1.30 0.81

0.09 0.25

0.02 O.G4 0.50 52.00

0.54 2.20 6.60 616.00

0,10 0.22 1.78 276.00

0.04 0.02 0.20 63.00

0.56 2.60 7.30 912.00

0.12 0.26 2.31 264.71



T|:rnp pH DO S al Turb k-N N-N o-PO4 t-PO4 t-NH BOD COD
MD-115

MIN: 6.00 5.90 2.60 O,GG G.25 0.10 0.00 0.00 0.02 0.02 0.25 31.00
MAX: 32.00 8.20 13.80 24.00 69.00 4.40 1.27 0.68 0.44 13.GO 7.10 930.00
AVC: 21.21 7.23 6.76 14.35 9.96 0.78 0.07 0,16 0.09 0.26 2.57 247,64

MD-135

MIN: 7GO 660 275 150 200 012 002 004 005 002 110 8800
MAX; 31 00 8 50 28.00 27 00 50 00 3 20 1 56 0 85 0 76 I 20 8 80 30000
AVG: 2601 746 534 1841 1143 071 019 046 021 019 239 20043

MD-152

MIN: 5.00 4.20 3.60 0.00 0.40 0.05 G.OO 0.00 0.02 0.02 0.20 2.00
G.32 0,90 4.60 25.00

G.08 0.12 1.53 11 40

0.66 0.24

0.11 0.04

MAX: 34.00 9.00 13.00 14.00 110.00 1.65
A VG: 20.77 7.54 7,43 3.76 7.57 0.57

MD-165

3,00 7.50 0.50 0.04 0.02 0.00 0.02 0.02 0.10 95.00

7.15 874.20

1.80 32931

MlN: 2.40 6.60

MAX; 31.00 8.70

AVG: 1959 7.79

1.49 2.70

0.09 0.23

6.65 0.53

0.15 0.21

12.00 39.50 60.00 4.40

7.25 24.01 6.79 0.64

0.02 0.02

2.60 150

0.11 0.19

620 4.00 1.50 030 0,05

8.90 18.00 32.00 100.00 13.00

7.71 7.17. 18.91 8.66 032

4.40 10.90 2 30 0.05 0.04

10.25 27.50 15.00 1 66 0.14

6.74 18.70 6.40 031 0.09

420

202

0.05 0.02 0.02 0.05 1.00

1,16 G.2 l � 0,06 0.15 4.60

0.4G 0.09 0.04 0.07 1.92

6.90

8.35

7.79

MD-214

MIN: 15.50 7.85

MAX: 26.00 8.00

AVG: 20,75 7.92

91

MD-198

MIN: 530

MAX: 32.00

AVG; 20.38

MD-204

MIN: 9.00

MAX: 31.00

AVG: 20.10

MD-205

MlN: 9.00

MAX: 31.00

AVC: 20.77

6.60

8.40

7,71

2.30 11.00 2.00

10.40 38.50 25.00

6.75 21,74 10.58

5.70 1730

935 2G.50

7.53 19.00

0.02 O.G6

252 0.24

G,13 0.14

0,03 0.05

0.08 036

0.05 0.12

020 100.00

520 280.00

1.82 184.00



Temp pH DO Sa! Turb k-N N-N o-PO4 t-PO4 t-NH BOD COD

MD-2! 7

MIN: 8,OG 6.25 4.10 0,00 2.50 0.30 0.02

8,05 11.90 10.00 21.00 2.70 0.20

6.96 7.45 0,82 5.94 0.73 0.06

MAX: 30.00

A VG: 19.95

3.95 4,50 2.40 0.10 0.02

11.00 25.00 32,00 1.72 0.48

6,90 13.49 9.06 0.71 0.09

0.10 0.02 � 0.03 0.05

1.80 0.37 0.34 130

0.76 0.10 0.13 033

2.90 7.00 2.40

10,90 29.00 42.00

6.53 16,34 11.47

MD-502

2.70 0.! 0 0.02

26,00 1.18 0,21

9.07 0.62 0.08

MIN: 7.00

MAX: 3!,OO

AVG; 20.83

0.10 0.02 0.04 0.05 3.00

130 0.26 � 0.30 0.63 3.00

0.54 0.09 0.12 0.17 3.00

3.90 2.30 2.10

12.20 24.20 28.00

6.88 15.48 8.26

MD-504

3.90 8.50 2.10 0,10 0.02

11,20 25,60 ! 7.00 1.96 0.16

6.55 15,70 7.24 0.64 0.06

MD-505

MIN: 7.00 0.10 0.022.90 7.00 1.70

! ! .50 22.00 17.00

6.14 13.46 6.91

4.00 0.17

0.83 0.06

lVIAX. 3!.GG

AVG: 20.99

MD-530

6.60 030 0.02

42.00 1.14 0.17

28.80 0.75 0.06

0.82 0,02 0.34 0.05 1.40

1.88 0,51 � 1.40 0.91 3.40

1.14 0.30 0,69 0.21 1.97

6.30 3.20 0.00 12.00

4.40 20.00 45.00

3.78 2,87 26.50

7.60

6,87

92

MD-500

MIN: 7.00

MAX: 30.50

AVG: 20.23

MD-501

MIN: 7,00

MAX: 30.00

AVG, 20,54

MD-503

MIN: 7,00

MAX: 30,00

AVC: 20.95

MIN: 7.50

MAX: 3!.00

AVG: 21,14

MIN: 23.00

MAX: 31.00

A VG: 26.46

MD-531

MIN: 22.50

MAX: 28,50

AVC: 26,55

6.60

7.85

7.22

3.60 7.70

10.90 29,00

6,63 16.15

4.30 0.00

7.20 0.50

6,04 0.07

0.05 0,02 0.80

0.08 0.21 8 40

0.05 0.08 2.24

0.03 0.05

0.20 1.00

0.10 0.29

0.03 0.05

0,52 1.10

0.12 0.29

0.03 0.05 2.60

0.32 0.92 2.60

0.12 026 2.60

0.02 0.05 3.10

0.18 120 3.10

0.09 031 3.10

0.09 0.05 2.00

0.28 033 3.70

0.17 0.25 2.94



Temp pH DO Sal Turb k-N N-N o-PO4 t-PO4 t-NH BOD COD
MD-532

MIN: 22.50 5.60

MAX: 29,20 7.45

AVG: 26.62 6.85

1.706.20 0.78 0.02

110.00 1.86 1,13

34.05 1.28 ODS

2.92 Q.OO

5.90 5,00

4.25 1,48

3.60

2.42

0.02 0.30 0.05 1.40

129 � 1.80 0.91 3.70

0.64 � 1.00 0.25 2.58

0,00 4,60 0.69

3.50 100.00 1.70

0.74 35.62 131

1.60 3.00

7,45 6.32

635 438

0,02 � 032 0.05 1.60

1.11 1.70 180 3.40

052 0.95 0,28 255

2,70 O.OQ

6.43 2.00

430 0.72

5.60

740

6.71

7.10 4,20 8.50 5.60 0.94 0,09
7.90 11.20 31 30 5.60 0.94 0 09
7,49 6.76 18.46 5,60 0.94 0.09

22,30 6.60 0,56 0.03

25.40 13.00 0.85 0.03

23.69 10.20 0,68 0.03

3.48 0.50 48.00 0.98 031 0.83 0 09 2 00
4.20 1.00 56,00 1.66 0.60 � 1.70 0.70 3.40
3.77 0.63 52.00 1.32 0.56 126 0.39 2.70AVG: 27.07

6.80 3.04 0.50 25.00 0.91 0.40
7.45 4.71 5.80 65.00 3.60 1,87

7.14 3,62 2.65 46AO 1.65 0.79

MD-657

5.18 21.40 7.00 0.62 0,03

7.95 24.30 11.00 0.85 0.05

5.83 22.80 9.10 0.74 0.04

7,70

S.15

7.96

21.30 5,50 0.51 0.02

24.70 10,00 0.69 0.05

22.86 7,20 0.59 0,04

7.70 5,10

8.20 7.32

7.99 5.91

IBID-533

MIN: 23.00

MAX; 29.00

AVG: 26.67

MD-534

MIN: 22.50

MAX: 2S.SO

AVG: 26.46

MD-620

MIN: 10,00

MAX: 31.5Q

AVG 21 80

MD-621

MIN: 27.90

MAX: 29.40

AVG: 28.53

MD-641

MIN. 26,50

MAX: 28.20

MD-642

MIN: 27,20

MAX: 29.70

AVG.' 27.84

MIN: 27.80

MAX: 29.50

AVG; 28.39

MD-658

MIN. '28.00

1VIAX: 29.10

A VG: 28.33

7.70

8.25

8,09

6.80

7.20

7.00

3.96

7.82

6.24

3.90 1.19

95.00 320

37.38 Ia2

0.34 0.05

2.00 0.66

0.96 0.18

0.14 0.10 2.70

0.14 0.10 2.70

0.14 0.10 2.70

0.08 0.14 2 10

0.15 0.25 2.70

0.10 0.19 2.40

0.70 0.06 1,60

230 0.74 3.70

130 0.24 2.16

0.12 0.12 1.80

0.23 0.17 4,10

0.16 0.14 2.90

0.09 0 12 2 OO

0.22 024 2.80

0.13 0.17 2.43



Temp pH DO Sal Turb k-N N-N o-PO4 t-PO4 t-NH BOD COD

21,20 3.50 0.46 0.03

25.80 10.00 0.60 0.04

22.72 5.90 054 0.03

7.80 5.20

8.40 7.60

8.12 5.90

MD-660

5,10 20.60 3.50 0.58 0.03

7.10 26.90 9.90 0.90 0.23

5.92 24.08 6.07 0.70 0.10

MD-663

MIN: 28.00 7.80 0.065,10 20.10 3.10

7.40 27.20 11.00

5.93 23.88 5.83

0.16

0.10

MAX: 29.00 8.40

A VG: 28.19 8,05

MD-662

7.90 5.31

8,20 7.23

8.07 5.88

MIN: 27.50

MAX: 28.80

AVG: 28.07

21.00 6,20 0.49 0.03

26,50 16.00 0.73 0.04

24.14 9.70 058 0.03

7.70 4.90

8.30 7.70

7.99 5.95AVG: 28.26

94

MD-659

MIN: 28.00

MAX: 29.50

AVG; 28.25

MIN: 27.50

MAX: 29.00

AVG: 28.13

MD-663

MIN: 28.00

MAX: 29.00

7.80

8,30

8.08

21.70 3.40

29.50 9.60

25.62 530

0.39 0 03

0.67 0.07

0.56 0.04

0.45 0.03

0.73 0.05

037 0.04

0.06 0.13 1,90

0.18 0.26 2.40

0.13 0.18 2.13

0.07 0.14 1.60

0.19 031 230

0.13 0.20 1.97

0.15 1.60

034 2.40

0.23 2.00

0.06 0.20 1.60

0.14 0.25 2,40

0.09 0.22 1.93

0.07 0.13 1.60

0.13 026 2,40

0.10 0,19 2.07



Alk Cu4 Cu-s Fe-d Cd-d Cd-s Cz4 Cr-sCOD-s TOC Cl

G.GG 50.00 10.G4 100.00 10.00 11.05 50.00 6.03
142.00 1100.00 10.G4 2900.00 100.00 11.05 100.00 6.03
76.73 132.50 10,04 659.52 26.52 11.05 58.40 6.03

2.20 33.00

22.10 33.00

6.21 33,00

MD-034
30.00 50.00 4.86 180.GO 10.00 11.18 50.00 3.89
130.00 265.00 4.86 2550.00 260.00 11.18 100,00 3.89
79,27 104.60 4.86 638.42 38.25 11.18 57.50 3.89

MIN: 16000.00 1.00

MAX: 16000.00 18.10

AVG: 16000,00 5.69

MD-043

MIN: 4400.00 1.70

MAX: 117000.00 I l,40

AVG; 56500.00 4.66

8.00 12.00 10.00 5.00 100.00 10.00 030 50.00 6.00
8,00 96.00 100,00 29.00 1810.00 100.00 130 910,00 46,00
8.00 35.88 94.40 14.68 427.52 1530 0.99 9850 24.81

MD-044

MIN: 127000.00 1.00

MAX: 127000.00 11.80

A VG: 1270GO.GG 4.85

6.00 50,00 24.50 100.00 10.00 050 50.00 27.00
82.00 100.00 24.50 1500.00 100.00 0.50 310.00 27.GG
35.78 98.00 24.50 365.12 1530 0.50 71.50 27.00

MD-055

MIN: 6500,00 1.00 1500.00 10.00

MAX: 150000.00 36.00 20000,00 180.00

A VG: 66690.91 4,60 7980.00 58,65

50.00 5.00 100.00 10.00 0.50 50.00 5.00
160.00 26.00 1700.00 100.00 1.10 I GO.OO 50.00

100.40 14 61 374.08 15.79 0.97 52.63 26.52

1.70 3.00 17 00 50.00 530 100.00 10.00 050 50.00 13.00
21.60 22500.00 178.00 I50.00 10.00 2030.00 100.00 1.00 100.00 28.00
4.98 9508.84 72.71 98.15 8.38 334,48 18.10 0.88 55.24 19.13

MD-047

MIN: 122000.00 2.10 17500.00 6.00

MAX: 122000.00 11.60 25940.00 180.00

AVG: 122000.00 4.90 21131.11 6439

50.00 15.00 100.00 10,00 030 50.0G 26.00

140.00 15.00 1485.00 105.00 030 100.00 26.00

93.23 15 00 467.46 33.40 050 62.00 26.00

MD-048

MIN: 7600.00 1,50

MAX: 135000,00 16.50

AVG: 46550.00 4,7]

40.00 50.00 5.00 59,00 10.00 030 50.00 4.80
130.00 1111.00 17.00 1000.00 100.00 1.00 217.00 34.00
82.73 170.05 9.75 347.23 24.71 0.96 65.71 15.49

MD-049

MIN: 4900.00 3AG 14.0G 8.00 50.00 630 220.00 IQ.OG 0.63
37AO 13000.00 140.00 1000,00 49.GO 3500.00 100.00 1.00
15.14 2582.84 60.33 129 63 26.07 910.84 20.09 0.91

MAX.' 4930.00

A VG: 4915,00

95

MD-020

MIN; 25000.00

MAX: 25000,00

A VG: 25000.00

MD-046

MIN: 80000.0G

MAX.' 80000,00

A VG: 80000.00

5G,OO 9.47

110.00 40.00

59.09 26.37



Alk Cu-d Cu-s Fe-d Cdd Cd-s Cr-d Cr-sCOD-s TOC Cl

!AID-052

MIN: 34000.00 0.59

MAX: 130000.00 17.60

AVG: 71833.33 6.84

8.00 50.00 6.60 180.00 10,00 030 50.00 4,80

129.00 180.00 60.00 2220.00 100.00 22,20 100.00 39.00

7939 96.96 18.00 587.22 2632 2.49 60.00 2234

MD-060

MD-070

5G.OO

100.00

1.10 24.00 50.00

18.90 170,00 314.00

4,35 � 89.96 99.92 66.84

MD-071

MIN: 50.00

103.00

1,90 051

19.00 0,51

5.71 0.51 61.65AVG;

0.30 50.00 17.40 2 I 9.00 10,00 0.73 50.00 5.09

92.00 100.00 17.40 8762,00 100.00 0.73 410.00 5.09

32.23 89.47 17.40 1036.94 30.72 0.73 79.06 5.09

1.00

19.30

10.33

1.20 10.00 38.17 100.00 10.00 0.63 50.00 1126

92.00 100.00 38.17 10310.00 100.00 0.63 110.0 11.26

33.83 88.05 38.17 1231.42 2959 0.63 66.47 11.26

6,20

28.00

13.83

MD.115

3000.00 4.50 50.00 5.00 100.00 5.00 0.92 50.00 6.00

170G0.00 130.00 15970.00 149.00 1451.00 20.00 1.00 670.00 30.00

7209.52 74.22 1410.00 27 95 559.00 12.14 0.99 133,75 13.22

MIN: 1700.00

MAX: 86000.00

A VG; 30220.00

20.00 26.50 7.20 290.00 10.00 0.72 50.00 13.70

130.00 2000.00 7.20 2000.00 100,00 0.72 100.00 13.70

75.88 197.18 7.2G 756.70 18.62 0.72 53.85 13.70

6.00

14.90

10.01

MD-152

M I N: 1400,00 1,50 0.06

MAX: 110000.00 41.30 0,06

A VG; 39645.45 5.82 0,06

16.00 50.00 5.00 100.00 10.00 0.80 50.00 4.00

90.00 100.00 10.00 1714.00 100.00 130 1G80.00 44.00

31.00 94.83 6.81 452.09 22.61 1.00 135.26 15.60

96

MIN.

MAX:

AVG:

MIN;

MAX:

AVG:

MD-113

MIN: 20000.00

MAX: 20000.00

A VG: 20000.00

MD-114

MIN. 55000.00

MAX: 55000,00

AVG; 55000.00

MD-135

Ml N: 50000.00

MAX: 50000.00

A VG: 50000.00

2,80

33.20

8.45

1.40 50.00

332.00 290.00

93.19 99.79

100.00 10.00

1330.00 100.00

492.26 33.16

100.00 10.00

3363.00 100.00

610.67 3031



Alk Cu-d Cu-s Fe-d Cd-d Cd-s Cr-d Cr-s
COD-s TOC

MD-165

MIX; 96000.00

MAX: 96000.00

A VG.' 96000.00

Cj

3.40 50,00 8.20 160.00 10.00 0.90 50.00 24.50
150.00 1550.00 8.20 3434.00 IGG.GO 0.90 153.00 24.50
77.28 155.29 8.20 560,40 36.84 0.90 70.16 24.50

MD-198
50.00 10.00 100.00 10.00 1.00 50.GG 27.00
160.00 17.00 1942.00 100.00 1.00 131.00 33.00
101.30 12.67 512,70 22.65 1.00 55.35 30.00

1.GG 4400.00 20.00

175.00 21000.00 820.00

9.90 9400.00 78.47

MIN:

AVG:

MD-204

3.60 53,GO

21.90 130.00

10,17 � 84.43

MIN:

AVG;

MD-205

MIN: 59.00

150.00MAX:

AVG: 93,76

IVf D-214
1.00 8.80

1.00 17.00

1.00 � 12.93

5.00

5.00

MD-217

2.20

31.00

24.45

MD-500

1.50 3600.00 45,00 7.00

25,20 13500.00 96.00 11.00

5.72 6888.89 71.91 � 933
tVt AX;

AVG:

MD-501
1.70 3800.GG 55,00 � 18.00 � � 1.00
25.00 19000.00 110.00 � 24.00 1.00
5.68 8300,00 81.82 20.67 1.00

D-502
8.00 1.00

19,00 1,GG

12.33 � � 1.00

1.50 4200.00 51.00

13.90 14500.00 160.00

5,32 7419,44 78.91

MIN:

AVG:

97

MIN..

MAX;�

AVG:

MIN:

MAX:

AVG:

MIN:

MAX:

AVG:

1.80

9.80

4,86

4.70

6.90

5.53

2.70 5.50

42.00 140.00

8.93 20,15

1.00

1.00

1.00

11.00

19.00

1533

20.00

27.00

22.67M

12.00

25.00

17.00



Alk Cu-d Cu-s Fe-d CdA Cd-s Cr< Cr-sCOD-s TOC Cl

MD-503

MD-504

2.80 4000.00 55,00

MD-505

39,00

72.00

58.71

MD-531

17.00

MD-532

1.00 6,00

1.00 � 11,00

1.00 7,67

15,00MIN:

68.00

4850 � 5.00

MD-533

10.00 � 5,00

64,00 7.40

45.25 5.80

MlN;

AVG:

MD-534

1.00 22.00

1.00 36.00

1.00 � 30.67

14.00

60.00

41.13 7.93

IBID-62Q

MIN:

A VG.

98

MIN:

AVG:

MIN:

MAX:

AVG:

MIN:

MAX:

AVG:

MD-530

MIN:

MAX:

AVG:

MIN:

MAX:

AVG.'

MAX:

AVG:

MlN;

MAX:

AVG:

2.10 4000.00 48.00

12.50 15000.00 96,00

5.3Q 7811.11 78.00

17.80 14500.00 120.00

6.55 7366,67 80.65

2,80 14.50 54,00

18.30 9500.00 100.00

7.28 5927.08 81.52

72.00

51.13

72.00

72.00

72.00

5.00

10.00

6.67

5.00

20,00

11.03

5.00

15.00

10.00

5.00

41.00

18.00

5.00

5.00

5.00

11.00

1.00

5.00

2.33

1,00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1,00

5.00

8.00

6.67

5.00

15.00

8.67

5.00

11.00

8.00

5.00

36.00

17.00

12.00

16.67



Alk Cu-d Cu-s Fed Cd-d Cd-s Ci-d Cr-sCOD-s TOC Cl

AVG:

MD-641

15.00

AVG:

MD-657

MD-658

MIN:

AVG:

MD-659

MIN;

MD-660

MIN.

AVG;

90.00

96.00

92.33AVG:

MD-662

93.00MID!,

99

MD-621

MIN;

MAX:

MIAN.

MAX:

AVG;

MD-642

MIN:

MAX:

MIN:

MAX:

AVG.

MAX:

AVG:

MD-661

Mlle:

MAX:

MAX:

AVG:

110.00

95.67

117.00

92.00

66,00

95.00

76.00

92.00

96.00

94.00

89,00

96.00

91.67

90.00

95.00

92.00

90,00

96.00

93.00

93.00

93.00

5.00

5.00

5.00

15,00

15.00

1.00

1.00

1.00

1.00

1.00

1.00

26.00

26.00

26.00

17.00

17.00

17.00



MD-663

MIN:

AVG:

Alk Cu-d Cu-s FeA Cd-d Cd-s Cr-d Cr-s

88.00

100.00

92.67

100



Ph-d Pb-s Hg-d Hg-s Mn-d Mn-s Ni4 Ni-s Zn-d Zn-s Mg-d Co!i
fvlD-020

MIN: 50.00 40.18

MAX: 300.00 40.18

AVG; 129,03 ' 40.18

100.00 37.16 11.30

570.00 37.16 664.00 29700.00

133,33 37;16 329.80 366.82

0.20 0.11 50.00 59.26 100.00 10.04

5,30 0.	 950.00 59.26 290.00 10.04

0.73 0.!! 132.65 59.26 124.50 10.04

MD-034

MIN: 50.00 2.92

MAX: 250.00 2.92

AVG: 147.36 2.92

100.00 13.61 270.00 2.00

250.00 13.61 2970,00 30500.00

109,38 13.61 703.11 410AO

0.01 0.08 50.00 27.70 100.00 4.86

7.30 0 08 100.00 27,70 270.00 4.86

0.73 0.08 58.67 27.70 123.33 4.86

MD-043

M 1N: 50.00 5,00

MAX: 200.00 64.00

AVG: 59.20 25.27

1.00

1000.00

49.78

100.00 70.00

120.00 70.00

101.11 70.00

4.40 2 00

959.00 800.00

119.50 63.49

100.00 10.00

100.00 80.00

100 00 50 07

67.00 2.00

187.50 1700.00

134.01 114.06

MD-046

MIN: 50.00 17.00

MAX. 260.00 34.00

AVG: 122.07 23.50

MD-047

MIN: 50.00 3.00

MAX; 380.00 3.00

AVG: 127.10 3.00

MIN: 1.58 5.00

MAX: 32U.QU 50.00

A VG, 142.00 19.08

MD-049

MIN: 50.00 13.30

MAX; 280.00 49.00

A VG: 87.52 30.82

0.� 0.20 50.00 23.40

4.70 0.50 170.00 23.40

0.43 0.30 76.67 23.40
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MD-044

MIN: 50,00

MAX: 200.00

AVG. 56,80

MD-045

MIN: 50,00

lVlAX: 270.00

AVG: 95.20

0.02 0.03 50.00 59.00 100.00 5.00 100.00 11.00 1.50
3.23 0,35 4SOO.OO 355,00 100,00 22.00 670.00 80,00 461.00
0.43 0,23 316.11 207.00 100.00 1425 131.67 48.92 51,72

34.50 0.02 0.40 50.00 442.50 100.00 11,00

34.50 2.46 0.40 370.00 442.50 100.00 11,00
34.50 0 A 6 0,40 69,17 442,50 100.00 11.00

5.00 0.10 0.20 50,00 100.00 100.00 5.00
46.00 8.53 29.00 140,00 990.00 100.00 20.00
26.50 0.60 2.04 57.06 545.00 100.00 12.08

0,05 0.08 50.00 226.00 100.00 15.00 100.00 23,00 0.36 1.00
9.88 0,25 470.00 226.00 170 00 15.00 100.00 4130 596.00 860.00
0,70 0.18 75.00 226.00 112.78 15.00 100.00 34.13 303.17 78.47

0,10 0.03 50.00 483.00 100.00 20.00 100.00 60.00 026
4,15 0,03 630.00 483.00 120.00 20.00 100.00 60.00 450.00 4000.00
0.63 0.03 S2.78 483.00 101.11 20,00 100.00 60.00 208.24 171.97

0.20 0.05 50.00 81,00 100.00 5.00 100.00 9.10 244.00 1.00
5.60 0.25 80.00 155.00 170.00 16.00 280.00 70.00 506.00 31500.00
0.69 0.21 56.15 118.00 120.00 9.55 112,86 34.47 373.78 334.61

100.00 630 100.00 17.10 2.80 8.00

110.00 23.00 150.00 180.00 330.00 2800.00
10036 16.43 106.32 114.27 8528 307.56



Pb-d Pb-s Hg-d Hg-s Mn-d Mn-s Ni4 Ni-s Zn-d Za-s Mgd Coll

MD-OS2

MIN: 50.00 4,00

MAx: 350.00 54.GQ

AVG: 156.25 29.99

0.20 0.20 50.00 210.00 Iao.ao 5.90 100.0G 34.00 250.GG 2.00

6.30 0.56 110.00 928.00 140.00 16.00 170.00 160.00 543.00 26300.00

0.66 0.26 57.86 471.33 106 43 9.98 104.67 70.11 408.11 398. 17

MD-060

MD-070

MIN: 50.00

MAX: 380,00

AVG: 195.13

Sa.oa

550.00

106.15

MD-071

MIN: 50.00 0.10

150.00

104.50

4.00

0.65

MAX: 420.00

A VG: 201.34

MD-113

MIN: 30.00 54,50 0.01 0.56 SG,GO 21,80

3320.00

97.48

2.15 0.56 420. Go 21.80

0.45 0.56 80.42 21.80

MAX; 200,00 S4,50

AVG: 81.05 S4.50

MD-114

MIN: 30.00 531.90 0.05 0.50 50.00 13.80

MAX: 2aa.oa 531.90 3,00 0.50 700.00 13.80

AYG: 78.78 531.90 0,51 0,50 206.67 13.80

2650.00

216.89

MD-1 I5

MIN: 14.00 6.90 0.01 0.10 SO.OO 140.00 100.00 S.GO 100.00 10.00 356.00

MAX: 200.00 245.00 2.30 0.40 150 Ga 14G.GG 310.00 15.00 100.00 390.00 356.00

AYG: 95.40 38.95 0.39 0.25 68.33 14o.oo 145,00 8.23 lao.ao 7130 356.00

800.00

50.31

MD-135

MN; SG.GO 180.00 0.20 0.30 50.00 108.00 100,00 720

MAX: 290.00 180.00 80.GG 0.30 120,00 108.00 120.00 7.20

AYG: 122.78 180.00 4.3a 0.30 69.00 108.00 103.00 7.20

MD-152

MIN: 5O.OG 4.00

MAX: 200,00 55,00

A VG: 65.86 13.34

0.00 0,10 50,00 35,30 100.00 S.GG

1.77 0.50 100,0G 160,00 230,00 15.0G

0,43 0.24 54.74 97.65 106.84 9.34
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MlN:

MAX:

AVG:

0.20

6.90

0.79

50.00

140.00

73.68

Ioo.ao

260.00

156.15

100.00

380.00

177.22

100.00 730

100.00 7.30

1GG.OO 7.30

70.00 630

100.00 630

98.89 6.30

100.00 � 184.00 1.00

100.00 623.00 420.00

100.00 485,44 53.89

039 4.00

800.00 2500.00

486.88 184.40

100.00 69.00 0,70

100,00 69 OO 2.40

100,00 69,00 1.32

10G.OO 158 30 0.60

15O.GO 15830 3.6O

102 40 158.30 130

100.00 150.00 149.00

180.00 150.00 488.00 990.00

107.27 150.00 343.11 138.22

100.00 5.00 2.00 2 oo

100.00 48.00 485.00 260.00

100.00 22.99 45.87 37.47



Pb d Pb-s Hg-d Hg-s Mn-d Mn-s NIM Ni s Zn-d Zn-s Mg-d Coli
MD-l 65

MIN; 50.00 34.20 0.20

MAX: 290.00 34.20 7.30

A VG: 158.33 34.20 0.83

50.00 612,00 100.00 9.80 100.00 72.50

1200.00 612.00 18G.GO 9.80 350.00 72.50

149.17 612.00 123,33 9.80 119.23 7250

MD-198

MIN: 50.00 18.00 0.02 0.20 50.00

MAX: 420,00 29.00 5.24 0.25 220.00

AVG: 148.51 24.00 0,59 0.22 6733

lOG.GO 30.00 131.00 1.00

200.00 54.00 411,00 620.00

106.25 41.67 282.89 40.60

0.20
270.00

83 48
3.40

1.20

MD-205

0.20

4,60

MIN:

1.20AVG:

MD-214

5.00 � 0.25

MAX: � 12,00 � 0.25

AVG: � 7,67 0.25

MD-217

0.20IVIIN:

0.20

0.20AVG:

MD.500

MIN:

AVG:

MD-501
6.00

80.00

31.67

MD-502
30.00 4.00

63.00 � 86.00

43.00 26.68
MAX:

AVG:
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MD-2G4

MIN:

MAX:

AVG:

MIN;

MAX:

AVG:

16.00 0,20 0.20

20.00 0.90 0.25

18,67 0.28 0.22

30,00 0,20 0.20

36,00 1,00 G.25

32.00 0.33 0.22

17.00 0.20 0.20

28.00 0.60 0,25

20.67 0.25 0.22

100.00

120.00

104.00

88.00 5.00

130.00 � 6.00

109.00 533

17.00

34.00

25.67

27,00

43.00

36.67

60.00

76.00

6533

218.00 2.00

601.GO 1240.00

374.56 114.00

2.00

500.00

99.11

2.00

448.00

7129

8.00

190.00

54.14



Pbd Pb s Hg d Hg s Mnd Mn s Nid Ni s Znd Zns Mg d Coli

MD-503

MD-504

MIN:

AVG:

MD-505

28.67AVG:

MD-530

0.20MIN:

0.30

AVG:

MD-531

36.00

22.00 180.00

13.50 � 85,00

MD-532

MIN:

A VG.'

MD-533

320.00l 1.00 0.20 0.20MlN:

8.00AVG:

MD-534

28.00 100.00

50.00 240.00

42.00 � 170 00

8.00MIN:

17.00MAX:

12.5026.67 0.22 0.23AVG:

MD-620

AVG.
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MAX;

AVG;

MAX;

AVG;

8,00 0.20 0.20

17.00 1.20 0.30

11.33 0.42 0.25

8.00 0,20 0.20

20.00 0.80 0.25

13.33 0.33 0.22

9,00 0.20 0.20

26.00 0,70 0.25

15.00 0.30 0.22

11.00 0.20 0.20

59.00 0.20 0.25

28.33 0.20 0,23

6.00 0.20 0.20

10.00 0,20 0.25

7.67 0.20 0.23

25,00 0.30 0.25

16.33 0.21 0.23

22,00 0.20 0.20

34.00 0.30 0,25

5.00

5.00

10.00

34,00

18.00

22.00

40.00

30.67

19.00

47.00

12.00

9.67

20.00

48,00

30.00

2,00

63,00

20.24

110.00

24.05

1.00

85.00

15.82

340.00

500.00

420.00

2200.00

3100.00

2650.00

600,00

3300 00

1950.00

460.00

390.00

1600.00

1600.00

1600.00



Pb-d Pb-s Hg-d Hg-s Mn-d Mn-s Ni-d Ni-s ZnM Zn-s Mg-d Coli
MD-62l

0.20

0.20

0.20

MD-641

MIN:

AVG:

MD-642

MD-657

MIN: 0.20

0.20

0,20

MAX;

AVG:

0.20

0.30

0.23

MD-659

MIN:

MAX:

AVG:

MD-66l

0.20

0.20

0,20

MD-662

MAX:

AVG:

105

MIN:

MAX;

AVG:

MIN:

MAX:

AVG:

MD-658

MIN:

MAX:

AVG:

MD-660

MIN:

MAX:

AVG.'

MIN:

MAX:

AVG:

19.00 0.20 0.25

19.00 0.30 0.25

19.00 0.25 0.25

34,00 0.20 0.25

34.00 0.20 0,25

34.00 0,20 0.25

0.20

0.20

0.20

0.20

0.20

0.20

0.20

0.20

0.20

10.00 26.00

10.00 26.00

10.00 � 26.00

10.00 70.00

10.00 � 70.00

10.00 70.00



lvlD-663

MIN:

MAX:

AVG:

Pb4 Pb s Hg d Hg s Mn-d Mn s Ni d Ni s Zn-d Zn-s IVIg d CoII

0,20

0.20

0.20



Alisma plantago/ � aquatica

Alternanthera philoreroides

Amaranthus cannibinus

Nymphaea odorata

Orontium aquati curn

Oxypolis filtfortnis
Peltandra vtrgtntca

Pni curn sp.

Polygonum arifoli um

Polygonum punctatum

Polygonum sagittatum

Polygonum sp.

Pontderia cordata

Potamogeton capillaceus

Potamogeton diversifolius
Potamogeton sp.

Ruppia maritima

Rynchospora careyana

Rynchospora macrostachya
Sacciolepis striata

Sagittaria graminea

Sagittaria latifolia
Samolus pauciflorus

Scirpus ameri canus

Sci rpus cyperinus

Sci rpus etuberculatus

Sci rpus robustus

Sci rpus vali dus

Sium suave

Spartina alterniflora
Sparrina patens

Spartina cynosuroides

Spiranthes sp.

Typha angustifolia
Typha latifolia

Utriculana sp.

Xyris caroli niana
Zannichelli a palustris

Zizania aquatica

Zi ziani opsis mi li acea

Zostera marina

Anachari s canadensi s

Anarcharis densa

Aneilema keisak

Apios ameri cana

Aster caroli nianus

Bi dens laevis

Cabomba carolini ana

Ceratophyllum demersum
Chara sp.

Cicuta maculata

Cladi um j amaicensis

Cuscuta sp.

Cyperus sp.
Dracocephalum sp.

Egeria densa

Zleocharis sp.

Eryngium aqati curn
Eupatori um rotundifoli um
Galium sp,

Hydrocotyle verticillata
Hydrotrida caroliniana

Hymenocallis sp.

Hypericum sp.
Impati ens capenses

Juncus biflows

Leersia hexandra

Leersia oryzoides

Lemna minor

Lobelia cardinalis

Ludwi gia ur uguayensis

Ly cop us sp.

Lycopus sessilifoli us

Mikania scandens

Myri ophyllum heterophyllum
Nelumbo lutea

Nitella sp.
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Appendix 8. Species list of vegetation reported from the Charleston Harbor Estuary during the period 1970-
19$5.



Appendix C. Species list of benthic macroalgae reported from tbe Charleston Harbor Estuary during tbe period

1970-1985.

Bryopsi s plumosa

Codi ram sp.

Enteromorpha lingulara

Halymenia sp.

Polysiphonia sp.

Porphyra sp.

Ulna  acfuca

108



Appendix D. Species list of phytoplankton and periphyton reported from the Charleston Harbor
Rstuary during the period 1970-1985.

Achnanrhes brevipes

Achnanrhes exigua

Achnanrhes lanceolara

Achnanthes longipes

Achnanthes manifera

Achnanthes rni crocephal um

Acri nasr rum hanrzschi i

Botryococcus braunii
Bulbochaete sp.

Campylosira cymbelliforme

Cear tium i nci sum

Cerarium carolini anum

Ceratium contortium

Cerarium furca

Ceratium fusus

Cerari um macroceros

Cerarium rnassiliense

Cerari um ref lexum

Cerati um teres

A nacysri s ae r u gi n os a

Anacystis cyanea

Anacystis thermalis
Ankistrodesmus convalurus

A nki srrodesmus falcar us

A nki srrodesmus nannoselene

Ankisrrodesmus spiralis

Arthrodesmus convergens

Arthrodesmus phi mus

Arrhrospira jenneri

Asreri onella formosa

Asteri onella japonica

Chaetoceros danicus

Chaetoceros debile
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A cri nel 1 a punc tata

Acrinocyclus ehrenbergii
Acti noprychus splendens
Acrinoprychus taeniarus

Acrinoptychus undulatus

Agmenellum quadirduplicarum
Amphidinium fusiforme

Arnphidinium klebsi
Arnphiphora alara

Arnphiphora gi gantea

Amphi phora o ma ra
Amphi phora pal udosa
Amphiphora sulcara

Amphiprora ornara

Amphora c off eaefo r mi s
Amphora crassa

Amphora grganrea

Amphora lineolara
Amphora osrrearia

A mphora o vali s

Amphora proreoides

A naha en a in eq ua Ii s

Anabaena vari abi Iis

Aulosi ra I axa

Bacteriasrrum delicatulum

Bacreri astrum elongatum

Bacreriastrum hyalinum

Bacteriastrurn varians

Biddulphia alternans

Biddulphia auri ra

Brddulphra dubra

Biddulphia laevis

Biddulphia longicruris
Biddulphia mobiliensis

Biddulphia pulchella
Biddulphia regia

Biddulphia rhombus

Biddulphi a sinensis

Binuclearia tatrana

Cerarium tripos

Cerarulina bergonii

Ceratuli na pelagica

Chaeroceros affiants
Chaeroceros atlanticus

C hae toe er os borg ei

Chaetoceros brevis

Chaetoceros compressus

Chaetoceros constri ctus

Chaetoceros convolurus

Chaeroceros crini rus

C haetocer os cur vi se tus



Chaetoceros decipiens

Chaeroceros didymus

Chaetoceros gracilis

Chaeroceros hispi dum

C haeroceros lacinosum

Chaetoceros lorenzianus

Chaetoceros mulleri

Chaetoceros pelagicus

C ha eto cero s pen du l us
Chaetoceros simi li s

C ha et o cer os si mplex

Chaeroceros subsecundus

Chaeroceros subti lis

Chaetoceros teres

Chaetoceros ~i g hami

Chlamydomonas g iobosa

Chlamydomonas pseudopeny

Chlamydomonas sphagnicola

Ch orella sp.

C ho r ad e l la sp.

Chroococcus li rnneri cus

Chroococcus turgidus

Chr oornonas amphi oxei a

Chroomonas caroliniana

Chroomonas minuta

Closreri um abruptum

Closreri um costar um

Closrerium gracile

Closrerium leibleinii

Closrerium lineatum

Closrerium lunula

Closterium navicula

Closrerium pronum

C l osr eri um toxon

Coccochloris stagni na

Coccolithus huxleyi

Cocconeis disculoides

Cocconeis placentula

Cocconeis scurellum

Cochlodi ni um hetero lobar um

Coelasr rum cambricurn

Coelastrum morus

Coelosphaeri um pallidum

Corerhron criophilum

Coscinodiscus antiquus

Coscinodiscus asteromphalus

Coscinodiscus centralis

Coscinodiscus concinnus

Coscinodi scus excentri c us

Coscinodiscus granii

Coscinodiscus gravi dus

Coscinodiscus lineatus

Coscinodiscus perforatus

Coscinodiscus plicatus

Coscinodiscus radiatus

Coscinodiscus subtilis

Cosci nosira polychorda

Cosmarium bioculatum

Cosmari um bi punctatum

Cosmari um bi return

Cosmarium blyrii

Cosmarium circulare

Cosmarium cucumis

Cosrnarium cucurbita

Cosmarium margaritiferum

Cosmarium rnargoriratum

Cosmarium obtusarum

Cosmarium portianum

Cosmarium quinari um

Cosmari um subcrenatum

Cosmari um subspeci osum

Cosmari um tenue

Crucigenia crucitera

Cruci geni a fene'strata

Cruci genia irregularis

Crucigenia recrangularis

Cruci genia retrapedia

Cryptomonas erosa

Cryptomonas ovata

Cryptomonas pseudobaltica

Cyclotella kurzingiana

Cyclotella meneghiniana

Cyclotella meneghininiana

Cyclo!ella striara

Cylindrotheca closteriurn

Cymatosira belgi ca

CymbeHa affinis

Cymbella minuta

Cy m hei l a t umi da

Denticula sp.
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Desmidium grevillii

Desmidium swartzii

Di ctyo cha fi b ul a
Dictyosphaeriurn ehrenbergianum
Di ctyosphaerium pulchellum
Dimeregramma minor

Di mere gramma rost rat um

Dimorphococcus lunatus

Dinobryon sertularia

Di noflagellate cyst

Dinophtsis hastata

Dinophysis acurninata

Dinophysi s homunculus

Di nophysi s ov um

Dinophysis schuetti
Dinophysis tri pes

Diploneis bombus

Di ploneis crabro

Diploneis didyrna

Diploneis elliptica

Di ploneis fusca

Diploneis obli gua
Diploneis puella

Diploneis smithii

Ditylum brightwelli
Dunali ella sp.

Ebria tripartita

Epithemia sp.
Euast rum ansatum

Euastrum crassi colle

Euastrum denticulatum

Euastrum elegans

Euastrum oblongum

Eucampi a zoodi acus

Eudorina sp.

Euglena acutissima
Euglena ascus

Euglena gracilis

Euglena minima

Luglena mutabilis

Euglena polymorpha

Euglena proxi ma

Euglena spirogyra

Eunotia curvata

Eunotia monodon

Eunotia robusta

Eunotogramma marinum

Eunotogramma rostratum

Eutrepi a lanowii

Eutrepia vi ridis

Exuviae lla compressa

Exuviae lla marina

Fragilaria construens

Fragilaria crotonensis
Fragilaria investiens
Fragilaria virescens

Glenodinium rotundum

Gloeocystis ampla

Gloeocystis gigas

Gloeocystis vesi culosa

Gomphonema affine

Gomphonema augur

Gomphonema gracile
Gomphonema parvulum
Gomphonema spaerophorum
Gomphonema truncatum

Gomphosphaeria lacustri s
Gonatozygon monotaenium

Goniaulax glyptorhynchus

Goni aulax spinifera

Goni um pec tora l e

Gonium sociale

Gopmphonema acuminatum
Grammayophora marina

Guinardia flaccida

Gyrnnodinium danicus
Gymnodinium galesianum
Gymnodinium lunula

Gymnodinium splendens
Gymnozyga moni liformis
Gyrodinium dominas

Gyrodinium estuariale
Gyrodi nium glaebum
Gyrodinium metum

Gyrodinium pellucidum
Gyrosi gma balticum

Gyrosi gma fasciola
Gyrosigma febi gerii
Gy rosi gma ob t usatum

Gyrosi gma peisonis



Gyrosi gma peisonis

Gyrosi gma spencerii

Hantzschia virgata

Hemiaulus hauckii

Hemiaulus sinensis

Hemiselmis sp.

Heteromastix pyriformi s

Hyalodiscus stelliger

Hyalorheca dissiliens

Hyalotheca mucosa

Isochrysis galbana

Karodinium rotundatum

Ki rchneriella conloria

Krrchneriella lunaria

Ki rchneriella obesa

La ude ri a borealis

Leptocylindrus danicus

Leptocyli ndrus mini mus

Li cmophora lyngbyei
Li thodesmi um undulater

Ly n gbya di g ue ti

Lyngbya lang erheirnii
Mallomonas caudata

Masrogloia gibbosa

Masrogloia mi nuta

Melosira distans

Melosi ra granulata

Melosi ra granulara

M elosi ra isla ndi ca

Melosira irali ca

Melosira j ur gensii

M elosi ra moni liformi s

M el osi ra n u mm ul or des

Melosi ra sulcara

Melosira varians

Meridion cir culare

Merismopedia elegans

Merismopedia glauca

Merismopedia puncrara

Micracrinium sp.

Micrasrerias denticulara

Mi crasterias lati ceps

Mi crasrerias pinna ifida

Mi cr as reri as radi a ra

Mr crasrerias radi osa

Micrasterias truncata

Microcoleus sp.

Mi crospora pachyderma

Monochrysis lurheri

Mougeotia recurva

Nannoch!oris sp,

Navicula abrupta

Navicula abunda

Navicula agnita

Navicula borealis

Navi c u1 a can ce l la t a

lVavicula cinta

Navi cula dissipara

lVavicula exigua

Navtcula graciloides

Navicula granulata

Na vi cula lanceo l ata

Navicula lyra

Navicula meniscoides

lVavi cula minima

1Vavicula mutica

Navicula peri gri na

Novi cula salinarum

Navi cula secura

Nephrocyrium agardhianium

Nephrocyrium obesum
Ni tzschia acicularis

¹tzschia acuminata

Ni tzschi a adducta

Nirzschia circumsuta

¹tzschia closterium

Ni tzschia compr essa

Nitzschia delicarissima

¹tzschia dissipara

Ni rzschia fi liformi s

Nirzschia hummi

Nitzschia laevis

Ni tzschia levidensis

Nitzschia longa

Nirzschia longissinta

Nirzschia obtusa

Nitzschia pa!ea

Nitzschia panduriformis

¹tzschia paradoxa

Nitzschia paradora



Nirzschia pungens

Nirzschia reversa

Nitzschia seriara

Nirzschia sigma

Ni rzschi a si grnoidea

Nirzschia rriblionella

Nitzschia vermicularis

Nosroc sp.

Ochromonas nannos

Oedogoni um crassi uscul um
Olisthodiscus carrerae

Onchyonema filiforme

Oocystis elliptica

Oocystis lacustrus

Ornirhoceros carolineae

Orni rhoceros splendidus

Osci 1 laroria chlorina

Osci l la to ri a li mo sa

Osci 1 latori a princeps

Osci 1 1atoria subuli formi s

Osci! latoria renuis

Oxyrrhis sp,

Palmyodi cr yon vari um
Palmyodi ctyon viride

Pandori na morum

Pediastrum araneosum

Pediasrrum biradiarum

Pediasrrum duplex

Pedi ast rum simplex

Pediastrum terras

Peni um li hei lula

Penium spirosriolarum

Peridinium bervipes

Peridinium marielebourae

P eri di ni um oh 1 un g u m

Peri di ni um oceani curn

Peridi ni um quarnerense

Peridinium quinquecorne

Peridinium triquetrum

Peridinium  rochoideum

Phacus acuminarus

Phacus anacoelus

Phacus brevicaudatus

Phacus curvcavdara

Phacus lemmermannii

Phacus lismorensis

Phacus pyrum

Phacus svecicus

Phacus swi renkoi

Phacus rartus

Phalacroma acurum

Phalacroma hindmarchi

Phormidium fragile

Pinnularia mesolepta

Plagi ogramma pygmaeum

P lagi o gramma v anherckii
Pleurodiscus sp.

Pleurosigma aestaurii

Pleurosigma affine

Pleurosigma fasciola
Pleurotaenium coronatum

Pleurotaenium ehrenbergii

Pleurotaenium rrabecula

Prorocentrum micans

Prorocenrrum minimum

Pseudopedinella pyriforme
Pyramimonas amylifera
Pyramimonas grossi
Pyr ami manas micron
Pyramimonas nanella
Pyramimonas obovata
Pyramimonas plurioculata
Radi ofi li um fl avescens

Raphoneis amphiceros
Raphoneis belgica
Raphoneis suri rella
Rhipodendron huxleyi
Rhizosolenia alata

Rhizosolenia calceravis

Rhizosolenia castracahei

Rhizosotenia fragilissima

Rhi zosolenia hebetata

Rhizosoleni a i mbri cata

Rhizosolenia robusta

Rhizosolenia seti gera

Rhizosoleni a srolterfothii

Rhodornonas minura

Scenedesmus abundans

Scenedesmus abundans

Scenedesmus acumi nata
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S cenedesmus arcuatus

Scenedesmus armatus

Scenedesrnus bij uga

Scenedesmus brasi liensi s

Scenedesmus denti culatus

Scenedesmus di morph us

Scenedesmus incrassulatus

Scenedesmus obliquus

Scen edesmus opoli ensi s

Scenedesmus perforatus

Scenedesmus producto-capi ratus

Scenedesmus quadricauda

Selenastrum gracile

Selenasrrum westii

Skeletonema costatum

Skeletonema tropi curn

Spirogyra sp,

Spi rulina laxissima

Spirulina major

Spirulina princeps

Spondylosi um rectang ulare

Staurastrum affine

Staurastrum alternans

Staurastrum breviaculatum

Staurastrum chaetoceras

Staurastrum dej ectum

Staurastrum eiongatum

Staurastrum granulosum

Staurastrum hexacerum

Staurastrum inconspi cuum

Staurastrum j ohnsonii

Staurastrum margaritaceum

Staurastrum orbi culare

Staurastrurn orni thopodum

Staurastrum pachyrhychum

Staurastrum paradoxum

Sta urastrum polymorphum

Staurastrum seli gerum

Staurastrum spi culiferum

S t aur on ei s an ceps

Stephanopyxi s turri s

S ti cho coccus subti li s

S ti g eac loni um subsecundum

Stigeoclonium tenue

Sr reptot heca thamensi s

Surirella elegans

Surirella gemma

Surir ella ovalis

Synecoccus aeruginosa

Synedra acus

Synedra delicatissima

Synedra fasi culata

Synedra gallionii

Synedra hennedyana

Synedra miniscula

Synedra parasitica

Synedra pulchella

Synedra rumpens

S y nedra tab u lata

Synedra ulna

Tabellaria fenestrara

Terpsi noe ameri cana

Tetmemorus brebissonii

Tetmem or us granu 1 a r us

Tetradesmus wisconsinse

Te t r ae don tri g o num

Tetraedron li mneti curn

Tetraedron obesa

Tetraedron regulare

Tetraedron trigonum

Tetraselmis gracilis

Tetraselmis maculata

Tetrastrum staurogeniaeforme

Thalassionema nitzschoi des

Thalassiosi ra deci pi ens

Thalassiosira fluviatilis

Thalassiosira pseudonana

Tha1 assi osi r a nord en ski oldii

Thalassiosira rotula

Thalassiothrix deli catu1 a

Thalassiothri x frauenfeldii

Thalassiothrir longissima

Thalassiothrix ni tzschioides

Tr ache lomonas abr upta

Trachelomonas acumi nata

Trachelomonas armata

Trachelomonas dybowskii

Trachelomonas ensifera

Trachelomonas hi spi da

Trachelomonas robusta
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Triceratium americanum

Tri chodesmium Jacustre

Triplocerus gracile
Tropidonei s lepi dopI era

Vlothrix tenerrima

Utorhrix variabilis

Va uc he ria li ro r ea

Zany hi di um ar malum

Zygnema sp.



Appendix E. Species list of zooplankton reported from the Charleston Harbor estuary durinj the
period 1970-$985.

Copepods:

Mi crocyclops varicans

0i t bona cole ar ua

A car ti a t on sa

Oirhona nana

Pseudodiaptomous coronatus

Parvocalanus crassirostris

Temora turbidinata

Tortanus setacaudarus

Larval and Juvenile Finfish:

Leiostomus xanrhurusAlosa aesrivalis

Alosa mediocris Lepisosteus osseus

Lepomis auri tus

Menidia berylli na

Menidra menidia

Alosa sapidissima

Anchoa mitchilli

Strongylura marina

Trinectes maculatus

Urophycis regius

Lagodon rhomboides

Larimus fasciatus

Larval and Juvenile invertebrates:

A ulodri lus limnobi us

Aulophorus flabelliger

Callinectes sapidus

Cassidinidea lunifrons

Corbi cula manilensis

Cura foremanii

De ro di gi rara

Dugesia ti grina

En a l l a g ma sp.
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Cenrropages hamatus

Centropages rypicus

Corycaeus sp.

Eurytemora affines

Euterpi na acutifrons

La bi doce ra aesti v a

Angui lla rostrata

B re vo or ti a tyr ann us

Cypri nus carpi o

Dorosoma perenense

Enneacanthus chaerodon

Esox niger

Ltheostoma sp,

Gambusia affinis

llererandri a formosa

lctalurus catus

Mi cropogonias undulatus

Micr opterus salmoi des

Notemi gonus crysoleucas

Perca flavescens

Pomoxi s ni gromaculatus

Pomoxis annularis

Eupera cubensis

Gammarus fasciatus

Gammarus ri grinus

Gyraul us sp.

Hyalella azteca

llyodrilus rempletoni

Leprocella candida

Lep to cer us arne ri can us

Li mnodri lus hoffmei sreri



Larval and Juvenile Invertebrates  continuedj:

Nais bretscheri

Nai s communi s

Oxyethira sp,

Pectinatella magnifi ca

Peloscolex mullisetosus

Penaeus aztecus

Penaeus duorarum

Penaeus setiferus

Physa sp.

Plurnatella repens

Pristina synclites

Stylari a fossularia

Stylaria lacustris

Urnatella graci lis
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Appendix F. Species list of benthic macroinvertebrates reported from the Charleston Harbor Estu-

ary during the period 1970-1985,

Anachis avara
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A bla besmyi a sp.

4 cetes arneri canus

A ever ri I li a seti g era

Aglaophenia trifida

Agraylea sp.

Aicyonidium hauffi

Alpheus armillatus

Alpheus heterochaelis

Alpheus normanni

Amaroyci an constellatum

Amathia distans

Anguinella palmata

Arenaeus cri bra ri us

Asell us communis

Asellus intermedi us

Asterias forbesi

Astrangia danae

Au l ad ri l us li m no bi us

Axinella sp,

Baetis sp.

Balanus amphitrite

Balanus eburneus

Balanus galeatus

Ba anus improvisus

Barentsia laxa

Barnea truncata

Bowerbankia gracilis

Brachi dontes exustus

Brachidontes recurvus

Brachyura sp.

B r a n chi u ra sow erbyi

Brentisia sp.

Bugula neritina

Busycon carica

Calli nectes ornatus

Callinectcs sapidus

Calli n e etc s si mi li s

Campan u li na sp.

Cancer i rroratus

Caprella equi libra

Cassidintdea lunifrons

Celleporina hassalli

Corbicula mani lensis

Chaetogaster sp.

Chelonibia patula

Chi ri dotea sp.

Clibanarius vittatus

Clytia kincaidi

Conopeum tenuissirnum

Corbi cula manilensis

Cordylophora caspia

Corophium lacustre

Crassostrea virginica

Crepidula plana

Cricotopus sp.

Cryptochironomous sp.

Cryptosula pallasiana

Cura foremanii

Cuspidella humi lis

Cyathura burbancki

Cyathura polita

Degesta ttgrtna

Dero digitata

Diadumene leuco lena

Di crotendipes sp.

Di plodonta desci pi ens

Dugesia tigrina

Dynamena corni ci na

Ectopleura dumortieri

Edotea montosa

Electra monostachys

Enallagma sp.

Entomobryi a sp.

Er podbella punctata

Eteone heteropoda

Eudendri um car neum

Eupera cubensis

Eurypanopeus depressus

Exhippolysmata oplophorides

Ferrissia sp.

Gammarus daiberi

Gamrnarus fasciatus

Gammarus mucronatus



Garnrnarus tigrinus

Garveia franci scana

Garveia humilis

Glycera dibranchiata

Gyraulus sp.
Haploscoloplos fragi !is
Hepaius epheliticus
Heteromasius filiformis
Hexapanopeus angustifrons
Hi ppolysmata oplophoroid
Hippoporina verrilli
Hyalella azteca

Hydracti nia echinata
Hydroides dianthus
Hydrolimax grisea
Fly dr o psy c he sp.
Ilodri lus cervix

Ilyanassa obsoleta
Ilyodrilus templetoni
Latreuies parvulus
Lepidactylus dytiscus
Leptochela serratorbita
Leptogorgia virgulata
Leucon americana

Libinia dubia

Libinia emarginata

Limnodri lus cervix

Limnodrilus hoffmeisteri
Li mnodri tus udekemi anus

Limulus polyphemus

Lolliguncula brevis
Lumbrineris sp.

Lysmata wurdernanni
Macrobrachium acanthurus
Macr obr ac hi um o hi o ne
Macrobrachi um olfersii

Magelona sp.

Melita nitida

Mellita quinquisperforaia
Membrani pora arborescens

Membranipora tenuis
Meni ppe mercenaria
Metoporhaphi s calcarata
Micropanope sculptipes
MicroporeHa ciliata

Molgula manhattensis
Monoculodes edwardsi

Mulinia lateralis
Mytilopsis leucophaeata
Nais bretscheri

Nai s communis

Neopanope sayi
Neopontonides beaufortensis
Ãereis succinea

Nolella stipata

Notomastus sp.

Obeli a bidentata

Obelia dichotoma

Ogyrides alphaerostris
Orthotrichia sp.

Ostrea equestris

Ovalipes ocellatus

Ovalipes stephensoni
Oxyethira sp.
Pagurus longi carpus
Pagurus pollicaris
Palaemonetes intermedi us
Palaemonetes pugio

Palaemonetes vulgaris

Palpomya sp.

Panopeus herbstii
Panopeus occidentalis
Paranthus rapiformis

Parapleustes aestuarius
Paraprionospio pinnata
Parasmittina nitida

Paratendipes sp.

Peloscolex freyi
Peloscolex multisetosus

Penaeus aztecus

Penaeus duorarum

Penaeus setifer us

Pentaneura sp.

Pericli menes ion gi caudatus
Petrolisthes galathinus

Physa sp.

Placobdella multi li neata

Placobella sp.

Plumularia floridana
Polycentrous sp.
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Portunus gibbesii

Portunus spini manus

Procambarus clarki

Procladius bellus

Pse udosida bi dentata

Renilla reniformis

R h cot any t ars us sp.

Rhithropanopeus harrisii

Sabeliaria vuigari s

S chizoporel la errata

S colecolepides viridi s

Sertulania marginata

Sertularis stookeyi

Si cyonia brevirostris

Sicyonia dorsalis

Si c yoni a l aevi g at a

Siphlonurus sp.

Slavina appredi culata

Specari a j osinae

Sphaeri um transv e rsum

Stlui IIa empusa

SquiIla neglecta

Stenonema sp.

Srreblospio benedi cti

Stylaria fossularia

Stylochus ellipticus

Tanystylum orbiculare

Tanytarsus sp.

Tellina sp,

Tharyx seti ger a

Trachypenaeus constrictus

Tricorythodes sp.

Upogebia affi nis
Xenochironomus sp.

Xiphopenaeus kroyeri
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Appendix G. Species list of finfish reported fram the Charleston Harbor Estuary during the period
i 970-1985.

Acantharchus pomotis

Acipenser brevirostrum

A ci pen s er oxy r hy nc h us

Alosa aestivalis

Dasyatis centr o ura

Dasyatis sabina

Dasyatis sayi
Diapterus olisthostomus
Dormit'ator maculatus

A l os a medio eris

Alosa sapidissirna

Aluterus schoepfi

Amblopli tes ruprestri s

A mt'a cal v a

Dorosoma cepedianum

Dorosoma petenense

Elassoma zonatum

Eleotris pisonis

Elops saur us

Enneacanthus chaetodon
Anchoa hepsetus

Anchoa mi tchi l li
Enneacanthus gloriosus

Enneacanthus obsesus
Ancylopsetta quadrocellata
Angui lla rostrata

Aphredoderus sayanus

Archosargus probarocephalus

Arius felts

Astroscopus y-graecum

Bagre marinus
Bairdiel la chrysoura

Brevoortia smi thi

Esox arne ri canus

Esox ni ger

Etheostoma sp.

Etropus crossotus

Eucinostomus argenteus

Euci nostomus gula

Eucinostomus harengulus

Eucinostomus sp.

Ev or t bod us l yri c us

Fundulus heteroclitus

Brevoorti a tyrannus

Caranx hippos

Carcharhinus milberti

Ictalurus natalis

Ictalurus nebulosus
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Carcharhinus obscurus

Carcharhinus plumbeus

Centrarchus rnacropterus

Centropomus unde ci mali s

Centropristis philadelphica
Centropristis striata

Chaetodipterus faber

Chasmodes bosqui anus

Chilomycterus antillarum

Chi lomycterus schoepfi

Chloroscombrus chrysurus

Cithari chthys macrops

Citharichthys spi lopterus

Conger o ceani cus

Cy no sci o n n eb ul os us

Cynoscian nothus

Cy nosci o n re g ali s

Cypri nus carpi o

Dasyatis ameri cana

Gambusia affi nis

Gobi esox strumosus

Gobiomorus dormitor

Gobionellus boleosoma

Gobionelius hastatus

Gobi onellus shufeldti

Gobi osoma bosci

Gobiosoma ginsburgi

Gy mnura mi cr ura

Heterandria formosa

Hi ppocampus erect us

Hypleurochtlus geminatus
Hypsoblenni us hentzi
Hypsoblennius ionthas
Ictalurus calus

Ictalurus furcatus

Ictalurus melas



ktalurus plaiycephal us

lcialurus punctatus

La bi desi hes si ccul us

Lagocephalus lae vi gar us

La g odon r horn boi des

Lari mus fasci aius

Leiostomus xanthur us

Lepi sosieus osseus

Lepomi s au rt t us

Lepomis gibbosus

Lepomi s macrochirus

Lepomis rnegaloiis

Lepomi s mi crolophus

Lepomis punctatus

tutjanus griseus

Luij anus syn a g ri s

Lucania goodei

Lucania parva

Megalo ps at l anti cus

Membras marti nica

Menidia beryllina

M eni di a me ni di a

Menti ci rrhus american us

Menii ci rr bus li itoralis

Menticirrhus saxaii lis

Micropogonias undularus

Mi cropierus dolomieui

Micropierus salmoides

Monacanrhus hispidus

Morone americana

Morone saxati lis

Mugil cephalus

M u gi l cu rema

Mullus auraius

Musielus canis

Mycier apercu mi cro epi s

Myliobaii s freminvi llei

Myrophis punciaius

Wotemi gonus cr ysoleucas

Notropi s peiersoni

Noturus gyrinus

Ogcocephalus radiarus

Op hi ch t bus g ome si

Ophichihus melanoporus

Ophidion rnarginaium

Opisthonema oglinum

Opsanus tau

Orrhopri sris chrysoprera

Paralichrhys albigutta

Paralichthys dentatus

Paralichthys lerhosri gma

Peprilus alepidotus

Pepri lus paru

Peprilus triacanihus

Perca flavescens

Pogonias cromis

Pomaromus saltatrix

Pomoxis ni gromacularus

Pomoxis annulari s

Pri onotus carolinus

Prionolus evolans

Prionorus sci rulus

Prionorus rribulus

Rachycentron canadum

Raj a eglanteria

Rhinoptera bonasus

R hi zopri on o don r err aenov ae

Rissola marginaia

Sciaenops ocellata

Scomberomorus macularus

Scophrhalmus aquosus

Selene setapinni s

S e l en e vomer

Sphoeroides maculatus

Sphyraena guachancho

Srellifer lanceolarus

Stenotomus aculeatus

Strongylura marina

Symphurus ci vi iatus

Symphurus plagi usa

Syngnathus floridae

Syngnathus fuscus

Syngnathus louisianae

Syngnathus scovelli

Synodus foerens

Tri chi urus lepturus

Trinectes maculat us

Umbra pygmae

Urophycis earlli

Urophycis floridanus
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Urophycis regius

Vomer seiapinnis

123


