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ABSTRACT

Densities of Aeromonas hydrophila, fecal and total coliforms were
measured in conjunction with 18 physical and chemical parameters at 29
stations located in Albemarle Sound and various tributaries including
the Chowan, Roanoke, Alligator, Pasquotank, North, Scuppernong and
Perquimans Rivers. Data were collected monthly at most stations begin-
ning April, 1977, and continuing through July, 1979. Densities of
A. hydrophila were correlated with fecal and total coliforms, dissolved
oxygen, turbidity, chlorophyll a (trichromatic), pheophytin a, sulfate,
ammonia, total Kjehldahl nitrogen, total phosphorus, phosphates and
total organic carbon. Strongest correlation coefficients were between
A. hydrophila density and phosphorus and phosphates. Data showed that
87% of the water samples had total phosphorus concentrations which
exceeded 50 ug 1~ 1, indicating eutrophic conditions.

During most months, at most starions, densities of Aeromonas
hydrophila did not exceed 40 cfu ml -1 However, in July, 1979, densities
of A. hydrophila exceeded 1,000 cfu ml™* at five of 13 sampling stations
used as representative for Albemarle Sound and its tributaries. These
high densities corresponded with a massive outbreak of red-sore disease
among several species of commercial and game ‘fish in the Sound. The
relationship between red-sore disease and density of A, hydrophila is
thus reminiscent of a similar situation observed for A. hydrophila
density and prevalence of red-sore disease among a population of large-
mouth bass (Micropterus salmoides) studied in Par Pond, a 1,012 ha
cooling reservoir located on the Savannah River Plant near Aiken, South
Carolina.

Based on a series of hematological parameters measured in largemouth
bass from the Par Pond system, evidence suggests that stress, produced
by elevated temperature in the reservoir, may play a significant role in
the red-sore disease syndrome. In Albemarle Sound, it is proposed that
a combination of factors, including vavious forms of nitrogen, phosphate,
total phosphorus and total organic carbon, are involved in creating
conditions conducive to increasing abundance of A. hydrophila. The same
water quality factors affecting A. hydrophila den51ty may simultaneously
lecad to conditions which promote stress in local fish populations. The
combination of excessive nutrient loading, increased density of A. hydro-
phila and host stress would then lead to outbreaks of red-sore disease
and fish mortality.
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SUMMARY AND CONCLUSIONS

The aim of the present study was to identify those water quality
parameters which may be involved in promoting the ocutbreaks of red-sore
disease in Albemarle Sound. bLased on data given in this report, and
upon previous studies by Esch and Hazen (1978) and Hazen (1978, 1979),
it appears likely that a single factor is not responsible for increasing
densities of A. hydrophila. Rather, it seems most probable that a
combination of factors, including total organic carbon, various forms of
nitrogen, phosphate and total phosphorus, are involved in providing
conditions conducive to increasing abundance of A. hydrophila. Such a
conclusion must be viewed cautiously however, since it is also reason-
able that a combination of meteorological and other physicochemical
features of the Sound may affect the probability of red-sore disease
vutbreaks. For example, low rainfall and water flow in tributaries, un-
usual wind directions and speeds, exceptionally high or low summer
temperatures may all change biotic or abiotic conditions in the Sound
such that the probability of increasing or decreasing A. hydrophila
densities is enhanced or diminished, even with continued high nutrient
loading. Complicating the picture is strong evidence (Hazen and Esch,
unpublished ohservations) indicating the existence of more than a single
strain of A. hvdrophila. This raises the possibility of differential
virulence amony these strains as well as the distinct possibility that
growth characteristics may vary among the strains. Such a scenario
would greatly affect any prognosis for successful control of red-sore
disease within the Sound.

Despite the remaining serious questions regarding factors affecting
the abundance of A. hydrophila, it seems clear to us that there are
cffective measures which may be employed for reducing the probability of
red-sore epizootics. The best approach would be to reduce nutrient
input into the Sound. This would not only reduce the abundance of A.
hvdrophila and reduce red-sore disease, it would also minimize the
number and extent of nuisance algal blooms. It must be emphasized that
such a program would require implementation throughout the Sound and its
tributary rivers. Just as a single water quality parameter cannot be
associated with increasing density of A. hydrophila, a single community,
industry, or agricultural area cannot be identified as the primary
source of nutrient effluent for the Sound.

In summary, abundance of A. hydrophila and red-sore disease appear
related to a number of water quality parameters, but primarily phosphate
and total phosphorus. A total of 877 of the samples taken from the
Sound indicate the source as being either eutrophic or hypereutrophic.
The same water quality factors affecting A. hydrophila density may
simultaneously lead to conditions conducive for causing stress in local
fish populations. The combination of undesirable nutrient loading, in-
creased abundance of A. hydrophila and host stress may, it is proposed,
lead to a disease syndrome characterized by fulminating red-sore and
massive fish mortality. Despite the urgent need for further study, it
is helieved that a coordinated and concerted effort by local and state
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agencies can lead to an effective resolution of the problem. The best
approach, for all concerned, is to significantly reduce nutrient input
throughout the Sound and its tributaries. Such a measure would unques-
tionably alter what will otherwise be an undesirable prognosis for the
Sound in terms of red-sore disease and other problems having similar
etiologies.

INTRODUCTION

Red-sore disease is a recent and now rather widespread problem
associated with game and commercial species of fish within a variety of
aquatic habitats in the southeastern United States. Beginning with
scale erosion and the development of purulent and hemorrhagic surface
lesions, there is frequently secondary involvement of internal organs,
followed by hemorrhagic septicemia and death.

The occurrence of the disease in epizootic proportions is such
that massive fish kills have become more common, and certainly undesir-
able. For example, in 1971 approximately 120,000 fish of several
species in Lake Apopka, Florida, were killed by red-sore disease (Shotts
et al. 1971); in the same outbreak, several species of reptiles, includ-
ing snakes, turtles and alligators, were also reported to have died as a
consequence of red-sore disease., In North Carolina in 1973, 37,500 fish
were killed.by red-sore disease in Badin Lake during a single 13 day
period (Miller and Chapman 1976). Esch et al. (1976) reported that pre-
valence of red-sore disease reached 757% in the spring of 1976 among a
largemouth bass (Micropterus salmoides) population in Par Pond, a South
Carolina cooling reservoir on the Savannah River Plant near Aiken, South
Carolina. During the fall of 1976, approximately 95% of the white perch
population was killed in Albemarle Sound, North Carolina, due to an epi-
zootic red-sore disease; during the same outbreak, approximately 50% of
the commercial catch of all fish species was discarded because of the
presence of unsightly surface lesions associated with red-sore (Grover
Cook, Division of Environmental Management, North Carolina Department
of Natural Resources and Community Development).

Initially, the causative agent for red-sore disease was described
as a combination of the colonial, peritrich ciliate, Epistylis sp. and
the gram-negative bacterium, Aeromonas hydrophila (Rogers 1971).
Epistylis sp. was identified as the primary etiological agent for red-
sore disease among a variety of fish species in various aquatic systems
throughout the southeastern United States. The disease scenario held
that a motile telotroch stage of the protozoan settled upon the surface
of a fish, produced a stalk and feeding bodies, and then caused scale
erosion. Via these surface lesions, A. hydrophila was said to enter the
tissues of the fish, induce hemorrhagic septicemia and, ultimately,
death.

Subsequently, however, Lom (1973) suggested there was no evidence
that Epistylis was capable df producing histolytic enzymes required to
cause scale erosion. Using a combination of electron microscopy, immu-




no fluorescent and culturing techniques, Hazen et al. (1978) were able

to confirm Lom's (1973) hypothesis. They were able to show that the
stalk of Epistylis sp. does not possess the internal organelles neces-
sary to produce histolytic enzymes, nor was there evidence to suggest
that pathology was induced at the interface of the ciliate and the sur-
face of the fish scale. 1In addition, histopathology associated with the
lesion did not suggest that the protozoan was directly involved in pro-
ducing scale erosion. Moreover, of some 100 lesions critically examined,
A. hydrophila was isolated by direct culture in 95 cases, while Epis-
tylis was observed less than 307 of the time. Furthermore, by experi-
mental procedures, bass could be infected in the laboratory through
direct exposure to A. hydrophila in the water and in the complete absence
of Epistylis sp. Recently, Gorden et al. (1979) reported that red-sore
disease could also be induced in the American alligator, Alligator miss-

issipiensis, without the presence of Epistylis sp.

Huizinga et al. (1979) described the histopathology associated with
red-sore disease among largemouth bass. They indicated that the epider-
mis which normally covers bass scales is reduced to a thin membrane or is
completely eliminated in surface lesions.  They reported that the adja-
cent epidermis became hyperplastic and was accompanied by an intense
mononuclear infiltration, hemorrhage and necrosis of dermal tissues.
Underlying muscles became edematous, with inflammation and necrosis also
apparent. In many of the more severe infections associated with the
dorsal fins and tail, necrosis was so severe that the tissue became de-
nuded down to the bony substructure; in these cases, the functional
integrity was most likely destroyed beyond repair. Internally, the
liver, spleen, heart and, primarily, the kidney were involved. 1In all
tissues examined, there was variable pathology, ranging from mild to
severe necrosis. In many of the more severe cases, the tissues had be-
come unrecognizable; in the posterior-kidneys of some bass, for example,
the Bowman's capsules and renal tubules were completely destroyed. The
septicemia and severe necrosis of internal organs is highly suggestive
of toxemia due to a metabolite such as might be produced by A. hydro-
phila. TIn this regard, it should be noted that Liu (1961), and others,
have reported that A. hydrophila produces a number of potent exotoxins
capable of inducing external lesion and internal tissue damage which are
typically associated with red-sore disease.

Death of fish is probably caused by failure of major organs (liver,
kidney and spleen). It is also possible that anemia resulting from
hemorrhage and hemolysis, in combination with respiratory insufficiency
due to gill necrosis, are major factors that may contribute to morta-
lity. It must be noted, however, that gill involvement in natural
infections was not observed among bass in Par Pond, South Carclina, al-
though it cannot be ruled out as a possible factor in causing major fish
kills in other reservoirs. Moreover, the disease process may well vary
among different fish species. Thus, among bluegills, surface lesions
are primarily associated with dorsal and anal fins and to a lesser ex-
tent, the body surface along the lateral line (Esch et al,1976). Among
largemouth bass, lesions are more frequently observed on the lateral




surface ranging from the gill plates to the tail, with less involvement
of the fins; the location of lesions on striped bass more closely ap-
proximates that of largemouth bass than of bluegills. In channel cat-
fish, lesions are frequently observed on the head and mouth; in many
cases, such lesions progress to the point that the cranial cavity itself
is penetrated, exposing the brain to potential invasion by A. hydrophila.

While Aeromonas hydrophila has been clearly identified as the etio-
logical agent for red-sore disease, the ecology of the bacterium has
been little studied until recently (Hazen 1978, Hazen et al, 1978, Hazen
and Fliermans 1979, Hazen 1979). 1In a superficial survey of 147 lotic
and lentic habitats in 30 different states, Hazen et al. (1978) were
able to isolate A. hydrophila in all but 12 sites in five states. These
sites were described as extreme, e.g. hypersaline lakes, geothermal
springs or highly polluted rivers (primarily industrial waste). Highest
densities of A. hydrophila were reported in salt water habitats. Re-
gression analyses showed significant relationships between A. hydrophila
densities and conductivity of water, but not for temperature, salinity,
pH or turbidity. They stated, however, that conductivity alone was not
believed to affect distribution and abundance of A. hvdrophila, but that
"some unmeasured water quality parameter(s) varies proportionately with
conductivity and that it affects the density of the bacterium." They
went on to note that conductivity may prove to be a useful indicator of
those habitats in which high densities of A. hydrophila may occur.

Prior to the present report, the most extensive studies on the eco-
logy of A. hydrophila are by Hazen (1978, 1979). Beginning in December,
1975, and continuing through December, 1977, the densities of A. hydro-
phila were measured at a number of selected sites in the ambient
temperature and thermally altered areas of Par Pond, a 1012 ha cooling
reservoir located on the Savannah River Plant near Aiken, South Carolina
(Hazen 1978, 1979). Simultaneously, temperature, dissolved oxygen, pH,
conductivity, redox potential, total organic carbon, inorganic carbon,
particulate organic carbon, and dissolved organic carbon were also mea-
sured at the same sites. Densities of A. hydrophila were higher in
areas of the reservoir receiving thermal effluent from the nuclear
reactor. Densities generally varied within the water column during
pericds of thermal stratification in the reservoir. The sediment-water
interface had very low densities of the bacterium and A. hydrophila
could not be isolated in sediments at depths greater than 1 cm from the
water interface. The highest densities of A. hydrophila were found to
occur in the surface microlayer (usually in association with organic
slicks described and discussed by Lewis (1974)) and in mats of decom-
posing Asian milfoil (Myriophyllum spicatum). Seasonally, the highest
densities of A. hydrophila occurred during the spring months of March,
April and May, with a second peak in the fall, corresponding to the
time of fall turnover.

Within Par Pond, temperature, redox potential and pH were all sig-
nificantly correlated with densities of A. hydrophila; higher densities




corresponded with lower redox potentials and pH. It was speculated, how-
ever, that the reduction in pH and redox potential were caused by increas-
ing densities of A. hydrophila, or in combination with other reducing
bacteria, such as described by Kuznetzov (1970). There was no correlation
between TOC, POC, NDOC and A. hydrophila at any point in the water column
during any time of the study. This is interesting since other investi-
gators (Rogers 1971, Vezina and Desrochers 1971, Shotts et al. 1971,

Haley et al. 1967, Snieszko 1974) had previously suggested a relationship
between dissolved oxygen, organic loading and red-sore disease.

Of the water quality parameters measured by Hazen (1978, 1979),
temperature was the only one found to conmsistently affect density of A.
hydrophila. Thus, at any point in time, high temperatures in thermally-
altered areas of the reservoir were positively correlated with higher
densities of A. hyvdrophila.

The significance of seasonal changes in densities of A. hydrophila
assumes added meaning when compared with seasonal periodicity of red-
sore disease in the Par Pond largemouth bass population (Esch and Hazen
1978). Between August, 1975 and May, 1977, data reveal a striking
correlation between prevalence of red-sore and the abundance of A.
hydrophila. Such an observation strongly indicates that density of
A. hydrophila may be used as an indicator of red-sore disease outbreak,
espgeially since sharp increases in abundance of the bacterium preceded,
or coincided with, increases in prevalence of the disease.

Within the Par Pond system, there are other factors which appear,
however, to be of importance with respect to the epizootiology of red-
sore disease. For example, Esch et al. (1976) reported that prevalence
of the disease varied among several species of centrarchid fish, rang-
ing from zero among black crappie (Pomoxis nigromaculatus) to as high as
75% among largemouth bass. The same study also revealed that there was
a strong correlation between size and prevalence of the disease, with
incidence of infection increasing with increasing size. A similar pat-
tern of infection was apparent in the red-sore epizootic outbreak which
occurred during the summer of 1979 in Albemarle Sound (Mr. Tony Mullis,
personal communication).

Between 1968 and 1977, more than 10,000 largemouth bass were cap-
tured in Par Pond (Gibbons et al. 1978). The weight-length relationship
of cach bass was recorded and the body condition, or K-factor, of each
individual was computed: body condition is a measure of individual 'fit-
ness' or 'physical well-being' (Carlander 1969). When properly used, it
can be a useful method for evaluation of certain population characteris-
tics. Before considering body condition, thermal factors and red-sore
disease among Par Pond bass, it is important to note that mark-recapture
studies, using many of the same bass in the Gibbons et al. (1978) re-
port, indicate that the vast majority appear to remain locally within
discrete home ranges of the reservoir and, consequently, do not move
long distances (Quinn et al. 1978, Hazen and Esch 1978). When K-factors
for all bass were examined seasonally, a clear pattern emerged. Gener-




ally, maximum body conditions occurred in winter, with a slight decline
in spring, falling to an annual minimum in summer; in some years, low-
est levels were observed in fall. The decrease from spring to summer
was unquestionably due, in part, to normal post-spawn decline. However,
Esch and Hazen (1978) also postulated that thermal effluent from a
nuclear production reactor was also an important factor.

When body conditions of bass in ambient and thermally-altered loca-
tions were compared, individuals from thermally-altered areas were, in
general, less 'fit' than bass from ambient locations. Because of within
scason variability in body condition and prevalence of the disease, it
was surmised that there could be a relationship between body condition
and the probability of a given bass being infected with A. hydrophila.
When infection percentages for each 0.2 unit K-factor subclass between
1.0 and 3.0 were compared, the data clearly showed that bass with the
lowest (poorest) body condition were the most likely to be infected.
There appeared to be a rather abrupt shift in the pattern with preva-
lence of disease rapidly declining in bass with K-factors greater than
2.0. Gibbons et al. (1978) also reported that bass with body conditions
less than 2.0 were without dissectable body fat, coinciding with rela- :
tively poor fitness of bass in the same group.

Prevalence of red-sore disease was then compared between each 0.2
unit K-factor subclass for bass from ambient and thermal locations. 1In
thermal areas, prevalence was higher when K-factors were 1.8 and less.
The pattern for bass from ambient locations was clearly defined, with a
decline in prevalence beginning at 1.8 and continuing to decrease with
improving body condition.

These observations led to several conclusions (Esch and Hazen 1978).
First, a clear relationship was established between body condition, or
'fitness', and the probability of a given bass being infected with A,
hvdrophila in Par Pond; moreover, the relationship was consistent for
bass in both thermal and ambient locations. Second, body condition and
infection probability were established as dependent variables, except
that the relationship was muted among bass in thermally-altered loca-
tions. The muted effect was suggested as having been produced by the
higher mean annual temperature in the heated areas of Par Pond.

Based on these observations, Esch and Hazen (1978) developed an
hypothesis to explain the relationships between red-sore disease, tem—
perature, body condition and stress. They proposed that as water
temperature increases in Par Pond, metabolic rates of bass increase.
With an increase in metabolism, there is also an increase in catabolic
processes, initially involving body fat but ultimately involving body
protein as well (Gibbons et al. 1978). The body condition, or K-factor,
of bass affected by elevated temperature will, accordingly, decline over
time (assuming that caloric intake is exceeded by metabolic demand).
Lowered body conditions incregase the probability of infection by A.
hydrophila. Esch and Hazen (1978) suggested that a primary mechanism
for increasing the probability of infection was stress. Stress, they




asserted, necessarily implies the production and release of excess
levels of adrenocorticosteroids, some of which have a striking anti-
inflammatory action that promotes increased susceptibility to invasion
by pathogenic agents such as A. hydrophila (Esch et al. 1975).

The stress concept as developed by Selye (1950, 1956) has gained
wide acceptance over the years. Among fisheries biologists, the con-
cept has become one of central importance for the understanding and
interpretation of a variety of organic diseases as well as those asso-
ciated with a wide range of parasites, bacteria and viruses. The
unique feature of the stress hypothesis in the red-sore disease problem
is that those water quality conditions which give rise to stress in
various fish species may also simultaneously increase the density of A.
hydrophila in the water column. Thus, in Par Pond, elevated temperature
stimulates increased densities of A. hydrophila while also reducing body
condition of bass leading, it is proposed, to stress; a consequence of
stress 1s an increase in levels of circulating corticosteroids, leuco-
penia and then, increased susceptibility to infection by A. hydrophila.
In other aquatic systems, however, the factor(s) leading to increased
density of the etiologic agent for red-sore disease and stress within a
population of fish is not necessarily elevated temperature. It may, as
in the case of Albemarle Sound, be one or more of several water quality
characteristics which create conditions conducive to an outbreak of red-
sore disease. It thus becomes necessary to identify the water quality
parameter (s) which promote increases in densities of A. hydrophila and
determine if such conditions may lead simultaneously to stress with a
fish population.

The purpose of the present study was, therefore, twofold. First,
an effort was made to quantify a series of potentially significant water
quality characteristics while simultaneously monitoring densities of A.
hydrophila from a series of study sites in Albemarle Sound and selected
tributary streams. During the course of the study, evidence suggested
that knowledge of the abundance of total and fecal coliforms might also
be of some significance and, accordingly, efforts were made to generate
such information. A second major thrust of the investigation was to
further assess the body condition-stress hypothesis using data generated
from field studies on the largemouth bass population in Par Pond.

MATERTALS AND METHODS

Description of Study Sites
Albemarle Sound - A total of 32 sampling stations were established

in Albemarle Sound and selected tributary rivers and streams (Table 1;
Fig. 1). Some stations were sampled continuously from January, 1977 to
July, 1979. Others were sampled beginning in February or March, 1977,
and continued through July, 1979. Because of some sampling problems and




redirection of emphasis during the course of the investigation, sampling
was discontinued at stations 4, 5, 6, 8, 19, 23 and 24 in late 1977;
stations 25~32 were added in October, November or December, 1977. For
purposes of the present report, data from all 32 stations are not in-
cluded. Data not included here are available upon request to: Dr.
Gerald W. Esch, Department of Biology, Wake Forest University, Winston-
Salem, NC 27109.

Table 1

Locations and sampling dates for all
stations in Albemarle Sound and tributaries.

Station Sampling Sampling
number begun® terminated*
1 Highway 64/264 bridge; Apr., 1977 Jul., 1979
Roanoke Sound
2 Highway 158 bridge; Feb., 1977 Jul., 1979
Currituck Sound
3 Highway 64/264 bridge; Feb., 1977 Jul., 1979
Croatan Sound
4 Marker '"MG"; 5 statute miles Apr., 1977 Jul., 1977
south of Powell Point
5 -Marker "171"; mouth of North River Apr., 1977 Jul., 1977
6  Marker "AS"; along intracoastal Apr., 1977 Sept., 1977

waterway; 6.6 statute miles
north of Albemarle Sound

7 Highway 64 bridge; Alligator River Feb., 1977 Jul., 1979

8 Marker "1"; mouth of Pasquotank Feb., 1977 Jul., 1979
River

9 Highway 158 bridge; Pasquotank Feb., 1977 Jul., 1979
River

12 Highway 17 bridge; Perquimans River Feb., 1977 Jul., 1979

13  Highway 64 bridge; Scuppernong Feb., 1977 Jul., 1979
River

15 Highway 37 bridge; Albemarle Sound Feb., 1977 Jul., 1979

16 Albemarle Sound; near railroad Apr., 1977 Jul., 1979

bridge, north of draw




17 Marker '"2'"; Edenton Bay Peb., 1977 Jul,, 1979

18 Marker "1"; Swan Bay Apr., 1977 Jul., 1979

19 Highway 45 bridge; Cashie, Middle  Apr., 1977 Nov., 1977
and Roanoke Rivers

20 Highway 17 bridge; Chowan River Jan., 1977 Jul., 1979

21  Highway 13/158 bridge; Chowan Feb., 1977 Jul., 1979
River

22  Highway 17/13 bridge; Roanoke Jan., 1977 Jul., 1979
River

23 Highway 12 bridge; west of Oregon Apr., 1977 Sept., 1977
Inlet

24 Highway 17 business bridge; Jun., 1977 Jul., 1977
Pembroke Creek

25 Currituck Sound; 1 statute mile ' Oct., 1977 Jul., 1979
southeast Walnut Cove

26  Marker "132"; North River Oct., 1977 Jul., 1979

27 Mouth of Frying Pan; Alligator Nov., 1977 Jul., 1979
River

28 Roanoke River; Plymouth Oct., 1977 - Jul., 1979

29  Marker "28"; Chowan River; 5 Oct., 1977 Jul., 1979
statute miles south of Highway
158 bridge

30 Welch Creek; point of entry of Dec., 1977 Jul., 1979
effluent from Weyerhaeuser Paper
Company

31  Welch Creek; 0.5 statute miles - Dec., 1977 Jul., 1979

above Station 30
32 Roanoke River; Roanoke Rapids Dec., 1977 Jul., 1979

*Note that some data were not collected in December, 1978 or in
January, 1979.

The stations included for purposes of the present report include
numbers 1, 9, 12, 13, 15, 17, 18, 20, 22, 28, 29 and 30. These were
selected for examination because they represent point sources for
effluents from major industrial facilities such as Weyerhaeuser Paper




Co. and C. F. Industries, urban centers such as Elizabeth City, Hert-~
ford and Edenton, major agricultural areas, major tributaries such as
the Roanoke and the Chowan Rivers, and stations in the open portion of
Albemarle Sound such as Highway 37 bridge. Based on observations to be
subsequently presented, we believe that these 13 stations effectively
represent the broadest possible spectrum of water quality within Albe-
marle Sound and its main tributaries.

Par Pond - Some data, specifically those referring to hematology,
body condition and cortisol from largemouth bass, were collected from
Par Pond, near Aiken, South Carolina. It is necessary, therefore, that
a brief description of this reservoir be included herein. Complete
references to the biotic and abiotic characteristics of Par Pond are
given by Lewis (1974), Parker et al. (1973) and Hazen (1978).

Briefly, Par Pond is a 1012 ha cooling reservoir located on the
Savannah River Plant near Aiken, South Carolina (Fig. 2). It has a
mean depth of 6.2 m, a maximum depth_of 17 m, a shoreline length of 53
km and a total volume of 6.2 x 10 m3; the volume replacement time is
six months. The reservoir is heated bv effluent from a nuclear produc-
tion reactor. Most of the fish collected in the thermally-altered :
areas of the reservoir were taken within 1 km of the point of entry of
thermal effluent. Temperatures in this area varied seasonally and be-
causc of variability in rcactor activity, but generally averaged
between 5 and 10°C above ambient, depending on the distance from the
point of entry of thermal effluent into the reservoir. During the
summer months, it was not uncommon to observe maximum temperatures of
40°C. 1In winter, minimum temperatures ranged between 14 and 18°C.

The ambient parts of the reservoir were characteristic of a warm,
monomictic system, with a single fall turnover following summer strati-
fication. Hypolimnetic anoxia was characteristic by mid-July in both
the heated and ambient temperature locations.

Microbiological Procedures

Density of Aeromonas hydrophila was estimated by viable cell count
(Wolochow 1958), using Rimler-Shotts (R~-S) medium (Shotts and Rimler
1973) which is 94% presumptive (Hazen 1978). A specific volume of
wiater was filtered through a sterile, gridded, 47 mm membrane filter
with a pore diameter of 0.45 y. The filter was then placed on a paper
disc which had absorbed 2.0 ml of R-S medium. The filter and paper
disc were removed to a tight-fitting, and sterile, Petri dish. The
unit was then inverted and incubated at 35°C for 20-24 h. Following
incubation, yellow colonics were counted with the aid of a magnifying
lens. Fach yellow colony which appeared was assumed to represent at
least one viable A. hydrophila cell from the original sample; because °
more than one viable cell could give rise to a single colony, the term,
colony-forming units (cfu), will be used in subsequent reference to
cell counts, density, etc.

Sterifil aseptic systems and Swinnex filter holders (Millipore




Corp., Bedford, Mass.) were used for filtration. Vacuum pressure never
exceeded 1.1 kg em™2 in any filtration. HA type, S-pak kits (Millipore
Corp., Bedford, Mass.) of prewrapped sterile filters and pad dispensers,
were used exclusively during the course of the study. Filter holders
were boiled in water for 4 minutes or autoclaved between samples. When
dilutions were necessary, filter-sterilized water was used as diluent.

Densities of fecal coliform bacteria were also estimated using the
viable cell count method (Rand 1975). Water samples were filtered
through membrane filters as described for A. hydrophila. Membrane-
filtered, fecal coliform (M-FC) broth, with 10 ml 1% rosolic acid per
liter, was used for culture (Rand 1975). Petri dishes were inverted
and incubated for 24 h at 44.5°C. Numbers of blue colonies were
counted with the aid of a magnifying lens. Each colony was presumed
to represent at least a single fecal coliform bacterium in the original
water sample. Total numbers of coliform bacteria were determined using
tryptone glucose extract broth, TGE (Millipore, Bedford, Mass.).
Filtered samples were incubated at 35°C for 24 h and the colonies were
counted. Again, each colony was presumed to represent at least a
single bacterium in the original water sample (Rand 1975). Total and
fecal coliform counts were estimated from the water sample used for
determining A. hydrophila densities.

Water samples were collected using a one liter, vertical, lucite
Kemmerer sampling bottle (Wildlife Supply Co., Saginaw, Mich.). The
bottle was washed with 707 ethanol after each sample was taken (Paerl
1974). FEach water sample was placed in a sterile, 180 ml whirl-pak
bag (NASCO) and kept on ice for transport to the lab; the time from
collection to the lab generally did not exceed 4 h. Viable cfu counts
were then made as described above; each density estimate was based on
a minimum of three samples.

Abundance and distribution of A. hydrophila, and total and fecal
coliforms, werc measured monthly at each site according to the schedule
given in Table 1. All data presented in this report represent surface
counts. Vertical profiles were measured at several sites throughout
the two years of study, but densities did not vary significantly from
surface measurcments made at the same time,

Physicochemical Procedures

A total of 18 water quality parameters were measured monthly at
cach site. Dissolved oxygen, pH, conductivity, temperature and redox
potential were monitored in situ using a Hydrolab surveyor Model 5901
(Hydrolab Corp., Austin, Texas). Turbidity was also measured in situ
using a Mini-Spectrophotometer 20. Chlorophyll a (trichromatic),
chlorophyll a (corrected), pheophytin a, sulfate, sulfide, ammonia,
total Kjeldahl nitrogen, nitrate and nitrite-nitrogen, orthophosphate,
total phosphorus, total organic carbon and mercury were measured in
water samples collected in the field and transported to the Environ-
mental Management Laboratory in Raleigh, North Carolina. Specific
techniques employed were:
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Total phosphorus and orthophosphate - Standard methods (Rand 1975)
were used except that samples were dialyzed rather than filtered.

Total Kjeldahl nitrogen, nitrite and nitrate-nitrogen and ammonia-
nitrogen-Standard methods (Rand 1975) were used except that samples were
dialyzed rather than filtered.

Chlorophyll a (trichromatic), chlorophyll a (corrected) and
pheophytin a - Standard methods (Rand 1975) were used. A turbidimetric
procedure was followed for sulfate while the methylene blue method was
used for sulfide.

Mercury - Standard methods (Rand 1975) were followed in the mea-
surement of mercury.

Total organic carbon - An Oceanographic International Corporation
Model 524B, Total Organic Carbon Instrument, equipped with a Lira 303
IR detector, was used to measure total organic carbon.

Hematological Procedures .
All bass were taken by a combination of angling and electrofishing. ¢

+ All were greater than 20 c¢cm in total length (the majority between 30-40

cm) and most were taken between 1200 and 1800 hours. Blood was removed

by cardiac puncture using heparinized, 5 ml vacutainers. Blood was

placed on ice and returned to the laboratory where hematocrit, hemo-

globin, total red blood cells and total white blood cells were measured

by standard methods (see Hazen et al. 1978 for more detailed descrip-

tion). Cortisol was mecasured using Amersham Cortipac CPB kits which

employ the competitive protein binding assay of cortisol in serum or

plasma (Baum et al. 1974).

The body condition (K-factor) was computed for each bass. Body
condition (K) is established by the relatioanship K = 105 W/L3, where
W = body weight (g) and L = standard length (mm). Examination of K-
factors for more than 10,000 largemouth bass over a 10 year period in
Par Pond clearly established the efficacy of using body condition as
an indicator of stress (Gibbons et al. 1978). Esch and Hazen (1978),
in a related study of more than 5,000 Par Pond bass, reported that the
probability of bass with K-factors less than 2.0 having red-sore
disease was significantly greater than for bass with body conditions
greater than 2.0. Because of this distinction, analysis of data in the
present report will be made for these two population subclasses.

Data Analysis

A Hewlett~Packard, 3000 series, or an IBM 370-148 computer was
used for all statistical analysis. Some data were analyzed using IDA
(Interactive Data Analysis, University of Chicago), and modifications
of programs by Davies (1975). Factorial analysis of variance and
paired and unpaired Student's t-tests were used to test for differences’
between sites and seasons.  Multiple regressions were used to determine
correlations of A. hydrophila densities with water quality parameters.
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Some data were found to be heteroscedastic by determining skewness
and kurtosis against a normal probability plot. This heteroscedasti-
city was reduced by transforming each of these measurements with
logio (X + 1), prior to analysis. Any statistical probability equal
to, or less than, 0.05, was considered significant.

RESULTS AND DISCUSSION

Distribution and Abundance of Aeromonas hydrophila

Evidence presented by Hazen et al. (1978), Huizinga et al.
(1979) and Gorden et al. (1979), has clearly demonstrated that the
causative agent for red-sore disease is the gram-negative bacterium,
Aeromonas hydrophila, and not the peritrich ciliate, Epistylis sp.
If A. hydrophila is the etiologic agent for the dlsease, then it
should follow that relative densities of A. hydrophila increase and
decrease in approximate synchrony with the temporal prevalence of
the disease in susceptible fish species within a given aquatic system.
If such an hypothesis can be supported by field studies and/or lab-
oratory experimentation, then it is essential that substantial effort
be given to understanding the nature of those factors which may con-
tribute to increasing and decreasing densities of A. hydrophila. In
Albemarle Sound, red-sore epizootics were not reported after the fall
of 1976 until a massive outbreak occurred in July of 1979. As a
consequence, [ield data from Albemarle Sound could not, until July,
1979, be directly employed to confirm or reject the hypothesis relat-
ing A. hydrophila density and prevalence of red-sore disease. However,
substantial data were available for A. hydrophila density and preval-
ence of the discase within the largemouth bass populatlon in Par Pond;
these data clearly support the basic hypothesis,

From October, 1974, and continuing through October, 1978, monthly
collections of largemouth bass, totaling approximately 8,000 individ-
uals, were made in Par Pond (Fig. 3). During the same period of time,
densities of A. hydrophila were measured throughout the reservoir.

There was a significant correlation between A. hydrophila densities

and prevalence of red-sore disease within the bass population (Fig. 3;

r = 0,5008; d.F. = 27; p < .01). In Albemarle Sound, red-sore disease

was virtually non-existent between October, 1976 and July, 1979. During

the same period of time, densities of A. hydrophila, at most collecting

stations, were consistently low (Figs. 4 - 16); the primary exception

to this pattern was in Welch Creek (Fig. 16) where densities of
hydrophila frequently exceeded 1,000 cfu ml~ L of water. However, the

patCern of consistently low densities of A. hydrophila at the other

stations was broken in July, 1979 when densities exceeded 1000 cfu ml™ l

at five of 13 collecting sites for which complete data are given in

the present report. These densities were the highest for any given

month of the study at these stations, exceeding by two orders of magni-

tude those normally observed. Most significantly, however, these high

densities of A, hydrophila coincided with a massive red-sore epizootic

among several species of game, and commercially important, fish.

Evidence from Par Pond (Fig. 3) and Albemarle Sound (Figs. 4 - 16)
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clearly thus supports the hypothesis which asserts that high densities
of A. hydrophila should precede and/or accompany increased prevalence
of red-sore disease. Therefore, emphasis placed on analysis of water
quality parameters and abundance of A. hydrophila is clearly warranted.

Seasonal changes in abundance of A, hydrophila are difficult to
discern by examination of data presented in Figs. 4 - 16 for most of the
13 stations in Albemarle Sound or its tributaries. To obtain a clearer
picture of the seasonal pattern, the data were summarized and examined
according to station-month peaks; a station-month is defined as any month
during which A. hydrophila density exceeds an arbitrarilyy establlshed
level at a given station. Station-month peaks were computed for A.
hydrophila densities > 10 cfu ml” 1, 20 cfu ml” 1 and 40 cfu ml 1. "The
patterns represented in Figs. 17, 18, and 19 show 12 month ‘Gomposites
for 24 consecutive months beginning April, 1977, and continulng through
March, 1979, and for 24 consecutive months beginning August, 1977, and
continuing through July, 1979. These data clearly show that peak densi-
ties at most stations occur during winter and again in early spring.

The difference between the 24 month period beginning March, 1977, and in
August, 1977, is due to a distinct change which occurred during the ,
spring and summer (especially July) of 1979. Thus, during July, 1979,

seven of 20 stations in the Sound or its tributaries had densities which
exceeded 40 cfu ml~

There are few data in the literature with which the Albemarle Sound
observations can be compared. The only similar study revealed peak den-
sities in Par Pond as occurring in spring and, to a lesser extent, during
the fall months (Hazen 1978, 1979). - The Par Pond and Albemarle Sound
systems are not, therefore, similar except that when densities of A.
hydrophila were high, prevalence of red-sore disease increased. It
should also be noted that when a red-sore outbreak was noted among striped
bass in Lake Norman during December, 1978, densities of A. hydrophila
were > 1,000 cfu i Moreover, when prevalence of the disease declined
to zero in January, 1979, densities of A. hydrophila also dropped to
< 10 cfu ml_l (Esch and Hazen, unpubllshed observations).

The 13 stations in the present report represent a wide range for
monthly densities of A. hydrophila. Thus, at station 1, densities did
not exceed 10 cfu ml'T, except during May and July, 1979. On the other
hand, station 9 at Elizabeth City and station 22 on the Roanoke River
both exhibited relatively high and consistent levels of A. hydrophila
throughout the study. The highest densities of A. hydrophila were, how-
ever, observed at station 30 on Welch Creek, the point at which effluent
enters from the Weyerhaeuser Paper Co. plant; at station 30, A. hydrophila
densities frequently exceeded 100 cfu ml™*.

Distribution and Abundance of Fecal and Total Coliforms

Density measurements for fecal and total coliforms were not begun
until October, 1978. As for A. hydrophila, the densities of total and
fecal coliforms were quite variable (Figs. 20 - 32). Thus, at stations 1,
15, 17, 18 and 20, levels of fecal and total coliforms were consistently 3
low as compared with other sampling sites. Stations with consistently 3 5
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higher densities included those on the Pasquotank, Perquimans,
Scuppernong, Chowan and Roanoke Rivers, and Welch Creek. Somewhat
surprisingly, station 20 on the lower Chowan River favorably com-
pared with low densities of fecal and total coliforms in the open
part of the Sound (station 15) and with station 1 in Roanoke Sound,
off Bodie Island near Manteo. By far, the highest densities of
fecal and total coliforms were observed at station 30 on Welch
Creek; densities of fecal coliforms were near, or exceeded,

100 cfu ml~l in 8 of 18 months in which measurements were made and,
in two of these 8 months, densities exceeded 1000 cfu ml™l. Den-
sities of total coliforms were > 100 cfu ml™% in eight of 18 months.

The seasonal patterns for fecal coliforms are apparent when
data in Figs. 33 and 34 are examined. Peak densities occurred in
January and, again, in July. The mid-winter peak in fecal coli-
forms thus coincided with a peak in densities of A. hydrophila.

The second peaks for A, hydrophila and fecal coliforms were, how-
ever, asynchronous. There also appeared to be two peaks for total
coliforms (Figs. 35 and 36), one in February, a month after that for
A. hydrophila and fecal coliforms, and a second peak in November,
totally asynchronous from that for A. hydrophila or fecal coliforms.
These observations would tend to suggest that biotic or abiotic
factors regulating seasonal densities of A. hydrophila, fecal coli-
forms and total coliforms are not necessarily similar and, indeed,
may be totally different from one another.

The data in Table 2 compare the number of months at each station
in which A. hydrophila densities exceed 10 cfu ml'l, 20 cfu ml‘l, and
40 cfu ml™L.” At six stations, A. hydrophila densities exceeded
10 cfu ml™L for five or more months of the study; at three stations,
densities were > 20 cfu ml™! for five or more months while only a
single station (number 30), exceeded 40 cfu ml=l for five or more
months. If these data are indicative of relatively poor water quality,
then certainly the Roanoke and Pasquotank Rivers and Welch Creek are
in poor condition as compared with the Chowan. The data for fecal
coliforms (Table 3) are similar to those for A. hydrophila except at
station 29 (below the C. ¥. Industries plant) on the Chowan; at
station 29, fecal coliforms are more dense than at station 28 on the
Roanoke River. The patterns for total coliforms at the 13 stations
are similar to those for fecal coliforms (Table 3). These data
(Tables 2 and 3) tend to highlight the relatively poor water quality
in scveral tributaries, but not in the open parts of the Sound.

Water Quality Parameters

Temperature - Among all 20 sampling sites (where adequate data
are available) mean water temperatures varied significantly by season
(p < .0001) but not by site (F = 1.55; df = 20, 120; .5 > p > .2) The
two sites with lowest mean monthly temperatures were station -
22 (X = 15.01° C) and station 15 (X = 16.05° C); highest mean monthly
temperatures were at station 30 (17.59° C) and 27 (17.71° C). The
highest temperature recorded at any site was 32° C at station 13
during June and August, 1978.
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Station
number

Sta
num

1

9
12
13
15
17
18
20
21
22
28
29
30

tion
ber

Numbers of months in

Table 2

which densities of Aeromonas
hydrophila exceeded 10, 20 and

40

10 cfu m1~1
0
8
4
.
2
2
1
1
5
6
6
3
9

Numbers of months

20 cfu ml~L

cfu ml™ .
0
5
1
3
2
1
0
0
1
5
3
1
6

Table 3

40 cfu ml~t

CNCOHWOOOMHMMNKFWO

in which densities of fecal

and total coliforms exceeded
lO’l, 10° and 101 cfu m171 and
103 or 10% cfu ml_l, respectively.

Total coliforms

lO3 cfu

ml

4
10 fu
ml"E

1

9
12
13
15
17
18
20
21
22
28
29
30

—

oo EFEF ROV W

OCHHPFREFNNMHORNEPENONN

Fecal coliforms

107 cfu 109 cfu 101 cfu
ml”L ml~1 m1-1
2 1 0
9 5 0
6 3 0
10 2 0
2 0 0
3 0 0
1 1 0
3 1 0
11 6 1
11 8 0
10 4 3
10 9 4
12 10 7
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As would be expected, peak temperatures were recorded at all
stations during June, July and August (Figs. 37 -~ 49). In both 1977 and
1978, an carly high in June was followed by a slight drop in July and N
another rise in August. Because of the relatively shallow depth of each
station, there was no evidence of thermal stratification during summer
months. Such a condition may well contribute to the red-sore problem,
as will be subsequently noted.

Dissolved oxygen - Mean concentrations of dissolved oxygen varied
significantly by site (F = 11.88; df = 20, 120; p < .0001) and by
season (F = 44.02; df = 6, 146; p < .0001l) among the 20 sites where data
are adequate for analysis. The lowest mean monthly concentrations
(3.87 mg m1~1l) were recorded for station 30, the point at which Weyer-
haeuser effluent enters Welch Creek. Other, relatively low, mean
monthly concentrations (< 8.0 mg ml"l) were observed at stations 9, 13,
27 and 31. Each of these sampling sites represents an area which is
known to be subjected to the influence of domestic or industrial effluent
or to agricultural run-off. Station 9 is located on the Pasquotank River
at Elizabeth City and station 13 on the Scuppernong River at Columbia.
Station 27 is located at the mouth of the Frying Pan in the Alligator
River, while 31 is approximately one-half mile above station 30 on Welch
Creck and is unquestionably influenced by Weyerhaeuser effluent.

In most cases, lowest concentrations of dissolved oxygen occur dur-
ing the summer months (Figs. 50 - 62). There were several exceptions,
most notably in November, 1977, when sharply depressed dissolved oxygen
concentrations were apparent at stations 9, 12, 13 and 22. A suitable
explanation for the variation at these four sites is not, at present,
available. Complete anoxia was not observed at any station, except
number 30 on Welch Creek; such an overall pattern would be expected in
the absence of thermal stratification at any site. At station 30, exceed-
ingly high concentrations of TOC, total phosphorus, phosphate and various
forms of nitrogen, relative to low rates of water flow, were unquestion-
ably responsible for stimulating bacterial respiration and concommitant
reduction of dissolved oxygen to unacceptably low levels.

. Conductivity -~ (specific conductance) - Conductivity varied signifi-
cantly by site (F = 12.73; df = 20, 120; p < .0001) and by season (F =
3.915 df = 6,465 .02 > p > .01). The highest mean conductivity values
were mecasured at stations located near the eastern end of Albemarle Sound
and closest to the influence of saltwater from the ocean; these stations
include sites in Currituck, Croatan and Roanoke Sounds and the Alligator
River. The lowest conductivities were recorded in Swan Bay and in the
Chowan River.

While seasonal variation was significant, monthly means in conduct-
ivity do not indicate a regular pattern among sites (Figs. 63 - 75). Thus,
conductivity was relatively high in the summer of 1977, but not in 1978.
Conductivity was high in the winters of both 1977 and 1978, Such
variation is probably due to climatic vagaries between years and the dir-
ection of winds and currents immediately preceding or during the time at
which measurements were taken.
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Redox potential and pH - Redox potential varied significantly by
site (F = 4.57; df = 20, 120; .01 > p > .005) and by season (F = 3.31,
df = 6,146; .05 > p > .025). While seasonal changes in redox potential
were significant, monthly patterns were not consistent from year to
year. Thus, in 1978, redox potentials were highest in January, Feb-
ruary and March and again in July, August and September (Figs. 76 - 88).
In 1979, highest values were recorded in January and again in April and
May .-

According to Hutchinson (1937) and Wetzel (1975), redox potential
and pH are inversely proportional. 1In Albemarle Sound, pH varied
significantly by site (F = 6.05; df = 20, 120; .002 > p > .001), but
not by season (F = 2.57; df = 6,146; .2 > p > .1). While not significant,
a trend which predominated at all sites, except 1 and 30, was a percept-
ible decline in pH throughout the study (Figs. 76 - 88). At nearly all
stations, the pH at the outset was > 7.5, but had declined to approxi-
mately 6.5 by the conclusion of the investigation. While there were
several periods of substantial fluctuation in pH, the pattern of
decline was nonetheless apparent. Although changes in redox potential
were not nearly as apparent, there was nonetheless an increase at most
sites, corresponding to the decline in pH.

Turbidity - Turbidity, as measured by percent transmittance, was .
not consistently recorded at each station during the study. Turbidity,
for those stations where data are available, was not significantly dif-
ferent by site (F = 252; df = 20, 120; .2 > p > .1) even when data were
transformed by logjg (X + 1) (F = 1.58; df = 20, 120; .2 > p > .1).
Turbidity did, however, vary significantly by season (F = 61.01; df =
6,1465 p < .0001). Although these data are incomplete in many respects,
they are not regarded as spurious. In many cases, variability in turbid-
ity is a consequence of rain, wind, wave and current action. Turbulence
caused by sudden, or prolonged, storms or winds would unquestionably
disturb sediments and, as a result, create unusual turbidity conditions
during a given sampling period. High turbidity at most stations during
January, February and March of 1978 may, therefore, be the result of
meteorological conditions and not because of biologically related phenomena,
such as algal blooms. On the other hand, the consistently high turbidity
at station 30 is most likely a consequence of effluent produced by Weyer-
hacuser, in combination with the high density of algae and bacteria in the
nutrient-rich Welch Creek.

Chlorophyll a (trichromatic) = Cat, Chlorophyll a (corrected) = Cac,
Pheophytin a = Pheo - The data presented in Table 4 clearly show that Cat,
Cac and Pheo vary significantly by season. Only Pheo varies significantly
by site. The highest mean monthly values of Cat and Cac are at station
20, located at Highway 17 bridge on the Chowan River; the large quantities
of chlorophyllous pigments at this station are unquestionably related to
the frequent algal blooms known to have occurred during the period of the
present study. Relatively high mean values at stations 30 and 31 are,
unquestionably, related to the nutrient-rich effluent produced by Weyer-
haeuser.
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