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Abstract—The Cape Fear shiner (Notropis mekistocholas) is a recently described cyprinid species endemic to the Cape Fear River
Basin of North Carolina, USA. Only five populations of the fish remain; thus, it is listed as endangered by the U.S. Government.
Determining habitat requirements of the Cape Fear shiner, including water quality and physical habitat, is critical to the survival
and future restoration of the species. To assess water quality in the best remaining and in the historical habitats, we conducted a
28-d in situ bioassay with captively propagated Cape Fear shiners. Fish were deployed at 10 sites in three rivers, with three cages
per site and 20 fish per cage. Water and sediment samples were collected and analyzed for selected metals and organic contaminants.
Passive sampling devices also were deployed at each site and analyzed for organic contaminants at test termination. Fish survival,
growth (as measured by an increase in total length), and contaminant accumulation were measured on completion of the bioassay.
Survival of caged fish averaged 76% (range, 53—100%) and varied significantly among sites and rivers. Caged fish accumulated
quantities of cadmium, mercury, polychlorinated biphenyls, and other persistent contaminants over the test duration and grew
significantly at only four sites. No apparent relations were observed between exposure to or accumulation of a specific contaminant
and reduced growth or survival of fish among all the sites. However, a generalized hazard assessment showed that certain sites
exhibited trends in cumulative contaminant presence with reduced fish survival and growth, thereby enabling the identification of

the existing riverine habitat most suitable for reintroduction or population augmentation of this endangered fish.
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INTRODUCTION

Populations of many native fish in the southern United
States have declined during recent years, and the threat of
imperilment and extinction has increased substantially within
the last two decades [1-3]. The Cape Fear shiner (Notropis
mekistocholas) is among this group of declining species, and
the small cyprinid was added to the U.S. List of Endangered
and Threatened Wildlife and Plants in 1987 [4]. The Cape Fear
shiner, which lives for two to three years in the wild, was first
described by Snelson [5] and is currently known from only
five remaining populations in the Cape Fear River Basin of
North Carolina, USA [6-10]. Like most other declining south-
ern fish species, the decline of the Cape Fear shiner has been
attributed to human-mediated changes in its endemic water-
shed from factors such as impoundments, water withdrawals,
and altered land-use patterns, which have led to degraded water
quality and quantity, habitat loss and fragmentation, and in-
creased influx of point- and nonpoint-source pollutants [11].

Most studies that aim to identify factors limiting the dis-
tribution and density of stream fish, particularly threatened and
endangered fish, have focused on instream physical habitat as
the primary target [12,13]. Segmentation and alteration of the
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Cape Fear shiner’s lotic habitat by several dams is a priority
cause of their current status, but impacts of degraded water
quality have not been assessed. A broader approach, which
evaluates anthropogenic effects on water quality and contam-
inants, can lead to more effective management and, possibly,
halt declines of populations that may not be limited by physical
habitat alone [14].

Pottern and Huish [6] cited poor water quality in the upper
reaches of the Cape Fear River Basin as a possible cause for
the decline of the Cape Fear shiner. As this species and other
endemic fish populations become increasingly isolated and
rare, their vulnerability to catastrophic events, such as chemical
spills, and to cumulative, subtle degradation of physical habitat
and water quality are greatly enhanced ([15—17]; http://nc-es.
fws.gov/fish/RecPlan_Cape_Fear_Shiner.pdf). Although numeric
water-quality standards are designed to protect the majority of
aquatic organisms, they are developed from toxicity infor-
mation derived from a subset of the freshwater fauna, such as
the fathead minnow (Pimephales promelas) and the rainbow
trout (Oncorhynchus mykiss). These common test species may
not serve as adequate surrogates for evaluation of specific taxa.

The Cape Fear shiner can be easily propagated in the lab-
oratory, and its relative sensitivity to five contaminants rep-
resenting diverse chemical classes was recently assessed in
acute tests [18]. Those results indicated that the Cape Fear
shiner was among the more sensitive (in the top 9) of the 16
threatened and endangered fish species tested, and it was more

2288



Survival and growth of the endangered Cape Fear shiner

Deep River

Rocky River

Environ. Toxicol. Chem. 25, 2006 2289

Haw River

0 20 Kilometers
(—

Jordan Lake

Reference Site

%,

)
Ve,

* Extant Site
x Extirpated/Historical Site

Fig. 1. Study sites tested in the Cape Fear shiner 28-d in situ bioassay in the Haw River (HR), Rocky River (RR), and Deep River (DR) of

North Carolina, USA.

similar to rainbow trout than to the fathead minnow, another
cyprinid species, in terms of its sensitivity to chemicals.
Whereas the single chemical laboratory exposures have lacked
the realism of the natural ecosystem in which fish are exposed
to mixtures of chemical contaminants and other environmental
stressors, they point out the need to test the hypothesis that
water quality may be a limiting factor in the ultimate resto-
ration and sustainability of the species.

The in situ bioassay approach, which integrates conditions
of the natural system with a degree of experimental control,
has been used successfully to evaluate the effects of water
quality on locally important fish species [19-23]. This ap-
proach provides the environmental realism currently lacking
in laboratory tests, and it combines the disciplines of toxi-
cology and ecology [24], both of which are necessary for
understanding and managing ecosystem health and diversity.
Therefore, the purpose of our research was to evaluate the
influences of water quality and associated contaminants on
captively propagated Cape Fear shiners with a 28-d in situ
bioassay in some of the best remaining and historical habitats
for the species, focusing on sites that may be considered for
potential reintroduction or population augmentation [15]. Spe-
cific objectives were to determine if water quality is a limiting
factor in the occurrence, growth, and survival of the Cape Fear
shiner; to document habitat suitability by assessing inorganic
and organic contaminants through chemical analyses; and to
review existing data and assess the protectiveness of water-
quality standards for primary pollutants based on comparisons
of laboratory, field toxicity, and water chemistry data. The
availability and suitability of instream physical habitat and the
existing population density of Cape Fear shiners at the same
sites studied here have been reported in a companion study
[25], which found that suitable microhabitat combinations of
water depth, velocity, and substrate composition (i.e., stream-
bottom materials) were critical physical habitat characteristics
for the Cape Fear shiner.

MATERIALS AND METHODS
Study area

The Cape Fear River Basin begins in the northcentral Pied-
mont region of North Carolina, USA, near the cities of Greens-
boro and High Point, and it flows southeasterly to the Atlantic
Ocean (Fig. 1). It is one of only four river basins located
entirely within the state and is the largest basin in the state,
covering 14,756 km? and having 10,006 km of freshwater
streams and rivers. The basin encompasses approximately 25%
of the state’s population, including 114 municipalities and all
or portions of 27 counties. Land use in the Cape Fear River
Basin is composed of 26% agriculture, 59% forest, 6% urban,
and 9% other [11]. The extant populations of the Cape Fear
shiner are found in three tributaries to the Cape Fear River:
The Haw, Rocky, and Deep rivers in Randolph, Moore, and
Lee and Chatham counties of North Carolina, respectively
[10,15]. Ten sites were selected for the present study: Two on
the Haw River, four on the Rocky River, and four on the Deep
River (Fig. 1). Of the 10 sites studied, six were in the extant
range of the Cape Fear shiner, and four were in the historical
range or were considered to be potential sites for reintroduction
of the species. One of the sites in the extant range (RR4, Rocky
River at US Highway 15-501) was deemed to be the best
available habitat for, and the best remaining population of, the
Cape Fear shiner based on existing information at the time the
present study was initiated [6—10], and it served as a reference
site for the test (Table 1). Additional information regarding
the study area and sites has been provided by Kwak et al. [25].

Test design and fish deployment

Approximately 900 captively reared Cape Fear shiners of
a relatively uniform size (total length, 15-30 mm) and age
(four to six months) were obtained from Conservation Fish-
eries (Knoxville, TN, USA) on July 24, 2001. Fish were cul-
tured in reverse osmosis—filtered (passed through mechanical
micron and carbon prefilters) water combined with dechlori-
nated tap water that was buffered with Seachem Neutral Reg-
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Table 1. List of rivers, sites, site identification (ID) codes, fish population status, and latitude/longitude of the 10 sites studied in the 28-d bioassay
with Cape Fear shiners in the Haw, Rocky, and Deep rivers of North Carolina, USA. SR = State Route

River Site Site ID Population status Latitude/Longitude
Haw River SR 1545 crossing, HR1 Extant 35.8331°N
Chatham County 79.2193°W
Haw River Downstream of Bynum Dam, HR2 Extant 35.7723°N
Chatham County 79.1442°W
Rocky River U.S. Highway 64 crossing, RR1 Extirpated 35.7351°N
Chatham County 79.4229°W
Rocky River SR 2170 crossing, RR2 Extirpated 35.6988°N
Chatham County 79.3760°W
Rocky River NC Route 902 crossing, RR3 Extirpated 35.6989°N
Chatham County 79.3759°W
Rocky River U.S. Highway 15-501 crossing, RR4 Extant 35.6225°N
Chatham County (reference site) 79.1882°W
Deep River SR 2628 crossing, DRI1 Extirpated 35.6727°N
Randolph County 79.6273°W
Deep River SR 1456 crossing, DR2 Extant 35.5009°N
Moore County 79.5817°W
Deep River SR 1007 crossing, DR3 Extant 35.5551°N
Moore/Lee County line 79.2874°W
Deep River U.S. Highway 15-501 crossing, DR4 Extant 35.5788°N
Moore/Lee County line 79.1939°W

ulator with Reef Builder and/or Marine Buffer (Seachem Lab-
oratories, Madison, GA, USA) to maintain the system pH at
approximately 7.5. Young fish were primarily fed live Artemia
nauplii, augmented with Ocean Star International (Snowville,
UT, USA), Zeigler (Gardners, PA, USA), or other dry larval
fish foods as a supplement. When the fish were sufficiently
large, they also were fed frozen Daphnia spp. and chopped
chironomids, with the latter being the staple food once the fish
were able to feed on large items. The supply sources and
potential contaminant burdens of these natural food items at
the hatchery varied and are unknown. However, we analyzed
a subsample of fish for baseline contaminants before deploy-
ment at the riverine sites to assess any predeployment burdens.
Test fish were held for 3 d at the North Carolina Cooperative
Fish and Wildlife Research Unit, Reedy Creek Laboratory, for
acclimation to test stream water-quality conditions and tem-
peratures. Before deployment, a subsample of 190 fish from
the test population was taken, and individual fish were mea-
sured for length and weight to obtain a baseline for comparison
of growth at the end of the test (these fish were not used in
the bioassay). In addition, five composite samples of 10 fish
each from this group of 190 fish were frozen after measurement
and served as the baseline for comparison of contaminant con-
centrations after the test. On July 27, 2001 (day O of the test),
fish were randomly allocated to 30 cages (three cages per site),
with 20 fish per cage, at each of the 10 sites. Cages consisted
of a clear plexiglass tube (length, 25 cm; outer diameter, 15
cm) covered on each end with tear-resistant Nitex® mesh (mesh
size, 2.0 mm; Wildlife Supply, Buffalo, NY, USA) and held
secure by stainless-steel hose clamps. The size of mesh ensured
that fish were retained while allowing water and plankton to
pass through the cage. Each cage was secured to a concrete
block (length, 39.5 cm; width, 19.0 cm; height, 19.5 cm) with
two elastic binding straps and placed on the stream bottom in
an area of typical Cape Fear shiner habitat (determined from
previous observations or historical reports) with suitable depth
and velocity. The three cages at each site were oriented in the
stream parallel to the direction of flow to ensure that water
and any associated fine particles passed through the cages.
Depths of cages at all sites ranged from 1.0 to 1.5 m. As an

additional measure to ensure that fish and cages would not be
lost during potential high-flow events, each block with a cage
was tied to a shoreline structure (e.g., tree or rock) using nylon
rope.

Sample collection and processing

Fish were monitored every 4 d throughout the 28-d ex-
posure period for mortality, and any dead fish were removed.
At each 4-d interval, temperature, dissolved oxygen (model
58 meter; Yellow Springs Instrument, Yellow Springs, OH,
USA), pH (model ®110 ISFET meter; Beckman, Fullerton,
CA, USA), and conductivity (model CO150 meter; Hach,
Loveland, CO, USA) were measured at each site. Water sam-
ples also were collected at each site at that time, held on ice,
and analyzed for alkalinity, hardness, and turbidity (model
2100 AN meter; Hach) at the laboratory within 24 h of col-
lection with standard methods [26]. Grab samples of water and
surficial sediment (top 5 cm taken with a stainless-steel scoop)
were collected at the sites once during the 28-d test and stored
for chemical contaminant (organic and inorganic) analysis.
Water samples for inorganic constituents were preserved to
pH less than 2 with concentrated HNO; and stored refrigerated
(4°C) until analysis, and sediment samples were stored frozen
at —20°C until analysis. A set of two passive sampling devices
(PSDs), similar to semipermeable membrane devices [27-29],
was deployed alongside the fish cages at each site for the 28-
d period to obtain an estimate of cumulative waterborne or-
ganic contaminant exposure. The PSDs consisted of 10-mil
(~275 pm), virgin (with no additives), low-density polyeth-
ylene tubing (Brentwood Plastics, St. Louis, MO, USA) as
described by Luellen and Shea [28]. The low-density poly-
ethylene tubing was extracted with hexane for 48 h before use.
After the 28-d deployment, the two PSDs (width, 7.5 cm;
length, 30 cm) were combined to form a single composite
sample from each site, placed in aluminum foil, sealed in a
plastic bag, and stored frozen (—20°C) until analysis for chem-
ical contaminants.

At the end of the bioassay (August 23, 2001), surviving
fish were counted, measured, and weighed. Composite samples
of 10 fish from each cage were then wrapped in aluminum
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foil, sealed in plastic bags, and stored frozen (—80°C) for
contaminant analysis. At the time of processing, fish samples
were removed from the freezer, lyophilized (less than —50°C,
<145 mTorr) for 24 h, weighed, and ground to a fine powder
with a mortar and pestle. Fish tissue samples were then split
into two equal subsamples, one for inorganic analysis and one
for organic analysis. Enough dry tissue mass was obtained to
perform triplicate chemical analyses on fish samples from 20%
of the sites. Samples of fish tissue and sediment were analyzed
for 48 polycyclic aromatic hydrocarbons (PAHs) and alkylated
homologues, 20 polychlorinated biphenyls (PCBs), 26 organ-
ochlorine (OC) pesticides and metabolites, and a suite of 20
metals and metalloids. Water samples were analyzed only for
the suite of 20 metals and metalloids, and the PSD samples
were analyzed only for PAHs, PCBs, and OCs. The suite of
inorganic and organic contaminants analyzed in the present
study were chosen based on comprehensiveness for all known
and suspected common contaminants in the three rivers, bal-
ancing funding agency information needs, and the cost per
sample for analytical chemistry. Although the suite of con-
taminants analyzed in the present study was quite compre-
hensive, potential contaminants and other physicochemical
variables remain unmeasured that may have influenced the
survival and growth of the test fish deployed in the streams.

Sample preparation, analysis, and quality assurance

All inorganic chemical analyses were performed by the
Midwest Research Institute (Kansas City, MO, USA) or the
Trace Element Research Laboratory (Texas A&M University,
College Station, TX, USA) through contracts with the U.S.
Fish and Wildlife Service, Patuxent Analytical Control Facility
(Laurel, MD, USA). All organic chemical analyses were per-
formed by the Analytical Toxicology Laboratory at North Car-
olina State University. All of these chemical analyses were
conducted according to established standard procedures and
protocols. The detailed analytical procedures and instrumen-
tation used in all chemical analyses have been described pre-
viously by Kwak et al. [25].

The validity of the analytical chemistry data generated in
the present study was demonstrated with a rigorous quality-
assurance program. For the analysis of inorganic constituents,
the accuracy of all determinations was assessed by analyzing
one or more standard reference materials (SRMs) that ap-
proximated the matrix and concentration range of the samples,
spiked samples, replicate samples, and procedural blanks with
each batch of samples. With the water samples analyzed for
alkalinity, hardness, and turbidity, 20% of samples were an-
alyzed in triplicate, and analyses included certified reference
materials from Spex CertiPrep (Metuchen, NJ, USA). These
analyses yielded concentrations of alkalinity, hardness, and
turbidity within the certified concentration range in 22 of 24
determinations; two of the turbidity measurements were less
than 5% below the certified range. The relative standard de-
viation, estimated from analyses of 18 triplicate samples of
river water, averaged 6% (range, 3—13%).

For analyses of Cape Fear shiners, the National Research
Council of Canada (NRCC; Ottawa, ON) SRM, DORM-2
(dogfish muscle), was used, and all analytes were within the
certified range. The recovery of analytes from spiked fish sam-
ples averaged 95% (range, 60—114%), and the mean percent-
age difference from duplicate fish samples was 16% (range,
0-70%). The U.S. National Institute of Standards and Tech-
nology (NIST; Gaithersburg, MD, USA) Buffalo River sedi-
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ment (SRM 8704), Tennessee River sediment (SRM 8406),
and NRCC MESS-3 (marine sediment) were analyzed with
sediment samples and yielded concentrations within the cer-
tified range for all analytes. The mean analyte recovery from
spiked-sediment samples was 93% (range, 68—118%). The per-
centage difference from duplicate sediment samples averaged
12% (range, 2—64%). Analysis of NIST SRM 1640 with water
samples yielded concentrations within the certified range of
each analyte.

For the organic constituents, procedural blanks and poly-
ethylene blanks (with the PSD samples) were analyzed with
each batch of samples to determine background contamination
in the materials and reagents or potential contamination intro-
duced during extraction and cleanup. All the blanks were ex-
tremely low. No PCBs or OC pesticides were detected, and
only small amounts (<1 ng/g) of several PAHs were detected.
Recoveries of surrogate internal standards ranged from 40 to
120% for all analytes except several samples in which naph-
thalene-dg was between 30 and 40%. The lower recoveries for
naphthalene most likely resulted from evaporative losses dur-
ing the solvent exchange step required for the silica column
cleanup. Data were not corrected for surrogate recoveries. Ma-
trix spike recoveries also were within the range of 40 to 120%,
but with several exceptions of higher recoveries for analytes
that were not detected in any environmental samples. The per-
centage difference between matrix spike and spike duplicates,
and duplicate sample analyses, was usually less than 10% and
always less than 30%.

Statistical analyses

Statistical analyses were performed with PC SAS® Version
8.1 [30]. Variation among sites in mean survival, growth, and
contaminant concentrations in fish, sediment, water, and PSDs
was evaluated with the general linear model procedure in SAS
(PROC GLM). All variables were examined for normality and
homogeneity of variance (PROC Univariate and Bartlett’s test
in SAS) and transformed, if necessary, to meet assumptions
of statistical tests. The data for fish survival were arcsine-
transformed before analysis. A Ryan-Einot-Gabriel-Welsch
multiple-range test (PROC GLM, REGWQ option), which is
a conservative test that controls the experimentwise error rate,
was used to identify significant differences among site means
for survival and growth of fish. A type I error (o) of 0.05 was
used to judge statistical significance.

RESULTS

The mean physicochemical characteristics of river water
measured every 4 d during the 28-d bioassay at the 10 test
sites ranged from 25.1 to 28.9°C for temperature, 5.8 to 12.5
mg/L for dissolved oxygen, 7.6 to 9.0 for pH, 121 to 617 wS/
cm for conductivity, 37 to 59 mg/L as CaCO; for alkalinity,
40 to 128 mg/L as CaCO; for hardness, and 2 to 41 NTU for
turbidity (Table 2).

The length of Cape Fear shiners on day O of the test, as
estimated from a subsample of 190 fish from the overall test
population, averaged 21 mm (range, 14-33 mm). The mean
wet weight of test fish before deployment was 0.080 g (range,
0.022-0.283 g). After the 28-d exposure, the average length
of surviving fish from all 10 sites was 24 mm (range, 17-37
mm), and the corresponding average wet weight was 0.103 g
(range, 0.014-0.417 g). Relative to length at day 0, fish grew
significantly at 4 of the 10 sites (Fig. 2). One was in the Rocky
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Table 2. Mean physicochemical characteristics of river water (standard error in parentheses) measured at each site every 4 d during the 28-d
bioassay with Cape Fear shiners (n = 7 samples analyzed per constituent) in the Haw, Rocky, and Deep rivers of North Carolina, USA

Alkalinity
Temperature Dissolved oxygen Conductivity (mg/L as Hardness (mg/L Turbidity
River and site [§®) (mg/L) pH (wS/cm) CaCOy) as CaCO,) (NTU)?
Haw River
HRI 26.1 (0.8) 7.5 (0.3) 8.1 (0.1) 246 (38) 41 (4) 42 (4) 20 (7)
HR2 26.5 (0.8) 8.0 (0.2) 8.3 (0.1) 238 (37) 42 (3) 40 (2) 20 (7)
Rocky River
RRI1 27.2 (0.9) 6.1 (0.7) 7.6 (0.1) 121 (8) 43 (2) 43 (3) 7 (1)
RR2 25.1 (0.7) 7.1 (0.4) 7.8 (0.1) 617 (40) 59 (3) 128 (7) 6 (1)
RR3 25.3 (0.7) 8.5 (0.3) 8.0 (0.1) 445 (12) 56 (2) 94 (2) 2 (0)
RR4 28.9 (0.8) 12.5 (0.6) 9.0 (0.2) 194 (10) 37 (2) 46 (1) 3(1)
Deep River
DRI1 26.4 (0.7) 8.0 (0.6) 7.9 (0.1) 214 (59) 45 (7) 48 (5) 38 (20)
DR2 28.1 (1.0) 8.7 (0.6) 8.2 (0.2) 316 (42) 49 (7) 51 (4) 41 (34)
DR3 27.9 (0.6) 5.9 (0.6) 7.6 (0.1) 230 (35) 41 (2) 40 (3) 4 (1)
DR4 27.7 (0.8) 5.8 (0.4) 7.6 (0.1) 223 (34) 40 (1) 41 (2) 6 (1)
#NTU = nephelometric turbidity units.
River (RR4; reference site), and the remaining three were in
the Deep River (DR1, DR2, and DR4).
Survival of fish over the 28-d exposure period at all sites
(a) Growth p <0.01, F=15.2 averaged 76% (range, 53—100%). The sites with the greatest
30 - a b overall survival were on the Deep River (87%), followed by
25 cde cde bede o 4o those on the Rocky River (74%), and were lowest on the Haw
g 20 4 River (66%). Five sites (two in the Haw River [HR1 and HR2],
= two in the Rocky River [RR1 and RR3], and one in the Deep
“é’ 157 River [DR2]) had fish with significantly reduced survival (Fig.
§ 10 + 2). The surviving fish at HR1, HR2, RR1, and RR3, which
ag 5 had reduced survival rates, also had no detectable growth (as
= 0 measured by an increase in length) over the duration of the

Ctrl HR1 HR2 RR1 RR2 RR3 RR4 DR1 DR2 DR3 DR4
Site

(b) Survival p <0.01,F=6.6

abc

a

HR1 HR2 RR1 RR2 RR3 RR4 DR1 DR2 DR3 DR4
Site

(c) Lipid

Average Lipid (%)
© =2 A NN
o o »nn o w

Ctrl HR1 HR2 RR1 RR2 RR3 RR4 DR1 DR2 DR3 DR4
Site

Fig. 2. Mean growth (a), survival (b), and lipid concentration (¢) of
Cape Fear shiners after the 28-d bioassay (Ctrl = baseline control
sample on day O of the test) at sites in the Haw River (HR), Rocky
River (RR), and Deep River (DR) of North Carolina, USA. Sites
accompanied by the same letter were not significantly different (p >
0.05). Error bars represent one standard error.

test (Fig. 2). However, mean survival and growth of fish were
not significantly related (» = 0.60, p = 0.06) among all sites,
but a potential trend (demonstrated by the p value of 0.06)
was indicated. At the six extant sites, survival of fish averaged
80% and was 74% at the four extirpated sites. Significant
growth was observed at three of the extant sites and at one
(DR1) of the extirpated sites.

The lipid content of test fish, an indicator of relative health
and condition, averaged 2.61% (range, 2.59-2.63%) on day O
of the test and decreased to an average of 0.83% (range, 0.28—
1.35%) at all sites by day 28. The sites with fish that had the
lowest survival and growth rates consistently had the least
lipid reserves (Fig. 2). Among all sites, lipid concentrations
in fish were significantly correlated with growth (r = 0.76,
p = 0.01).

Captively propagated Cape Fear shiners accumulated quan-
tities of a wide range of inorganic and organic contaminants
over the 28-d exposure (Table 3). Unexpectedly, we also de-
tected some of the more persistent, bioaccumulative contam-
inants (e.g., Cd, Hg, PCBs, chlordanes, and DDT and its me-
tabolites [DDTs]) in our baseline control fish. These persistent
contaminants presumably originated in the test fish through
dietary and aqueous exposure at the hatchery. Although de-
tected in the baseline control fish, the presence of these con-
taminants did not hamper the comparison of relative concen-
trations between control and exposed fish.

No apparent relations were found between exposure to, or
accumulation of, a specific contaminant and reduced growth
or survival of fish among all the sites. However, certain sites
exhibited trends in cumulative contaminant presence with re-
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Table 3. Measured concentrations of selected contaminants in Cape Fear shiner (fish) tissue (ng/g wet wt), river water (ng/L), and sediment (ng/
g dry wt) from sites in the Haw River (HR), Rocky River (RR), and Deep River (DR), of North Carolina, USA, and the baseline control fish
samples in the 28-d Cape Fear shiner in situ bioassay®*

River and site

Analyte Control HR1 HR2 RR1 RR2 RR3 RR4 DRI1 DR2 DR3 DR4
Cd

Fish 54 31 26 15 18 26 6 9 54 16 9

Water — 250 110 ND ND ND ND ND ND ND ND

Sediment — 160 280 220 330 40 380 130 140 90 210
Cu

Fish 1,050 1,150 1,090 750 1,470 1,160 780 970 1,710 950 950

Water — ND ND ND 7,000 ND ND ND ND ND ND

Sediment — 4,100 6,400 4,900 8,700 16,500 6,300 4,000 3,600 2,000 9,300
Hg

Fish 30 36 24 36 28 31 23 21 25 39 55

Water — ND ND ND ND ND ND ND ND ND ND

Sediment — 9 14 11 19 24 16 19 10 16 178
Pb

Fish 70 242 155 89 257 163 50 104 850 162 282

Water — ND ND ND ND ND ND 3,000 ND ND ND

Sediment — 4,300 7,700 6,700 9,400 11,500 9,700 3,900 4,300 2,800 6,500
Zn

Fish 53,600 98,700 86,200 86,800 101,500 99,100 53,900 61,900 93,500 81,100 74,000

Water — 27,000 16,000 ND 17,000 ND ND 7,000 6,000 ND ND

Sediment — 24,300 37,600 21,900 43,000 52,700 33,000 13,300 16,400 10,300 24,600
PCBs

Fish 5.2 9.7 4.2 6.3 2.7 7.8 52 6.3 2.0 ND 1.9

‘Water — 0.6 0.3 ND 0.2 ND ND 0.1 0.1 ND ND

Sediment — 0.1 ND ND ND 0.8 ND 0.2 0.2 0.1 0.7
PAHs

Fish NM NM NM NM NM NM NM NM NM NM NM

Water — 45 106 13 24 6 9 33 18 15 39

Sediment — 62 683 58 45 444 45 114 39 22 443
Chlordanes

Fish 34 36 19 34 16 44 23 35 21 12 9.7

Water — 1.6 0.66 0.03 0.13 0.06 ND 2.4 0.77 ND 0.16

Sediment — ND ND ND ND 0.4 ND 0.4 3.0 ND 1
DDTs

Fish 6.9 1.8 0.9 1.1 0.7 ND 2.5 2.0 2.9 0.7 0.5

Water — 0.28 0.34 0.06 0.15 0.08 0.05 0.27 0.10 0.08 0.02

Sediment — ND ND ND ND ND ND ND ND ND ND

*DDTs = DDT and its metabolites; ND = not detected (value < analytical detection limit); NM = not measured; PAHs = polycyclic aromatic

hydrocarbon; PCBs = polychlorinated biphenyls; — = not applicable.

duced fish survival and growth. For example, Cd, Cu, Hg, Pb,
and Zn were detected in fish, water, and sediment samples
from all sites. The accumulation of Cd, Cu, and Pb in Cape
Fear shiners was greatest at DR2, which also had significantly
reduced fish survival. Concentrations of Cu, Pb, and Zn in
sediment were greatest at RR3, another site with significantly
reduced survival and no growth of fish. Accumulation of Zn
in fish tissue was greatest at RR2, a site with no significant
growth. Mercury was greatest in both fish tissue and sediment
at DR4 but had no apparent effects on fish survival or growth.

Of the main organic contaminants of concern, PAHs were
detected in sediment and water (PSDs); PCBs and chlordanes
were detected in fish, water, and sediment; and DDTs were
detected in fish and water at the sites. Again, several of the
sites with reduced survival and growth of Cape Fear shiners
(e.g., DR2 and RR3) that had among the greatest concentration
of metals measured also had among the greatest concentrations
of organic contaminants in the various compartments mea-
sured. A notable appearance among sites for the organic con-

stituents was the occurrence of high relative concentrations of
certain organics in fish, sediment, and water at HR1 and HR2,
which also had reduced survival and growth of fish.
Because of the variation in measured contaminant concen-
trations among sites for the various analytes and media (fish,
water, and sediment), determining the overall trend for poten-
tial cumulative exposure and impacts of contaminants to Cape
Fear shiners was difficult. Therefore, we devised a novel gen-
eralized hazard assessment tool that allowed us to evaluate
relative cumulative exposure and contamination at a site. This
assessment was based on ranking the three highest measured
concentrations for a given analyte and media at a site (Table
4). Through this analysis, certain sites and rivers could be
identified as having pervasive contamination, which generally
corresponded to those that exhibited decreased survival and
growth of Cape Fear shiners during the 28-d in situ bioassay.
For example, the metals Cd and Zn and the organic contam-
inants PCBs, chlordanes, and DDTs contribute to the overall
degraded water quality in the Haw River (Table 4). The upper
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Table 4. Summary of generalized hazard assessment for selected inorganic and organic contaminants among sites during the 28-d in situ bioassay
with Cape Fear shiners in the Haw, Rocky, and Deep rivers of North Carolina, USA?*

we A A A A A A A A A
e A A A A A A A A A
wo A A A A A A A A A
wo o A e e A A A A A
e A A e e A A A a A
o A A A A A A A A
wmo A A A A A A A A A
e AA A A A a A A A
woo A A A A A A A A A
oA e e A A A A a A

2 For a given triangle, a darkened compartment represents a measured concentration among the highest three for a given analyte at all sites. Top

= fish; middle = water; and bottom = sediment.
" PAHs not measured in fish tissue.
¢ DDTs not detected in sediment.

Haw River Basin is affected by point- and nonpoint-source
discharges, and six streams from that basin were rated as poor
or poor/fair in a recent basinwide report [11]. From sites on
the Rocky River, Cu and Zn were detected in all three media
at RR2, the site downstream of the Siler City wastewater treat-
ment plant (WWTP) that discharges into Love’s Creek (a trib-
utary of the Rocky River), and were among the highest con-
centrations measured at any of the sites during the study. Or-
ganic contaminants, such as PAHs and PCBs, also were de-
tected at sites in the Rocky River, but their concentrations were
relatively low and not a concern for the protection of aquatic
health. Overall, contamination of the Deep River was relatively
low (Table 4) and clearly represents some of the best remaining
water quality for Cape Fear shiners. However, chlordane was
surprisingly prevalent at Deep River sites and was among the
three highest analytes measured in water and sediments at three
of the four sites.

To assess whether any individual chemicals measured at
the sites represented a potential hazard to aquatic life, we
compared our results to existing water-quality, sediment-qual-
ity, and toxicity criteria and guidelines. The majority of our
results for contaminants in water were not above the U.S.
Environmental Protection Agency (U.S. EPA) freshwater cri-
terion continuous concentration (FW CCC) [31] (http://
www.epa.gov/wqsdatabase/reports-inter.html), with only sev-
eral exceptions. Site RR2 had a Cu concentration of 7,000 ng/
L; this value approaches the U.S. EPA FW CCC of 9,000 ng/
L at a hardness of 100 mg/L as CaCOs;. Site RR2 is downstream
of the Siler City WWTP and, as a result, has a recurrent prob-
lem with elevated levels of Cu. Total Pb concentration in water

at DR1 was 3,000 ng/L, which is slightly greater than the
dissolved U.S. EPA FW CCC of 2,500 ng/L at a hardness of
100 mg/L as CaCO;. However, the mean measured hardness
at DR1 was 48 mg/L as CaCOs; thus, the adjusted dissolved
U.S. EPA FW CCC would be near 1,200 ng/L, resulting in a
measured total Pb value greater than the criterion.

Chemical residues measured in PSDs were converted to
estimates of time-weighted average concentrations in water
over the period of deployment using the method described by
Luellen and Shea [28]. This method uses a laboratory cali-
bration to establish effective sampling rates (L/d) for the PSD
and a linear uptake model to convert measured PSD residues
(ng) to concentrations in water (ng/L). Sampling rates for
PAHs are from Luellen and Shea [28]; sampling rates for PCBs
and pesticides are from Heltsley [29]. Although this is an
indirect measurement, previous studies have demonstrated ap-
proximately twofold agreement between PSDs and multiple
time-point sampling (see, e.g., [28]). Polycyclic aromatic hy-
drocarbons were detected in all PSD samples, but estimated
PAH concentrations in water were relatively low with respect
to thresholds for toxicity to aquatic species [31]. Concentra-
tions of PCBs in PSD samples generally were low or unde-
tectable, and all estimated PCB concentrations in water were
less than 1 ng/L at all sites, well below the U.S. EPA numeric
criteria of 14 ng/L. Chlordanes were detected in all PSDs
except those at RR4 and DR3. Estimated concentrations of
chlordanes in water ranged from 0.03 to 2.4 ng/L, with the
greatest concentration occurring at DR1. Concentrations great-
er than 1 ng/L can cause adverse effects in aquatic organisms,
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but concentrations known to affect fish generally are much
greater (e.g., 200 ng/L) [32].

Polycyclic aromatic hydrocarbons also were detected in all
sediment samples; however, all concentrations were extremely
low compared to Canadian Sediment-Quality Guidelines for
the Protection of Aquatic Life (SQGPAL) [33] (http://
www.ec.gc.ca/ceqg-rcqe/English/ceqg/sediment/default.cfm),
U.S. EPA sediment benchmarks [34], and other benchmarks
[35]. Concentrations of PCBs in sediment were extremely low
(<1 ng/g dry wt) at the sites, and all were less than the probable
effect level of 277 ng/g dry weight set by the Canadian
SQGPAL [33] and other benchmarks [35]. Chlordanes, which
were detected in four sediment samples (RR3, DR1, DR2, and
DR4), were less than the Canadian interim freshwater sedi-
ment-quality (4.5 ng/g dry wt) guidelines [33] and other bench-
marks [35].

Cadmium was detected in sediment samples from all 10
sites. However, all measured concentrations were less than 400
ng/g, which is below the protective level of 600 ng/g estab-
lished by the Canadian SQGPAL. Copper and Pb also were
detected in sediments from all sites; their greatest concentra-
tions were less than 16,500 and 11,500 ng/g, respectively—
well below the Canadian SQGPAL protective levels. Mercury
was detected in sediment at six sites (RR2, RR3, RR4, DRI,
DR3, and DR4). The Hg concentration measured at DR4 was
178 ng/g dry weight, which was slightly greater than the Ca-
nadian SQGPAL; the other five sites were less than the cri-
terion of 170 ng/g dry weight. Zinc was detected in all sedi-
ment samples, but concentrations were less than the Canadian
interim SQGPAL level of 123,000 ng/g. However, Zn con-
centrations at RR2 and RR3 were elevated relative to concen-
trations at the other sites.

Although only a few of the existing chemical-specific cri-
teria for water and sediment were exceeded among sites during
the present study, the generalized hazard assessment (Table 4)
showed that subtle, pervasive contamination existed at several
of the sites. This contamination may lead to cumulative im-
pairment of water and sediment quality for Cape Fear shiners.
However, the overall potential for cumulative risk of chemicals
below individual toxicity thresholds is unknown.

DISCUSSION
Comparison of contaminant availability among sites

Results of the in situ bioassay indicate that water quality
may be a limiting factor for the Cape Fear shiner in the Haw
River. The two Haw River sites, HR1 and HR2, are considered
to be two of the five remaining populations of the Cape Fear
shiner. However, population densities are extremely low at
these sites, and these fish could be prone to extirpation [9].
At HR1 and HR2, survival of caged fish was 65 and 67%,
respectively. Fish survival at these two sites was statistically
reduced compared to that at the Rocky River reference site
(RR4), where survival was 98%. Also, surviving fish at both
Haw River sites did not differ significantly from the pretest
control fish in terms of total length; therefore, growth appears
to have been limited at these sites. Zinc concentrations in water
at these sites were among the highest of all sites sampled. Fish
tissue contained higher concentrations of Zn and Pb relative
to those of control fish. Measured concentrations of Zn in
whole Cape Fear shiners from HR1 were 20-fold greater than
controls after only 28 d of exposure. However, the concentra-
tions measured in Cape Fear shiner tissue are similar to tissue
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residues in experiments with rainbow trout that did not produce
significant effects on growth or survival [36].

The DDTs are highly persistent and toxic compounds. Ev-
idence for reproductive toxicity and adrenotoxicity in birds
and mammals is prevalent, and growing evidence indicates
adverse effects on the adrenal and reproductive systems in
many fish [37,38]. The estimated concentrations of DDTs in
water were greatest at HR1 and HR2. The levels of DDTs in
the water were approximately one-third of the U.S. EPA FW
CCC for DDTs, and the metabolite 4,4'-dichlorodiphenyldi-
chloroethylene (4,4'-DDE) accounted for 64% of the total de-
tected. Fish tissue, including the background sample, contained
concentrations of 4,4'-DDE. All fish likely were exposed to
4,4’-DDE before deployment through their diet, but after ad-
justing for lipid lost during the exposure, fish at HR1 had much
greater concentrations of DDT compared with the background
sample. Fish deployed at HR2 did not show the same result.
However, DDT metabolites are readily available in water at
both Haw River sites and may be affecting the Cape Fear shiner
in those reaches.

Interestingly, DDT metabolites were not detected in sedi-
ments. Sediment often serves as a reservoir for OC pesticides
and can act as a method of transport [39—41]. Other studies
have shown a positive relationship between DDT metabolites
in soil and fish tissue [41]. However, the lack of DDT metab-
olites in sediment suggests that the source of DDT in the Haw
River may be from nonpoint-source pollution and not from a
reservoir of the chemical. Possible nonpoint sources should
be investigated to identify the source of contamination.

Polychlorinated biphenyls and PAHs were found at low
concentrations in fish tissue, water, and sediment and likely
are not a threat to Cape Fear shiners at these sites. Chlordanes,
however, were present in fish tissue, but the background control
samples and test fish had different compositions of chlordane
and chlordane metabolites, indicating that test fish accumu-
lated chlordanes from the river. The concentration of chlor-
danes in water at all sites was less than the level (4.3 ng/L)
known to cause adverse effects on aquatic organisms [31].

Extant populations in the Haw River are exposed to metals
(Zn and Pb) and organic pesticides (DDT and chlordanes) at
levels that are questionable for the health of aquatic organisms.
Our results of significantly reduced growth and significantly
reduced survival, compared with those of the reference site,
support the conclusion that water quality may be a limiting
factor in the Haw River and warrants further attention.

Fish survival at RR1 was statistically less relative to the
reference site (RR4), and fish length was not significantly dif-
ferent from the pretest control sample. Site RR1 is located in
the upper Rocky River, where the species has never been col-
lected. It is possible that Cape Fear shiners already were ex-
tirpated from this reach when they were discovered in 1962.
All organic contaminant concentrations in water and sediment
at RR1 were low and not of concern. Fish tissue had detectable
concentrations of chlordanes, but these values were similar to
those in the control. Zinc concentrations were elevated in fish
tissue with respect to the control, so accumulation presumably
occurred in fish during the test. Although laboratory tests with
other fish species at comparable concentrations had no or little
effect [36], it is possible that Cape Fear shiner sensitivities to
Zn are greater than those of other species. Low-flow conditions
at this site during the test also could have contributed to fish
stress and reduced survival and growth. Water quality in this
reach is comparable to that of the reference site, but lack of



2296 Environ. Toxicol. Chem. 25, 2006

adequate flow, affected by the Siler City drinking-water res-
ervoir immediately upstream, may have contributed to low
survival.

Survival of fish at RR2 did not differ significantly from
that of fish at the reference site, but fish length was not sig-
nificantly different from the pretest control sample. The Zn
concentration in fish tissue at this site was the highest relative
to other sites and twice as high as background controls. This
site is immediately downstream of the mouth of Love’s Creek,
a tributary where point-source discharge from the Siler City
WWTP is released. Portions of Love’s Creek are on the state’s
list of impaired waters [11]. State monitoring at site RR2 in
1998 yielded a good/fair rating [11]; however, the relatively
high water conductivity at this site reflects an ongoing impact
of the wastewater effluent. Physicochemical characteristics,
such as conductivity, can influence the toxicity of contami-
nants; therefore, this site should continue to be monitored for
effects of the upstream WWTP on the biological community.
Conditions at this site clearly are degraded because of influ-
ences from the upstream urban areas; thus, combinations of
site-specific interactions (including Zn and chlordane uptake)
may be responsible for the corresponding lack of fish growth.

Lack of fish growth, poor survival, and contaminant resi-
dues suggest that water quality is limiting at RR3, where Cape
Fear shiners have been extirpated. This site is considered to
be a potential area for reintroduction of the species. Survival
of test fish was only 53% (significantly different from the
reference site) at this site, and mean fish length was not sig-
nificantly different from the pretest controls. Both Zn and
chlordanes were accumulated in fish tissue, and concentrations
of Zn, Cu, and Pb in water and sediment were the greatest
among all sites. This site is downstream of RR2 and is influ-
enced by upstream urban areas, but the immediate area is
directly affected by agricultural practices.

Our results confirm that water quality is not limiting for
the Cape Fear shiner at RR4. This site was considered to be
the best reference site for the present study based on existing
habitat and fish population data. Moreover, this site historically
has had good water quality [11], and it supports the most
abundant population of Cape Fear shiners. Survival of test fish
at this site was high (98%), and fish growth was significantly
different from the pretest controls. All concentrations of metals
and chlordanes in fish tissue were similar to controls, and
concentrations in water and sediment generally were low and
not of concern.

Site DR1 is in a reach of the Deep River where the Cape
Fear shiner has been extirpated above Coleridge Dam, and our
results suggest that water quality may not have been a limiting
factor in this reach at the time of the test. It also is considered
to be a potential site for reintroduction of the species. Fish
survival at this site was the highest (100%) measured during
the present study, and fish growth was highly significant. Metal
concentrations in fish tissue were similar to background con-
trols. Total Pb concentration in water was above the adjusted
U.S. EPA FW CCC (for dissolved metal), although Pb con-
centration in fish was similar to the control. Therefore, site-
specific conditions may have affected the availability of Pb.
Despite significant fish growth and high survival, concentra-
tion of chlordanes in water (2.4 ng/L) was more than double
the concentration known to cause adverse effects in some
aquatic species. Water-quality problems have been documented
in the upper Deep River during the past two decades, but
conditions have continuously improved [11]. Overall, water
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quality does not appear to be limiting for the Cape Fear shiner
in this reach of the Deep River.

Site DR2 represents the uppermost population of the Cape
Fear shiner in the Deep River, and this river section is classified
as high-quality waters [11]. However, our results suggest that
water quality may be impaired for the Cape Fear shiner in this
reach. Fish growth was significant, but survival (63%) was
significantly less than at the reference site. Fish accumulated
Zn, and Zn concentrations in water were near the U.S. EPA
FW CCC [31]. The sum of chlordane concentrations in water
was close to 1 ng/L, and chlordane concentrations in sediment
were similar to the Canadian SQGPAL. Chlordane concentra-
tions in test fish were similar to those in the control; however,
test fish had different compositions of chlordane metabolites
and, thus, may have accumulated chlordane from the river
water. This site is directly adjacent to an agricultural area with
little or no riparian buffer, and it may be affected by current-
use pesticides that were not part of the present assessment.
Although fish growth was not affected, survival was low rel-
ative to the reference site and may be the result of a local
combination of water-quality factors.

Our results show that water quality at DR3 in the mainstem
of the Deep River is not a limiting factor to the Cape Fear
shiner. Site DR3 is in the extant reach of Cape Fear shiners
on the Deep River downstream of Carbonton Dam, and it
represents the strongest remaining population. This area sup-
ports a single abundant metapopulation located in the Rocky
River below the Rocky River Hydroelectric Dam and near the
confluence with the Deep River and connected sections of the
Deep River (i.e., sites RR4, DR3, and DR4 combined). Sur-
vival of fish was high (90%) at this site, but there was no
statistically significant difference in fish growth. Concentra-
tions of chlordane in fish, sediment, and water were all low
with respect to critical threshold levels. Although Zn was de-
tected in water and sediment and accumulated by test fish,
concentrations were not of concern for aquatic health. Fish at
this site also accumulated Pb, but not at levels known to cause
adverse effects [36]. Water-quality problems are known from
tributaries in this lower portion of the Deep River, with two
tributaries receiving a fair or poor classification in 1998 [11].
In general, water quality improves in the downstream portion
of this river. However, these tributaries have been affected by
local agricultural practices that have led to streambank erosion
and degraded instream habitat.

Site DR4, like site DR3, represents the range of the stron-
gest population in the lower Rocky and Deep rivers. Survival
of fish at this site was high (95%), and growth was significant.
The Hg concentration in sediment at this site was the highest
measured among all 10 sites (178 ng/g) and was above the
standard for quality sediment set by the Canadian SQGPAL.
However, the Hg concentration in fish did not indicate accu-
mulation from the local environment. Fish accumulated Pb
and Zn, but concentrations were not high enough for concern
to aquatic species. The surrounding watershed has high num-
bers of certified agricultural animal operations and two large,
permitted discharges (Sanford WWTP and Golden Poultry),
and the classification at this site was reduced from good to
good/fair in 1998 [11]. Despite declining water quality at this
site and from upstream river reaches, our results, including
significant fish growth and high survival, indicate that water
quality is not a limiting factor in this reach of the Deep River.
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Ecological and management implications

The quality of water in the historical and extant range of
the Cape Fear shiner varied within and among rivers and likely
resulted from differences in current and historical land-use
patterns and degree of urbanization. The pesticides and organic
contaminants detected in the present study (i.e., chlordane,
DDT, and PCBs) are substances that are now banned in the
United States because of their persistence in the environment
and potential to harm aquatic organisms; concentrations of
these contaminants should continue to decline. Sites varied in
the composition of contaminants; therefore, potential effects
on fish survival and growth were difficult to assess and predict.
Water quality in the reaches of extant Cape Fear shiner pop-
ulations supported fish growth and survival during the 28-d
in situ bioassay. In contrast, presumed poor water quality in
the extirpated reaches (inferred from contaminant profiles) may
have contributed to the limited success of caged fish in these
reaches. The Cape Fear shiner uses a narrow range of habitat
conditions that are in relatively short supply among river reach-
es where the fish is extant, extirpated, and rare [25]. Past acute
poor water-quality events, combined with loss of riverine in-
stream physical habitat and fragmentation of populations by
dams, which prevent recolonization, have produced the iso-
lated and increasingly rare metapopulations of the Cape Fear
shiner that exist today.

Overall recovery of the Cape Fear shiner is focused on
restoration of the physical habitat, including dam removals.
Recommendations for restoration and management of Cape
Fear shiners related to water quality are to improve water
quality in the lower Haw River, where the species is vulnerable
to extirpation, and to improve water quality and the flow re-
gime in the upper Rocky River, where the fish has been ex-
tirpated. The potential reintroduction site in the Rocky River
(RR3) contains physical instream habitat similar to that in the
lower Rocky River [25], but water quality most likely would
hinder any reintroduction efforts at RR3 in the near future.
Water quality at this site should be enhanced to that of the
downstream reaches before reintroductions are planned. The
other possible reintroduction site in the Deep River (DR1) had
100% fish survival and significant fish growth. A survey of
physical habitat in that reach of the Deep River is necessary
to determine if percentages of suitable habitat similar to reach-
es where the fish is extant are present. Water quality in that
reach appears to be suitable for reintroduction of the species
in the near future.

The in situ bioassay approach with caged fish has been
successful in the present and other studies for evaluating water
quality and the effects of local contaminants [22,42], and the
rare opportunity to conduct a study of this type with an en-
dangered species in its native streams has yielded valuable
information for its future conservation and protection. The
sustainability of Cape Fear shiner populations depends on the
protection and preservation of extant populations and habitats.
Pressure from urban development and increasing demands of
the human population for water resources may confound and
impede restoration efforts. The present study identified riverine
areas of concern that may require restoration; it also helped
to identify those areas most suitable for reintroduction of the
species or population augmentation. This information can now
be used to improve the management of aquatic resources that
are necessary to ensure the long-term survival of the Cape
Fear shiner.

Environ. Toxicol. Chem. 25, 2006 2297

Acknowledgement—Funding for this research was provided by the
U.S. Geological Survey, State Partnership Program, and the U.S. Fish
and Wildlife Service, Environmental Contaminants Program (study
ID 200040001), through grants to W.G. Cope and T.J. Kwak. We
thank the many state and federal agency staff who provided infor-
mation and guidance, including J. Fridell and D. Rabon of the U.S.
Fish and Wildlife Service, J. Alderman and J. Ratcliffe of the North
Carolina Wildlife Resources Commission, and M. Matthews and L.
Ausley of the North Carolina Division of Water Quality. We thank P.
Rakes and J. R. Shute of Conservation Fisheries for providing test
fish. D. Dutterer, N. Jeffers, E. Malindzak, R. Speckman, and S. Wilkes
provided technical assistance. The North Carolina Cooperative Fish
and Wildlife Research Unit is jointly supported by North Carolina
State University, the North Carolina Wildlife Resources Commission,
U.S. Geological Survey, and Wildlife Management Institute.

REFERENCES

1. Burr BM, Mayden RL. 1992. Phylogenetics and North American
freshwater fishes. In Mayden RL, ed, Systematics, Historical
Ecology, and North American Freshwater Fishes. Stanford Uni-
versity Press, Stanford, CA, USA, pp 18-75.

2. Warren ML, Angermeier PL, Burr BM, Haag WR. 1997. Decline
of a diverse fish fauna: Patterns of imperilment and protection in
the southeastern United States. In Benz GW, Collins DE, eds,
Aquatic Fauna in Peril: The Southeastern Perspective. Special
Publication 1. Southeast Aquatic Research Institute, Lenz Design
and Communications, Decatur, GA, USA, pp 105-164.

3. Warren ML, Burr BM, Walsh SJ, Bart HL, Cashner RC, Etnier
DA, Freeman BJ, Kuhajda BR, Mayden RL, Robison HR, Ross
ST, Starnes WC. 2000. Diversity, distribution, and conservation
status of the native freshwater fishes of the southern United States.
Fisheries 25:7-31.

4. U.S. Fish and Wildlife Service. 1987. Endangered and threatened
wildlife and plants: Determination of endangered species status
and designation of critical habitat for the Cape Fear shiner. Fed
Reg 52:36034-36039.

5. Snelson FF Jr. 1971. Notropis mekistocholas, a new herbivorous
cyprinid fish endemic to the Cape Fear River Basin, North Car-
olina. Copeia 1971:449-462.

6. Pottern GB, Huish MT. 1985. Status survey of the Cape Fear
shiner (Notropis mekistocholas). Report to U.S. Fish and Wildlife
Service, Raleigh, NC (Cooperative Agreement 14-16-0009-
1522), North Carolina Cooperative Fish and Wildlife Research
Unit, North Carolina State University, Raleigh, NC.

7. Pottern GB, Huish MT. 1986. Supplement to the status survey of
the Cape Fear shiner (Notropis mekistocholas). Report to U.S.
Fish and Wildlife Service, Raleigh, NC (Cooperative Agreement
14-16-0009-1522), North Carolina Cooperative Fish and Wildlife
Research Unit, North Carolina State University, Raleigh, NC.

8. Pottern GB, Huish MT. 1987. Second supplement to the status
survey of the Cape Fear shiner (Notropis mekistocholas). Report
to U.S. Fish and Wildlife Service, Raleigh, NC (Cooperative
Agreement 14-16-0009-1522), North Carolina Cooperative Fish
and Wildlife Research Unit, North Carolina State University, Ra-
leigh, NC.

9. North Carolina Wildlife Resources Commission. 1995. Annual
Performance Report, Nongame and Endangered Wildlife Pro-
gram, Vol III, July 1993—June 1994. Division of Wildlife Man-
agement, Raleigh, NC, USA.

10. North Carolina Wildlife Resources Commission. 1996. Annual
Performance Report, Nongame and Endangered Wildlife Pro-
gram, Vol 1V, July 1994—June 1995. Division of Wildlife Man-
agement, Raleigh, NC, USA.

11. North Carolina Division of Water Quality. 2000. Cape Fear River
Basinwide Water-Quality Management Plan. North Carolina De-
partment of Environment and Natural Resources, Raleigh, NC,
USA.

12. Freeman BJ, Freeman MC. 1994. Habitat use by an endangered
riverine fish and implications for species protection. Ecol Freshw
Fish 3:49-58.

13. Kessler JK, Thorp JH. 1993. Microhabitat segregation of the
threatened spotted darter (Etheostoma maculatum) and closely
related orangefin darter (E. bellum). Can J Fish Aquat Sci 50:
1084-1091.

14. Wildhaber ML, Allert AL, Schmitt CJ, Tabor VM, Mulhern D,
Powell KL, Sowa SP. 2000. Natural and anthropogenic influences



2298

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Environ. Toxicol. Chem. 25, 2006

on the distribution of the threatened Neosho madtom in a Mid-
western warmwater stream. Trans Am Fish Soc 129:243-261.
U.S. Fish and Wildlife Service. 1988. Cape Fear shiner recovery
plan. U.S. Fish and Wildlife Service, Atlanta, GA.

Warren ML, Burr BM. 1994. Status of freshwater fishes of the
United States: Overview of an imperiled fauna. Fisheries 19:6—
18.

Burkhead NM, Walsh SJ, Freeman BJ, Williams JD. 1997. Status
and restoration of the Etowah River, an imperiled southern Ap-
palachian ecosystem. In Benz GW, Collins DE, eds, Aquatic Fau-
na in Peril: The Southeastern Perspective. Special Publication
1. Southeast Aquatic Research Institute, Lenz Design and Com-
munications, Decatur, GA, USA, pp 375-444.

Dwyer FJ, Mayer FL, Sappington LC, Buckler DR, Bridges CM,
Greer IE, Hardesty DK, Henke CE, Ingersoll CG, Kunz JL,
Whites DW, Augspurger T, Mount DR, Hattala K, Neuderfer GN.
2005. Assessing contaminant sensitivity of endangered and threat-
ened aquatic species: Part I. Acute toxicity of five chemicals.
Arch Environ Contam Toxicol 48:143—154.

Hall LW Jr, Pinkney AE, Horseman LO, Finger SE. 1985. Mor-
tality of striped bass larvae in relation to contaminants and water
quality in a Chesapeake Bay tributary. Trans Am Fish Soc 114:
861-868.

Snyder-Conn E. 1993. In situ toxicity testing with locally col-
lected Daphnia. Biological Report 15. U.S. Fish and Wildlife
Service, Washington, DC.

Chappie DJ, Burton GA. 2000. Applications of aquatic and sed-
iment toxicity testing in situ. Soil and Sediment Contamination
9:219-245.

Echols KR, Gale RW, Schwartz TR, Huckins JN, Williams LL,
Meadows JC, Morse D, Petty JD, Orazio CE, Tillitt DE. 2000.
Comparing polychlorinated biphenyl concentrations and patterns
in the Saginaw River using sediment, caged fish, and semiper-
meable membrane devices. Environ Sci Technol 34:4095-4102.
Burton GA Jr, Greenberg MS, Rowland CD, Irvine CA, Lavoie
DR, Brooker JA, Moore L, Raymer DFN, McWilliam RA. 2005.
In situ exposures using caged organisms: A multicompartment
approach to detect aquatic toxicity and bioaccumulation. Environ
Pollut 134:133-144.

Hansen LJ, Johnson ML. 1999. Conservation and toxicology:
Integrating the disciplines. Conserv Biol 13:1225-1227.

Kwak TJ, Cope WG, Howard AK. 2002. Restoration of Cape
Fear shiner populations in North Carolina: Assessment of habitat
suitability. Report NCCFWRU. North Carolina Cooperative Fish
and Wildlife Research Unit, North Carolina State University, Ra-
leigh, NC, USA.

American Public Health Association, American Water Works As-
sociation, and Water Pollution Control Federation. 1995. Stan-
dard Methods for the Examination of Water and Wastewater,
19th ed. American Public Health Association, Washington, DC.
Booij K, Sleiderink HM, Smedes E 1998. Calibrating the uptake
kinetics of semipermeable membrane devices using exposure
standards. Environ Toxicol Chem 17:1236—1245.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

A.H. Hewitt et al.

Luellen DR, Shea D. 2002. Calibration and field verification of
semipermeable membrane devices for measuring polycyclic ar-
omatic hydrocarbons in water. Environ Sci Technol 36:1791-
1797.

Heltsley RM. 2004. Novel methods for monitoring chlorinated
organic contaminants in aquatic environments. PhD thesis. North
Carolina State University, Raleigh, NC, USA.

SAS Institute. 2000. SAS/STAT Guide for Personal Computers,
Ver 8.2. Cary, NC, USA.

U.S. Environmental Protection Agency. 2005. Water-quality stan-
dards database, EPA numeric criteria. Washington, DC.

Eisler R. 1990. Chlordane hazards to fish, wildlife, and inverte-
brates: A synoptic review. Biological report 85(1.21), Contami-
nant Hazard Reviews Report 21. U.S. Fish and Wildlife Service,
Washington, DC.

Environment Canada. 2002. Canadian environmental quality
guidelines. Canadian sediment-quality guidelines for the protec-
tion of aquatic life. Ottawa, ON.

U.S. Environmental Protection Agency. 2003. Procedures for the
derivation of equilibrium partitioning sediment benchmarks
(ESBs) for the protection of benthic organisms: PAH mixtures.
EPA-600-R-02-013. Office of Research and Development, Wash-
ington, DC.

MacDonald DD, Ingersoll CG, Berger TA. 2000. Development
and evaluation of consensus-based sediment quality guidelines
for freshwater ecosystems. Arch Environ Contam Toxicol 39:20—
31.

Jarvinen AW, Ankley GT. 1999. Linkage of Effects to Tissue
Residues: Development of a Comprehensive Database for Aquat-
ic Organisms Exposed to Inorganic and Organic Chemicals.
SETAC, Pensacola, FL, USA.

Benguira S, Hontela A. 2000. Adrenocorticotrophin- and cyclic
adenosine 3’,5’-monophosphate—stimulated cortisol secretion in
interrenal tissue of rainbow trout exposed in vitro to DDT com-
pounds. Environ Toxicol Chem 19:842—-847.

Benguira S, Leblond VS, Weber J, Hontela A. 2002. Loss of
capacity to elevate plasma cortisol in rainbow trout (Oncorhyn-
chus mykiss) treated with a single injection of o,p’-dichlorodi-
phenyldichloroethane. Environ Toxicol Chem 21:1753-1756.
Johnson A, Norton D, Yake B. 1988. Persistence of DDT in the
Yakima River drainage, Washington. Arch Environ Contam Tox-
icol 17:289-297.

Gilliom RJ, Clifton DG. 1990. Organochlorine pesticide residues
in bed sediments of the San Joaquin River, California. Water
Resour Bull 26:11-24.

Eaton HJ, Lydy MJ. 2000. Assessment of water quality in Wichita,
Kansas, using an index of biotic integrity and analysis of bed
sediment and fish tissue for organochlorine insecticides. Arch
Environ Contam Toxicol 39:531-540.

Nichols KM, Miles-Richardson SR, Snyder EM, Giesy JP. 1999.
Effects of exposure to municipal wastewater in situ on the re-
productive physiology of the fathead minnow (Pimephales pro-
melas). Environ Toxicol Chem 18:2001-2012.



