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Largemouth bass (Micropterus salmoides) and common carp (Cyprinus carpio) were collected from
13 sites located in the Mobile (MRB), Apalachicola-Flint-Chattahoochee (ARB), Savannah (SRB),
and Pee Dee (PRB) River Basins to document spatial trends in accumulative chemical
contaminants, health indicators, and reproductive biomarkers. Organochlorine residues,
2,3,7 8-tetrachlorodibenzo-p-dioxin-like activity (TCDD-EQ), and elemental contaminants were
measured in composite samples of whole fish, grouped by species and gender, from each site.
Mercury (Hg) and polychlorinated biphenyls (PCBs) were the primary contaminants of concern.
Concentrations of Hg in bass samples from all basins exceeded toxicity thresholds for
piscivorous mammals (>0.1 ug/g ww), juvenile and adult fish (>0.2 pg/g ww), and piscivorous
birds (>0.3 pg/g ww). Total PCB concentrations in samples from the MRB, ARB, and PRB were
>480 ng/g ww and may be a risk to piscivorous wildlife. Selenium concentrations also exceeded
toxicity thresholds (>0.75 pg/g ww) in MRB and ARB fish. Concentrations of other formerly used
(total chlordanes, dieldrin, endrin, aldrin, mirex, and hexachlorobenzene) and currently used
(pentachlorobenzene, pentachloroanisole, dacthal, endosulfan, y-hexachlorocyclohexane,
and methoxychlor) organochlorine residues were generally low or did not exceed toxicity
thresholds for fish and piscivorous wildlife. TCDD-EQs exceeded wildlife dietary guidelines
(>5 pg/g ww) in MRB and PRB fish. Hepatic ethoxyresorufin O-deethylase (EROD) activity was
generally greatest in MRB bass and carp. Altered fish health indicators and reproductive
biomarker were noted in individual fish, but mean responses were similar among basins. The
field necropsy and histopathological examination determined that MRB fish were generally in
poorer health than those from the other basins, primarily due to parasitic infestations. Tumors
were found in few fish (n=5;0.01%); ovarian tumors of smooth muscle origin were found in two
ARB carp from the same site. Intersex gonads were identified in 47 male bass (42%) representing
12 sites and may indicate exposure to potential endocrine disrupting compounds.
Comparatively high vitellogenin concentrations (>0.35 mg/mL) in male fish from the MRB,
SRB, and PRB indicate exposure to estrogenic or anti-androgenic chemicals.

Published by Elsevier B.V.

* Corresponding author. Tel.: +1 573 876 1808; fax: +1 573 876 1896.
E-mail address: jhinck@usgs.gov (J.E. Hinck).

0048-9697/$ - see front matter. Published by Elsevier B.V.

doi:10.1016/j.scitotenv.2007.10.026

This article is a U.S. government work, and is not subject to copyright in the United States.



mailto:jhinck@usgs.gov
http://dx.doi.org/10.1016/j.scitotenv.2007.10.026

SCIENCE OF THE TOTAL ENVIRONMENT 390 (2008) 538-557 539

1. Introduction

The southeastern United States is known for it diverse fauna
which includes many threatened and endangered aquatic
species. The region also provides important habitat for endemic
aquatic species, nesting and brood habitat for duck and alligator
populations, and wintering areas for migratory birds and water-
fowl. Species diversity in rivers and streams of the southeastern
United States has declined due to dam construction, channel
modifications, poor water quality, and introduction of nonin-
digenous species (Lydeard and Mayden, 1995). Aquatic species
may also be at risk due to exposure to chemical contaminants.

The rich soils, abundant forests, and warm climate of the
southeastern United States have led to the development of
agriculture, forestry, mining, and manufacturing industries that
are dependent on local water sources. These industries have
been associated with declines in water quality in the Mobile
River Basin (MRB), Apalachicola-Chattahoochee-Flint River
Basin (ARB), Savannah River Basin (SRB), and Pee Dee River
Basin (PRB). Industrial discharges from chemical manufacturing
plants, military facilities, pulp and paper mills, and coal-fired
power plants; urban and agricultural runoff; mine drainage; and
municipal wastewater effluents have previously been associat-
ed with declines in water and habitat quality in one or more of

85°00"W

these basins. As a result, many MRB, ARB, SRB, and PRB waters
have been listed as impaired. The lower MRB has one of the
largest concentrations of major industrial manufacturers along
the Gulf of Mexico that have released a variety of organochlorine
chemicals into the basin (USFWS, 1996), and pesticides used in
agricultural and heavily-populated residential areas of MRB,
ARB, SRB, and PRB enter water systems in runoff. Elevated
concentrations of pesticides, polychlorinated biphenyls (PCBs),
and mercury (Hg) have been reported in water, sediment, and
biotain these basins (Adair et al., 2003; Atkins et al., 2004; Gilliom
et al., 2006; Johnson et al., 2002; U.S. Environmental Protection
Agency (USEPA), 1992; USFWS, 1996), and fish consumption
advisories for Hg and PCBs have been issued for large rivers and
reservoirs in the MRB, ARB, SRB, and PRB to protect human
health. Livestock and poultry production is intensive in the ARB,
SRB, and PRB with multiple concentrated animal feeding oper-
ations producinglarge amounts of animal waste and byproducts
that can enter nearby streams and rivers (Burkholder et al.,
2007); excess nutrients, pharmaceuticals, and synthetic and
natural hormones are concerns associated with this industry.
Previous contaminant studies in these basins have focused on
measuring chemical contaminant concentrations in biota, but
few investigations have assessed the health of aquatic biota in
the MRB, ARB, SRB, and PRB.

80°0'0"W

35°0'0"N

30°0°0"N

4 Winston-Salem

Atlantic
Ocean

Savannah >3

5, Explanation
I:l Cropland

,:[ Forest\Woodland
Urban areas

Swamp
Military lands =
Federal lands

[ ] Sampling sites

FL

N 0 25 50 100 Miles

0 25 50 , 100 Kilometers

Fig. 1 - Map of the Mobile, Apalachicola-Chattahoochee-Flint, Savannah, and Pee Dee River Basins illustrating landuse,

waterways, state boundaries, and locations sampled.
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Previous studies in major river basins of the United States
have indicated that fish populations exposed to anthropogenic
stressors including chemical contaminants can be effectively
evaluated using a combination of health indicators and
reproductive biomarkers. Our primary objective was to docu-
ment the occurrence and distribution of chemical contami-
nants, health indicators, and reproductive biomarkers in fish
from river basins in the southeastern United States Secondary
objectives were to compare results from our study to other U.S.
river systems and to further refine benchmarks for quantifi-
cation of long-term trends and interpretation of biomarker
results. These latter objectives were achieved by building on
the results of similar Large River Monitoring Network (LRMN)
investigations in the Mississippi River Basin (Schmitt, 2002),
Rio Grande Basin (Schmitt et al., 2005), Columbia River Basin
(Hinck et al., 2006a), Colorado River Basin (Hinck et al., 2007a),
and Yukon River Basin (Hinck et al., 2006b, 2007b). This paper
summarizes the most pertinent findings of the study, which
are reported in greater detail by Hinck et al. (2007c). Data from
this and related investigations are available at <http://www.
cerc.usgs.gov/data/best/search/index.htm>.

2. Materials and methods

An overview of the methods is presented here. More detail is
provided by Hinck et al. (2007c).

2.1. Sampling and field procedures

Largemouth bass (Micropterus salmoides, henceforth bass;
n=237) and common carp (Cyprinus carpio, henceforth carp;
n=209) were collected between October and early December
2004 by electrofishing (Fig. 1; Table 1). These species were
targeted because of their widespread distribution and the abun-
dant contaminant, health indicator, and reproductive biomark-
er data available (Schmitt, 2002; Schmitt et al., 2005; Hinck et al.,
2006a, 2007a). Fish were collected from 13 sites located in the
MRB, ARB, SRB, and PRB that were chosen to represent a range
of contaminant sources (e.g., chemical manufacturing, agricul-
tural, and urban areas). Detailed site descriptions were provided
by Hinck et al. (2007c). Adult fish of similar size were targeted at
each site to reduce variation due to age; however, the age of fish
differed (Table 2). Fish were held in aerated live-wells or in net
pens until processed (usually less than 3 hours). All collection,
handling, and euthanasia procedures followed animal care and
use guidelines (American Fisheries Society et al., 2004).

A blood sample was obtained from the posterior caudal
artery and vein using a heparinized needle and syringe and
was chilled on wet ice. The fish was then weighed, measured,
and killed with a blow to the head. Observations of external
features were recorded, and grossly visible tissue anomalies
were dissected and preserved in 10% neutral buffered formalin
(NBF) for histopathological analysis. The liver (bass only; carp
have a dispersed liver), spleen, and gonads were removed and
weighed. Theliver, gall bladder, posterior and anterior kidneys,
gonads, and spleen were visually examined for abnormalities.
Pieces of liver were collected and immediately flash-frozenin a
dry ice-ethanol slurry for ethoxyresorufin O-deethylase
(EROD) analysis. Samples (<5 g) of gill, gonad, kidney, spleen,

Table 1 - Location and collection dates (2004) in
southeastern U.S. river basins

Collection
dates

Site information Latitude, longitude

Mobile River Basin
M1 — Tombigbee R.
at Lavaca, AL

10/12-10/13 32°15’53.60"N,

88°00'44.21"W

M2 — Coosa R. at 10/14-10/15 33°19'57.76"N,
Childersburg, AL 86°21'55.87"W
M3 — Alabama R. 10/6-10/7 31°23'14.06"N,
at Eureka Landing, AL 87°42'42.19"W
M4 — Mobile R. 10/8-10/9 31°0315.85"N,

at Bucks, AL 87°59'48.07"W
Apalachicola-Chattahoochee-Flint River Basin

A1l — Chattahoochee R. 10/25-10/26 32°13/19.80"N,

at Omaha, GA 84°55'35.10"W
A2 — Flint R. 10/27-10/28 31°34/34.86"N,
at Albany, GA 84°08'49.80"W
A3 — Apalachicola R. 11/2 30°25’58.20"N,

at Blountstown, FL 85°01'17.10"W

Savannah River Basin

S1 — Savannah R. 11/30-12/1 33°22’00.18"N,
at Augusta, GA 81°56'46.44"W
S2 — Savannah R. 12/2-12/3 33°01'16.86"N,
at Sylvania, GA 81°31'04.50"W
S3 — Savannah R. 12/6-12/7 32°1326.34"N,
at Port Wentworth, GA 81°08'47.04"W
Pee Dee River Basin
P1 — Pee Dee R. 11/4-11/5 34°53'22.14"N,
at Rockingham, NC 79°51'24.89"W
P2 — Pee Dee R. 11/6-11/7 34°21'23.22"N,
at Pee Dee, SC 79°41'35.19"W
P3 — Pee Dee R. 11/8-11/9 33°42/18.09"N,

at Bucksport, SC 79°11'24.00"W

and additional pieces of liver were collected and preserved for
histopathological examination, gender confirmation (gonad),
and macrophage aggregate analysis (spleen). Otoliths and
scales were collected for age determination (Berg and Grimaldi,
1967; Casselman, 1990; Cowan et al.,, 1995). All remaining
tissues (those not frozen or fixed) were wrapped in aluminum
foil and frozen for analysis of organochlorine chemical resi-
dues, elemental contaminants, and 2,3,7,8-tetrachlorodibenzo-
p-dioxin-like activity (TCDD-EQ). Work surfaces and contact
instruments were cleaned with ethanol and acetone (contact
instruments only) between fish to prevent cross contamina-
tion. Blood samples were centrifuged, and the plasma was
aspirated and frozen in a dry ice-ethanol slurry for vitellogenin
(vtg) and steroid hormone analysis. Cryogenically frozen liver
and plasma samples were shipped to the laboratory on dry ice
and stored at —80 °C. After necropsy, whole fish were grouped
by gender and site, frozen, and shipped to the analytical
laboratory.

2.2. Laboratory analyses

Individual fish were partly thawed, cut into pieces, and ground
to a fine texture. Fifteen percent of the total body weight was
sub-sampled (18-1186 g) to maintain the proportional size
representation of each fish in a composite sample. The ground
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Table 2 - Mean (+standard error) total length, weight, condition factor (CF), and age of bass and carp from the Mobile River

Basin (MRB), Apalachicola-Chattahoochee-Flint River Basin (ARB), Savannah River Basin (SRB), and Pee Dee River Basin (PRB)

Species, Female Male
basin - -
n Length (mm) Weight (g) CIF Age (years) n  Length (mm) Weight (g) @h Age (years)

Bass
MRB 43 2 421+14 1040+128 1.30+0.05 4.7+0.2 36 389+11 801+78 1.27+0.05 49+0.5
ARB 30 398+5 968 +66 1.34+0.03 3.6+0.3 30 348+13 571+55 1.30+0.04 2.8+0.2
SRB 18 351+18 668 +136 1.29+0.03 2.7+0.7 21 301+13 359+62 1.26+0.08 1.7+0.3
PRB 34 327 +46 624+293 1.34+0.07 2.6+0.6 25 303+32 443 +194 1.32+0.08 2.1+0.6

Carp
MRB g7 496+53 1841+631 1.30+0.01 12+5 41 © 515+42 1894+415  1.26+0.01 15+8
ARB 29 ¢ 586+59 3691+1081 1.57 +0.06 28+10 24 ¢ 538+48 2553+814 1.48+0.06 30+11
SRB 27 f 448+10 1390+ 160 1.41+0.02 10+2 29 8 460+5 1516+ 88 1.42+0.02 9+2
PRB 10h 653+43 4352+801 1  1.39+0.16 21+18 12h0 482+65 1498+195 1  1.34+0.33 8+1

# n=42 for age.

® n=32 for age.

¢ n=39 for age.

4 n=25 for age.

¢ n=18 for age.

f n=24 for age.

& n=21 for age.

B n=8 for age.

! The overall standard error was negative (based on the variance component); therefore, an approximation of the standard error was computed
as the square root of the total variance divided by the total sample size (n).

sub-samples were then grouped to create a single homogenous
composite sample for each site, species, and gender combina-
tion. The composite sample was then sub-sampled (200 g) and
re-frozen (-20 °C). All equipment was disassembled and chem-
ically cleaned between composite samples to prevent cross
contamination. All fish collected were included in one of the 51
composite samples, which had from 1 to 13 fish in each sam-
ple. Male carp were not collected from Site P1.
Dichloromethane extracts (0.1 g) of a 10-g sub-sample were
analyzed gravimetrically for lipid content. Samples were
analyzed by high-resolution capillary gas chromatography
with electron capture detection (GC-ECD) for 29 organochlorine
pesticide residues and total PCBs after size exclusion and
adsorption column cleanup procedures (Hinck et al., 2006b,
2007a). Total PCBs were reported as the sum of 139 congeners.
Toxaphene residues were quantified on the basis of 20 compo-
nent peaks of a technical toxaphene standard. Quality assur-
ance (QA) measures for the organochlorine pesticide and PCB
analyses included the analysis of blanks, triplicate analyses,
and matrix spikes. In addition, recovery standards were added
to each sample to correct for analytical losses. Pesticides were
identified by dual-column GC-ECD. Recoveries (meanz=SD)
were 98+22% to 101+16% for organochlorine pesticides and
89+13% to 104+13% for PCBs. The limit-of-detection (LOD) for
each compound was calculated by adding the average proce-
dural blank concentration to three times the procedural blank
standard deviation (Keith, 1991). The nominal LODs were
<2.4 ng/g wet-weight (ww) for individual compounds, 61 ng/g
ww for total PCBs, and 10 ng/g ww for toxaphene.
Sub-samples for elemental analyses (100 g) were freeze-
dried. Percent moisture was determined as weight lost during
lyophilization. One portion of the dried material was digested
innitricacid and analyzed by inductively coupled plasma mass
spectroscopy (ICP-MS) for cadmium (Cd), copper (Cu), chromi-

um (Cr), nickel (Ni), lead (Pb), and zinc (Zn). A second portion
was dry-ashed (magnesium nitrate-nitric acid-HCI) and ana-
lyzed by hydride generation atomic absorption spectroscopy
forarsenic (As) and selenium (Se). A third portion was analyzed
directly for total mercury (Hg) using thermal combustion,
amalgamation, and atomic absorption spectroscopy. QA
measures for elemental determinations included the analysis
of reagent blanks, replicate samples, certified reference
materials, and fortified samples. Nominal LODs were 0.03 pg/
g dw for As; 0.05 pg/g dw for Hg; 0.06 pg/g dw for Se; and 0.4 ng/g
dw for Cd, Cu, Cr, Ni, Pb, and Zn. Elemental concentrations
(including LODs) were converted from dry-weight (dw) to ww
for statistical analysis and reported using the moisture content
of each sample.

A third sub-sample (10 g) was solvent-extracted and sub-
jected to reactive cleanup for use in the H4IIE bioassay (Tillitt
etal., 1991; Whyte et al., 2004). Concentrations of 2,3,7,8-tetra-
chlorodibenzo-p-dioxin equivalent doses (TCDD-EQ; pg/g ww)
were determined by slope ratio assay as modified by Ankley et
al. (1991). QA measures for the H4IIE bioassay included analysis
of duplicate samples and reference materials. Limits-of-quan-
tification (LOQs; 1.0-2.5 pg/g) and LODs (0.3-1.2 pg/g) were
computed separately for each set of samples.

Hepatic EROD activity was determined on microsomal
fractions, and protein content was quantified using the
fluorescamine protein assay (Hinck et al., 2007c). EROD activity
was reported as the mean of triplicate determinations. The
LOD was calculated by adding the average basal EROD rate to
three times the standard deviation of that rate for each set of
samples analyzed (n=14). QA measures included LODs (0.2-
1.9 pmol/min/mg), LOQ (0.6-1.9 pmol/min/mg), and the
analysis of reference materials and duplicate samples. Hepatic
EROD activity was not determined for one male bass from P3
and was <LOQ in 66 of 445 samples.
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Body and organ weights were used to compute condition
factor (CF) and organosomatic indices according to the
following formulae: CF=body weight in g/(length in cm)?;
hepatosomatic index (HSI)=liver weight/(total body weight-
gonad weight)x100; splenosomatic index (SSI)=spleen
weight/(total body weight- gonad weight)x100; gonadoso-
matic index (GSI)=gonad weight/total body weightx100. The
weight of the gonads was subtracted from the body weight to
minimize the effect of the reproductive cycle on these indices.

The occurrence of gross external and internal pathological
disorders was determined during field processing. To maintain
consistency with previous studies (e.g., Fournie et al., 2001;
Schmitt, 2002; Schmitt et al., 2005; Hinck et al., 2006a, 20073),
only grossly visible disorders of the eye, opercles, body surface,
fins, and skeleton were included. A necropsy-based health
assessment index (HAI) score was calculated for each fish by
assigning numerical values to gross lesions (Adams et al., 1993;
Schmitt, 2002), then summing the values for all organs observed.
AnHAIscore, which can range from 0 to 220, was computed for a
fish only if observations were made for all components. In
general, fish with high HAI scores were considered to be in
poorer health than those with low HAI scores.

Preserved gill, liver, gonad, spleen, anterior kidney, and
posterior kidney tissues were prepared for histopathological
analysis (Schmitt, 2002). Tissue samples were dehydrated,
embedded in paraffin, sectioned at 6-um, and stained with
hematoxylin and eosin (H&E) for microscopic examination. In
general, two to five sections of each tissue sample were
examined for abnormalities in each fish. Transverse ovary
sections were assigned to developmental stages 0 (immature),
1 (pre-vitellogenic), 2 (early vitellogenic), 3 (mid-vitellogenic), 4
(late vitellogenic), and 5 (spent) based on the predominant size
and appearance of oocytes, and transverse testes sections
were similarly classified into developmental stages 0 (imma-
ture), 1 (early spermatogenic), 2 (mid-spermatogenic), 3 (late
spermatogenic), and 4 (spent; Blazer, 2002). Gonad tissue was
also examined microscopically for abnormalities such as
intersex and oocyte atresia (reabsorbed or degenerating
eggs). Atresia was quantified by counting one hundred oocytes
in each sample and reported as a percent. Fish were identified
as intersex (i.e., when an ovotestis condition was detected)
when individual or small foci of undeveloped oocytes were
observed within testicular tissue or when spermatocytes were
observed within ovarian tissue. Macrophage aggregates (MA)
in spleen sections were stained using Perl’s method (Luna,
1992) and quantified using computer-based image analysis.
MA parameters included the number of aggregates in 2 mm? of
tissue (MA-#) and the mean size (area) of aggregates within
those 2 mm? (MA-A). The percentage of tissue occupied by
aggregates (MA-%) was computed from these measurements.

Concentrations of vtg in bass and carp were determined by
direct enzyme-linked immunosorbent assay and were reported
as the mean of triplicate measurements (Denslow et al., 1999).
Vitellogenin concentrations were not measured from 12 fish
(1 carp; 11 bass) because the plasma sample had coagulated. QA
measurements included the LOD (0.0005 mg/mL for carp;
0.001 mg/mL for bass), coefficient of variation (<10% for all
samples), and inter-assay variability (<10%). Vitellogenin con-
centrations were <LOD in 135 of 434 (31%) plasma samples,
of which 9 85(63%) were from male fish. Concentrations of

17p-estradiol (E2) and 11-ketotestosterone (KT) in plasma
samples were measured by radioimmunoassay (Hinck et al,,
2007c). Steroid concentrations were not obtained from one
carp and 19 bass because the plasma sample had coagulated
and analysis could not be performed. QA measurements
included the LOD (12.7 pg/mL for E2; 15.7 pg/mL for KT),
coefficient of variation (<10%), and inter-assay variability
(<10%). E2 concentrations <LOD in two male bass were not
included in the data analysis. Cross-reactivities of the E2 anti-
serum with estrone (1.32%), estriol (2.46%), 17a-estradiol
(1.32%), and other steroids (<0.2%) and the KT antiserum with
testosterone (9.65%), dihydrotestosterone (3.7%), androstene-
dione (<1.0%), and other steroids (<0.1%) were low.

2.3. Data set composition and statistical analyses

All results for analytes in whole-body composite samples were
converted to, reported as, and analyzed statistically as ww
concentrations. Arithmetic basin means and standard errors for
contaminant concentrations and biomarker results were com-
puted using a nested analysis-of-variance (ANOVA) model, with
site as the class variable. Biomarker data were tested separately
for male and female fish to minimize the effect of gender. A
value of one-half the LOD (LOQ for EROD) was substituted for
censored values in all statistical analyses and graphs. Spatial
differences in contaminant concentrations and biomarker re-
sults were tested with a nested ANOVA using Fisher’s restricted
least significant difference (LSD; Saville, 1990). All concentration
and biomarker data were log-transformed for statistical analy-
sis. Histological descriptions of tissues were qualitative and not
included in the statistical analyses. All computations and sta-
tistical analyses were performed with Version 9.1 of the
Statistical Analysis System (SAS Institute, Cary, NC).

3. Results
3.1. Lipid and moisture content (data not shown)

Lipid content of whole-body composite samples was 2-8% for
bass and 3-11% for carp. Percent moisture of whole-body
composite samples was 67-75% for bass and carp.

3.2. Exposure indicators

3.2.1. Elemental contaminants

Arsenic concentrations were >LOD (0.01 pg/g) in 48 of 51 samples
(94%) representing all sites and were similar in bass (<0.01-
0.28 pg/g) and carp (0.03-0.18 pg/g). Cadmium concentrations
were >LOD (0.01 pg/g) in 19 samples (37%) from 11 sites but were
considered to be low in bass (<0.01 pg/g) and carp (<0.01-0.19 pg/
g). Chromium was detected in all samples, and concentrations
were generally greater in bass (0.26-2.34 pg/g) than in carp (0.05-
1.19 ng/g). Copper was detected in all samples, and concentra-
tions were generally greater in carp (0.82-2.09 ug/g) than in bass
(0.25-1.19 pg/g). Nickel concentrations were >LOD (0.11 pg/g) in
49 of 51 samples (96%) representing all sites, and concentrations
were similar in bass (<0.11-1.64 pg/g) and carp (<0.11-1.60 pg/g).
Lead concentrations were >LOD (0.01 pg/g) in 42 samples (82%)
representing all sites and greater in carp (<0.01-0.58 pg/g) than in



543

SCIENCE OF THE TOTAL ENVIRONMENT 390 (2008) 538-557

Table 3 - Mean (xstandard error) elemental contaminant (pg/g ww) concentrations ? in fish from the Mobile River Basin

(MRB), Apalachicola-Chattahoochee-Flint River Basin (ARB), Savannah River Basin (SRB), and Pee Dee River Basin (PRB)

Contaminant Bass F313 Carp F3 12
MRB ARB SRB PRB MRB ARB SRB PRB
Arsenic 0.09+0.03a 0.08+0.03a 0.10+0.08a 0.06+0.03a 035 0.10+0.02a 0.13+0.02a 0.06+0.02a 0.10+x0.03a 2.00
Cadmium 0.01+0.00a 0.01+0.00a 0.01+0.00a 0.01+0.00 a 289 0.01+0.01a 0.10+0.05a 0.02+0.00a 0.05+0.04a 1.80
Chromium 0.57+0.08a 0.82+0.32a 0.62+0.19a 0.61+0.08a 0.15 0.54+0.12a 0.55+0.17a 0.30+0.05a 0.31+0.12a 1.51
Copper 0.27+0.00a 0.34+0.05a 049+0.16a 0.58+0.16a 218 0.96+0.12a 0.96+0.08a 0.16x0.01a 1.28+0.14a 0.68
Mercury 0.53+0.08a 0.37+0.11a 046+0.10a 0.46+0.14a 052 0.10£0.02a 0.12+0.03a 0.34+0.03a 0.19+0.03a 1.69
Nickel 0.39+0.14a 0.23+0.01a 0.21+0.04a 0.54+0.21a 1.77 0.27+0.03a 0.24+0.02a 0.39+0.26a 0.35+0.03a 0.23
Lead 0.03+0.01a 0.03+0.01a 0.01+0.00a 0.03+0.02a 0.87 0.06+0.03a 0.18+0.13a 0.04+0.01a 0.11+0.01a 1.12
Selenium 046+0.01b 0.45+0.03b 048+0.01b 0.34+0.03a 10.0° 0.73+0.11a 0.62+0.08a 0.57+0.02a 0.58+0.09a 0.68
Zinc 11.7+02a 11.5+02a 116+09a 124+03a 0.92 543x17a 70.8+6.7b 54.0+0.7a 60.2+24ab 5.64"

#Samples sizes for contaminants in bass and carp were n=8 for the MRB, n=6 for the ARB, n=6 for the SRB, n=6 for the PRB. Also shown are results of a
nested analysis-of-variance (ANOVA) as F-values and degrees-of-freedom for differences among basins (*P<0.05). Within each species-basin group,
means followed by the same letter are not significantly different (P <0.05). Censored values were replaced by one-half the LOD for the computations of

basin means. Data were log-transformed for ANOVA.

bass (<0.01-0.08 ng/g). Zinc was detected in all samples, and
concentrations were generally greater in carp (49.8-89.4 pg/g)
than in bass (8.1-15.8 pg/g). Mean As, Cd, Cr, Cu, Ni, and Pb
concentrations did not differ significantly among basins in bass
or carp (Table 3). Mean Zn concentrations in carp were greater in

the ARB than those in the MRB and SRB (Table 3). Overall, 0.8 o o
concentrations of As, Cd, Cr, Cu, Ni, Pb, and Zn were considered PY

to be low and did not exceed literature-based toxicity thresholds S 0.6 ®0 L Q g
to protect fish and piscivorous wildlife. ?g_: [ ] O e O

Total Hg was detected in all samples, and concentrations “5; 0.4 - @) [ ] ° L J °
were greater in bass (0.22-0.78 pg/g) than in carp (0.05-0.31 ng/g; T ) Q 4
Fig. 2). Although mean Hg concentrations did not differ ..g 0.2 + = = 8—%— T ﬁ—g—o—z A

 omifi T —. .o Yo NP Yl £ £
significantly among basins in bass or carp (Table 3), concen- ~ Q!- tﬁ-é A V—
trations in individual samples exceeded literature-based 0.0 1
toxicity thresholds for fish and piscivorous wildlife. Mercury e
concentrations in fish from all basins exceeded thresholds that VA
pose a risk to juvenile and adult fish, piscivorous mammals, 1.2 4
and piscivorous birds (Fig. 2). .

Selenium was detected in all samples, and concentrations g 0.9 9 Q‘ A _V_ ________
were greater in carp (0.43-1.29 ug/g) than in bass (0.28-0.52 ug/g; = 0.5 X VYA v vwy
Fig. 2). Mean Se concentrations did not differ significantly S 0o 5 00 ¥ é é e 5 e b
among basins in carp, but concentrations in PRB bass were 03 O O o
significantly lower than those from the other basins (Table 3).

Selenium concentrations in at least one carp sample from the 0.0

MRB and ARB exceeded protective thresholds for fish or
piscivorous wildlife (Fig. 2).

3.2.2.  Organochlorine pesticides

Mean concentrations of the seven chlordane-related com-
pounds (cis-chlordane, trans-chlordane, cis-nonachlor, trans-
nonachlor, oxychlordane, heptachlor, and heptachlor epoxide)
were <14.1 ng/g and generally greatest in ARB fish (Table 4).
Heptachlor was not detected (<0.1 ng/g) in any sample.
Concentrations of total chlordanes (sum of seven compounds)
ranged from 2 to 75 ng/g in individual samples, and trans-
nonachlor, trans-chlordane, and cis-chlordane were the primary
constituents. Mean total chlordane concentrations did not differ
significantly among basins in bass or carp due to the variation
among site concentrations in the ARB (Table 4), and concentra-
tions did not exceed concentrations (300 ng/g) that may pose a
threat to predatory fish and fish-eating birds (Eisler, 1990).

Concentrations of p,p’-DDT exceeded the LOD (>0.47 ng/g) in
37 of 51 samples (73%) from ten sites but were <12 ng/g. p,p’-DDD
was detected in all samples, and concentrations were similar in

1 11t T 1T T 11
923825983288
Site
V¥ Female carp
A Male carp

® Female bass
O  Male bass

Fig. 2 - Concentrations of total mercury and selenium (all pg/g
wet-weight) in whole-body composite samples of fish from
the Mobile River Basin (Sites M1-M4), Apalachicola-Chattahoo-
chee-Flint River Basin (Sites A1-A3), Savannah River Basin (Sites
S1-S3), and Pee Dee River Basin (Sites P1-P3). Reference lines on
mercury graph include protective thresholds for piscivorous
mammals (0.1 pg/g ww; Yeardley et al., 1998), juvenile and adult
fish (0.2 pg/g ww; Beckvar et al., 2005), and piscivorous birds
(0.3 ng/g ww; Barr, 1986). Reference lines on the selenium graph
include protective thresholds for piscivorous wildlife (0.75 pg/g
ww) and larval fish (1.0 pg/g ww; Lemly, 1996, 2002).
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Table 4 - Means (+standard error) organochlorine residues (ng/g ww) concentrations® in fish from the Mobile River Basin

(MRB), Apalachicola-Chattahoochee-Flint River Basin (ARB), Savannah River Basin (SRB), and Pee Dee River Basin (PRB)

Contaminant Bass F313 Carp Fs31
MRB ARB SRB PRB MRB ARB SRB PRB
Dieldrin 146+0.19a 9.13+3.15b 2.81+043a 1.76+0.54a 7.90* 1.94+090a 6.67+1.99a 3.65+16la 1.70+0.03a° 1.89
HCB 0.66+0.30a 0.81+040a 1.03+0.62a 037+0.10a 042 248+155a 238+156a 2.73+206a 043+0.04a° 0.64
PCA 0.38+0.11b 0.27+0.10b 0.06+0.01a 0.28+0.11b 8.04* 1.99+0.52b 1.69+0.54ab 0.72+0.14a 3.18+0.39b 4.72*
cis-chlordane  2.70+1.56a 7.48+3.32a 1.01+0.19a 342+1.68a 125 3.79+3.10a 11.1+4.19a 1.92+0.39a 3.24+0.78a 2.34
trans-chlordane 0.66+0.19a 2.03+0.79a 0.54+0.14a 0.74+041a 158 2.19+1.39a 5.62+239a 142+0.39a 1.12+0.26a 1.20
cis-nonachlor  2.79+0.87a 8.20+4.01a 1.24+037a 247+139a 296 1.62+1.03a 6.22+2.63a 1.27+0.23a 1.34+041a 2.66
trans-nonachlor 4.98+1.21a 14.1+529a 2.68+0.84a 4.13+242a 3.05 4.04+299a 9.97+4.28a 2.67+0.66a 222+0.63a 1.17
Heptachlor 0.58+0.15a 2.23+0.88b 0.26+0.06a 0.59+0.22 ab 4.44" 1.02+0.73a 251+096a 0.36+0.07a 0.63+0.10a 2.65
epoxide
Oxychlordane 0.77+0.24a 3.83+140b 0.80+0.16ab 0.93+049a 4.17* 0.56+043a 1.53+0.66a 0.41+0.18a 0.36+0.05a 1.12
¥ Chlor 12.6+4.0 a 38.1+15.2 a 6.6+1.6 a 12.3+6.6 a 2.65 13.3+9.7 a 36.8+14.8a 8.07+1.83a 894+219a 1.67
o,p’-DDE 3.60+2.03b 0.84+0.23ab 041+0.00a 0.59+0.10a 3.98* 5.06+2.83a 1.22+049a 0.95+0.54a 0.63+0.13a 258
o,p’-DDD 0.67+0.40a 0.85+0.13a 0.66+0.22a 0.36+0.08a 0.85 1.16+0.57a 1.37+046a 0.98+0.43a 041+0.12a 0.72
o,p’-DDT 0.05+0.00a 0.27+0.22a 0.50+0.27a 0.05+0.00a 3.03 0.05+0.00a 0.05+0.00a 0.78+0.47a 0.19+0.11a 3.34
p,p’-DDE 46.8+14.2a 73.0x46.5a 154x6.1a 343+226a 123 351+141a 79.7+57.7a 124+17a 174+69a 0.79
p,p’-DDD 5.01+1.25ab 8.88+2.67b 274+07la 287+0.54a 4.29* 571+2.06a 997+334a 331+1.26a 2.78+0.18a 1.41
p,p’-DDT 2.03+0.31bc 5.57+2.53c 0.84+0.19ab 0.67+0.21a 6.53* 0.77+0.09a 097+040a 0.71+0.31a 0.24+0.00a 1.74
¥DDT 53.7+154a 87.4+51.1a 19.0t69a 37.7+234a 166 416+158a 904x60.2a 16.5+29a 205+7.1a 0.93
Mirex 5.64+1.67 ab 10.7+3.21b 6.59+522b 0.37+0.01a 5.23* 3.07+1.97ab 123+549b 558+2.71b 0.32+0.10a 4.54*
PCB 683+473 a 448+262 a 125+37 a 311+78 a 1.08 481+366 a 533+160 a 106+15 a 196+53 a 1.36
Toxaphene 21.9+3.7 a 45.0+10.0a 15.0+5.0a 29.2+0.8 a 2.88 23.1+4.7ab 51.7+192b 125x43a 36.0+6.8b 4.14*

Note. HCB, hexachlorobenzene; PCA, pentachloroanisole; ¥Chlor, sum of cis- and trans-chlordanes and nonachlors; oxychlordane; heptachlor;
and heptachlor epoxide; ¥DDT, sum of p,p’-DDT, p,p’-DDD, and p,p’-DDE.

& Samples sizes for contaminants in bass and carp were n=8 for the MRB, n=6 for the ARB, n=6 for the SRB, n=6 for the PRB; the sample size for
TCDD-EQ in carp was n=5 for the PRB. Also shown are results of a nested analysis-of-variance (ANOVA) as F-values and degrees-of-freedom for
differences among basins (*P<0.05). Within each species-basin group, means followed by the same letter are not significantly different (P<0.05).
Censored values were replaced by one-half the LOD for the computations of basin means. Data were log-transformed for ANOVA.

Y The overall standard error was negative (based on the variance component); therefore, an approximation of the standard error was computed

as the square root of the total variance divided by the total sample size (n).

bass (1-16 ng/g) and carp (1-19 ng/g). Mean p,p’-DDT and p,p’-
DDD concentrations were greatest in ARB bass (Table 4). p,p’-
DDE, the most persistent metabolite of p,p’-DDT, was detected in
all samples, and concentrations were similar in bass (7-180 ng/g)
and carp (5-310 ng/g; Fig. 3). Mean p,p’-DDE concentrations did
not differ significantly amongbasins in bass or carp (Table 4), but
concentrations in Site A1 samples exceeded protective thresh-
olds for sensitive avian wildlife (Fig. 3). Concentrations of o,p’-
DDE were generally low with the exception of samples from Site
M4 (Table 4; Fig. 3).

Toxaphene was detected in 43 of 51 samples (84%)
representing all sites, and concentrations were similar in
bass (10-70ng/g) and carp (10-100 ng/g; Fig. 3). Mean toxaphene
concentrations did not differ significantly among basins in
bass, but concentrations were significantly greater in ARB and
PRB carp than SRB carp (Table 4). Mean toxaphene concentra-
tions did not exceed toxicity thresholds for piscivorous
wildlife, but concentrations in Site A2 samples were relatively
high and may affect fish reproduction (Fig. 3).

Concentrations of other organochlorine residues and their
metabolites including aldrin (<0.2 ng/g), dieldrin (<19 ng/g),
endrin (<1.7 ng/g), mirex (<22 ng/g), hexachlorobenzene
(<13 ng/g), pentachlorobenzene (<1.2 ng/g), pentachloroani-
sole (PCA;<4 ng/g), hexachlorocyclohexane isomers (a-, p-, y-,
8-HCH;<0.54 ng/g), dacthal (<2.8 ng/g), endosulfans (endosul-
fan I, endosulfan II, and endosulfan sulfate;<1.2 ng/g), and
methoxychlor (<LOD; 0.10 ng/g) were low in individual

samples. Spatial trends in mean concentrations were not
examined in many of these residues because of the high
number of censored (<LOD) values (Table 4). Mean concentra-
tions of these contaminants did not exceed toxicity thresholds
for fish or piscivorous wildlife or protective thresholds were
not available.

3.2.3. Total PCBs and TCDD-EQ

Total PCBs were detected in all samples, and concentrations
were similarin bass (64-2700 ng/g) and carp (66-2200 ng/g; Fig. 4).
Mean PCB concentrations did not differ significantly among
basins in bass or carp (Table 4), but concentrations in individual
samples exceeded thresholds that may pose arisk to piscivorous
mammals (Fig. 4). Specifically, PCB concentrations in Site M2
samples were high (>950 ng/g).

TCDD-EQs were >LOD (1.0-2.5 pg/g) in 11 of 50 samples
(22%) representing six sites (Fig. 4); a TCDD-EQ could not be
calculated for Site P2 male carp. Spatial differences were not
statistically tested because of the low detection frequency of
TCDD-EQ concentrations in the composite samples. Concen-
trations ranged from <1.0 to 33.6 pg/g in individual samples,
and concentrations in several MRB samples exceeded protec-
tive thresholds for fish and piscivorous wildlife (Fig. 4).

3.2.4. Hepatic ethoxyresorufin O-deethylase (EROD) activity
Hepatic EROD activity was similar in female (6.3-191.3 pmol/
min/mg) and male (9.6-277.4 pmol/min/mg) bass. Mean EROD
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Fig. 3 - Concentrations of p,p’-DDE, o,p’-DDE, and toxaphene (all
ng/g wet-weight) in whole-body composite samples of fish from
the Mobile River Basin (Sites M1-M4), Apalachicola-Chattahoo-
chee-Flint River Basin (Sites A1-A3), Savannah River Basin (Sites
S1-S3), and Pee Dee River Basin (Sites P1-P3). Censored values
are plotted as 50% of LOD. Literature-based toxicity thresholds
were plotted if concentrations in one or more samples exceeded
the threshold. Reference lines on the p,p’-DDE graph include
toxicity thresholds for sensitive avian wildlife (150 ng/g;
Anderson et al,, 1975). The reference line on the toxaphene
graph represents the lowest threshold where reproductive
effects have been documented in fish (35 ng/g; Mayer et al,,
1975).

activity did not differ significantly among basins but was
generally greatest in MRB and PRB bass (Table 5). Hepatic EROD
activity was lower in female (0.3-203.2 pmol/min/mg) and male
(0.5-103.6 pmol/min/mg) carp when compared to female and
male bass. Mean EROD activity did not differ significantly
among basins in male carp, but EROD activity in female MRB
carp were significantly greater than female ARB and SRB carp
(Table 5).

3.3. Fish health indicators

3.3.1. Health assessment index (HAI) and histology

HAI scores differed significantly among basins for both bass
and carp and were greater for bass than for carp (Table 6).
Individual HAI scores ranged from 0 to 160 in female bass and
0 to 190 in male bass. Mean HAI scores were greater in MRB
bass than those from the other basins, but the differences
were only significant in female bass (Table 6). Liver discolor-
ation; granular liver, kidney, and spleen; and body surface
lesions were the primary contributors of the elevated HAI
scores in both female and male MRB bass. Individual HAI
scores ranged from 0 to 150 in female carp and 0 to 130 in male
carp. Similar to bass, mean HAI scores were significantly
greater in female and male MRB carp than ARB and SRB carp
(Table 6). Frayed fins, gill abnormalities, and liver discolor-
ation were the main contributors of elevated HAI scores in
carp.
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Fig. 4 - Concentrations of total PCB (ng/g wet-weight) and H4IIE
bioassay-derived TCDD-EQ (pg/g wet-weight) in whole-body
composite samples of fish from the Mobile River Basin (Sites
M1-M4), Apalachicola-Chattahoochee-Flint River Basin (Sites
A1-A3), Savannah River Basin (Sites S1-S3), and Pee Dee River
Basin (Sites P1-P3). Literature-based toxicity thresholds were
plotted if concentrations in one or more samples exceeded
the threshold. The reference line on the PCB graph represents
the protective threshold for mink (480 ng/g; Homshaw et al.,
1983). Reference lines on the TCDD-EQ graph include dietary
thresholds for mammals (4.4 pg/g; Heaton et al., 1995; Tillitt
et al., 1996), birds (5 pg/g; Nosek et al., 1992), and fish (30 pg/g;
Walker et al., 1996; Whyte et al., 2004).
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Table 5 — Mean (tstandard error) hepatic ethoxyresorufin glycogen within hepatocytes and also many large MAs. Granular
O-deethylase (EROD) activity ® in bass and carp from the or nodular livers and granular kidney and spleens were due to a
variety of parasites. Helminth parasites were present in all MRB
bass tissues examined that were identified as granular or nodular
during the field necropsy; severe infestations were found in some

Mobile River Basin (MRB), Apalachicola-Chattahoochee-Flint
River Basin (ARB), Savannah River Basin (SRB), and Pee Dee
River Basin (PRB)

Spgcies, Female Male fish (Fig. 5A). Cysts containing myxozoan parasites were also
e n EROD n EROD occasionally present within the kidney (Fig. 5B). Small, focal
(pmol/min/mg) (pmol/min/mg) granulomas were also present in liver, kidney, and spleen tissues
T but were more extensive in Site M1 bass. In one Site M1 bass, the
MRB 43 509472 a 36 6274118 a granulomas were large and replaced much of the normal tissue
ARB 30 36.6+9.4 a 30 393492 a (Fig. 5C). Cysts of a microsporidia were observed in head kidney
SRB 18 46.4+31a 21 61.3+147 a tissue of Sites M1 and M3 fish and were most common and severe
PRB 34 63.4+16.2 a 24 76.2+£23.1a in Site M3 bass (Fig. 5D). Frayed gills and parasites including large
ANOVA F39=1.23 F39=145 metacercarial stages of digenetic trematodes, monogenetic
carp trematodes, and myxozoan cysts were the most common gill
MRS 37 2142380 o 2492342 lesions, and most of these were observed on MRB and PRB bass.
ARB 29 29+03a 34 14.1+46 a ’
SRB 27 29407 a 29 584152 Frayed fins and parasites were also common fin lesions in bass,
PRB 10 47+15ab ? 12 94+243ab and black spots from the accumulation of melanin around the
ANOVA F 39=14.98" F 33=2.64 metacercariae of digenetic trematodes were identified on fins of

MRB and PRB bass. In carp, gill lesions including abnormal

# Also shown are results of a nested analysis-of-variance (ANOVA) i i . K R R
cartilage; proliferation of lamellar epithelial cells, leading to

as F-values and degrees-of-freedom for differences among basins

(*P<0.05). Within each species-basin group, means followed by the fusion of lamellae; congestion or telangiectasis; and myxozoan
same letter are not significantly different (P<0.05). Censored values parasites were most common in MRB and PRB fish. Abnormal-
were represented by 50% of the limit-of-quantification in all ities specific to Site M2 carp included fluid-filled abdominal
computations. Data were log-transformed for ANOVA. cavities, calcified follicles or fibrosis of the gonads, and thick

® The overall standard error was negative (based on the variance
component); therefore, an approximation of the standard error was
computed as the square root of the total variance divided by the
total sample size (n).

asterisci otoliths. Granular spleen and kidney tissue in MRB carp
were from small granulomas whose etiology was congestion,
fibrosis, or unidentified.

Histopathological examination of external lesions revealed
that most nodules on the body surface and fins were areas of

Histopathological examinations identified anomalies in gill, thickened epidermis or dermal inflammation, which often
liver, gonad, kidney, and spleen tissues of individual fish. In bass, included congestion or hemorrhage, consistent with second-
liver discoloration was due to differential storage of lipid/ ary bacterial infections or trematode metacercariae. Several

Table 6 - Mean (+standard error) health assessment index (HAI) score, splenosomatic index (SSI), and hepatosomatic index

(HSI)® in bass and carp from the Mobile River Basin (MRB), Apalachicola-Chattahoochee-Flint River Basin (ARB), Savannah
River Basin (SRB), and Pee Dee River Basin (PRB)

Species, Female Male
basin =
n HAI HSI (%) SSI (%) n HAI HSI (%) SSI (%)
Bass
MRB 43 110.6+1.8b 0.67+0.04 a 0.11+0.01 a 36 99.3+12.4 a 0.70+0.07 a 0.09+0.01 a
ARB 30 448+18a 0.60+0.03 a 0.10+0.00 a 30 41.1+42a 0.56+0.02 a 0.09+0.00 a
SRB 18 50.7+8.7 a 0.70+0.08 a 0.12+0.07 a 21 38.2+8.5 a 0.69+0.06 a 0.08+0.02 a
PRB 34 59.2+11.2 a 0.68+0.01 a 0.14+0.01 a 25 50.5+5.6 a ¢ 0.79+0.10 a 0.11+0.01a ¢
ANOVA F 55=10.63" F30=1.15 Fso=174 F30=1.62 F30=1.70 F30=0.67
Carp
MRB 37 39.8+3.8Db NA 0.32+0.09 a 41 45262 c NA 0.37+0.04 a
ARB 29 © 46+30a NA 0.25+0.02 a 24 59+59a NA 0.30+0.04 a
SRB 27 11.2+39a NA 0.24+0.03 a 29 15.3+2.9 ab NA 0.28+0.01 a
PRB 10 34.1+18.8 ab NA 0.36+0.03a ¢ 12 48.4+18.9 be NA 0.45+0.21 a
ANOVA F 55=9.84" NA F30=125 F 55=12.60" NA F 35=2.07

NA, not applicable.

& Also shown are results of a nested analysis-of-variance (ANOVA) as F-values and degrees-of-freedom for differences among basins (*P<0.05).
Within each species-basin group, means followed by the same letter are not significantly different (P<0.05). Data were log-transformed for
ANOVA.

® Not measured for carp hepatopancreas.

¢ n=28 for SSIL.

4 The overall standard error was negative (based on the variance component); therefore, an approximation of the standard error was computed
as the square root of the total variance divided by the total sample size (n).
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seSTER

Fig. 5 - A. Helminth parasites (a) encysted in the anterior kidney (b) of a bass. Arrows illustrate macrophage aggregates. Scale
bar=150 pm. B. A cyst (a) containing spores of a myxozoan parasite within the posterior kidney (b) of a bass. The encysted
parasites are surrounded by a cuff of inflammatory cells (arrows). Scale bar=100 pm. C. Granulomas (a and b), a chronic
inflammatory reaction, replacing much of the normal kidney (c) in a Site M1 bass. Small, focal granulomas (a) were most
common; however, larger, coalescing granulomas (b) were observed in some instances. Scale bar=150 pm. D. A microsporidian
cyst (a) and encysted helminth parasite (b) within the anterior kidney (c) of a Site M3 bass. Scale bar=150 pm. H&E stain.

tumors were noted during gross examinations. Masses in the
ovaries of two relatively old carp (ages 43 years and 56 years)
from Site Al (Fig. 6 A and B) were both diagnosed as
leiomyosarcoma (Fig. 6 C and D). A lip papilloma was identified
on a Site M3 bass, and a lipoma within the spleen was found in
a Site P3 bass (Fig. 7 A). A Seritoli cell tumor was also found in
the gonad of a 7 year old male Site S1 carp (Fig. 7 B-D).

3.3.2.  Organosomatic indices

The HSI and SSI computed from body and organ weights were
used as general indicators of overall fish health. Individual HSI
values were similar in female (0.37-1.58%) and male (0.38-
1.65%) bass. Few HSI values >1.0% were calculated for
individual bass, but relatively low HSI values (<0.5%) were
common in bass from all sites. Mean HSI scores did not differ
significantly among basins in female or male bass but were
generally considered to be low (Table 6).

SSI values were greater for carp than for bass but did not
vary significantly among basins for either species (Table 6).
Individual SSI values were similar in female (<0.01-0.69%) and
male (0.03-0.36%) bass. Individual SSI values were >0.30% in
female bass from the MRB, SRB, and PRB, but histologically
these tissues appeared normal. Conversely, the high SSI value
(0.36%) in a Site P3 male bass was due to a large lipoma in the
spleen. Individual SSI values were similar in female (0.13-

3.78%) and male (0.11-1.84%) carp. Relatively high SSI values
(>1.0%) calculated for carp from Sites M1, M4, and P3 may have
been associated with severe parasitic infestations.

3.3.3.  Macrophage aggregates
Macrophage aggregates parameters (MA-#, MA-A, and MA-%)
were generally greater in bass than carp but only differed
among basins in female fish (Table 7). Individual MA-# values
were similar in female (0.6-11.2 MA/mm? and male (0.6—
12.9 MA/mm?) bass, and MA density (>8 MA/mm?) was
generally greater in older bass (>5 y). MA size (MA-A) was also
similar in individual female (811-15128 ym? and male (700-
10078 ym?) bass, and MA-%ranged from 0.05 to 11.07% in female
bass and 0.04 t0 9.15% in male bass. MA-A values >10,000 pm?in
individual bass from Sites M2, M3, M4, and A1l and MA-% values
>6% in bass from Sites M1, M2, M3, M4, A1, and S2 were
considered anomalous. Mean MA-A and MA-% values among
sites were generally greatest in female bass from Sites M4 and
S2 (Fig. 8). MRB and ARB bass had greater numbers of MAs than
SRB and PRB bass, but these differences among basins were not
significant (Table 7). In addition, MRB bass had larger MAs that
occupied more splenic tissue than SRB and PRB bass, but these
differences were only significant in females (Table 7).

Mean MA parameters in carp were similar to those in bass.
Individual MA-# values were 0.0-11.8 MA/mm? in female carp
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Fig. 6 — A. Raised, nodular mass, identified as a leiomyosarcoma, in the ovary of a common carp from Site A1l. B. A second
leiomyosarcoma, illustrating the circumscribed, nodular appearance of the mass, removed from the ovary of another female
common carp from Site Al. C. Histologically, the tumor was composed of elongate smooth muscle cells in interlacing cords.
Occasionally, areas of inflammation (a) were noted. Scale bar=150 pm. D. Higher magnification of the leiomyosarcoma with
invasion into ovarian follicles. Immature oocytes (arrow) are present. Scale bar=100 pm. H&E stain.

and 0.6-16.5 MA/mm? in male carp. Relatively high MA-# values
(>10MA/mm?) were measured in carp from Sites M2, M4, A1, and
S1. MA size (MA-A) was greater in individual female (0-
36299 ym?) than in male (741-14317 um?) carp, and MA-% ranged
from 0.00 to 11.15% in female carp and 0.04 to 11.02% in male
carp. MA-A values >10,000 pum? in individual carp from Sites M2,
M4, A1, P1, and P2 were considered anomalous. Mean MA-#, MA-
A, and MA-% values among sites were generally greatest in carp
from Sites M2, S1, and S2 (Fig. 8). The site mean for MA-A and
MA-% in female bass from Site P1 was the greatest, but sample
size (n=1) was small. Overall, MRB and ARB carp had larger and
more numerous MAs that occupied larger proportions of splenic
tissue than SRB and PRB (males only) carp; however, few of these
differences among basins were statistically significant (Table 7).

3.4. Reproductive biomarkers

3.4.1. Gonadal histopathology

Gonadal stages 0 (10%), 1 (85%), and 2 (5%) were present in
female bass (n=125). Several female bass from Sites M3 (n=3)
and M4 (n=6) were stage-0 (immature) and ranged in age from
two to six years old. Gonadal stages 0 (3%), 1 (20.5%), 2 (20.5%),
and 3 (56%) were present in female carp (n=103). Gonadal
stage was most variable (stages 0, 1, 2, and 3 present) in female
carp from Sites M1 and M3. Female carp were generally more

advanced in the ARB and PRB (most stage 3) than those from
the MRB and SRB (many stage 1 and 2). Oocyte atresia was
typically <10% in bass and <20% in carp. Oocyte atresia was
relatively high (>15%) in individual bass from Sites A1, A2, A3,
P1, and P2 but generally low in MRB bass. Oocyte atresia was
>20% in individual carp from Sites M1, M2, A2, A3, S3,and P2. A
sporozoan parasite within oocytes of female carp from Sites
M1 and P2 caused inflammation and degeneration.

Gonadal stages 0 (2%), 1 (88%), and 2 (10%) were present
in male bass (n=112). Stage-0 males were from Sites M3 and
M4, where stage-0 female bass were also identified. Gonadal
stages 0 (1%), 1 (2%), 2 (59%), and 3 (30%) were present in male
carp (n=106). Stage-0 and-1 male carp were from Sites A3 and
S1. Intersex gonads were identified in 47 male bass (42%)
representing all sites except M4 (Fig. 9). A high proportion
(>50%) of male bass from Sites A3, S2, S3, P1, P2, and P3 were
intersex. Whole gonads, rather than the three to five repre-
sentative pieces of gonadal tissue typically collected, were
collected and examined in PRB bass. Therefore, the greater
occurrence of intersex in male PRB bass may be the result of
examining a greater proportion of the gonadal tissue during
the histological analysis. Most intersex bass were observed
having few oocytes in testicular tissue, but moderate numbers
of oocytes were identified in male bass gonads from Sites P2
and P3. The intersex condition was not found in male carp.
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Fig. 7 - A. A section of a large lipoma (a) within the spleen (b) of a Site P3 bass. Scale bar=150 pm. B-D. Sertoli cell tumor from a
male common carp from Site S1. B. Foci of neoplastic cells (a) within normal testicular tissue (b). Scale bar=150 pm. C. Higher
magnification of the neoplastic cells (a), which were fairly uniform, large cells, adjacent to normal spermatocytes (b). Scale
bar=100 pm. D. The neoplastic cells formed tubule-like structures (a) in some areas. Scale bar=100 pm. H&E stain.

3.4.2. Gonadosomatic index (GSI) 0.31-1.84% in female bass and 0.04-1.59% in male bass, and site
GSI values differed significantly among basins for male bass but means were greatestin female bass from Sites S3 and P1 (Fig. 10).
not for female bass or carp (Table 8). Individual GSI values were Relatively high GSI values were calculated for stage-1 and -2

Table 7 - Mean (+standard error) macrophage aggregate (MA) density (MA-#), MA area (MA-A), and percent tissue occupied

by MA (MA-%)? in bass and carp from the Mobile River Basin (MRB), Apalachicola—Chattahoochee-Flint River Basin (ARB),
Savannah River Basin (SRB), and Pee Dee River Basin (PRB)

Species, Female Male
basin n  MA-#(MA/mm?) MA-A (um?) MA-% (%) n  MA-#(MA/mm? MA-A (um?) MA-% (%)
Bass
MRB 43 46+07a 4859+318 b 2.41+0.38 ¢ 35 53+0.7 a 5012+448 a 2.97+0.54 a
ARB 30 46+0.1a 3833+1024 ab  1.81+0.44 bc 30 5.2+0.6a 3086+514 a 1.74+0.42 a
SRB 18 42+03a 2598+280 a © 1.24+028ab? 21 28+1.8a 3045+785 a 1.11+1.08 a
PRB 33 2.7+0.6a 2844 +386 a 0.86+0.29 a 25 2.7+04a 24294459 a 0.81+0.28 a
ANOVA F30=3.78 F 59=5.62* F 30=7.43" F 30=1.80 F30=3.14 F 30=2.30
Carp
MRB 36 1.8+0.5a 5189+1867 b 1.18+0.71 a 41 3.2+x1.0a 4283+1156 a 1.75+0.90 a
ARB 27 34x14a 4572+1182 b 212+1.23a 24 39+1.7 a 4987 +1462 a 267+133a
SRB 26 1.7+05a 2276+438 a 0.60+0.36 a 29 1.8+0.3 a 2857 +308 a 0.57+0.15 a
PRB 10 20+07aP’ 5320+6503 ab  1.88+1.65a 12 0.9+0.1a 3288+647a®  0.31+0.10a ®
ANOVA F30=2.86 F 59=5.10* F 36=2.00 F 35=1.37 F 35=0.88 F35=1.16

& Also shown are results of a nested analysis-of-variance (ANOVA) as F-values and degrees-of-freedom for differences among basins (*P<0.05).
Within each species-basin group, means followed by the same letter are not significantly different (P<0.05). Data were log-transformed for
ANOVA.

® The overall standard error was negative (based on the variance component); therefore, an approximation of the standard error was computed
as the square root of the total variance divided by the total sample size (n).
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Fig. 8 - Mean (+standard error) splenic macrophage aggregate parameters in bass and carp. Parameters include macrophage
density (MA-#), macrophage aggregate area (MA-A), and percent splenic tissue occupied by macrophage aggregates (MA-%).

(Note: different scales are used for bass and carp plots).

female bass (>1.2%) from Sites S3 and P1 and stage-1 male bass
(>0.6%) from Sites M4 and P3. Overall, mean GSI values among
basins were greatest in female SRB and PRB bass (Table 8).

Individual GSI values were 0.44-23.52% in female carp and
0.07-27.40% in male carp. GSI values were greatest (site mean
>12%) in female carp from Sites M2, Al, A2, P2, and P3 that
were primarily stage 2 and 3 (Fig. 10). High GSI values (>11%)
were calculated for individual male carp from Sites M2, A2,
and P3. Mean GSI values were greater in female and male ARB
and PRB carp than MRB and SRB carp, but basin differences
were not significant (Table 8).

3.4.3. Vitellogenin (vtg)

Vtg concentrations did not differ significantly among basins for
either female or male bass (Table 8); vtg concentrations differed
among sites within each basin (Fig. 10). Vtg concentrations were
>LOD (0.001 mg/mL) in 70 of 120 female bass (58%) and 44 of 105
male bass (42%). Concentrations ranged from 0.002 to 5.80 mg/mL
in female bass and 0.001 to 2.84 mg/mL in male bass. Vtg
concentrations were detected in male bass from all sites except
Al. Concentrations were >1.0 mg/mL in individual females from

Sites S3 and P1, where GSI values were also relatively high. Vtg
concentrations were >0.01 mg/mL in few (16%) male bass.
Relatively high vtg concentrations (0.35-2.5 mg/mL) measured
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Fig. 9 - Intersex occurrence in male bass. The intersex
condition was not found in male carp.
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Table 8 - Mean (+standard error) gonadosomatic index (GSI), vitellogenin (Vtg), 173 -estradiol (E2), and 11-ketotestosterone

(KT)® in bass and carp from the Mobile River Basin (MRB), Apalachicola-Chattahoochee-Flint River Basin (ARB), Savannah
River Basin (SRB), and Pee Dee River Basin (PRB)

Species, Female Male
basin
GSI (%) Vtg (mg/mL) E2 (pg/mL) KT (pg/mL) n GSI (%)  Vtg (mg/mL) E2 (pg/mL) KT (pg/mlL)
Bass
MRB 43° 064+0.04a 0.05+0.04a 561+31 a 308+34 a 36 € 0.19+0.04a 0.013+0.011a 369+82a 620+90 a
ARB 304 0.65+0.07a 0.17+0.11a 546+48 a 190+22 a 30 ¢ 0.19+0.01 ab 0.012+0.005a 259+11a 748+9 a
SRB 18f 1.01+029a 0.52+0.25a 621+64 a 336+51 a 21 8 0.23+0.03bc 0.030+0.033a 405+54a 765+65 a
PRB 34" 081+0.18a 0.86+0.72a 633+193 a 352+49 a 251 026+0.02c 0.148+0.097a 260+37 a 708+116 a
ANOVA F39=022 F39=0.94 F39=0.11 F39=3.24 F39=6.60"  F39=2.02 F39=0.79 F 59=0.85
Carp
MRB 37) 78+19a 2.17+043 a 877+145 a 331+93 a 41 6.8+1.1a 0.026+0.021a 338+73a 1186+145 a
ARB 29k 119+28a 2.38:0.36a 920+116 a 357 +66 a 24 80+1.6 a 0.005+0.001 a 519+123a 1382+162 a
SRB 27 7.0+£0.7 a 1.93+0.26 a 1001+220a 401+71a 29 5.8+0.6 a 0.021+0.11 a 413+71 a 1045+114 a
PRB 10  129+27a 275+045a'! 911+149a'! 409+58a! 12 72:73a 0.005+0.015a 189+29a'!  694x80a'
ANOVA F39=101 F39=1.01 F30=0.14 F 39=0.37 F35=0.51 Fsg=1.21 F35=091 F35=2.10

& Also shown are results of a nested analysis-of-variance (ANOVA) as F-values and degrees-of-freedom for differences among basins (*P<0.05).
Within each species-basin group, means followed by the same letter are not significantly different (P<0.05). Data were log-transformed for

ANOVA.

® n=42 for vtg, n=41 for E2 and KT.
¢ n=33 for vtg and KT, n=32 for E2.
4 n=29 for vtg.

¢ n=29 for vtg, n=27 for E2, n=28 for KT.
f n=16 for vtg.

& n=19 for vtg, n=20 for E2 and KT.
B n=33 for vtg, n=29 for E2 and KT.
! n=21 for E2 and KT.

J n=36 for vtg, E2, and KT.

¥ n=28 for GSL

! The overall standard error was negative (based on the variance component); therefore, an approximation of the standard error was computed
as the square root of the total variance divided by the total sample size (n).

in male bass (n=5) from Sites M2, S2, P1, and P2 may indicate an
estrogenic response in these fish. Three of the five males with
high vtg concentrations were intersex; however, the intersex
condition was also found in males with vtg concentrations <LOD.
Mean vtg concentrations were greatest in female and male PRB
bass (Table 8). The mean vtg concentration in male PRB bass was
within the concentration range of early vitellogenic females and
was considered anomalous.

Vtg concentrations did not differ significantly among basins
for either female or male carp (Table 8). Vtg concentrations were
>LOD (0.0005 mg/ml) in all female carp and 84 of 106 male carp
(79%); concentrations ranged from 0.003 to 6.14 mg/mLin female
carp and 0.002 to 0.90 mg/mL in male carp. Concentrations were
>4.0 mg/mL in individual females from Sites M2, M3, A2, A3, and
P2. Vtg concentrations were >0.01 mg/mL in 22% of male carp,
and means among sites were greatest at Sites M2 and S2 (Fig. 10).
Relatively high vtg concentrations (0.04-0.90 mg/mL) measured
in males (n=8) from Sites M2, S2, and S3, and mean concentra-
tions for these basins were high (>0.02 mg/mL; Table 8).

(>600 pg/mL) in male bass from Sites M1, M4, and S1. Individual
KT concentrations were 87-883 pg/mL in female bass and 168-
1307 pg/mL in male bass. KT concentrations were low in female
bass (<300 pg/mL) from Sites M2, A1, A2, and A3 and male bass
(67-521 pg/mL) from Site M3 compared to all other sites (Fig. 10).
E2 and KT concentrations were not anomalous in intersex bass.
KT concentrations were generally lower in ARB female bass
compared to those from other basins (Table 8).

Steroid hormone concentrations did not differ significantly
among basins for either female or male carp, but concentra-
tions differed among sites within each basin (Table 8; Fig. 10).
Individual E2 concentrations were 209-1890 pg/mL in female
carp and 44-991 pg/mL in male carp. Individual KT concentra-
tions were 48-965 pg/mL in female carp and 143-2508 pg/mL in
male carp. Both E2 and KT concentrations were lower in female
carp from Sites M1, M2, A1, A2, S3, and P3 than those from other
sites (Fig. 10). Mean E2 concentrations among sites were
greatest in male carp from Sites A1, A2, S2, and S3 (Fig. 10).
Mean E2 and KT concentrations were generally lower in PRB
male carp compared to those from other basins (Table 8).

3.4.4. Steroid hormones (17p-estradiol and 11-ketotestosterone)

Steroid hormone concentrations did not differ significantly

among basins for either female or male bass (Table 8). Individual 4. Discussion

E2 concentrations were 156-1236 pg/mL in female bass and 101-

902 pg/mL in male bass. Mean E2 concentrations among sites 4.1. Exposure indicators

were greatest in female bass from S2 and P1 and male bass from
Site M1 (Fig. 10). E2 concentrations were relatively low (<300 pg/
mL) in several female bass from Sites P2 and P3 and high

Methylmercury, which is the most toxic form of Hg, represents
>90% of the total Hg that occurs in fish (Wiener et al., 2002).
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Fig. 10 - Mean (+standard error) reproductive biomarkers including gonadosomatic index, vitellogenin, 17@3-estradiol, and
11-ketotestosterone in bass and carp. (Note: different scales are used for bass and carp plots, and censored vtg concentrations

are plotted as 50% of LOD).

Total Hg concentrations in fish from our study were greater
than historical concentrations measured in bass and carp
from National Contaminant Biomonitoring Program (NCBP)
sites in the region (Schmitt et al., 1999) and previous LRMN
investigations (Schmitt, 2002; Schmitt et al., 2005; Hinck et al.,
2006a, 2007a), and Hg concentrations in bass from all basins
continue to represent a threat to fish and piscivorous wildlife
(Barr, 1986; Yeardley et al., 1998; Beckvar et al., 2005). Mercury

was previously identified as a contaminant of concern to
aquatic species in the region, and multiple rivers and reser-
voirs in the MRB, ARB, SRB, and PRB have fish consumption
advisories for Hg in numerous fish species. Probable sources of
Hg in these areas include releases from chemical manufac-
turing and coal-fired power plants, atmospheric deposition,
and wetlands (USEPA, 2001; Paller et al., 2004; Warner et al.,
2005). Mercury has also been suspected to cause reproductive
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effects, organ toxicity, and mortality in avian and mammalian
wildlife in these basins (Halbrook et al., 1994; Osowski et al.,
1995; Adair et al., 2003).

Diet is the primary route of Se exposure and toxicity in
aquatic vertebrates (Lemly, 2002; Hamilton, 2004), and toxicity
thresholds for Se tissue concentrations are relatively low due
to the high bioaccumulation of organic forms of selenium in
tissue which can lead to reproductive effects. However, Se
concentrations exceeded protective criteria (>0.75 pg/g) for
piscivorous wildlife in few samples from our study (Lemly,
1996, 2002). Potential sources of Se in the MRB and ARB, where
concentrations in carp exceed 0.75 pg/g, include coal and
petroleum combustion (Sorenson, 1991). Selenium concentra-
tions in fish from our study were similar to historical
concentrations measured in bass and carp from NCBP sites in
the region (Schmitt et al., 1999) but less than those reported in
waters with known selenium contamination (Schmitt et al,,
2005; Hinck et al., 2007a).

Organochlorine pesticides were used historically in agri-
cultural areas of the MRB, ARB, SRB, and PRB, and other
organochlorine residues and metabolites, like PCA, were used
in the lumber industry. Toxaphene and DDT were applied to
cotton fields within the basins, and we found that the greatest
concentrations of these insecticides were in ARB fish.
Toxaphene concentrations in Site Al fish exceeded lower
toxicity thresholds to protect fish but were less than most
effects criteria for freshwater fish (Mayer et al., 1975; Eisler and
Jacknow, 1985); therefore, the risk of toxaphene to fish in this
region is expected to be minimal. Although p,p’-DDE concen-
trations in fish have declined in the region (USEPA, 1992;
Schmitt et al., 1999), concentrations in Site Al fish remain a
risk to avian wildlife (Anderson et al.,, 1975). In addition,
concentrations of p,p’-DDE in fish from our study were less
than mean concentrations in bass and carp from other large
U.S. river basins (Schmitt, 2002; Schmitt et al., 2005; Hinck
et al,, 2006a, 2007a). Technical DDT contains o,p’-DDT as an
impurity (up to approximately 15%), and residues of this
compound and its metabolites also remain widespread
(Schmitt et al., 1999). Concentrations of o,p’-DDE in Site M4
fish were unusually high and were potentially from a former
DDT formulating facility located upstream. The o,p’-homo-
logs were historically considered benign in aquatic systems,
but studies have found that these compounds are estrogenic
in fish (Donohoe and Curtis, 1996; Metcalfe et al., 2000;
Papoulias et al., 2003). The total risk to fish and wildlife
represented by concentrations of 0,p’-DDT and its homologs
is unknown. Other organochlorine residue concentrations
including total chlordanes, dieldrin, and mirex were also
relatively high in fish from the ARB but were less than effects
thresholds or toxicity thresholds were not available.

PCBs were manufactured and used in electrical capacitors
and transformers, for pressure treating lumber, and paper
manufacturing, which were the likely sources of PCBs near
Sites M2 and Al. Elevated PCB concentrations have been
documented in water and biota from the MRB, ARB, SRB, and
PRB (Atkins et al., 2004; Schmitt et al., 1999; USFWS, 1996;
Zappia, 2002) and identified as a potential cause of reproduc-
tive dysfunction in mink from the coastal plain of Georgia,
South Carolina, and North Carolina (Osowski et al., 1995). PCB
concentrations in fish from Sites M2, A1, A2, and P3 exceeded a

concentration known to cause inferior reproductive perfor-
mance and offspring survival in piscivorous wildlife (Table 5;
Hornshaw et al., 1983), but all concentrations were less than
those associated with reproductive and developmental effects
in fish (Monosson, 2000). Total PCB concentrations in fish from
our study were generally greater than concentrations mea-
sured in bass and carp from previous LRMN investigations
(Schmitt et al., 2005; Hinck et al., 2006a, 2007a).

Many dioxin releases in the region have been associated
with pulp and paper mills (USEPA, 1992). In our study, the risk
from dioxin-like compounds was greatest to MRB fish where
previous studies have identified dioxin as a contaminant of
concern (USEPA, 1992). The TCDD-EQs in fish from Sites M2, M4,
A1, and P2 exceeded toxicity thresholds for mammalian and
avian wildlife (4.4-5 pg/g; Nosek et al., 1992; Tillitt et al., 1996),
and the TCDD-EQ concentrations in Site M2 male bass also
exceeded the toxicity threshold to protect fish (30 pg/g; Walker
et al., 1996; Whyte et al., 2004). Dioxin-like activity in Site M2
fish may be due to PCBs, which were also elevated at this site.

Hepatic EROD activity indicates recent exposure to exoge-
nous aryl hydrocarbon receptor (AhR) ligands including some
PCBs, dioxins, and polycyclic aromatic hydrocarbons (PAHS).
Compared to other studies, mean EROD activity was greater
than basal levels for bass from all basins (0-22 pmol/min/mg;
Adams et al,, 1994; Schmitt, 2002) and for female and male
MRB carp (0-5 pmol/min/mg in females and <25 pmol/min/mg
in males; Schlenk et al., 1996; Schmitt, 2002). Overall, mean
hepatic EROD activity was generally highest in MRB and PRB
fish. High EROD activity was likely the result of induction by
dioxin-like compounds in Site M2 male bass, as indicated by
the TCDD-EQ concentrations in these fish, and an AhR agonist
other than dioxins and PCBs in Site M1 bass. Exposure to PCBs,
dioxin-like compounds, or both may have resulted in the
elevated EROD activity in Sites M2 and M4 carp, and other AhR
agonists may have caused the high EROD activity in Sites M1
and M3 carp.

4.2. Health indicators

The quantitative fish health indicators used in this study have
been widely used and discussed in the literature and were
selected to reflect overall organismal health of the fish and
their populations. Evaluation of these endpoints indicated
that bass and carp in some regions of the MRB, ARB, SRB, and
PRB were in poorer health than others.

The HAI scores in MRB bass were greater than those observed
in bass from other LRMN studies (Schmitt, 2002; Schmitt et al.,
2005; Hinck et al., 2006a,b, 2007a) and would be considered
unhealthy or contaminated by comparable criteria from other
studies (Adams et al., 1993; Coughlan et al, 1996). Internal
organs of MRB bass had severe parasitic infestations, which had
been previously documented in the MRB (USEPA, 1995). Few
incidences of confirmed tumors or other grossly visible indica-
tions of exposure to toxic chemicals were found in fish. Tumors
were found in a total of five fish (0.01%) representing Sites M3,
A1, S1, and P3. Ovarian tumors of the same origin (smooth
muscle) were found in two Site Al carp. Gonadal tumors of
encapsulated teratogenic masses were previously documented
in carp and goldfish hybrids from the Great Lakes area but their
cause was unknown (Harshbarger and Clark, 1990).
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CF and SSI values were generally normal in MRB, ARB, SRB,
and PRB fish. Most CF values in bass and carp were 1.0-2.0,
which were considered normal for healthy fish of these
species (Carlander, 1969, 1977; Schmitt, 2002; Schmitt et al.,
2005; Hinck et al., 2006a,b, 2007a). HSI values in bass from all
basins were low compared to those normally found in most
fish (1-2%; Gingerich, 1982; Schmitt, 2002; Schmitt et al., 2005;
Hinck et al., 2006a,b, 2007a). Decreased liver size has been
reported in various fish species after exposure to contaminants
including metals and bleached kraft mill effluent (McMaster
et al,, 1991; Adams et al., 1992).

Increases in MA parameters in fish from specific contam-
inated sites relative to reference sites have been documented
in both laboratory and field studies (Wolke, 1992; Blazer et al.,
1997). MAs were more numerous and larger in MRB bass. MA
parameters in individual bass and carp from Site M2 were
among the greatest measured in any LRMN study and were
considered to be abnormally high (Schmitt, 2002; Schmitt et al.,
2005; Hinck et al., 2006a,b, 2007a). Increases in MA parameters
have been associated with contaminants in laboratory and
field studies (see reviews by Wolke, 1992; Blazer et al., 1997), but
can vary with fish size, age, and nutritional status (Couillard
and Hodson, 1996; Blazer et al., 1997).

4.3. Reproductive biomarkers

The reproductive biomarkers measured in this study are the key
measures of reproductive function and are routinely used to
help evaluate contaminant effects or simply assess general
reproductive health in fish. However, factors other than expo-
sure to chemical contaminants including disease, age, season,
and geographic location can affect reproductive biomarker re-
sponses. All fish samples were collected post-spawn and within
a nine week period (October to December) to minimize the
variation of reproductive biomarkers from temperature, photo-
period, and annual reproductive cycle. However, natural
changes or fluctuations in reproductive biomarkers may have
occurred during this collection period. Nevertheless, gonadal
stages in bass and carp were generally consistent amongbasins,
and mean GSI values were generally greater in fish that were in
more advanced gonadal stages. Gonadal abnormalities includ-
ing calcified follicles and fibrosis were present in Site M2 carp
and may be associated with PCB exposure or age of the fish.

Intersex gonads were identified in 42% of the male bass
collected representing all basins. The occurrence of intersex was
greatest in the PRB and least severe in the MRB; greater pro-
portions of gonadal tissue from PRB bass were examined during
the histological analysis which may account for the greater oc-
currence of intersex fish from these sites. Gonadal tissue of all
intersex bass was primarily testicular tissue with mild to moder-
ate numbers of immature oocytes. Previous LRMN studies have
observed intersex in largemouth and smallmouth bass, but the
occurrence of intersex bass was generally limited to a few indi-
vidual fish at any one site (<40%; Schmitt, 2002; Schmitt et al.,
2005; Hinck et al., 2006a, 2007a). Conversely, the majority (>50%)
of male bass from multiple sites (A3, S2, S3, P1, P2, and P3) were
intersex in our study. The background occurrence of intersex in
bass is unknown, but the high incidence of intersex bass in the
ARB, SRB, and PRB is cause for concermn and should be further
studied.

Plasma vtg concentrations in female fish were considered
normal. Vitellogenin was detected in male bass and carp from
all basins but concentrations were generally low. Vitellogenin
concentrations >0.01 mg/mL in individual male fish from Sites
M2, S2, P1, and P2 were considered abnormal and indicate that
these fish may have been exposed to estrogen mimics. Mean vtg
concentrations in PRB bass were within the range of early vitel-
logenic females considered to be high in previous studies
(Schmitt, 2002; Schmitt et al., 2005; Hinck et al., 2006a, 2007a).
Induction of vtg in male fish has been associated with sewage
effluent (Folmar et al., 1996) and pulp and paper mill effluent
(Soimasou et al., 1998; Mellanen et al., 1999; van den Heuvel and
Ellis, 2002). Vitellogenin concentrations in fish collected near
pulp and paper mills (Sites M1, M2, S1, and S2) were not
uniformly elevated, but exposure of fish to effluents from these
sitesislikely not constant due to migration. Concentrations of E2
and KT were generally considered normal in bass and carp.
Relatively low E2 and KT concentrations were measured in Site
M4 male bass, Site M1 female carp, and Sites P2 and P3 male carp.

5. Conclusions

Overall, Hg and PCBs were the primary contaminants of concern
in our study. Elevated Hg concentrations were found in fish from
all basins and were among the greatest measured in any BEST-
LRMN study. Possible Hg sources include releases from chemical
manufacturing plants, coal-fired power plants, atmospheric
deposition, and wetlands. Total PCBs remain a concern in the
MRB where a manufacturing facility and an electrical capacitor
and transformer facility have contaminated the Coosa River,
and fish consumption advisories remain for much of the river. It
is unknown whether the cause of ovarian tumors in female carp
and widespread intersex in male bass are related to chemical
contaminant exposure, but our results indicate that studies
designed to address these abnormal reproductive developments
in fish are warranted within the region.

Historically, the agricultural and manufacturing industries
that drive the economy of the southeastern United States have
had deleterious effects on water and aquatic habitat quality
through the production and release of organochlorine com-
pounds and deposition of Hg. In addition, poultry and
livestock production facilities in the region pose a risk to
aquatic habitats through the release of nutrients (nitrogen and
phosphorus), pathogens, heavy metals (Cu and Zn), veterinary
pharmaceuticals, and natural and synthetic hormones (in-
cluding estrogens). Further degradation of aquatic resources
associated with these industries is possible if chemical
contaminants, including endocrine disrupting compounds,
continue to be released into aquatic ecosystems. However,
conservation programs may be able to ameliorate some of the
risk associated with these compounds by improving applica-
tion and disposal technology and management practices of
these industries. Biological responses may increase in magni-
tude as chemical concentrations increase, which may affect
the quality of our aquatic ecosystems. Results from this study
and other investigations indicate that site specific studies,
continued monitoring, and technological advancements in
the agricultural and manufacturing industries are needed to
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better understand and minimize the impacts of chemical
contaminants on our aquatic resources.

Acknowledgements

This study was conducted jointly by the USGS, the U.S. Fish
and Wildlife Service (USFWS) Office in Daphne, Alabama, and
University of Florida (UF) as part of the Large River Monitoring
Network of the Biomonitoring of Environmental Status and
Trends (BEST) Program. Staff from the North Carolina Wildlife
Resources Commission Division of Inland Fisheries and the
South Carolina Aquarium participated in the fish collections.
Many individuals representing USGS, USFWS, UF, and other
organizations contributed to this study. K. Chojnacki provided
the map. S. Finger, J. Fairchild, A. Ford, H. Rauschenberger, P.
Tuttle, and C. Schmitt provided additional information or
reviewed earlier versions of this paper.

REFERENCES

Adair BM, Reynolds KD, McMurry ST, Cobb GP. Mercury occurrence
in prothonotary warblers (Protonotaria citrea) inhabiting a
National Priority List site and reference areas in southern
Alabama. Arch Environ Contam Toxicol 2003;44:265-71.

Adams SM, Brown AM, Goede RW. A quantitative health
assessment index for rapid evaluation of fish condition in the
field. Trans Am Fish Soc 1993;122:63-73.

Adams SM, Crumby WD, Greeley Jr MS, Ryon MG, Schilling EM.
Relationships between physiological and fish population
responses in a contaminated stream. Environ Toxicol Chem
1992;11:1549-57.

Adams SM, Ham KD, Beauchamp JJ. Application of canonical variate
analysis in the evaluation and presentation of multivariate
biological response data. Environ Toxicol Chem 1994;13:1673-83.

AFS (American Fisheries Society), AIFRB (American Institute of
Fishery Research Biologists), ASIH (American Society of
Ichthyologists and Herpetologists). Guidelines for the use of
fishes in research. Bethesda, MD: American Fisheries Society;
2004. 54 p. (viewable online at: http://www.fisheries.org/html/
Public_Affairs/Sound_Science/Guidelines2004.shtml).

Anderson DW, Jehl Jr JR, Risebrough RW, Woods Jr LA, DeWeese
LR, Edgecomb WG. Brown pelicans: improved reproduction off
the southern California coast. Science 1975;190:806-8.

Ankley GT, Tillitt DE, Giesy JP, Jones PD, Verbrugge DA.
Bioassay-derived 2,3,7,8-tetrachlorodibenzo-p-dioxin
equivalents in PCB-containing extracts from the flesh and eggs
of Lake Michigan chinook salmon (Oncorhynchus tshawytscha)
and possible implications for reproduction. Can J Fish Aquat
Sci 1991;48:1685-90.

Atkins JB, Zappia H, Robinson JL, McPherson AK, Moreland RS,
Harned DA, et al. Water quality in the Mobile River basin: U.S.
Geological Survey Circular 1231; 2004. 35 p.

Barr JF. Population dynamics of the common loon (Gavia immer)
associated with mercury-contaminated waters in northwestern
Ontario. Canadian Wildlife Service Occasional Paper 56, Ottawa,
Ontario; 1986. 25 p.

Beckvar N, Dillion TM, Read LB. Approaches for linking whole-body
fish tissue residues of mercury and DDT to biological effects
thresholds. Environ Toxicol Chem 2005;24:2094-105.

Berg A, Grimaldi E. A critical interpretation of the scale structures
used for the determination of annuli in fish growth studies.
Mem Ist Ital Idrobiol 1967;21:225-39.

Blazer VS. Histopathological assessment of gonadal tissue in wild
fishes. Fish Physiol Biochem 2002;26:85-101.

Blazer VS, Fournie JW, Weeks-Perkins BA. Macrophage aggregates:
biomarker for immune function in fishes? In: Dwyer FJ, Doane
TR, Hinman ML, editors. Environmental toxicology and risk
assessment: modeling and risk assessment, vol. 6. Philadelphia,
PA: American Society for Testing and Materials Special Technical
Publication 1317; 1997. p. 360-75.

Burkholder J, Libra B, Weyer P, Heathcote S, Kolpin D, Thorne PS,
et al. Impacts of water from concentrated animal feeding
operations on water quality. Environ Health Perspect
2007;115:308-12.

Carlander KD. Handbook of freshwater fishery biology. Ames:
lowa State University Press; 1969. 752 p.

Carlander KD. Life history data on centrarchid fishes of the United
States and Canada. Ames, IA: lowa State University Press; 1977.
431 p.

Casselman JM. Growth and relative size of calcified structures of
fish. Trans Am Fish Soc 1990;119:673-88.

Coughlan DJ, Baker BK, Cloutman DG, Rash WM. Application and
modification of the fish health assessment index used for
largemouth bass in the Catawba River, North Carolina-South
Carolina. Am Fish Soc Symp 1996;16:73-84.

Couillard CM, Hodson PV. Pigmented macrophage aggregates: a
toxic response in fish exposed to bleached-kraft mill effluent?
Environ Toxicol Chem 1996;15:1844-54.

Cowan JH, Shipp RL, Bailey IV HK, Haywick DW. Procedure for
rapid processing of large otoliths. Trans Am Fish Soc
1995;124:280-2.

Denslow ND, Chow MC, Kroll KJ, Green L. Vitellogenin as a
biomarker of exposure for estrogen or estrogen mimics.
Ecotoxicol 1999;8:385-98.

Donohoe RE, Curtis LR. Estrogenic activity of chlordecone,
0,p’-DDT and o,p’-DDE in juvenile rainbow trout: induction of
vitellogenesis and interaction with hepatic estrogen binding
sites. Aquat Toxicol 1996;36:31-52.

Eisler R. Chlordane hazards to fish, wildlife, and invertebrates: a
synoptic review. Biological Report, 85(1.21) US Fish Wildl Ser
Biol Rep 1990;85(1.21).

Eisler R, Jacknow J. Toxaphene hazards to fish, wildlife, and
invertebrates: a synoptic review. U.S. Fish Wildl Serv Biol Rep
1985;85(1.4) 26 p.

Folmar LC, Denslow ND, Rao V, Chow M, Crain DA, Enblom J, et al.
Vitellogenin induction and reduced serum testosterone
concentrations in feral male carp (Cyprinus carpio) captured
near a major metropolitan sewage treatment plant. Environ
Health Perspect 1996;104:1096-101.

Fournie JW, Summers JK, Courtney LA, Engle VD, Blazer VS. Utility
of splenic macrophage aggregates as an indicator of fish
exposure to degraded environments. ] Aquat Anim Health
2001;13:105-16.

Gilliom RJ, Barbash JE, Crawford CG, Hamilton PA, Martin JD,
Nakagaki N, et al. The quality of our Nation’s waters: Pesticides
in the Nations’ streams and ground water, 1992-2001. U.S.
Geological Survey Circular 2006;vol. 1291. 172 p.

Gingerich WH. Hepatic toxicology of fishes. In: Weber LJ, editor.
Aquatic Toxicology. New York, NY: Raven Press; 1982. p. 55-105.

Halbrook RS, Jenkins JH, Bush PB, Seabolt ND. Sublethal
concentrations of mercury in river otters: monitoring
environmental contamination. Arch Environ Contam Toxicol
1994;27:306-10.

Hamilton SJ. Review of selenium toxicity in the aquatic food chain.
Sci Total Environ 2004;326:1-31.

Harshbarger JC, Clark JB. Epizootiology of neoplasms in bony fish
of North America. Sci Total Environ 1990;94:1-32.

Heaton SN, Bursian SJ, Giesy JP, Tillitt DE, Render JA, Jones PD,
Verbrugge DA, Kubiak TJ, Aulerich R]. Dietary exposure of
mink to carp from Saginaw Bay, Michigan: 1. Effects on


http://www.fisheries.org/html/Public_Affairs/Sound_Science/Guidelines2004.shtml
http://www.fisheries.org/html/Public_Affairs/Sound_Science/Guidelines2004.shtml

556 SCIENCE OF THE TOTAL ENVIRONMENT 390 (2008) 538-557

reproduction and survival, and potential risks to wild mink
populations. Arch Environ Contam Toxicol 1995;28:334-43.

Hinck JE, Schmitt CJ, Blazer VS, Denslow ND, Bartish TM,
Anderson PJ, et al. Environmental contaminants and bio-
marker responses in fish from the Columbia River and its
tributaries: Spatial and temporal trends. Sci Total Environ
2006a;366:549-78.

Hinck JE, Schmitt CJ, Echols KR, May TW, Orazio CE, Tillitt DE.
Environmental contaminants in fish and their associated risk
to piscivorous wildlife in the Yukon River Basin, Alaska. Arch
Environ Contam Toxicol 2006b;51:661-72.

Hinck JE, Blazer VS, Denslow ND, Echols KR, Gross TS, May TW, et al.
Chemical contaminants, health indicators, and reproductive
biomarker responses in fish from the Colorado River and its
tributaries. Sci Total Environ 2007a;378:376-402.

Hinck JE, Blazer VB, Denslow ND, Myers MS, Gross TS, Tillitt DE.
Biomarkers of contaminant exposure in northern pike (Esox
lucius) from the Yukon River Basin, Alaska. Arch Environ
Contam Toxicol 2007b;52:529-62.

Hinck JE, Blazer VB, Denslow ND, Echols KE, Gale RW, May TW, et al.
Biomonitoring of Environmental Status and Trends (BEST)
Program: environmental contaminants, health indicators,
and reproductive biomarkers in fish from the Mobile,
Apalachicola-Flint-Chattahoochee, Savannah, and Pee Dee River
Basins. U.S. Geological Survey Scientific Investigations Report
2007-5176, Columbia, MO; 2007c. 114 p.

Hornshaw TC, Aulerich R], Johnson HE. Feeding Great Lakes fish
to mink: effects on mink and accumulation and elimination
of PCBs by mink. ] Toxicol Environ Health 1983;11:933-46.

Johnson GC, Kidd RE, Journey CA, Zappia H, Atkins JB.
Environmental setting and water-quality issues of the Mobile
River basin, Alabama, Georgia, Mississippi, and Tennessee. U.S.
Geological Survey Water-Resources Investigations Report
02-4162; 2002. 62 p.

Keith LH. Environmental Sampling and Analysis. Boca Raton, FL:
Lewis Publishers; 1991. 143 p.

Lemly AD. Selenium in aquatic organisms. In: Beyer WN, Heinz
GH, Redmon-Norwood AW, editors. Environmental
contaminants in wildlife: interpreting tissue concentrations.
Boca Raton, FL: Lewis Publishers; 1996. p. 427-45.

Lemly AD. Symptoms and implications of selenium toxicity in
fish: the Belews Lake case example. Aquat Toxicol
2002;57:39-49.

Luna LG. Histopathological methods and color atlas of special
stains and tissue artifacts. Gaithersburg, MD: American
Histolabs, Inc.; 1992. 767 p.

Lydeard CS, Mayden RL. A diverse and endangered aquatic
ecosystem of the Southeast United States. Conserv Biol
1995;9:800-5.

Mayer Jr FL, Mehrle Jr PM, Dwyer WP. Toxaphene effects on
reproduction, growth, and mortality of brook trout. U.S.
Environmental Protection Agency Report EPA-600/3-75/013,
Duluth, MN; 1975. 42 p.

McMaster ME, van der Kraak GJ, Portt CB, Munkittrick KR, Sibley
PK, Smith IR, et al. Changes in hepatic mixed-function
oxygenase (MFO) activity, plasma steroid levels and age at
maturity of a white sucker (Catostomus commersoni) population
exposed to bleached kraft pulp mill effluent. Aquat Toxicol
1991;21:199-218.

Mellanen P, Soimasou M, Holmbom B, Oikari A, Santti R.
Expression of the vitellogenin gene in the liver of juvenile
whitefish (Coregonus lavaretus) exposed to effluents from pulp
and paper mills. Ecotoxicol Environ Saf 1999;43:133-7.

Metcalfe TL, Metcalfe CD, Kiparissis Y, Niimi AJ, Foran CM,
Benson WH. Gonadal development and endocrine responses
in Japanese medaka (Oryzias latipes) exposed to 0,p’-DDT in
water or through maternal transfer. Environ Toxicol Chem
2000;19:1893-900.

Monosson E. Reproductive and developmental effects of PCBs in
fish: a synthesis of laboratory and field studies. Rev Toxicol
2000;3:25-75.

Nosek JA, Craven SR, Sullivan JR, Hurley SS, Peterson RE. Toxicity
and reproductive effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin
in ring-necked pheasant hens. ] Toxicol Environ Health
1992;35:187-98.

Osowski SL, Brewer LW, Baker OE, Cobb GP. The decline of mink in
Georgia, North Carolina, and South Carolina: the role of
contaminants. Arch Environ Contam Toxicol 1995;29:418-23.

Paller MH, Bowers JA, Littrell JW, Guanlao AV. Influences on
mercury bioaccumulation factors for the Savannah River. Arch
Environ Contam Toxicol 2004;46:236-43.

Papoulias DM, Villalobos SA, Meadows ], Notlie DB, Giesy JP, Tillitt
DE. In ovo exposure to o,p’-DDE affects sexual development but
not sexual differentiation in Japanese medaka (Oryzias latipes).
Environ Health Perspect 2003;111:29-32.

Saville DJ. Multiple comparison procedures: the practical solution.
Am Stat 1990;44:174-80.

Schlenk D, Perkins EJ, Hamilton G, Zhang YS, Layher W.
Correlation of hepatic biomarkers with whole animal and
population-community metrics. Can J Fish Aquat Sci
1996;53:2299-309.

Schmitt CJ, Zajicek JL, May TW, Cowman DF. National Contaminant
Biomonitoring Program: Concentrations of organochlorine
chemical residues and elemental contaminants in U.S.
freshwater fish, 1976-1986. Rev Environ Contam Toxicol
1999;162:43-104.

Biomonitoring of Environmental Status and Trends (BEST)
Program: environmental contaminants and their effects on
fish in the Mississippi River Basin. In: Schmitt CJ, editor. U.S.
Geological Survey Biological Science Report USGS/BRD/BSR
2002-0004, Columbia, MO; 2002. 217 p.

Schmitt CJ, Hinck JE, Blazer VS, Denslow ND, Dethloff GM, Bartish
TM, et al. Environmental contaminants and biomarker
responses in fish from the Rio Grande and its U.S. tributaries:
spatial and temporal trends. Sci Total Environ 2005;350:161-93.

Soimasou MR, Karels AE, Leppanen H, Santti R, Oikari AO.
Biomarker responses in whitefish (Coregonus lavaretus)
experimentally exposed in a large lake receiving effluents from
pulp and paper industry. Arch Environ Contam Toxicol
1998;34:69-80.

Sorenson E. Metal poisoning in fish. Boca Raton, FL: CRC Press;
1991. 374 p.

Tillitt DE, Gale RW, Meadows JC, Zajicek JL, Peterman PH, Heaton
SN, et al. Dietary exposure of mink to carp from Saginaw Bay 3.
Characterization of dietary exposure to planar halogenated
hydrocarbons, dioxin equivalents, and biomagnifications.
Environ Sci Technol 1996;30:283-91.

Tillitt DE, Giesy JP, Ankley GT. Characterization of the H4IIE rat
hepatica cell bioassay as a tool for assessing toxic potency of
planar halogenated hydrocarbons in environmental samples.
Environ Sci Technol 1991;25:87-92.

U.S. Environmental Protection Agency (USEPA). National study of
chemical residues in fish: Volumes I and II. USEPA Report EPA
823-R-92-008b, Washington, D.C.; 1992. 812 p.

U.S. Environmental Protection Agency (USEPA). Mobile River Study
1993-1994. USEPA Report EPA 05-195-07-06-A, Athens, GA;
1995. 325 p.

U.S. Environmental Protection Agency (USEPA). Mercury Maps: a
quantitative spatial link between air deposition and fish
tissue. USEPA Report EPA-R-01-009, Washington, D.C.; 2001.
25 p.

U. S. Fish and Wildlife Service (USFWS). An investigation into the
uptake of contaminants in largemouth bass and sediment
from the lower Tombigbee and Mobile Rivers. U.S. Fish and
Wildlife Ecological Services Office Report 06-196-03-00-A,
Daphne, Alabama; 1996. 83 p.



SCIENCE OF THE TOTAL ENVIRONMENT 390 (2008) 538-557 557

van den Heuvel MR, Ellis R]. Timing of exposure to a pulp and paper
effluent influences the manifestation of reproductive effects in
rainbow trout. Environ Toxicol Chem 2002;21:2338-47.

Walker MA, Cook PM, Butterworth BC, Zabel EW, Peterson RE.
Potency of a complex mixture of polychlorinated
dibenzo-p-dioxin, dibenzofuran, and biphenyl congeners
compared 2,3,7,8-tetrachlorodibenzo-p-dioxin in causing fish
early life stage mortality. Fundam Appl Toxicol 1996;30:178-87.

Warner KA, Bonzongo JJ, Roden EE, Ward GM, Green AC,
Chaubey I, et al. Effect of watershed parameters on mercury
distribution in different environmental compartments in the
Mobile Alabama River Basin, USA. Sci Total Environ
2005;347:187-207.

Whyte JJ, Schmitt CJ, Tillitt DE. The HA4IIE cell bioassay as an
indicator of dioxin-like chemicals in wildlife and the
environment. Crit Rev Toxicol 2004;34:1-83.

Wiener JG, Krabbenhoft DP, Heinz GH, Scheuhammer AM.
Ecotoxicology of mercury. In: Hoffman DJ, Rattner BA, Burton Jr
GA, Cairns Jr ], editors. Handbook of ecotoxicology. 2nd Edition.
Boca Raton, FL: Lewis Publishers; 2002. p. 409-63.

Wolke RE. Piscine macrophage aggregates: a review. Annu Rev
Fish Dis 1992;2:91-108.

Yeardley Jr RB, Lazorchak JM, Paulsen SG. Elemental fish tissue
contamination in northeastern U.S. lakes: evaluation of an
approach to regional assessment. Environ Toxicol Chem
1998;17:1875-84.

Zappia H. Organochlorine compounds and trace elements in fish
tissue and streambed sediment in the Mobile River basin,
Alabama, Mississippi, and Georgia, 1998. U.S. Geological Survey
Water-Resources Investigations Report 02-4160; 2002. 85 p.



	Chemical contaminants, health indicators, and reproductive biomarker responses in fish from rivers in the Southeastern United States
	
	Authors

	Chemical contaminants, health indicators, and reproductive biomarker responses in fish from riv.....
	Introduction
	Materials and methods
	Sampling and field procedures
	Laboratory analyses
	Data set composition and statistical analyses

	Results
	Lipid and moisture content (data not shown)
	Exposure indicators
	Elemental contaminants
	Organochlorine pesticides
	Total PCBs and TCDD-EQ
	Hepatic ethoxyresorufin O-deethylase (EROD) activity

	Fish health indicators
	Health assessment index (HAI) and histology
	Organosomatic indices
	Macrophage aggregates

	Reproductive biomarkers
	Gonadal histopathology
	Gonadosomatic index (GSI)
	Vitellogenin (vtg)
	Steroid hormones (17β-estradiol and 11-ketotestosterone)


	Discussion
	Exposure indicators
	Health indicators
	Reproductive biomarkers

	Conclusions
	Acknowledgements
	References


	Text6:     This article is a U.S. government work, and is not subject to copyright in the United States.


