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CONVERSION FACTORS, ABBREVIATIONS, AND ACRONYMS

Multiply By To Obtain
centimeter 0.3937 inch
gram 0.03527 ounce, avoirdupois
kilogram 2.205 pound, avoirdupois
square kilometer 0.3861 square mile
liter 33.82 ounce, fluid
milliliter 0.061024 cubic inches
millimeter 0.03937 inch

Temperature is given in degrees Celsius (°C), which can be converted to degrees
Fahrenheit (°F) by the following equation:
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Reconnaissance of 173-Estradiol, 11-Ketotestosterone,
Vitellogenin, and Gonad Histopathology in Common
Carp of United States Streams: Potential for
Contaminant-Induced Endocrine Disruption

By Steven L. Goodbred, Robert J. Gilliom, Timothy S. Gross, Nancy P. Denslow,

Wade L. Bryant, and Trenton R. Schoeb

Abstract

A reconnaissance of sex steroid hormones
and other biomarkers in common carp was used to
assess whether endocrine disruption may be
occurring in fish in United States streams, to
evaluate relations between endocrine disruption
and contaminant levels, and to determine
requirements for further studies. 17B-estradiol,
11-ketotestosterone, vitellogenin, and gonadal
histopathology were measured in adult carp
(usually 10-15 for each sex) at 25 sites (647 fish),
representing a wide range of environmental
settings typical of major regions of the nation.
Fish were collected during August—-December
1994, a period of gonadal maturation after
spawning. Contaminants evaluated were
organochlorine pesticides and polychlorinated
biphenyls in tissue; phthalates, phenols, and
polycyclic aromatic hydrocarbons in bed
sediment; and dissolved pesticides in water. Mean
site concentrations of steroid hormones spanned
two orders of magnitude for both sexes. No
significant regional differences in steroid
hormones were detected for males, but females
from the Northern and Southern Midcontinent
were significantly different from other regions of
the country in one or both hormones. Within all
regions there were significant differences between
sites in one or both hormones for both sexes. Most
correlation coefficients between biomarkers and
contaminants were negative. Contaminants that
had significant (a=0.05) correlations with

biomarkers were organochlorine pesticides,
phenols, and dissolved pesticides. The strongest
pattern common to both males and females was a
negative correlation between the hormone ratio
(Eo/11-KT) and dissolved pesticides. The
significant site-to-site differences in biomarkers,
and the presence of significant correlations
between biomarkers and contaminants, are
evidence that fish in some streams may be
experiencing endocrine disruption. Improved
information is needed to evaluate whether
endocrine disruption is actually occurring and if
there are reproductive effects on individual or
populations of carp or other species. Future
studies should shift to more intensive study of
fewer sites, including reference and contaminated
sites, in order to address these additional
questions.

INTRODUCTION

Interest in endocrine disruption—the effects of
environmental contaminants on the endocrine system
of animals—has increased markedly over the past 20
years. McLachlan (1980) initiated a debate on the
effects of environmental contaminants on the
endocrine system. Based on a recent symposium on
endocrine disruption, Colborn and Clement (1992)
concluded that “a large number of man-made
chemicals that have been released into the environ-
ment * * * have the potential to disrupt the endocrine
systems of animals including humans.” At least 45
chemicals have been identified as potential endocrine-
disrupting contaminants (Colborn and others, 1993),
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including industrial contaminants (such as dioxins and
polychlorinated biphenyls [PCBs]), insecticides (such
as DDT and carbaryl), and herbicides (such as
dichlorophenoxy acetic acid [2,4-D] and atrazine).
Injury to endocrine function by environmental
contaminants is potentially debilitating to a variety of
physiological systems. The endocrine system in
animals consists of glands that produce hormones that
enter the bloodstream to maintain physiological
homeostasis. This is accomplished through regulation
of immune, metabolic, morphogenic, neural, and
reproductive functions. Previous studies have found
correlations between specific impairments of repro-
ductive activity and elevated tissue concentrations of
xenobiotic agents (Hose and others, 1989 and Tillitt
and others, 1992). The reproductive injuries reported
to date include reduced fertility, hatchability, and
viability of offspring; impaired reproductive hormone
activity; and altered sexual development and behavior.
There are also reports of slow growth, atrophy, and
lower rates of metabolic activity (Colborn and
Clement, 1992). Abnormalities of these types may be
caused by disruption of normal endocrine function
either before or after hormone interactions with
specific cellular receptors. Though some cause and
effect relations are known, the underlying mechanisms
of endocrine disruption are poorly understood
(Colborn and Clement, 1992; Bern, 1992; McLachlan
and others, 1992). Reproductive impairment often is
correlated with altered or decreased circulating con-
centrations of sex steroid hormones or other critical
reproductive factors (Colborn and Clement, 1992;
Mayer and others, 1992). The cause-effect linkage
between xenobiotic compounds and observed effects
is, however, clouded by limited knowledge of the
biochemical effects of these compounds in tissues,
limited data on exposure to contaminants, and incon-
sistent data for both contaminants and their effects in
terms of analytical methodologies, sampling media,
species, age, and sex (Swain and others, 1992).
Studies of aquatic wildlife that are directly
exposed to contaminants in our waterways, and thus
act as sentinels, often provide early indications of
potential environmental problems. Recent studies have
found evidence of endocrine disruption in fish from a
variety of contaminated ecosystems. Fitzsimmons
(1990) reported depressed steroid hormone concentra-
tions in male lake trout (Salvelinus namaycush) from
Lake Ontario as compared to those from less polluted
sites. Systemic concentrations of 11-ketotestosterone,
a sex steroid hormone, were inversely proportional to
contaminant body burdens. A similar relation between
11-ketotestosterone and contaminant body burden also

was reported for coho salmon (Oncorhynchus kisutch)
by Leatherland (1992). In addition, Munkittrick and
others (1992) reported depressed gonadal sex steroids,
as well as delayed sexual maturity, reduced gonad size
and altered secondary sex characteristics in white
suckers (Catostomus commersoni) and lake whitefish
(Coregonus clupeaformis) from Lake Superior in the
vicinity of effluents from a bleach kraft pulp mill.
Kraft mill effluents also have been reported in
association with masculinization of female Poeciliid
fish (Davis and Bortone, 1992).

These studies have used sex steroid concentra-
tions as biomarkers of contaminant exposure. Moni-
toring of sex steroid hormones, such as 17p-estradiol
and 11-ketotestosterone in fish, may be useful for the
assessment of biological effects and exposure to
environmental contamination (Mayer and others,
1992). In addition to sex steroid hormones, vitello-
genin, an estrogen-inducible phosphoprotein, also can
be used as a biomarker of contaminant exposure in fish
and in other oviparous vertebrates. Vitellogenin is nor-
mally synthesized by the liver of female oviparous
vertebrates during oogenesis (Specker and Sullivan,
1994) and is a precursor of egg yolk. Recent reports
have documented vitellogenin synthesis in both male
common carp (Cyprinus carpio) and male rainbow
trout (Oncorhynchus mykiss) in streams impacted by
sewage effluent (Purdom and others, 1994; Folmar and
others, 1996). The use and development of these and
other biomarkers of potential endocrine disruption in
fish are important for detecting and monitoring poten-
tial adverse effects of environmental contaminants on
aquatic organisms.

The purpose of this paper is to present results of
a reconnaissance of selected biomarkers of potential
endocrine disruption in fish from streams throughout
the United States. The primary objectives of the study
were: (1) to determine if endocrine disruption is poten-
tially widespread in fish of United States streams;

(2) to evaluate potential relations between endocrine
disruption and contaminant levels; and (3) to aid in
determining whether further study of this issue is
needed and what type of investigations are likely to be
most useful. The study was designed to sample and
analyze common carp from streams with a wide range
of environmental settings and contaminant levels
throughout the United States. Most of the 23 streams
and 2 impoundments sampled are established water-
quality sites of the National Water Quality Assessment
(NAWQA) Program (Gilliom and others, 1995),
where levels of a variety of contaminants have been
characterized. The study was a collaboration of the
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Table 8. Pearson product-moment correlation matrix of contaminant groups

[All tissue and bed sediment concentrations were lipid or carbon standardized, respectively, and all data were log transformed for
correlation analysis. PCBs, polychlorinated biphenyls; PAHs, polycyclic aromatic hydrocarbons. Correlations that are significant at

=0.05 are shown by *]

°’§2’;§§?§:§"" PCBs Phenols Phthalates PAHs E;Zfi‘;'i‘é‘::
Organochlorine pesticides 1.00
PCBs *0.52 1.00
Phenols 0.14 0.15 1.00
Pthlalates 0.00 0.35 *0.50 1.00
PAHs 0.29 *0.66 0.37 *0.61 1.00
Dissolved pesticides -0.05 -0.11 0.09 0.04 0.11 1.00

organochlorine pesticides. Total PCBs in tissue follow
aregional pattern, with the four highest concentrations
occurring in the Northeast. The South Platte River at
Denver, Colorado (SPR-D), a site affected by urban
development, was the only site outside of the North-
east with a concentration greater than 1,000 ug/kg ww.
Ten sites had no detectable PCBs in tissue.

Phenol concentrations in bed sediment were
usually less than 100 pg/kg dry weight (dw), with only
the Mill Race Pond at Springfield, Oregon (MRP-S),
exceeding 1,000 pg/kg dw. Only three sites had no
detectable phenols. Phthalates in bed sediment were
frequently over 10 pg/kg dw, but only the South Platte
at Denver, Colorado (SPR-D), with 2,300 ug/kg dw,
had a concentration greater than 1,000 pg/kg dw.
Concentrations of PAHs generally were higher than
phenols and phthalates. Nine sites had PAH
concentrations higher than 1,000 pg/kg dw, with the
highest of 13,300 pg/kg dw found in the South Platte
River at Denver, Colorado (SPR-D). PAHs were found
at all sites except Clear Creek near Sanger, Texas
(CC-S).

Different organic contaminants are frequently
found together in the environment and this
co-occurrence is important to consider when
evaluating possible biological effects. The Pearson
product-moment correlation matrix of log-transformed
contaminant data shows significant (a=0.05)
correlations between PCBs and organochlorine
pesticides, PCBs and PAHs, PAHs and phthalates,
and phthalates and phenols (table 8). There were no
significant correlations between dissolved pesticides
in water and any contaminant group in tissue or bed
sediment. Principal component analysis based on the
correlation matrix for log-transformed data was used
to examine patterns in bed sediment and tissue
contaminants among sites (table 9). The first principal
component accounts for 50 percent of the total
variance and is composed of an almost equally
weighted sum of all contaminant groups. The second

component accounts for 24 percent of the variance and
has high positive loadings for organochlorine
pesticides (0.66) and PCBs (0.39), which are
correlated with each other, and negative loadings for
phenols (-0.45) and phthalates (-0.46). The third
component accounts for 15 percent of the variance and
has high positive loadings for phenols (0.69) and
organochlorine pesticides (0.54). The second and third
components indicate that the relative proportions of
phenols, phthalates, and organochlorine pesticides
account for most of the total variability in
contaminants after variations in total contaminant
levels are accounted for.

Relations Between Contaminants and
Biomarkers

One of the primary objectives of this
reconnaissance study was to investigate potential
relations between contaminant levels and the
biomarkers of potential endocrine disruption:
17B-estradiol, 11-ketotestosterone, and vitellogenin.
To investigate these relations, all sites from all regions
were combined. Potential interactions between
contaminant influences on biomarkers and inherent
regional differences were tested, but found to be
insignificant. Regional influences were also
investigated graphically, but the small and variable
numbers of sites in each region prevented conclusive
analysis. Results for male and female carp are reported
separately below and then comparatively evaluated in
the “Discussion” section of this report.

Male Carp

Table 10 is the Pearson product-moment
correlation matrix for log;(-transformed values for
contaminant groups and sex steroid hormones. The
detection frequencies of vitellogenin were not log
transformed. Nonparametric rank correlation analysis
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Table 9. Principal component analysis of tissue and bed sediment contaminants (22 sites)

[PCBs, polychlorinated biphenyls; PAHs, polycyclic aromatic hydrocarbons]

Eigenvectors and variable loadings

Vi V2 V3
Organochlorine pesticides -0.29 0.66 0.53
PCBs -0.49 0.39 -0.33
Phenols -0.37 -0.45 0.69
Phthalates -0.47 -0.46 -0.19
PAHs -0.56 0.01 -0.29
Percentage of variance accounted for 50 24 15

Table 10. Pearson product-moment correlations between biomarkers and contaminant groups for male adult carp

[All data are log-transformed concentrations, except for vitellogenin, which is frequency of detection and not transformed. Correlations
that are significant at a=0.05 are shown by *. PCBs, polychlorinated biphenyls; PAHs, polycyclic aromatic hydrocarbons]

17p-Estradiol 11-Ketotestosterone E>/11-KT ‘(1'::233:2:;

11-ketotestosterone *0.48 1.00

E,/11-KT * (.81 -0.10 1.00

Vitellogenin (frequency) 0.11 0.15 0.02 1.00
Organochlorine pesticides *-0.46 -0.15 -0.34 -0.36
PCBs -0.23 -0.04 -0.26 -0.14
Phenols -0.33 *.0.45 -0.10 -0.23
Phthalates -0.39 -0.34 -0.25 -0.11
PAHs -0.21 -0.23 -0.14 -0.04
Dissolved pesticides -0.41 0.18 *-0.63 0.04

to test robustness of relations showed essentially the
same results as the log transformed analysis and is not
presented.

Among the biomarkers, there is a significant
correlation (0=0.05) between the two major sex
steroid hormones, 17B-estradiol and 11-Ketotestos-
terone, but variation in the E»/11-KT ratio is mainly
determined by 17B-estradiol. The detection frequency
of vitellogenin in the male carp was not correlated
significantly with either of the two steroid hormones
or E/11-KT.

Correlation coefficients between 17B-estradiol
in male carp and all contaminant groups are negative,
but the only significant correlation is with organo-
chlorine pesticides (fig. 4A). With removal of one
extreme outlier (PR-L), the proportion of variance in
17B-estradiol that is explained by organochlorine pes-
ticides in tissue increases from 21 to 48 percent.
Multiple regression relations were examined by
stepwise addition to the correlation with
organochlorine pesticides, but there were no
significant additions.

Correlation coefficients between 11-ketotestos-
terone and contaminant groups are either negative or

close to zero, with a significant negative correlation
with phenols. Phenols in bed sediments explain

20 percent of the variance in median 11-ketotestos-
terone among sites (fig. 4B). No other contaminant
groups were found to be significant additions to the
phenol relation in stepwise multiple regression
analysis.

Correlation coefficients between the E,/11-KT
ratio and all contaminant groups also are negative,
reflecting the dominant influence of negative
correlations with levels of 17B-estradiol. There is a
significant negative correlation with dissolved
pesticides. The time-weighted mean dissolved
pesticide concentration explained 40 percent of the
variance in the Eo/11-KT ratio for the 11 sites with
dissolved pesticides data (fig. 4C). Examination of
multiple regression relations showed that phthalates
were a significant addition to the regression relation
for dissolved pesticides, also with a negative
coefficient. The addition of phthalates increased the
variance explained from 40 to 65 percent for the 11
sites. Although the data set for this multiple regression
relation is small and does not support conclusive
analysis, the significant relation is consistent with the
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Figure 4. Significant correlations between biomarkers and contaminants for male adult carp. A, organochlorine
pesticides and 17p-estradiol (R2=0.21); B, phenols and 11-ketotestosterone (R2=0.20); and C, dissolved
pesticides and E,/11-KT (R=0.40). PR-L denotes Platte River at Louisville, Nebraska.
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Figure 4. Continued.

occurrence of simultaneous influences of multiple
contaminants. The detection frequency of vitellogenin
in male carp was not significantly correlated with any
of the contaminant groups.

Figure 4 shows varying degrees of consistency
between small regional subsets of data and the
national data for the statistically significant corre-
lations between biomarkers and contaminants for male
carp. Generally, within-region correlations are insig-
nificant or are controlled by one or two observations.
The small number of sites per region, the uncontrolled
variability, and the possibility that other contaminant
factors not measured in this study may be the
dominant influence at a particular site, combine to
make detailed interpretation of individual relations
within each region inappropriate from this
reconnaissance data.

Female Carp

Table 11 is the Pearson product-moment corre-
lation matrix for log;-transformed values for contam-
inant groups and sex steroid hormones plus vitello-
genin for female carp. As for males, 173-estradiol and
11-ketotestosterone are significantly correlated with
each other in female carp, but the two hormones have
a more balanced influence on variations in the
E,/11-KT ratio for females compared to males.

Correlation coefficients between 173-estradiol
and contaminant groups vary in both direction and
magnitude. There are no significant correlations with
contaminant groups, although p=0.06 for the
correlation between 17B-estradiol and phenols.

Correlation coefficients between 11-ketotestos-
terone in female carp and contaminant groups also
vary in both direction and magnitude. There is one
significant positive correlation with dissolved pesti-
cides (fig. 5A). No other contaminant groups were
found to be significant additions to this relation in
stepwise multiple regression analysis.

Correlation coefficients between the E»/11-KT
ratio and contaminant groups are mostly low, but there
is a significant negative correlation with dissolved
pesticides that explains 71 percent of the variance in
E,/11-KT (fig. 5B). Examination of multiple
regression relations showed that PCBs are a significant
addition to the dissolved pesticide relation with a
positive coefficient, and increased the variance
explained to 92 percent (HOR-WP is not included
because there are no dissolved pesticide data for that
site). Vitellogenin in female carp is not significantly
correlated with any of the contaminant groups.

As for males, figure 5 shows varying degrees of
consistency between small regional subsets of data
and the national data for the two statistically
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Table 11. Pearson product-moment correlations between biomarkers and contaminant groups for female adult

carp

[All data are log-transformed concentrations. Correlations that are significant at a=0.05 are shown by *. PAHs, polycyclic aromatic
hydrocarbons. Results for 17p-estradiol and polychlorinated biphenyls (PCBs), and E,/11-KT and PCBs, exclude an extreme outlier, site
HR-WP; results for vitellogenin and phenols exclude an extreme outlier, site MRP-S]

17p-Estradiol 11-Ketotestosterone Ex/11-KT Vitellogenin

11-ketotestosterone *0.47 1.00

Ey/11-KT *0.50 *.0.46 1.00

Vitellogenin 0.34 0.27 0.05 1.00
Organochlorine pesticides 0.04 0.22 -0.13 -0.02
PCBs 0.20 0.12 0.10 0.05
Phenols -0.41 -0.39 0.11 -0.15
Phthalates -0.03 -0.17 0.16 -0.18
PAHs 0.25 0.14 0.11 0.07
Dissolved pesticides -0.44 *0.74 *-0.84 0.14

significant correlations between biomarkers and
contaminants for female carp. Particularly for
dissolved pesticides, the number of sites in each
region is small (five in the Mississippi River Basin and
two or less in others). Generally, within-region
correlations are insignificant or are governed by one or
two observations. As stated for males, the small
number of sites per region, the uncontrolled variability
in the data, and the possibility that other contaminant
factors may be the dominant influence at a particular
site, make detailed interpretation of individual
relations within each region inappropriate.

DISCUSSION

Use of Biomarkers as Indicators of Potential
Endocrine Disruption

An important issue with regard to use of sex
steroid hormones as biomarkers of potential endocrine
disruption is the natural temporal variability of hor-
mones in fish. This is particularly true for this recon-
naissance in which one-time samples were collected
from a wide geographic area. The sampling period of
this study (late August to early December) is after carp
spawn (March to mid August [Panek, 1987]), during a
time of gonadal recrudescence, and before water tem-
peratures go below 15°C (Down and others, 1990).
Samples were collected during this part of the repro-
ductive cycle to minimize hormone variance, which is
much greater in the spring through summer spawning
period (Barry and others, 1990; Chang and Chen,
1990; and Down and others, 1990). Even within this
part of the reproductive cycle, sex steroid hormones

among individual fish at a site can vary up to 30-fold
(Chang and Chen, 1990; Down and others, 1990; and
Folmar and others, 1996). In this study, however, the
10th and 90th percentiles of 17B-estradiol and
11-ketotestosterone in individual males and females
were within a factor of 5 of each other for most sites.
Nevertheless, detecting possible endocrine disruption
through differences in sex steroid hormones, even
within the same period of the reproductive cycle, is
difficult because of natural variability. Generally,
subtle effects of potential endocrine disrupters are
unlikely to be detected, and only the strongest
influences of contaminants are likely to be evident.

In addition to the individual sex steroid hor-
mones—17B-estradiol and 11-ketotestosterone—their
ratio was used in this study as an indicator of possible
endocrine disruption. Folmar and others (1996)
concluded that the ratio of 17B-estradiol to testos-
terone appears to be a sensitive marker of abnormal
sex steroid concentrations in carp, but has little func-
tional significance because normal ranges have not
been established. However, Hileman (1994) concluded
that a specific ratio of estrogen to testosterone is nec-
essary for sexual differentiation in developing animals
and that alteration of the ratio can result in incomplete
or improper gonadal development. Additionally, the
balance between these two hormones determines a
fish’s phenotype, which includes sex characteristics,
differentiation of the brain and behavior, and develop-
ment of other reproductive organs (Lehninger, 1982;
and Hunter and Donaldson, 1983). There may be an
acceptable range of proportions of female to male sex
steroid hormones at various stages in a fishes life
cycle, and the range may be most critical in immature
and developing fish. In this study, values of the
E,/11-KT ratio were mostly below 1.0 for males, and
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Figure 5. Significant correlations between biomarkers and contaminants for female adult carp. A, dissolved
pesticides and 11-ketotestosterone (R?=0.55); B, dissolved pesticides and Eo/11-KT (R2=0.71).
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mostly above 1.0 for females. Although ranges have
not been established for classifying fish as normal or
not, extreme values of the ratio compared to other fish,
or correlations between the ratio and contaminant
levels, are useful indicators of potential endocrine
disruption.

Vitellogenin induction in male fish has also been
presented as evidence of endocrine disruption
(Purdom and others, 1994 and Folmar and others,
1996), and vitellogenin was detected in one or more
male fish at over half the study sites. However, the
level of vitellogenin was never over 1 mg/mL in any
individual, far below the normal range found in
females. Purdom and others (1994) and Folmar and
others (1996) found vitellogenin induction in male
carp below sewage treatment plants (STP) and their
results suggested that exposure to estrogenic
compounds in the effluent, such as alkylphenol-
ethoyxlates could be the cause. Folmar and others
(1996) also showed that an increase in 17B-estradiol
was not responsible for this vitellogenin induction, but
a reduction in testosterone lowered the ratios of
17B-estradiol/testosterone in males at the STP
impacted site. Some of our sites where vitellogenin
was found in male carp may have been influenced by
sewage effluent, and substances in the effluent may be
partly responsible for the induction. However,
vitellogenin also was detected in males at several
minimally contaminated sites with no sewage effluent,
such as Don Pedro Reservoir in California (DPR),
which indicates that some male fish have low
background vitellogenin during some portion of the
reproductive cycle. Male fish have a vitellogenin gene
that is not usually expressed, but male fish of several
species not exposed to endocrine disrupting
compounds have been documented to have low
concentrations of vitellogenin present (Copeland and
Thomas, 1988 and Goodwin and others, 1992).

To supplement the hormone and vitellogenin
biomarkers, gonads also were evaluated for
abnormalities. Evidence of endocrine disruption in

mammals and reptiles has been documented through
gonadal histopathology, such as multinuclear eggs, too
many eggs in the ovary, and dark bar-shaped structures
in tubules of testes (McLachlan and Arnold, 1996).
However, this study found only one possible gonadal
abnormality (a few basophyllic cells in a testes, which
are probably primary ova) out of 438 gonads exam-
ined. Other possible endocrine-disruption effects that
have been observed in fish, such as reduced ovary size,
lower egg viability, and delayed sexual maturity
(McMaster and others, 1991; Munkittrick and others,
1992; and Hontela and others, 1995), were not
assessed in this study. Thus, the evidence for potential
endocrine disruption that is indicated by differences in
hormones and vitellogenin among sites, and signif-
icant correlations between hormone levels and con-
taminants, is not confirmed by gonad abnormalities
that were evaluated in this study.

Contaminants and Biomarkers

An important objective of this reconnaissance
study was to evaluate whether differences in bio-
markers among sites may be related to environmental
contaminants. There is strong evidence that xeno-
biotics can induce toxicity and changes in endocrine
systems (Atterwill and Flack, 1992), and field studies
have found correlations between the levels of endo-
crine disruption in fish and the types and degree of
contaminant exposure (Folmar, 1993). Most of the
evidence in teleost fish shows contaminants reducing
levels of circulating sex steroid hormones and
vitellogenin (Folmar, 1993), although some
contaminants, such as cadmium (Sangalang and
Freeman, 1974), DDT (Denison and others, 1981),
B-hexachlorocyclohexane (B-HCH [Webster and
others, 1985]), nonylphenol (Waldock and others,
1994) and PAHs (Janssen and others, 1995), may
increase steroid hormones or vitellogenin.

Table 12. Summary of analyses of correlations between biomarkers and contaminants for male and female adult carp

[The plus and minus symbols indicate the direction of correlation: 3 symbols signifies statistical significance with 0=0.05. For
characterizing patterns in the direction of correlations that did not meet the 0.05 significance levels, 2 symbols signifies 0.05 < p < 0.10,
and 1 symbol signifies 0.10 < p < 0.25. PCBs, polychlorinated biphenyls; PAHs, polycyclic aromatic hydrocarbons]

17B-Estradiol 11-Ketotestosterone E,/11-KT ratio Vitellogenin
Males Femaies Males Femaies Males Femaies Maies Females
Organochlorine pesticides - - ——
PCBs -
Phenols - - - ——
Phthalates - -
PAHs
Dissolved pesticides - - ++ + - -
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Table 12 summarizes the results of the pair-

wise correlation analyses of contaminant-biomarker
relations for both males and females. There are five
statistically significant (¢:=0.05) correlations between
biomarkers and contaminant groups with four negative
and one positive. Of 15 correlations with p values less
than 0.25, 14 were negative. The strongest patterns
common to both males and females are: (1) negative
correlations between the E,/11-KT ratio and dissolved
pesticides, and (2) negative correlations between
phenols and both 17B-estradiol and 11-ketotestost-
erone. Notable differences between males and females
are: (1) the significant negative correlation between
17B-estradiol and organochlorine pesticides shown in
males and not females, and (2) the significant positive
correlation between 11-ketotestosterone and dissolved
pesticides shown in females and not males.

n

The significant correlations between dissolved
pesticides in water and E,/11-KT for both males and
females are shown in figure 6. Best-fit regression lines
for males and females follow the same general pattern,
with the greatest reduction in E,/11-KT occurring
from 0.2 to 1 pg/L dissolved pesticides. The lowest
E,/11-KT ratios in both male and female carp were
found in the Platte River at Louisville (PR-L) in
Nebraska, which had the highest total concentration of
dissolved pesticides in water. Studies have shown that
some water soluble pesticides, such as atrazine
(Babic-Gojmerac and others, 1989 and Simic and
others, 1991), alachlor (U.S. Environmental Protection
Agency, 1984 and Amdur and others, 1991) and
carbaryl (Amdur and others, 1991), all of which were
detected at one or more sites in this study, affect
endocrine systems. However, the available
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contaminant data are not sufficient to determine which
specific pesticides or groups of pesticides could be
responsible for the reduction in E/11-KT ratios.

The contaminant group having the most consis-
tent direction of correlation with biomarkers is the
phenols, which have negative correlation coefficients
with 17B-estradiol and 11-ketotestosterone in male and
female fish (although most are not significant at the
0.05 level). Only the correlation with 11-ketotestos-
terone in males was statistically significant. Within the
phenol chemical group, the alkylated phenols have
been shown to bind to the estrogen receptor,
displaying estrogenic effects, such as vitellogenin
induction in male fish (Waldock and others, 1994 and
White and others, 1994).

Organochlorine pesticides showed a significant
negative correlation with male 17p-estradiol. A similar
response was seen in largemouth bass from a site in
Florida that is contaminated with organochlorine
pesticides (Gross and others, 1995). Results from
another study (Singh and Singh, 1987) also showed
that organochlorine pesticides (lindane and y-benzene
hexachloride [Y~-BHC]) reduced estradiol in fish.

Significant pair-wise correlations with
biomarkers were not found for PCBs, phthalates, or
PAHs. Others, however, have reported reduced
estradiol in fish exposed to PCBs. PCB concentration
was found in this study to explain a significant portion
of the variance in E,/11-KT in female carp in a
multiple regression with dissolved pesticides.
Phthalates, widely used chemicals in plastics, are
routinely found in sampling of aquatic environments
and have been shown by others to affect endocrine
systems (Wams, 1987; Treinen and others, 1990; and
Laskey and Berman, 1993). Phthalate concentration
was found in this study to explain a significant portion
of the variance in E,/11-KT in male carp in a multiple
regression with dissolved pesticides. Available
literature on fish mostly show that PAHs reduce sex
steroid hormones and vitellogenin (Johnson and
others, 1988; Thomas 1988; Singh, 1989; and Sol and
others, 1995), although one study showed that PAHs in
contaminated sediment increased steroid hormones
and vitellogenin (Janssen and others, 1995). The
absence of strong findings that these contaminant
groups are correlated with biomarkers at the
reconnaissance study sites may be due to one or a
combination of several reasons: there are no effects at
the levels of exposure studied; effects are subtle in
relation to uncontrolled sources of variability; or that
various contaminants have effects in opposite
directions that confound simple correlation analysis.

Direction of Future Studies

An important objective of this reconnaissance
study was to determine the need and priorities for
further endocrine disruption studies. Improved infor-
mation is needed in several areas to evaluate whether
endocrine disruption in fish is actually occurring in
some streams and, if so, to determine its causes and its
effects on fish populations.

Improved knowledge of the occurrence of endo-
crine disruption in fish will require more detailed and
integrated assessment of the exposure of fish to con-
taminants over time in relation to reproductive cycles
and variability in endocrine systems. Major elements
of study that should be included are:

» Assessment of biological effects on both individ-
ual fish and populations, and how these effects
correlate with the degrees of endocrine disruption
indicted by biomarkers and other measures.

* Inclusion of fish species that are more sensitive to
endocrine disruption than carp.

» Contemporaneous temporal characterization of
contaminant exposure and endocrine status over
the complete annual reproductive cycle.

* Broader characterization of contaminant exposure
(including background levels), such as trace
elements, additional pesticides, and nitrates.

* Improved pairing of reference sites with contami-
nated sites. Such site pairs need to be as similar as
possible in all respects, except contaminant levels.

Investigation of biological effects associated
with altered endocrine systems is probably the most
difficult task. Detailed discussion of methods to assess
individual and population-level effects is beyond the
scope of this paper. Initially, however, reproductive
impairment of individuals should be assessed using a
range of techniques on selected fish species, including
gonadal somatic index, fecundity, egg size and hatch-
ability, and sperm quantities and qualities. These
indicators should be combined with basic charac-
terization of fish populations, such as sex and age
distribution, condition, health, and growth. Multiple
lines of evidence in assessing reproductive impairment
are critical because of the high degree of inherent
variability.

Achieving the types of improvements in infor-
mation on biological effects and contaminant influ-
ences outlined above will require a distinct shift in
study design from the “one sample from many sites”
approach of the reconnaissance, to the “intensive
study of a few sites” approach for more detailed study.
A paired-site approach is suggested, with one
“contaminated” site and one “reference” site located in
each of the three regions with the clearest evidence of
endocrine disruption: the Northeast, the Mississippi
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River Basin, and the West. Criteria for selection of
contaminated sites should include representation of
the regions’ streams, historical availability of
contaminant and fish population data, availability of
comparable species with sufficient numbers to sample,
and availability of a comparable reference site.
Potential “contaminated” sites for further study
include the Shenandoah River at Millville, West
Virginia (SR-M) or the Mohawk River at Frankfort,
New York (MR-F) in the Northeast; the Platte River at
Louisville, Nebraska (PR-L) or the White River at
Hazleton, Indiana (WR-H) in the Mississippi River
Basin; and the San Joaquin River at Fremont Ford,
California (SJR-FF) in the West.

SUMMARY

Reconnaissance assessment of sex steroid hor-
mones in carp from United States streams indicates
that fish in some streams within all regions studied
may be experiencing some degree of endocrine disrup-
tion. Primary lines of evidence for the occurrence of
endocrine disruption are the significant site-to-site
differences in biomarkers within regions and the
presence of significant correlations between bio-
markers and contaminants. Gonad histopathology,
however, showed that only one fish out of 438 had an
abnormality that could be associated with sex-steroid
hormone levels. Specific findings are summarized
below:

* For 23 streams and 2 impoundments studied in
five major regions of the United States, mean
levels of 17B-estradiol and 11-ketotestosterone in
common carp spanned 2 orders of magnitude for
each sex during recrudescence.

* There were no significant (¢=0.05) differences
between regions in sex steroid hormones for
males, but females from the Northern Midconti-
nent and the Southern Midcontinent were signif-
icantly different from other regions in one or both
hormones.

* Within most regions, there were significant differ-
ences between sites in one or both sex steroid
hormones for both sexes.

* The ratio of 17B-estradiol to 11-ketotestosterone
(E,/11-KT) also had significant differences
between sites in most regions for both male and
female carp.

* Vitellogenin showed some differences between
sites for females in the Northeast, the Mississippi
River Basin, and the West.

* The gonad conditions of most males and females
were similar for all sites and regions, indicated

similar stages of sexual maturation, and showed
only one abnormality in 438 fish.

* Total organochlorine pesticides and PCBs in
tissues (lipid normalized) and phenols, PAHs, and
phthalates in bed sediment (organic carbon
normalized) each spanned at least two orders of
magnitude among sites. Mean total dissolved
pesticides in water varied within a factor of 10.
There were significant correlations between PCBs
and organochlorine pesticides, PCBs and PAHs,
PAHs and phthalates, and phthalates and phenols.

* Of 15 correlations between biomarkers and con-
taminants that had p values less than 0.25 (males
and females), 14 were negative.

* For male carp: (1) 178-estradiol had a significant
(0=0.05) negative correlation with total
organochlorine pesticides; (2) 11-ketotestosterone
had a significant negative correlation with
phenols; and (3) E/11-KT ratio had a significant
negative correlation with total dissolved
pesticides.

* For female carp: (1) 11-ketotestosterone had a
significant positive correlation with dissolved
pesticides; and (2) E,/11-KT ratio had a signi-
ficant negative correlation with dissolved
pesticides.

* The strongest patterns common to both males and
females are: (1) negative correlations between the
E,/11-KT ratio and dissolved pesticides, and
(2) negative correlations between phenols and
both 17B-estradiol and 11-ketotestosterone.

* Notable differences between males and females
are: (1) the significant negative correlation
between 17B-estradiol and organochlorine
pesticides shown in males and not in females, and
(2) the significant positive correlation between
11-ketotestosterone and dissolved pesticides
shown in females and not in males.

More information is needed in several areas to
evaluate whether endocrine disruption is actually
occurring in fish of some streams, what may be its
cause, and whether there are biological effects on
individuals or populations. A distinct shift in study
design will be required from the “one sample from
many sites” approach of the reconnaissance, to the
“intensive study of a few sites” approach for more
detailed study. A paired site approach is suggested for
further investigation, with one “contaminated” site
and one “reference site” located in the regions with the
clearest evidence of endocrine disruption.
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