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ABSTRACT: Many wildlife species may be exposed to biologically active concentrations of
endocrine-disrupting chemicals. There is strong evidence obtained from laboratory studies showing
the potential of several environmental chemicals to cause endocrine disruption at environmen-
tally realistic exposure levels. In wildlife populations, associations have been reported between
reproductive and developmental effects and endocrine-disrupting chemicals. In the aquatic
environment, effects have been observed in mammals, birds, reptiles, fish, and mollusks from
Europe, North America, and other areas. The observed abnormalities vary from subtle changes
to permanent alterations, including disturbed sex differentiation with feminized or masculinized
sex organs, changed sexual behavior, and altered immune function. For most reported effects in
wildlife, however, the evidence for a causal link with endocrine disruption is weak or nonexist-
ing. Crucial in establishing causal evidence for chemical-induced wildlife effects appeared
semifield or laboratory studies using the wildlife species of concern. Impaired reproduction and
development causally linked to endocrine-disrupting chemicals are well documented in a number
of species and have resulted in local or regional population changes. These include:

» Masculinization (imposex) in female marine snails by tributyltin, a biocide used in antifouling
paints, is probably the clearest case of endocrine disruption caused by an environmental
chemical. The dogwhelk is particularly sensitive, and imposex has resulted in decline or
extinction of local populations worldwide, including coastal areas all over Europe and the
open North Sea.

« DDE-induced egg-shell thinning in birds has caused severe population declines in a number
of raptor species in Europe and North America.

« Endocrine-disrupting chemicals have adversely affected a variety of fish species. In the
vicinity of certain sources (e.g., effluents of water treatment plants) and in the most contami-
nated areas is this exposure causally linked with the effects on reproductive organs that could
have implications for fish populations. However, there is also a more widespread occurrence
of endocrine disruption in fish in the U.K., where estrogenic effects have been demonstrated
in freshwater systems, in estuaries, and in coastal areas.

* In mammals, the best evidence comes from the field studies on Baltic gray and ringed seals,
and from the Dutch semifield studies on harbor seals, where both reproduction and immune
functions have been impaired by PCBs in the food chain. Reproduction effects resulted in
population declines, whereas impaired immune function has likely contributed to the mass
mortalities due to morbillivirus infections.

» Distorted sex organ development and function in alligators has been related to a major
pesticide spill into a lake in Florida, U.S.A. The observed estrogenic/antiandrogenic effects
in this reptile have been causally linked in experimental studies with alligator eggs to the DDT

complex.

Although most observed effects currently reported concern heavily polluted areas, endocrine
disruption is a potential global problem. This is exemplified by the widespread occurrence of
imposex in marine snails and the recent findings of high levels of persistent potential endocrine-
disrupting chemicals in several marine mammalian species inhabiting oceanic waters.

KEY WORDS: endocrine modulator, estrogenic effects, reproduction effects, immunotoxic
effects, marine mammals, reptiles, fish, birds, invertebrates, chlorinated compounds, PCBs,
PCDFs, PCDDs, DDT, TBT.
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I. INTRODUCTION
A. Background

There 1s growing concern about the possi-
ble harmful consequences of exposure to xeno-
biotic compounds that are capable of modu-
lating or disrupting the endocrine system. This
concern for endocrine-disrupting chemicals
(EDCs) is directed at both wildlife and humans
(Colborn et al., 1993; Sharpe and Skakkebaek,
1993). Several expert working groups (Harrison
et al., 1995; Toppari et al., 1995; Weybridge,
1996; Ankley et al., 1998; Crisp et al., 1998;
Olsson et al., 1998) have concluded that there
is increasing evidence of adverse effects in
human and wildlife reproductive health and
have discussed the hypothesis that chemicals
in the environment have caused these endo-
crine-mediated adverse effects. This has led
a series of stakeholders to consider the topic
of endocrine disruption as of sufficient inter-
est/concern to justify action.

Among the stakeholders mentioned are
the European Commission, the European Par-
liament, the US Environmental Protection
Agency, OECD, the IPCS, the Commission
of the OSPAR Convention, the European En-
vironment Agency, NGOs, and the Chemical
Industry. The European Commission took this
advice seriously and allowed for the setting
up of a Working Group on Endocrine Disrupt-
ers under the Scientific Committee on Toxic-
ity, Ecotoxicity, and the Environment (CSTEE)
of DG XXIV Consumer Policy and Consumer
Health Protection. The working group con-
cluded that, in terms of endocrine-disrupting
effects, the main reasons for concern have to
do with the effects on wildlife and the envi-
ronment. This article is a review of the exist-
ing literature and scientific opinion on the
evidence for chemically induced endocrine
disruption, in particular as it relates to Euro-
pean wildlife. In addition, gaps in knowledge
are identified and recommendations for fu-
ture research are made.

The CSTEE working group agreed on
the definition of the IPCS Steering Group
that met at the joint IPCS/OECD Scoping
Meeting on Endocrine Disrupters, March 16
to 18, 1998 in Washington, DC:

An endocrine disrupter is an exogenous sub-
stance or mixture that alters function(s) of the
endocrine system and consequently causes ad-
verse health effects in an intact organism, or
its progeny, or (sub)populations.

A potential endocrine disrupter is an ex-
ogenous substance or mixture that possesses
properties that might be expected to lead to
endocrine disruption in an intact organism, or
its progeny, or (sub)populations.

Alteration of endocrine function caused
by an endocrine disrupter may be through
interference with the synthesis, secretion,
transport, binding, action, or elimination of
natural hormones in the body that are respon-
sible for the maintenance of homeostasis, re-
production, development, and/or behavior.
Industrial chemicals, consumer compounds
and chemicals in the environment can be endo-
crine disrupters that mimic, enhance (an ago-
nist), or inhibit (an antagonist) the action of
hormones. Dose, body burden, timing, fre-
quency, and duration of exposure at critical
periods of life are important considerations
for assessing adverse effects of an endocrine
disrupter.

B. Mechanisms of Endocrine
Disruption

The biological actions of hormones syn-
thesized within an organism, such as estro-
gen, progesterone, testosterone, and thyroxin
are mediated by high-affinity receptor pro-
teins located within target cells. The interac-
tion of a hormone with its receptor initiates
a cascade of events that lead to myriad ef-
fects associated with the particular hormone.
Also, exogenous chemicals may bind to a
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receptor, for example, the estrogen receptor
and mimic or block the actions of its natural
hormone. Such compounds include some natu-
ral products such as coumestrol and genistein,
pharmaceuticals such as diethylstilbestrol,
17a-ethinylestradiol and tamoxifen, and in-
dustrial chemicals such as DDT, bisphenol
A, and nonylphenol (ECETOC, 1996;
Schifer et al., 1996; DFG, 1996; Weybridge,
1996). Compounds that have been shown to
alter estrogen biosynthesis are cyanoketone,
ketoconazole, and the fungicide fenarimol (Hirsch
etal., 1987). Methoxychlor, chlordecone (ke-
pone), DDT, some PCBs and alkylphenols
can disrupt estrogen receptor function (White
et al., 1994; Mueller and Kim, 1978). Me-
tabolites of the fungicide vinclozolin and the
DDT metabolite p,p’-DDE have been found
to bind to the androgen receptor and block
testosterone-induced cellular responses in
vitro. 0,p’-DDT and chlordecone can inhibit
ligand binding to the estrogen and progester-
one receptors (Laws et al., 1995). Nonyl-
phenol inhibits binding to the estrogen, proges-
terone, and androgen receptors (Schifer et
al., 1996). Environmental agents have also
been shown to affect the thyroid. For ex-
ample, hydroxylated metabolites of PCBs,
as competitive inhibitors of thyroxin bind-
ing to transthyretin, can alter thyroid hor-
mone levels and interfere with hormone trans-
port.

The steroidal sex hormones and their re-
ceptors are phylogenetically old and may be
found in a range of vertebrate and inverte-
brate species. Their regulatory role in devel-
opmental processes such as sex determina-
tion and differentiation is of particular interest
with respect to endocrine disruption. In mam-
mals, the differentiation of the conceptus into
a male phenotype is regulated by testicular hor-
mones, including testosterone. Consequently,
the androgen receptor antagonists p,p’-DDE
and vinclozolin may demasculinize male rat
pups following exposure of the pregnant dam
(Kelce et al., 1995, 1997). In birds, the differ-
entiation into a female phenotype is regulat-
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ed by estrogen. Consequently, injection of an
estrogen synthesis inhibitor into the fertilized
egg may result in phenotypically sex-reversed
females with bilateral testicles, sperm produc-
tion, and a male copulatory behavior (Elbrecht
and Smith, 1992). Feminized male birds with
an ovotestis (a gonad containing both ova-
rial and testicular tissue) and/or reduced male
copulatory behavior have been induced by
o,p’-DDT and 17a-ethinylestradiol (Adkins,
1975; Schumacher et al., 1989; Berg et al.,
1998).

The genetic sex in mammals and birds is
defined by genes located on the sex chromo-
somes. In lower vertebrates and invertebrates,
the mechanisms of sex determination and
differentiation are less characterized but may
be more flexible than in mammals and birds
and influenced by environmental factors such
as temperature and xenogenous substances
with hormonal activity. Experimentally dis-
turbed sex differentiation has also been re-
ported in reptiles, amphibia, fish, and inver-
tebrates such as marine gastropods. There is
evidence that malformed sex organs occur in
wild populations of birds, reptiles, fish, and
marine gastropods (see next sections). The
mechanisms of pollutant-induced reproduc-
tive toxicity observed in wild mammalian spe-
cies generally remain unclear but could also
involve endocrine disruption.

The present literature overview assesses
the currently available evidence on adverse
health effects in wildlife populations by expo-
sure to environmental contaminants that mani-
fest effects that may be modulated through the
endocrine system. Reports of field and semi-
field studies dealing with (suspected) endo-
crine-mediated abnormalities and ecological
well-being in both terrestrial and aquatic (fish
eating) populations of mammalian, avian, rep-
tilian, fish, and invertebrate species are tabu-
lated and discussed. A distinction is made
between reproductive and nonreproductive
disturbances and/or effects. Particular empha-
sis in the overview is placed on recent re-
ports from European countries.
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il. MAMMALS
A. Reproductive Effects

Effects on reproduction in mammals, in
particular reported for the aquatic environ-
ment, are summarized in Table 1a.

Perhaps the best evidence for cause-effect
relationships between organochlorine com-
pounds and reproductive toxicity in a marine
mammal comes from the field studies on Baltic
gray and ringed seals, and from the Dutch
semifield studies on harbor seals, where both
reproduction and immune function have been
impaired by PCBs in the food chain. Repro-
duction effects resulted in population declines,
whereas impairment of immune functions have
likely contributed to the mass mortalities due
to morbillivirus infections.

1. Baltic Seal Disease Syndrome

A great deal of attention has been given to
a disease syndrome in Baltic gray and ringed
seals that is firmly linked to high body bur-
dens of PCBs, DDT, and their persistent me-
thylsulfone metabolites (Bergman and Olsson,
1985; Bergman et al., 1994; Jensen and
Jansson, 1976; Haraguchi et al., 1992). An
investigation, initiated because of a serious
reduction of the gray and ringed seal popula-
tions, revealed that uterine stenosis and oc-
clusions (Figure 1) had occurred in 30% of
the adult gray seals and in 70% of the ringed
seals subjected to autopsy (Bergman and Olsson,
1985: Helle et al., 1976a,b; Helle, 1980). In
addition, uterine smooth muscle tumors (lei-
omyomas) were common findings in older
gray seals but not in ringed seals (Bergman
and Olsson, 1985). Along with decreasing body
burdens of organochlorines, the reproduction
of Baltic seals has gradually improved during
the last 2 decades (Bergman, 1999). In addi-
tion to reproductive disorders and sterility, a
suite of pathological lesions have been report-
ed, including severe adrenocortical hyperpla-

sia (Figure 2), osteoporosis, intestinal ulcers,
and a decreased epidermal thickness in both
sexes (Bergman and Olsson, 1985; Bergman
etal,, 1992; Bergman, 1999; Mortensen et al.,
1992; Olsson et al., 1994). Hyperadrenocor-
ticism (Cushing’s disease) has been proposed
as one major cause of the disease syndrome
in the Baltic seal populations (Bergman and
Olsson, 1985). The prevalence of some of
these lesions has decreased during the last 2
decades, especially lesions related to reproduc-
tion. Notably, however, the incidence of intes-
tinal ulcers seems to be increasing (Bergman,
1999).

Despite a strong correlation to persistent
organochlorine exposure, the underlying mode
of action and the individual PCB and DDT
compounds responsible for these toxic effects
in Baltic seals are still incompletely under-
stood. Given the diverse pattern of pathologi-
cal lesions observed and the large number of
organochlorines and metabolites identified in
the seals, it is conceivable that the disease syn-
drome is caused by several classes of persis-
tent organohalogens and several independent
mechanisms of action. As there is often a co-
variation in the exposure to the different or-
ganochlorines, the eco-epidemiological study
approach will generally not allow conclusions
about the etiological role of individual chemi-
cals. Eco-epidemiology may, however, direct
attention to groups of chemicals. Recent stud-
ies thus have concluded that high concentra-
tions of DDT compounds were present in
reproducing females in the past, whereas fe-
males with high PCB concentrations failed
to reproduce (Roos et al., 1998). These re-
sults support an etiological role of PCB for
parts of the disease syndrome, particularly
for lesions connected to the reproductive
failure among the seals.

Several of the observed pathological lesions
are compatible with an increased glucocor-
ticoid production in the seals. Osteoporosis,
decreased epidermal thickness, and immuno-
suppression could result from an increased
hormone synthesis in the hyperplastic adrenal
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FIGURE 1. Uterus from a sterile gray seal showing lesions resulting
from a disrupted pregnancy. Arrows depict sites of strictures and
occlusions in the uterine horns, originating from aborted early embryos.

(Photo courtesy of M. Olsson.)

FIGURE 2. Transsected adrenal glands from a Baltic gray seal (right)
and a gray seal from Svalbard (left) showing massive hyperplasia of the
adrenal cortex in the Baltic seal. (Photo courtesy of Swedish Veterinary

institute.)

cortex. Notably, however, no information on
the functional activity of the adrenal cortex in
affected animals has been provided. In con-
flict with the concept of hyperadrenocorticism,
recent experimental data rather suggest that
several pollutants in the affected seals are ca-
pable of disrupting both glucocorticosteroid
hormone synthesis and receptor-mediated ac-
tion. Several distinct mechanisms of action
have been described, that could result in a com-
pensatory hyperplasia of the adrenal cortex.
Along with a number of methylsulfonyl-PCBs
(MeSO--PCBs), the persistent DDT metabo-

lite MeSO,-DDE was originally identified in
the blubber of the Baltic gray seal (Jensen and
Jansson, 1976). Studying the biological prop-
erties of this novel class of metabolites, it was
found that MeSO,-DDE is a highly potent ad-
renal toxicant following a site-specific cyto-
chrome P450-catalyzed irreversible binding in
the glucocorticoid-producing zona fasciculata
in mice. This observation suggested a role for
MeSO,-DDE in the etiology of adrenocorti-
cal hyperplasia in Baltic seals (Lund et al.,
1988: Jonsson et al., 1991; 1992; Brandt et
al., 1992). A comparative in vitro study with
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adrenal tissue of gray seal, mink, and otter
showed significant cytochrome P450-catalyzed
irreversible binding of MeSO,-DDE in seal
adrenal tissue, while no binding of this com-
pound occurred in mink and otter adrenal tis-
sue (Jonssonetal., 1993; Lund, 1994). Another
DDT metabolite, the classic adrenocortico-
lytic agent DDD, showed a marked P450-
catalyzed binding in the adrenal cortex of seal,
mink and otter. Consequently, DDD could
also contribute to adrenal dysfunction, result-
ing in compensatory hyperplasia of the adre-
nal cortex (Jonsson et al., 1994; Lund, 1994).
In addition, MeSO,-DDE and certain
MeSO,-PCBs are potent inhibitors of
CYPI11B1 and corticosterone synthesis in
mouse adrenocortical Y1 cells (Johansson et
al., 1998a). Finally, as reported recently by
the same group, certain MeSO,-PCBs may
also act as glucocorticoid receptor antago-
nists in CHO cells expressing a human gluco-
corticoid receptor-responsive element
(Johansson et al., 1998b). This novel finding
supports a complex etiology of disturbed
glococorticoid hormone homeostasis in Baltic
seals, which could also involve a component
of physiological stress.

2. Semifield Reproduction Study
in Seal

In this study with harbor or common seals
(Phoca vitulina) (Figure 3), two groups, each
consisting of 12 female seals, were fed for 2
years with either a diet of flatfish derived from
the Wadden Sea or a diet of mackerel from
the open Atlantic. In this prospective study,
female harbor seals fed fish from the polluted
Wadden Sea displayed a lower reproductive
success than seals fed less-contaminated fish
from the Atlantic Ocean (Reijnders, 1986). In
the same study, the Wadden Sea group seals
also had lower concentrations of 173-estra-
diol (Reijnders, 1986). Two possible expla-
nations for the low reproductive success are
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given by Reijnders (1996). First, an increased
breakdown of steroid hormones and conse-
quently lower plasma concentrations as a con-
sequence of cytochrome P450 (CYP1A) en-
zyme induction by PCBs/PCB metabolites.
This process has been shown in various other
studies (Tanabe et al., 1988; Boon et al., 1992).
However, because Froixi and Mason found a
negative correlation between PCB concentra-
tions and hormone metabolism, this mecha-
nism seems to be a less likely explanation
(Reijnders, 1999). Second, interference by
PCB or DDE and their metabolites with re-
ceptors in target tissues could be involved.
PCB-methylsulfones bind with high affinity
to a uteroglobin-like protein in the murine
and human airways (Brandt et al., 1995; Lund
et al., 19935). Uteroglobin is a steroid-binding
protein that was originally identified in secre-
tions from the uterus and uterine tubes and
probably plays a regulatory role in the repro-
ductive tract. Considering the above reports
on uterine strictures and occlusions in Baltic
seals, it was of particular interest that phe-
nolic and methylsulfone-containing PCB me-
tabolites are selectively enriched in the uterine
luminai fluid of pregnant mice (Brandt et al.,
1982).

Seals from the group with the highest PCB
uptake had reduced the levels of retinol (vi-
tamin A) and thyroid hormones (Brouwer et
al., 1998), both biomarkers generally associ-
ated with exposure to PCBs and related com-
pounds (Peakall, 1992). Competition between
thyroid hormones and retinol and certain PCB
congeners (such as PCB-77) for binding to a
transport protein was presumably responsible
for the reduced plasma levels (Brouwer et al.,
1989). It is known that reduced levels of
retinol and thyroid hormones may be of bio-
logical significance. Thyroid hormones play
an important role in the development of the
brain during the early developmental period,
and an indirect role in the maturation of the
testicular Sertoli and Leydig cells, which are
important in spermatogenesis. Thyroid hor-
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FIGURE 3. Harbor and gray seals at Blakeney Point, Norfolk, United

Kingdom.

mones are known to be important in cell dif-
ferentiation, while vitamin A deficiency may
lead to delayed growth and reduced reproduc-
tive success. Based on the presence of hydroxy-
lated PCB metabolites in seal blood (Bergman
et al., 1994) and the strong accumulation of
such metabolites in the feto-placental unit in
pregnant mice (Brandt et al., 1982; Darnerud
et al., 1986), it has been postulated that fetal
accumulation of PCB metabolites occurs also
in pregnant seals (Murk et al., 1994b; Brouwer
et al., 1998).

The reproductive effects observed in the
Baltic seals and the harbor seals exposed to
Wadden sea flatfish for 2 years were fairly
different. Particularly striking were the re-
duced fertility, uterine occlusions resulting
from abortions, uterine smooth muscle tumors,
and a suite of pathological changes, includ-
ing adrenocortical hyperplasia and osteoporo-
sis that characterized the disease syndrome in
the Baltic seal populations. In the two differ-
ent semifield studies performed with harbor
seals, decreased fertility, reduced levels of
17B-estradiol, retinol, and thyroid hormones
were found. The differences observed between
the field study in the Baltic and the Dutch semi-

field studies may be explained by the different
species (gray, ringed, and harbor seals), the
different exposure scenarios, as well as the
duration of exposure (lifetime in the Baltic,
2 years in the Dutch studies). Also, the study
design and the different biological endpoints
examined may explain the different effects
observed.

Cryptorchidism (90% of the male popula-
tion), high prevalence of sperm abnormalities,
and occasional cases of sterility have been
reported in the endangered Florida panther (Fe-
lis concolor coryl) (Facemire et al., 1995). The
involvement of endocrine-disrupting chemi-
cals in the early developmental stages as a
contributing cause for reproductive impairment
is suspected, but further studies are required
to elucidate the observed reproductive fail-
ure and disorders in this population of ani-
mals (see EPA, 1997).

Masculinization (pseudohermaphroditism)
is reported from local populations of black
and brown bears in Alberta, Canada (Cattet,
1988). Recently, a parallel case was reported
in polar bears in Europe (Spitsbergen): two fe-
male yearlings showed a normal vaginal open-
ing and a 20-mm penis containing a baculum.
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As neither of the yearlings showed Y chromo-
somes, they were considered female pseudo-
hermaphrodites (Wiig et al., 1998). Polar bears
at Svalbard are highly polluted with organo-
chlorines, particularly PCBs (Bernhoft et al.,
1997). The authors emphasize that the mecha-
nisms involved are unclear but suggest that
the pseudohermaphrodites may be due to endo-
crine disruption from environmental pollutants.

In top predators such as the mustelids, the
European otter (Lutra lutra) and mink (Mus-
tela vison) high concentrations of PCBs (ppm
range) have been reported (Keymeret al., 1988;
Giesy et al., 1994a; Leonards, 1997; Wren,
1991). Non-ortho-substituted PCBs are gen-
erally held responsible for adverse reproduc-
tive health effects observed in these species
(Aulerich et al., 1985; Leonards, 1997). In
Scandinavia, as well as in many other Euro-
pean countries, the otter populations were found
to decline after the 1950s. Early on PCB was
proposed to be responsible for this population
decline (Sandegren et al., 1980). The mark-
edly decreased environmental concentrations
of PCB recorded in Sweden in the last 2 de-
cades consequently has been followed by a
recovery of the otter populations all over the
country. This improvement has been most
pronounced in the remote, less-contaminated
parts of Sweden (Roos et al., submitted).

Today thriving otter populations are found
only at the boundaries of Europe where the
lowest concentrations of PCBs are present
(Leonards, 1997). There is, however, one ex-
ception, the Shetland Islands, where relatively
high concentrations of PCBs are found in a
thriving otter population (Kruuk and Conroy,
1996). A literature review of the presence of
PCBs in otters (Smit et al., 1994) concluded
that it was neither possible to dismiss the role
of PCBs in the decline of otter populations
nor to assume the role as completely proven.
This was mainly due to the fact that reported
concentrations of PCBs in otters are difficult
to compare because of the differences in ana-
lytical methods.

Several experimental studies have re-
vealed a high reproductive toxicity of PCB
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(but not of DDT) in mink (Aulerich et al.,
1985; Jensen et al., 1977; Kihlstrom et al.,
1992). Mink exposed to a technical PCB prep-
aration (Clophen A50) for 18 months showed
a dose-dependent decrease in the number of
whelps born with virtually no reproductive
capacity remaining in females exposed to
0.3 mg PCB/day (Brunstrom et al., 1994).
Based on a sensitive EROD bioassay, the
highest amounts of ‘dioxin-like’ compounds
(Bio-TEQs, 2,3,7,8-TCDD toxic equivalents)
found in Swedish otters were higher than
those in the Clophen A50-exposed. Assum-
ing a similar reproductive toxicity of PCB in
otter as in mink, these results clearly support
the conclusion that PCB exposure may be
involved in the decline of European otter
populations.

Toxicity data and levels of PCBs observed
in wildlife populations of mink (Mustela vison)
and otters (L. canadensis) in the Great Lakes
Basin (U.S.) were reviewed by Wren (1991).
He concluded that there was little doubt that
contaminants had effects on mink and otters
from the Great Lakes Basin, but that available
data were insufficient to provide final proof
of cause-effect linkages between chemical
compounds and population status. Data on
contaminants in the diet of mink and otter
were not available.

A large number of xenobiotics with po-
tential endocrine-disrupting effects have been
reported in tissues of many marine mammals
(Colborn and Smolen, 1996; Reijnders, 1996;
Wagemann and Muir, 1984). In general, these
species are related to coastal zones. However,
more recently it has been shown that tissue
of more oceanic species such as sperm whales
(Physeter macrocephalus) and minke whale
(Balaena acutorostrata) show considerable
concentrations of these compounds, including
toxaphene and polybrominated diphenylethers
(PBDE) (De Boer et al., 1998). Reproductive
and developmental disorders in these mammals
have been associated with certain organochlo-
rine contaminants (mainly DDT metabolites
and PCBs, and their metabolites) in California
sea lions (Zalophus californias) (Delong et
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al., 1973; Addison, 1989), ringed seals (Phoca
hispida) and gray seals (Halichoerus grypus)
in the Baltic Sea (Helle, 1980; Bergman and
Olsson, 1985), harbor seals (Phoca vitulina) in
the Wadden Sea (Reijnders, 1986), and bel-
uga whales (Delphinapterus leucas) from the
polluted Gulf of St. Lawrence (Beland et al.,
1987; Martineau et al., 1988) (see Table 1a).
In most of the above cases, however, it was not
possible to confirm a cause-and-effect relation-
ship between a specific chemical and effects
found (Reijnders and Brasseur, 1992; Colborn
and Smolen, 1996; O’ Shea and Brownell, 1998).
In all of the above cases, the etiology of the
observed effects therefore remains unsolved
(Reijnders and De Ruiter-Dijkman, 1995).
Decreased testosterone levels in the blood
have been associated with high concentrations
of PCBs and DDE in the blubber of Dall’s
porpoises (Phocoenoides dalli) from the North-
west Pacific, but the mechanism for this de-
crease remains unknown (Subramanian et al.,
1987). It can be speculated that PCB-related
enzyme induction, as proposed for seals in
the Wadden Sea, may have played a role.
High levels of organochlorines found in
beluga whales from the polluted Gulf of St.
Lawrence in Canada have been associated with
the low reproductive rate of the population
(Martineau et al., 1988). In addition, a single
unique case of true hermaphroditism (pres-
ence of ovaries and testes) was described in
one out of nine investigated beluga whales
from this area (De Guise et al., 1994a). How-
ever, based on the available literature and most
recent findings, the evidence for a primary
effect of contaminants leading to the ob-
served effects in St. Lawrence belugas has
been considered largely circumstantial and
should be treated with caution (ICES, 1998).
In a very recent report of the Saimaa ringed
seal (Phoca hispida saimensis) in Lake Saimaa,
Finland, it has been suggested that increased
mercury levels in the seal pups, possibly due
to selenium shortage, may have contributed
to the decrease in density of this population

in the 1960s and 1970s (Hyvirinen et al.,
1998).

B. Nonreproductive Effects

Besides poor reproductive performance,
also mass mortalities by infectious diseases,
immunosuppression, thyroid abnormalities, and
other nonreproductive disorders have been as-
sociated with the presence of organochlorine
compounds and other potential endocrine-
disrupting chemicals in the body fat of mam-
mals (Table 1b).

The role of chemical-induced immu-
nosuppression in the mass mortality in 1988
in harbor seals due to morbillivirus infections
has been investigated in a second semifield
study by Dutch research groups. In this long-
term feeding study it is shown that ambient
levels of environmental contaminants, nota-
bly PCBs, are immunotoxic to harbor seals.
It is concluded that the morbillivirus infec-
tion in harbor seals was exacerbated by these
contaminants.

1. Semifield Immune Function Study
in Seal

The mass mortalitiy of harbor seals in
northwestern Europe in 1988 resulting from
infection with a previously unidentified mor-
billivirus (Osterhaus and Vedder, 1988), being
subsequently characterized and named pho-
cid distemper virus 1 (PDV-1), led to specu-
lation about the possible contributing role of
environmental contaminant-induced immuno-
suppression. A similar epizootic among Baikal
seals (Phoca sibirica) in Siberia in 1987 was
later attributed to infection with canine dis-
temper virus (Grachev et al., 1989; Osterhaus
et al., 1989). In order to investigate the role
of immunotoxic environmental pollutants,
including the PCBs, PCDFs, and PCDDs (Vos
and Luster, 1989; Vos et al., 1991), a semi-
field study was carried in which two groups
of 11 harbor seals were fed herring (Clupea
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harengus) from either the highly contaminated
Baltic Sea or the relatively unpolluted Atlan-
tic Ocean. A variety of parameters related to
immune function were monitored and com-
pared in the two groups over a period of 2 years.
Natural killer-cell activity and T-cell mitogen
(but not B-cell)-induced proliferative responses
in peripheral blood were found to be signifi-
cantly lower in the seals fed contaminated fish
(De Swart et al., 1994). While the results of
these nonspecific in vitro tests of immune func-
tion indicated that contaminants in the Baltic
herring were immunotoxic, further evidence
was provided when impaired mixed lympho-
cyte reactions and antigen-specific lympho-
cyte proliferative responses were observed in
the Baltic group (De Swart et al., 1995). In
addition, in vive antibody responses and de-
layed-type hypersensitivity skin reactions were
significantly depressed following immuniza-
tion with ovalbumin, both being T-cell-depen-
dent immune responses (Ross et al., 1995,
1996a). The observed immunosuppression
clearly indicates that in harbor seals the resis-
tance to a virus infection is impaired as NK
cells and T cells play a major role in defense
against viral infections. The impaired immune
responses in seals fed the Baltic Sea herring
are consistent with the effects observed in
studies of laboratory animals exposed to Ah-
receptor binding PCBs, PCDFs, and PCDDs
(Vos and Luster, 1989; Vosetal., 1991; Vos
etal., 1997/98). An additional indication that
PCB-like compounds led to a toxic effect in
the seals of the Baltic group was the observed
decline in vitamin A levels (De Swart et al.,
1994). The estimated daily intakes of 2,3,7,8-
TCDD toxic equivalents (TEQs) by the Bal-
tic group of seals were 10 times higher than
those of the Atlantic group of seals and led
to a blubber concentration of 286 + 17 ng
TEQ/kg lipid (mainly derived from mono-
ortho PCB) in the Baltic seals compared to
90 £ 6 ng TEQ/kg lipid in the Atlantic seals
(Ross et al., 1995). From the comparison of
these results and literature data it appears that
many free-ranging harbor seal populations

inhabiting polluted areas of Europe and North
America have XPCB or TEQ blubber con-
centrations being at or above those observed
in the Baltic group of seals of the semifield
study (Ross et al., 1996b). In addition to its
contribution to the severity and extent of the
1988 morbillivirus outbreak, chemical-induced
immunosuppression therefore may affect the
immunocompetence of free-ranging popula-
tions in many areas of the industrialized world.
This is the more true as free-ranging seals
are likely to be more vulnerable than the seals
of the semifield study, as perinatal TCDD ex-
posure produces more profound immunosup-
pression, at least in laboratory rodents (Vos
and Luster, 1989), and the lifespan of seals
allows for long-lasting accumulation (Ross
et al., 1996b). Finally, it is likely that hor-
mone disruption is involved in the observed
immunosuppression, as TCDD causes
thymic atrophy that is linked to an adverse
effect on the epithelial cells of the thymus,
which cells support thymocyte proliferation
and maturation by cell-cell contact and se-
cretion of thymic hormones (De Waal et al.,
1997).

The health status of Danish otters (Lutra
lutra) was investigated in relation to the con-
centration of PCBs on a TEQ basis (Leonards
etal., 1996). The concentration range showed
an association with increased rates of various
skin and internal lesions, including infections
and correlated well with decreased levels of
hepatic retinol or retinylpalmitate found in the
otter. These results indicate that the concentra-
tions of PCBs found in European otters could
be associated with adverse health effects in
the individual animal. Any consequences at
the population level are still unknown.

Two experimental studies have provided
evidence for immune modulation from di-
etary exposure to bleached-kraft pulp mill
effluent (BKME) in mink. Mink exposed for
26 weeks to dietary BKME responded with
a significantly greater antibody response fol-
lowing vaccination with mycobacterium than
did control mink (Smits et al., 1996). By con-
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trast, their cell-mediated immune response
was suppressed (Smits et al., 1996).

High levels of organochlorines have been
noted in dolphins that died in several mass
mortality incidents. Aguilar and Borrell (1994)
compared PCB levels in striped dolphins (Sze-
nella coeruleoalba) that died during the Medi-
terranean morbillivirus epizootic in 1990 with
biopsies taken from live dolphins in 1987 to
1989. These authors suggested that PCBs left
the blubber during mobilization of fat reserves
and large quantities reached the liver shortly
before the epizootic. This may have increased
the dolphins’ susceptibility to the morbilli-
virus.

Mass mortality of bottlenose dolphins (7ur-
siops truncatus) along the east coast of Amer-
icain 1987 to 1988 has been associated with
consumption of fish poisoned with brevetoxin
— a naturally occurring algal toxin (Geraci
et al., 1987). However, various other authors
have disputed this conclusion and suggested
that the high concentration of organochlo-
rines found in the carcasses were a major
factor in the mortality (Lahvis et al., 1995).
The dolphins also showed a number of symp-
toms indicative of immune system dysfunc-
tion (skin and organ lesions, most of them
believed to be caused by opportunistic infec-
tions by bacteria, viruses, and fungi) that were
positively correlated with various organochlo-
rine compounds, including DDT and PCBs
(Lahvis et al., 1995).

High concentrations of butyltin residues
have been found in harbor porpoise from the
Baltic Sea (Poland) and from bottlenose dol-
phins from the Mediterranean (Kannan and
Falandysz, 1997). Organotin compounds (bis(tri-
n-butyltin)oxide) have been shown to exhibit
immunosuppressive and endocrine-modulat-
ing activities in rodents (Vos et al., 1984; Krajnc
et al., 1984). In particular long-term exposure
reduced the resistance to infectious diseases
(Vos et al., 1990).

Beluga whales from the Gulf of St. Law-
rence in Canada show a high prevalence of
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lesions of endocrine glands (hyperplastic and
degenerative changes of adrenals) (Lair et al.,
1997) and thyroids (in ICES, 1998). Similar
changes were not observed in belugas from
less-contaminated areas (Lair et al., 1997, St.
Aubin and Geraci, 1989) and in other species
of marine mammals (Cowan, 1967; Kuiken et
al., 1993). In addition to the above-mentioned
pathologies, frequent infection by mildly patho-
genic bacteria and more importantly a high
prevalence of various types of tumors have
been observed in these stranded animals
(Martineau et al., 1994; De Guise et al., 1994b).
The prevalence of malignant tumors in belu-
gas from the St. Lawrence estuary is high
and affects mainly older animals (17 years
and above).

lil. BIRDS

A. Reproductive Effects
and Nonreproductive Effects

Reproductive effects have been reported
in many species, especially aquatic and terres-
trial birds of prey (Table 2).

PCBs were originally identified as envi-
ronmental pollutants in a white-tailed sea eagle
(Haliaeetus albicilla) found dead in the Stock-
holm archipelago (Jensen, 1966, 1972). The
reproductive success of the Baltic sea eagle
was subsequently shown to be negatively cor-
related to the levels of persistent organochlo-
rines in their eggs (Helander et al., 1982;
Falandysz et al., 1994).

Bird eggs are important matrices for moni-
toring the levels of persistent pollutants in
aquatic and terrestrial ecosystems, and many
lipophilic chemicals such as PCBs, PCDFs,
PCDDs, chlorinated pesticides are readily taken
up and excreted in the egg yolk in laying
birds. This efficient route of elimination from
the laying female may result in a pronounced
exposure of the avian embryo to toxic chemi-
cals from its earliest stages of development.
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Certain avian top predators therefore may be
sensitive targets for these persistent lipophilic
pollutants.

Several examples of pollutant-induced tox-
icity in wild bird populations and reproduc-
tive or developmental toxicity following ex-
posure to chlorinated pesticides, PCBs, PCDFs,
and PCDDs have been reported (Gilbertson et
al., 1991; Fry, 1995, and references therein).
In birds as in mammals, it is generally dif-
ficult to determine the mechanism of action
in the field, where toxic effects may result
from co-exposure to complex mixtures of per-
sistent organic pollutants and metals. Based
on recent experimental data, those chemicals
characterized to date may affect the endocrine
system by a number of mechanisms, including
estrogen-, androgen-, thyroxin-, glucocorticoid-,
and retinoid-regulated pathways. In addition,
Ah-receptor agonists such as PCDDs/PCDFs,
coplanar PCBs, and polycyclic aromatic hydro-

carbons (PAHs) represent an important group
of highly toxic compounds with an array of
toxic effects, including reproductive toxicity
and teratogenicity (Bosveld and Van den Berg,
1994). Some endocrine disrupters may work
by different mechanisms of action in differ-
ent tissues and species, as demonstrated by
the classic DDT-molecule and its persistent
metabolites DDE, DDD, and methylsulfonyl-
DDE (Brandt et al., 1997). DDE-induced re-
productive failure due to eggshell thinning is
one of the most serious and well-documented
effects of persistent organic pollutants in avian
wildlife.

1. DDE-Induced Eggshell Thinning
Ratcliffe (1967) drew attention to the thin-

ning of the eggshells (Figure 4) combined with
the occurrence of broken eggs that had been

FIGURE 4. Measuring the shell thickness of
osprey egg. (Photo courtesy of G. Frisk.)
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observed in nests of the peregrine falcon (Falco
peregrinus), sparrowhawk (Accipiter nisus),
and golden eagle (Aguila chrysaetos) since
about 1946 in Great Britain. He noted that at
the same time DDT had come into general use.
As shown by numerous subsequent experimen-
tal and field studies, eggshell thinning may be
produced by several environmental pollutants,
including methylmercury and organochlorines
such as the persistent DDT metabolite DDE.
Notably, p,p’-DDE is the dominating DDT resi-
due in most bird species. DDE-induced repro-
ductive failure due to eggshell thinning and
broken eggs is one of the most serious and
well-documented effects of persistent organic
pollutants in avian wildlife (Ratcliffe, 1970;
Peakall et al., 1973; Lundholm, 1997). It is
probably also the first example of endocrine
disruption in wild populations, even though
the mechanism of action has not been under-
stood until recently.

Originally reported in peregrines, eggshell
thinning has been described in a large number
of species, including raptors such as the osprey
(Pandion haliaetus) and the bald eagle (Halia-
etus leucocephalus) (Koemanet al., 1972; Lincer,
1975; Odsjo and Sondell, 1982; Peakall et al.,
1973; Ratcliffe, 1970). Bignert et al. (1995)
examined eggshell thickness in Baltic guille-
mot (Uria aalge) eggs collected 1861 to 1989.
Along with decreasing DDT and PCB levels
in the Baltic fauna since the 1970s, the egg-
shell thickness in Baltic guillemot has gradu-
ally improved. Notably, however, guillemot
eggshells were still thinner in their recent
material than in historical material collected
before 1946.

Several hypotheses have been forwarded
to explain the mechanism of eggshell thin-
ning. Studying the pigeon (Columba livia),
Peakall (1970) reported that p,p’-DDT de-
creases both estradiol blood levels and depo-
sition of medullary bone, which is an impor-
tant source of calcium for the formation of
the eggshell. Another proposed mechanism
involves inhibition of carbonic anhydrase in
the eggshell gland following exposure of Japa-
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nese quail (Coturnix japonica) to p,p’-DDT
and p,p’-DDE (Bitman et al., 1970). Carbonic
anhydrase supplies carbonate ions required for
calcium carbonate deposition in the eggshell,
and the carbonic anhydrase inhibitor aceta-
zolamide produces experimental eggshell thin-
ning in chicken (Gallus domesticus). Despite
these early proposals, the mechanism of
p.p’-DDE-induced eggshell thinning has not
been clarified until recently. Using the do-
mestic duck as the test organism, Lundholm
(1997) showed that p,p’-DDE inhibits pros-
taglandin synthase and reduces prostaglandin
E2 in the eggshell gland mucosa, resulting in
a reduced calcium transport across the mu-
cosa into the eggshell gland lumen. The struc-
turally related compounds o,p’-DDE,
p.,p’-DDT, 0,p’-DDT, and p,p’-DDD did
not cause eggshell thinning or inhibit pros-
taglandin synthesis in the eggshell gland.
The finding that eggshell thinning could
also be induced by the cyclooxygenase in-
hibitor indomethacine suggested that inhibi-
tion of prostaglandin synthesis was part
of the mechanism of action (Lundholm,
1997).

Experimental studies have shown that in
ovo exposure to xeno-estrogens such as
o,p’-DDT, DES, and 17¢-ethinylestradiol
may alter male sexual behavior in adult birds
(Bryanetal., 1989; Bergetal., 1998). Changed
behavioral patterns have been observed also
in wild birds, even though the mechanisms are
not well understood. Hunt and Hunt (1973,
1977) noted female pairing in gulls in south-
ern California when the sexes of birds pro-
ducing supernormal clutches were examined.
Gulls normally lay three eggs, whereas num-
bers of eggs in the supernormal clutches were
four to six. Supernormal clutches and female-
female pairing have been noted in breeding
populations of four species of gulls in North
America. Western gull (Larus occidentalis)
and herring gull (Larus argentatus) colonies
with supernormal clutches have been located
in areas contaminated with high levels of
organochlorines. Fry and Toone (1981) sug-
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gested that female-female pairing among
Western gulls in southern California was
related to high organochlorine levels. Because
gulls seem to be rather resistant to eggshell
thinning by DDT, levels of DDT causing egg-
shell thinning in other species such as the
brown pelican (Pelecanus occidentalis) did
not damage shells of gull eggs. Hence, gull
chicks did hatch from eggs containing high
levels of organochlorines.

Experimental injection of the DDT deriva-
tives o,p"-DDT (an estrogen in rats), methoxy-
chlor (an estrogen following demethylation
in rats), and p,p’-DDE (an antiandrogen in
rats) into embryonated gull eggs resulted in
malformed and feminized sex organs in male
chicks. Similar effects were observed when
estradiol was injected as a positive control
(Fry and Toone, 1981). All substances in-
duced primordial germ cell growth in an in-
creased, ovary-like cortex of the left testicle
(ovotestis) and retention of the left or both
Muiillerian ducts. Notably, these changes were
observed at environmentally relevant doses.
These authors also speculated that reproduc-
tive failures, skewed sex ratio, and female-
female pairing in breeding populations of West-
ern gulls on the Great Lakes resulted from
pollution with organochlorines. Feminization
of male gull embryos was suggested to affect
reproductive behavior in males leading to re-
duced migration to the breeding sites. A rea-
son for female-female pairing in a population
could be a skewed sex ratio with an increased
number of females. An alternative hypothesis
to explain the sex ratio skew in contaminated
areas is that the low male/female ratio was
due to a higher mortality among the males
(Conover and Hunt, 1984).

Colonies of glaucous-winged gulls (Larus
glaucescens) breeding in polluted areas of
Puget Sound in 1984 exhibited eggshell thin-
ning and persistent right oviducts in adult
females (Fry et al., 1987). Twenty-one of 31
female gulls retained right oviducts of which
13 were longer than 10 mm. Normally, fe-
male birds have completely regressed or
small (less than 5 mm) right oviducts. The

causes of these effects in the glaucous-winged
gulls are unknown. The major contaminants
in Puget Sound were heavy metals, PCB, and
polycyclic aromatic hydrocarbons, whereas DDT
concentrations were not particularly high.
Several species of colonial fish-eating
birds nesting in the Great Lakes basin have
exhibited chronic impairment of reproduc-
tion (Gilbertson et al., 1991; Kubiak et al.,
1989). High levels of DDT and its metabo-
lites have caused eggshell thinning in many
species. In addition, the reproductive impair-
ment is characterized by high embryonic and
chick mortality, edema, growth retardation,
and deformities as well as altered incubation
behavior contributing to decreased hatchabil-
ity. The syndrome of fish-eating birds in the
Great Lakes has been designated GLEMEDS
(Great Lakes Embryo Mortality, Edema, and
Deformities Syndrome) and clearly resem-
bles chick edema disease, a condition result-
ing from unintended exposure of millions of
broilers to 1,2,3,7,8,9-hexachlorodibenzo-p-
dioxin in the southeastern United States in
1957 (Firestone, 1973). Reproductive impair-
ment related to high PCDD/PCDF exposure
has been described in a number of species,
including the double-crested cormorant (Pha-
lacrocorax auritus), black-crowned night heron
(Nycticorax nycticorax) , herring gull (Larus
argentatus), ring-billed gull (Larus delawa-
rensis), common tern (Sterna hirundo), Forster’s
tern (Stema forsteri), and Caspian tern (Hy-
droprogne caspia). Current concentrations
of PCDDs/Fs and PCBs in fish-eating birds
in the Great Lakes area are less than those
during the 1960s and 1970s, and some bird
populations such as double-crested cormo-
rants and herring gulls have made dramatic
recoveries since that time (Giesy et al., 1994b).
Certain populations of common and Forster’s
tern continue to decline, however, and
double-crested cormorants and Caspian terns
in Saginaw and Green Bays still display
abnormal rates of developmental deformi-
ties and embryo lethality (Giesy et al., 1994b).
No thorough investigation of the possi-
ble occurrence of GLEMEDS-like symptoms
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in fish-eating bird populations in Europe seems
to be available, even though TCDD-receptor
binding PCBs, PCDDs, and/or PCDFs have
been found to be present in biologically ac-
tive concentrations in several wild bird popu-
lations at the North Sea coast, in the Baltic
area, or the Norwegian Arctic (Bosveld and
Van den Berg, 1994; Bernhoft et al., 1997;
Falandysz et al., 1994). In The Netherlands,
reproductive effects have been reported in
cormorant (Phalacrocorax carbo) (Boudewijn
etal., 1988; Van den Berg et al., 1994; Dirksen
et al., 1995) and common tern (Sterna hi-
rundo) (Murk et al., 1994a, 1996). DDT me-
tabolites in the eggs of cormorants and the
food were positively correlated with the oc-
currence of thin eggshells, while the PCB
concentrations were negatively correlated
with the percentage of outcome success of
the eggs and breeding success (Dirksen et
al., 1995). Van den Berg et al. (1994) exam-
ined correlations between PCB, PCDD, and
PCDF levels in the yolk sac, and a number
of biochemical and morphological changes in
newly hatched chicks from two Dutch cor-
morant (Phalacrocorax carbo) colonies. Sig-
nificant concentration-effect relationships for
EROD induction, plasma-free thyroxin
reduction, yolk sac weight, relative liver
weight, and head size were observed. The
authors conclude that these alterations may
play arole in the observed reduced reproduc-
tive success of cormorants in the Dordtse
Biesbosch area. Artificial incubation of com-
mon tern (Stema hirundo) eggs collected in
the main sedimentation area of the Rhine
and Meuse rivers resulted in a fourfold in-
crease in EROD activity in the developing
chick liver when compared with chick livers
from eggs collected in a reference colony
(Bosveld et al., 1995). Residual yolk sacs
from the hatchlings contained on an average
16 ng TEQ (TCDD toxic equivalents) per g
lipid, a concentration five times higher than
that in the reference colony, and the average
TEQ concentrations in chicks hatched after
23 days of incubation were twice the concen-
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trations found in chicks that hatched after 21
days of incubation (Bosveld and Van den
Berg, 1994). Murk et al. (1996) examined the
relation between yolk sac polyhalogenated
hydrocarbon levels and reproductive outcome
using embryonated eggs collected from eight
Belgian or Dutch common tern colonies. The
results showed that higher yolk sac polyhalo-
genated hydrocarbon levels and liver EROD
levels correlated with late egg laying, pro-
longed incubation period, small eggs and chicks.
These parameters also correlated with low yolk
sac retinoid and plasma thyroid hormone lev-
els in the embryos. In an experimental study,
tufted duck (Aythya fuligula) fed contaminated
freshwater mussels from the Haringvliet in
The Netherlands had lower breeding success
(fewer eggs) and poorer survival of the young.
The observed effects were attributed to heavy
metals and PCBs (Marquenie et al., 1986).

Extractable lipid tissue from glaucous gull
(Larus hyperboreus) caught in the Norwegian
Arctic (Svalbard) has been found to contain
PCB in the 10 to 1000 ppm range (Gabrielsen
etal., 1995). Using a sensitive bioassay based
on cultivated chicken embryo liver to estimate
the amounts of ‘dioxin-like’ compounds in
captured gulls fed on polar cod (Boreogadus
saida), Henriksen et al. (1998) showed that
the Bio-TEQs ranged from 5 to 254 ng/g
extracted lipid. Similar levels of TCDD or
TCDD equivalents in eggs have been asso-
ciated with embryotoxicity in other bird spe-
cies (Hoffman et al., 1996).

Bird embryos are highly sensitive to pe-
troleum. Small quantities (1 to 20 1) of some
types of oil on the eggshell are sufficient to
cause embryo death, particularly during early
life-stages. The PAH fractions of crude and
refined oils seem to be responsible for the
lethal and sublethal effects on bird embryos
caused by eggshell oiling (Hoffman, 1990;
Parnell et al., 1984). Crude oil also exerts
effects on the adult birds such as ultrastruc-
tural changes in the adrenals, diminished adre-
nal responsiveness to adrenocorticotrophic
hormone, and reduced corticosterone secre-
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tion, suggesting a direct effect of petroleum
on the adrenal gland. Suppression of ovarian
function and decreased circulating prolactin
levels caused by oil exposure have been asso-
ciated with impaired reproductive function.
Several phenolic environmental pollut-
ants bind with high affinity to the thyroxin
transport protein transthyretin in rodents. This
competitive binding provides a mechanism
for the disruption of thyroxin transport to the
tissues. Recent studies have shown that phe-
nolic metabolites of persistent halogenated hy-
drocarbons such as PCBs are present in blood
plasma of Laysan and black-footed alba-
trosses (Diomedrea immutabilis; Diomedrea
nigripes) collected at the Midway islands
(Klasson-Wehler et al., 1998). The impact of
such phenolic pollutants on thyroxin homeo-
stasis in birds remains to be established.
The ubiquitous DDT metabolites 3-meth-
ylsulfonyl-DDE and DDD are metabolism-
activated toxicants in the corticosteroid-pro-
ducing interrenal cells in chicken embryos
(Jonsson et al., 1994). Information on the
effects of these compounds on interrenal cell
function in wild birds is not available.

IV. REPTILES/AMPHIBIANS

A. Reproductive and
Nonreproductive Effects

Reproductive and nonreproductive effects
have been reported in aquatic reptiles and
amphibians (Table 3).

Research has shown that all crocodiles,
many turtles, and some lizards lack distinct
sex chromosomes and that the sex is not or-
ganized until well after fertilization, during
organogenesis. In these animals gender is
determined during organogenesis by incuba-
tion temperature (temperature-dependent sex
determination, TSD) (Crews, 1994; Crain
and Guillette, 1998). Experimental evidence
shows that animals with TSD are sensitive to
developmental exposure to exogenous hor-
mones, and temperature-dependent gender

can be altered by hormone exposure (Crain
and Guillette, 1997). When 17B-estradiol is
administrated to eggs during the tempera-
ture-sensitive period, phenotypic females are
produced at male-producing temperatures in
turtles, lizards, and alligators (see Crain and
Guillette, 1998).

Experimental studies in turtles that ex-
hibit TSD show sex reversal following em-
bryonic exposure to various polychlorinated
biphenyls. For instance, Bergeron et al. (1994)
found that exposure of red-eared slider turtle
(Trachemys scripta elegans) eggs to artificial
hydroxy-PCBs (2,4,6-trichloro-4’-biphenylol
and 2,3,4,5-tetrachloro-4’-biphenylol), incu-
bated at a temperature known to produce 100%
males, significantly altered sex ratio, produc-
ing more females. The results were identical
for estradiol-treated eggs. There was no evi-
dence of sex reversal for (combined) nonhy-
droxylated PCBs. Results of this laboratory
study indicate that also hydroxy-PCBs found
to be present in the blood of wild mammals,
birds, and fish (Bergman et al., 1994; Klasson-
Wehleretal., 1998; Asplund et al., 1999) may
have the capacity to exert estrogenic effects
on the embryonic gonad and thus influence
sexual differentiation in wildlife.

Bishopetal. (1991) found a strong statis-
tical association between the presence of orga-
nochlorine contaminants (especially the PCB
congener 2,3,3",4,4’-pentachlorobiphenyl)
and decreased hatching success and increased
developmental abnormalities in snapping tur-
tles (Chelydra serpentinia serpentinia). How-
ever, the study could not demonstrate that any
particular organochlorine chemical analyzed
was the responsible agent.

In a field study with common snapping
turtles in Ontario, Canada, the hypothesis was
tested that snapping turtles from organochlo-
rine-contaminated sites would be feminized
when compared with snapping turtles from
noncontaminated sites (De Solla et al., 1998).
The authors found some evidence that the
sexually dimorphic morphology of adult snap-
ping turtles was more feminized at the con-
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taminated sites. However, no evidence was
found that contaminants (PCBs/PCDDs/PCDFs
and pesticides) had any effect on testoster-
one or estrogen levels. Sample sizes of tes-
tosterone measurements of males from some
of the sites were small and therefore may not
have been reliable. This study suggests that
in adults external sexual development may
be more sensitive to exposure to environmen-
tal contaminants than testosterone produc-
tion or metabolism.

One well-documented case is that of the
American alligator (Alligator mississippien-
sis) living in a contaminated lake in Florida
(U.S.), Lake Apopka. The lake has contami-
nants derived from agricultural activities and
municipal runoff and was also contaminated
by a major spill of a pesticide mixture that was
primarily composed of dicofol but also con-
tained DDT in 1980 (see Crain et al., 1998).
Alligator eggs from this lake contain elevated
levels of a variety of persistent bioaccumu-
lated pesticides and their metabolites such as
p,p’-DDE, p,p’-DDD, trans-nonachlor, dield-
rin, toxaphene, oxychlordane, and various PCBs
and metals (Heinz et al., 1991). Significantly
greater concentrations of p,p”-DDE have been
found in fat and liver of juvenile alligators
from Lake Apopka when compared with con-
trol lakes (see Guillette et al., 1996). The
alligator population in Lake Apopka exhib-
ited a 90% decline in juveniles during the
years immediately following the spill. Alliga-
tor eggs obtained from Lake Apopka showed
poor viability and poor offspring survival un-
der controlled laboratory conditions (Woodward
et al., 1993; Guillette et al., 1994). Develop-
mental abnormalities in hatchling alligators
included abnormal gonadal morphology, al-
tered gonadal steroidogenesis, and abnormal
sex steroid concentration in males and fe-
males (Guillette et al., 1994, 1995). Female
alligators from Lake Apopka had abnormally
high concentrations of 173-estradiol in blood
plasma for the 6 months after hatching, where-
as males had depressed testosterone levels and
increased levels of 17B-estradiol (Guillette et

al., 1994). All neonatal females hatched from
eggs collected on Lake Apopka had promi-
nent polyovular follicles and many multi-
nucleated oocytes, whereas polyovular fol-
licles were not observed in control females.
Male juvenile alligators 6 months of age born
after the spill had poorly organized testes with
germ cells undergoing premature spermato-
genesis and small phalli (Guillette et al., 1994).
Thus, abnormal plasma steroid concentrations
in the alligators of Lake Apopka correlated
with altered gonadal morphology (Guillette et
al., 1994) and smaller penis size (Guillette et
al., 1996) in juvenile alligators.

To date the exact causative agents of the
endocrine disruption in Lake Apopka alliga-
tors has not been identified, although the prin-
cipal contaminant found in alligator eggs and
juveniles is p,p”-DDE. Many hypotheses have
been proposed to explain the endocrine-dis-
rupting effects in male and female alligators.
For example, it is hypothesized that some of
the endocrine-disrupting effects (such as poly-
ovular follicles) are a response to embryonic
exposure to EDCs caused by the interaction
of multiple EDCs with the alligator estrogen
receptor (Crain and Guillette, 1997). This is
supported by the results obtained with tradi-
tional receptor competition assays that have
shown that a number of the environmental es-
trogens, including those identified in the eggs
of alligators living in Lake Apopka, have the
ability to bind to the alligator estrogen and/
or progesterone receptors (Vonier et al., 1996).
Polyovular follicles in female alligators from
Lake Apopka are very similar to those ob-
served in mice treated with the estrogenic
agent DES (see Bern, 1992). The observed
developmental abnormalities in male and fe-
male alligators have also been linked to the
antiandrogenic effects of p,p’-DDE. Andro-
gens are essential for normal maturation and
growth of the male reproductive system in
reptiles (Guillette et al., 1996). It has been
shown that p,p’-DDE displays antiandrogenic
activity both in vivo and in vitro in rats (Kelce
et al., 1995). In alligator eggs from Lake
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Apopka levels of p,p’-DDE (5.8 ppm wet weight)
have been observed that are above the concen-
trations that block androgen receptor function
in vitro, although very high doses were used
to demonstrate antiandrogenic effects in vivo
in rats (Kelce et al., 1995). Therefore, it is
possible that this contaminant could act as
an androgen antagonist in embryonic and
juvenile alligators (Guillette et al., 1996). How-
ever, to date there are no data available that
indicate the ability of p,p’-DDE to bind the
reptilian androgen receptor. It is, however,
conceivable that multiple endocrine mecha-
nisms, including non-receptor-mediated mecha-
nisms, are involved in the Apopka alligator
case. In vitro studies suggested that the ob-
served changes in reproductive and endocrine
systems are the result of modifications in go-
nadal steroidogenic activity and increased
hepatic degradation of steroids (Guillette et
al., 1995). Recent field and laboratory stud-
ies indicate that induction and suppression
of aromatase enzyme activity are potential
modes of contaminant-induced endocrine
disruption in alligators (Crain et al., 1997).
Recent field observations also suggest that
the thyroid/gonad axis may be involved in the
reported reproductive endocrine disruption
(Crain et al., 1998). It is clear that further
experimental and field studies are needed to
provide causal relationships between pesti-
cide exposure, especially during embryonic
development, and the reproductive abnormali-
ties in Lake Apopka alligators.

Laboratory studies have indicated that DDT
may be estrogenic in other reptilian and am-
phibian species. Palmer and Palmer (1995) re-
ported that o,p,-DDT was able to induce the
estrogen-regulated hepatic synthesis of the
yolk-protein precursor, vitellogenin, in male
red-eared turtles (Trachemys scripta,) and Afri-
can clawed frog (Xenopus laevis). In a follow-
up study by the same group (Palmer et al.,
1997), vitellogenin induction in frogs was
also demonstrated for dieldrin and toxaphene.

Amphibians have been mentioned by sev-
eral bodies as an important group of wildlife
species that deserve more attention. This class
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of vertebrates is subject to multiple expo-
sures during different stages in their life cycle
and therefore may be particularly at risk. It
has been shown that known EDCs, includ-
ing several pesticides, can alter vitellogenin
expression in a model amphibian species,
Xenopus (Palmer and Palmer, 1995; Palmer
etal., 1997, see also above). Further, thyroid
hormones play a crucial role in the processes
of metamorphosis and osmoregulation in am-
phibians (Galton, 1992; Shi, 1994) and fish
(Norris, 1997) and the migrational behavior
driven by changes in buoyancy of amphib-
ians (Reinke and Chedwick, 1939; Dent, 1985).
So far, to our knowledge, no studies have
been undertaken in Europe to investigate the
possible effects of EDCc on wild amphibian
populations. This is despite the fact that many
amphibian populations are declining in both
pristine and polluted habitats throughout the
world (Blaustein and Wake, 1990; Carey and
Bryant, 1995). Recently, increasing preva-
lences of amphibian deformities (e.g., mal-
formed or lacking hindlimbs) in species in
North America, central America, and Aus-
tralia have been reported (e.g., Burkhart et al.,
1998). However, so far the role of EDCs to
the population declines or the deformity phe-
nomenon remains unknown (Vial and Saylor,
1993). Apart from EDC effects in nontargeted
amphibian species by pesticide spraying (Hall
and Henry, 1992), few studies yet exist on
whether reproduction of amphibian popula-
tions in the wild has been affected by envi-
ronmental toxicants. The potential roles of
environmental xenobiotics to decline of am-
phibian populations by impacting growth and
development of the young have been exam-
ined by Carey and Bryant (1995). Their con-
clusion was that critical data are lacking in
most cases. In another study, Rose and
Harshbarger (1977) reported on inhibition of
metamorphosis and high prevalences of skin
lesions in the salamander Ambystoma tigri-
num inhabiting a lagoon receiving secondary
domestic sewage and perylene (a component
of jet fuel). The authors suggested that the
observed phenomena could have been caused
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by pollutants present in the sewage, includ-
ing estrogenic compounds. The observation
that the observed phenomena were reversed
when animals were transferred to unpolluted
ponds supported this hypothesis. A possible
role of environmental factors, including TPT
and pH in growth and development of two
toad species (Rana lessonae and Rana escu-
lenta), in particular during the larval period,
has been reported in a recent Swiss study
(Fioramonti et al., 1997). The two species
have a sympatric and broad geographic dis-
tribution in Europe. The authors suggest that
interspecies differences in these factors could
have played a role in determining the varia-
tions of spatial distribution of these species
and could have generally contributed to the
decline of populations of sensitive amphib-
ians. Recent studies have demonstrated that
disturbances of the thyroid hormone system
as a result of dosing amphibians with realis-
tic levels of PCBs may result in distorted
development of larvae, prolonged or even ab-
sent metamorphosis, or increased mortality
depending on the life-stage at dosing (Gutleb
et al., 1998). It is clear from the above that
field and laboratory studies are necessary to
determine the true scale of the problem, if
any, in amphibian populations especially in
Europe.

V. FISH
A. Reproductive Effects

Reproductive effects have been reported
in various fish species in association with
sewage effluent, paper industry, and habitats
(Table 4a).

1. Sewage Effluent

Perhaps the best example of estrogenic con-
tamination in the aquatic environment is that
resulting from the discharge of treated sew-

age to rivers. These discoveries have relied
on the utility of the egg yolk precursor pro-
tein vitellogenin as a sensitive biomarker for
estrogen exposure in male fish. Treated do-
mestic sewage discharges have been identi-
fied as a major cause of estrogenic effects on
fish in the U.K. and U.S. fresh water envi-
ronments (Purdom et al., 1994; Folmar et al.,
1996). The U.K. studies, which are of particu-
lar relevance to the European situation, have
shown that a large number of sewage treat-
ment plant effluents in this country are estro-
genic for fish (Purdom et al., 1994; Sumpter
and Jobling, 1995) and that a number of
receiving surface waters show estrogenic
activity (Harries et al., 1996). These studies
revealed that caged male rainbow trout (On-
corhynchus mykiss) produce vitellogenin, and
further also show a reduction in testicular
growth. Although in the first instance only
alkylphenol derivatives were identified as most
likely causative agents (Jobling et al., 1996),
later studies using bio-assay fractionation tech-
niques showed that the estrogenic activity of
the water samples could also be explained by the
presence of natural hormones (17f-estradiol
and oestrone) and to a lesser degree synthetic
hormones deriving from contraceptive agents
(170-ethinylestradiol) (Desbrow et al., 1998).
Recent surveys throughout the U.K. clearly
demonstrated increased plasma levels of vi-
tellogenin in wild populations of a freshwa-
ter fish, roach (Rutilus rutilus), in a number
of river systems that receive waste water
effluents. Experimental findings indicate that
environmentally relevant concentrations of
natural steroidal estrogens are sufficient to
account for the levels of vitellogenesis ob-
served in caged male fish placed downstream
of certain sewage water treatment-effluent
discharges in British rivers (Routledge et al.,
1998). A large number of the examined roach
from each of the surveyed rivers also showed
a high prevalence (locally up to 100%) of inter-
sexuality (ovotestis) (Jobling et al., 1998). These
findings are proof of a widespread effect of
estrogenic compounds in wild fish popula-
tions in the U.K. The observed reproductive

95

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6661 “le 1o ulliod

/661 ‘[e 10 wonspues
‘8861 “’|e 18 uossispuy

1661 “[e 10 8k
8661 “'|e 12 uassalynen
‘6661 “Ie 18 ud|ly

9661 “le 10 Buuep

9661 ‘e 18 Jewjod
8661 “'Ie 19 abpsjinoy
‘8661 “|e jo Buigor

‘¥661 “'[e 10 wopind

6661 “|e 18 uossie

.66l ‘9661 “[e 19 salueH

‘JoH

S[eoIwayo
umouun :suanjye (w ding

s[esiwayo
oueblo pejeulolyD siuanyo
Ihw dind yesy payoealg

suaboujsa(ouax)
:@)sem [euisnpul pue abemag

suabonsa(ouax)

abpnis abemas painjia

sjusnye
awiesl) abemas uejjodonepy

SUIENS
[olpensajAulyie-n, |
*d’l ‘sauowiioy
ojudbolise onayiuAs

pue [einjeu :sjuenjye abemag
jouaydjAuou ‘sauow.oy
olusbolise oneyiuAs

pue [BINjRU Sjuan|ye abemes

SJUBUIWEIUOD PIBIDOSSY

(smeiAny e219d) yoied

soads |elonag

(snsayy
sAyyoneld) Jepunol4

(snsay
sAuyiyoneld) 1epunold4
(smnuiw smisiyos
-ojewod) Aqob pueg

(ordres snudAo)
dien

(snins snjny) yoeoy

(pabeo) sspifw
SNYoUAYIOoUQD)
o} moquiey
(pobeo) ssyAw
SnyouAyIoouQ)
noJ) moquiey

soal10adg

uspemg

uspamg

salenise
‘pue)oos

sJolem
[e1Seod pue
‘sauenISe ‘YN

AN

‘5N

SIBAL MM

Apnis
pieyiwes
uapamsg
Apmis
pleiwes
sauenIsa ‘YN

uoneoon

ysl

ajew ul uiusbojsiA
pooj|q pejeAs|d

Ajinjew |enxas

pafejep pue ymoib

peuob paonpal

‘S|9A9| BuoWLIoY
xas ewseld paonpay

sanijewiouge

Je|nonse)

‘ysy sjews)

ul uuabojjena
poo|q paleAs|3

%02 0} dn Ajjeoo

SIS9J0A0 ‘Usl ajew

ul uluaboyjaiia
poo|q peleas|3

ysy efewsy ul
Bulumeds jo uomiqiyu|

ysy aew

Ul SUONBIIUBOUOD

2U019}S0}S9}

wnJas paonpai pue
uoionpul uluabolieiA

(%001 01 dn)

X9SJajul ‘sajew ul
uiuaboyleua pajess|3

ysi sjew
ul ujuabo|aia
pooIq paleAs|3
ysl ojew
ui uiuaboyein
poo|q paleAs|3

18piosipfioay3

ysi4 u1 s1oay3 aanonpoadoy

ey 3719Vl

96

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1661 eeyioA pue diopsuliy

2661 “|e 10 BIBIEd

/661 “|e 1@ uassuep

€86} “Ie 10 NoiS
/661 “|e 1o ussialed

G861 “'[e 1o uasuen

1661 ‘1AD pue sgibeN
8861 ‘@o1d pue saldg

q/661 ‘8861 “[e }o uosuyop

2661 “[e 1o oue|ga]

2661 “[e 1o Yeely 1ap Uep

6861 ‘UojuaQ pue ||BMOH

‘6861 ‘suouog pue sjepsiiq
‘2661 ‘suopog pue sineq

umouNun

uMouxun

SjuBUlWEIU0O 8Bpalp oqieH

uoljeuiweuos wnajonad
‘lnds j1o zipeD 0o0WY

sonoiqousx ayiydod
SuoqUeo0.IpAY pajeuLIolyD
spunodwod
oweblo yym pajeuIlelu0D
SjUBWIPaS aulep

SjlueuIweUOD djuebIO

SHVd ‘sg0d

1usN|ya [iw e payoealg

an|ye jjiw yen| payoealg

(3wd) sauuojyoouebio pue

(s904} woyy) sjola)soifyd
“6'a ‘suaniye w dind

a|os ‘aole|d

(snuvouawe
$8]08U0IN3|d)

18pUNO|} JBIUIA

(snsey sAyiyoneld)

89S YUON

SN
‘logleH uoisog

Apnis
playiwes

lapuno|{|axe] ‘SpuBlByIaN

(essapeid

$9108U0CIN3|4)
adle|d

(enysow snpey)
poD

(snbusbey eadnin)
Buuisy oneg

(sepiossererd

sopiossoboddAr)
9oie|d ueouawy

(smeyeis sAypyoneld)
lspunoyjj Aeig

(snimen sAiydoieg)
9|0s ys)bug

(smuoousiay
sninpun4)
Boyoiwwnpy

(uostowitioo
snwiojselen)
189%0Ns a1ym

(stuye siuye

eisnquien)) ysy

o)nbsnw Buipnjoul
saads plosod

Auepug
JO 1SEO0D ‘Bouel

eog onjeg

Bag oljjeq
Apnis pley
-lwes ‘Aeg

2Juaimen 1§
‘epeue)
's'N ‘Aeg
03SI10uUel4 ueg
sN
‘punog 1ebng
Aenyso
Iyolweliy
‘Yoimsunig
MBN ‘epeue)

epeue)
‘Jousdng aye

epuol4 SN

(5661 01 0961)
uoleinjew
1811 1B abe pasealoag
ysly sjewsy
ur uiuabojepa
pooiq peleAs|3
(spioJsis Jo
JaAouliny pasealosp)
sisauabojiain
ainjewsalid
aoko
UBLIBAO [BWIOU
8y} jo uondnusiqg

Aipunogy pasealdeq
$5900NS
Buiyorey paseasosq
Ausboud jo
ssaoons Buiyoley
pasealoap 0}
pes| sejew pasodxg
usuuredun
aAonpouday
awledu
aAionpolday
Aipunosy
pasealoul ‘ozis 669
paonpais ‘uoneiniew
jepeuob paAejaqg

SENET
PI0IB}S WINIBS paId)y
sajews; Jo
uoleZIUINISeW
Buipnjour
S9oUBQINISIP
je1oiInRY3q
pue jeaibojoisAyd
‘AIoNpoIdal SnoLeA

97

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9661 ‘Sdv
‘6661 “[e 10 SuowIszii4

‘1661 'liesp3 pue oepy

666}

“Ie 1@ uossibuag 8661
“le Jo Joowy ‘B/661
“’|e 1@ UBUIIONA G661

‘Vd3S Ul “|e 19 uewddy

5661 e 10 bue

‘Jod

pajeoldwi
uaaq aaey spunodwiod

ojuefio pareulolyd osie ingq
‘Aousioyep 1g ulwena Aejeig

paieoidw

ueaq aAeY splounel
pue sauow.oy ploJAyl
‘spunodwod

oiueblo pereuliolyo osje g
‘Rousioyep 19 ulwepA Aleleig

umouqun

SJUBUIWEILOD PAJBINOSSY

spiuowes

(7 421BS OoWlES)
uouwijes onuepy

(epueLUy
epuew!T) qeq

saadg

soye| 1ealn)
uedLBWY YUON

€8S olljed

B9S YUON

uoneason

(swolpuis
Areuopy Aue3)
awolpuAs SNT

Japlosip aaonpolday

(vL61

aseas|p paje|al

Ajjeluewiuoainua)

aWOIPUAS /N
Japiosip aaponpoiday

(c661 01 1861)
onel xas ui sabueyn

1apJlosipnoays

ysi4 ul s1o94j3 aanonpouday
(panunuod) ey 31g9VL

98

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



disturbances are consistent with experimental
findings and show an association with dis-
charges of water treatment plants that are proven
to contain estrogenic steroids (Jobling et al.,
1998). It appears, however, that low back-
ground prevalence of ovotestis in roach can
be found anywhere in the U.K., but it is not
known whether this is due to natural factors
or to the absence of completely pristine fresh-
water habitats. Whether the observed effects
actually do have a negative impact on repro-
duction is still unknown. However, an experi-
mental study reported by another group in the
U.K. has demonstrated inhibition of spawn-
ing in female sand goby (Pomatoschistus minu-
tus) after exposure to diluted sewage sludge
(Waring et al., 1996).

Another series of studies in the U.K. have
concentrated on estrogenic effects in the eu-
ryhaline flatfish flounder (Platichthys flesus)
captured in the U.K. estuaries receiving mu-
nicipal and industrial effluent (Allen et al.,
1999). Flounder collected at inner stations on
the Thames had moderately induced serum
vitellogenin levels, while outer stations had
little induction. It was noted that flounder is
less sensitive with respect to vitellogenin in-
duction when compared with salmonid spe-
cies. Similar moderate levels of induction were
observed in the Clyde, while low or negligi-
ble levels of induction were observed in the
Humber, Dee, Tamar, Alde, and Crouch. High
levels of induction were observed in the Tees
estuary that receives input from several chemi-
cal manufacturers, and in particular elevated
levels of nonylphenols. Similar high induc-
tion was seen in the Mersey and Tyne estuar-
ies where nonylphenol inputs are thought to
be smaller. In general, the data tentatively sug-
gest that induction of flounder vitellogenin in
the U.K. estuaries is not primarily related to
the number of people in the catchment area but
rather to the industrial effluent inputs and the
chemical characteristics of those effluents. A
graded response in vitellogenin induction was
observed as samples were taken away from
estuarine sources. Estrogenic effects could still

be observed as slightly elevated levels at the
offshore spawning areas in the Southern Bight
(Allenetal., 1999). Induced vitellogenin per-
sists in the blood of male fish for several weeks,
and therefore it is not unlikely that the origin
of the exposure to estrogenic compounds of
the open sea spawning populations of floun-
der is largely from the open estuaries. How-
ever, the possibility of contamination in open
sea cannot be excluded.

Overall, the studies on wild male flounder
have provided convincing evidence that estro-
genic exposure occurs in U.K. estuarine and
marine waters at biologically significant con-
centrations, but preliminary studies of the pos-
sible effects indicate that intersex prevalence
does not exceed 20% in fish from the most
polluted estuaries (Figure 5). The causes of
these phenomena in flounder are unknown,
but industrial effluents may play a greater
role than seems to be the case in fresh waters
(Matthiessen et al., 1998).

As shown in a recent paper by Larsson et
al. (1999), endocrine disruption may repre-
sent a widespread but largely unrecognized
adverse health effect in fish downstream mu-
nicipal sewage treatment works. Substances
found include the synthetic estrogen 170-eth-
inylestradiol, the natural estrogens 173-estra-
diol and estrone, as well as nonylphenol and
bisphenol A. Following a 2-week exposure
of caged male rainbow trout, elevated blood
levels of vitellogenin were observed, and chemi-
cal analysis revealed that all the above-men-
tioned estrogenic compound were present in
a conjugated form in the bile of these fish. The
results were concluded to indicate that syn-
thetic estrogens (oral contraceptives) give a
major contribution to the estrogenic effect.

Laboratory experiments have shown that
natural steroids and various xenobiotics are
capable of inducing vitellogenin and the de-
velopment of ovary tissue in male fish, but
that interspecies differences clearly exist. For
example, exposure of guppy (Poecilia reticu-
lata) and medaka (Oryzias latipes) during 1
to 3 months to B-HCH caused particularly in
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FIGURE 5. Histology of the testis of male flounder with characteristics
of intersexuality (hermaphroditism): besides spermatogenesis oocytes
are also present (arrow). (Photo courtesy of S.W. Feist.)

guppy and to a lesser extent in medaka in-
duction of vitellogenin, while ovotestis was
only induced in medaka (Wester et al., 1985;
Wester and Canton, 1986). Further, Gray
and Metcalfe (1997) found intersex condi-
tions in medaka exposed from hatch to 3
months of age: in fish exposed to 50 mg/l
and 100 mg/l 4-nonylphenol, male fish de-
veloped 50 and 86% testis-ova, respectively.
The ratio male/female for the 100 mg/l dose
showed a significant altered sex ratio (1:2,
M:F) in comparison with the control (2:1,
M:F). Young rainbow trout i.p. exposed to
chlordecone, o,p-DDT and o,p-DDE showed
in vivo induction of vitellogenin at relatively
high liver residue concentrations, which in-
dicates a lower estrogenicity of these com-
pounds for this particular species (Donohoe
and Curtis, 1996). Gimeno et al. (1996)
showed that for carp (Cyprinus carpio) ex-
posure to 17B-estradiol, genetically male fish
developed female sexual characteristics re-
sulting in a total phenotypic sex reversal of
the exposed fish. It is still not clear whether
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the observed effects in wildlife species such
as the increased and nonfunctional vitello-
genin production and ovotestis in males lead
to adverse effects at the population level.
The induction of vitellogenin in male rain-
bow trout has been associated with retarded
testicular growth (Jobling et al., 1996). Fur-
ther, it has been demonstrated that the un-
usual production of vitellogenin in male fish
can result in kidney damage (Wester and
Canton, 1986), and the suggestion was made
that it may reduce metabolic expenditure on
growth and spermatogenesis (Herman and
Kincaid, 1988; see also Sheahan et al., 1994).
An increased plasma level of vitellogenin
has been associated recently via a feedback
mechanism with reduced estradiol produc-
tion (Reis-Henriques et al., 1997), which in
turn can negatively influence the egg qual-
ity. Vitellogenin induction in female fathead
minnow (Pimephales promelas) exposed
long-term (300 days) to 17a-ethinylestra-
diol has been associated with a decreased
egg production (Laenge et al., 1997).
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2. Effluent from the Paper Industry

The reproductive toxicity of bleached kraft
pulp mill effluents (BKME) in fish was ex-
amined in a research program sponsored by
the Swedish EPA. In the middle of 1980s fish
caught near Swedish pulp mills frequently
showed physiological disturbances, including
reduced plasma sex hormone levels, reduced
gonad growth, and delayed sexual maturity,
suggesting exposure to endocrine-disrupting
substances (Andersson et al., 1988; Sandstrom
et al., 1997). These effects were attributed to
the chlorine bleaching process, which results
in the formation and release of a vast number
of chlorinated organic chemicals, many of
unknown structure. As a result of these stud-
ies, the chlorine bleaching process was suc-
cessively abandoned. Although reproductive
disturbances and other fish health effects have
been less frequently observed during the 1990s,
reproductive disorders are still considered as
a major remaining effect of pulp mill efflu-
ents. As determined by vitellogenin mea-
surements in male and female perch (Perca
fluviatilis) caught near pulp mills, a weak es-
trogenic effect in male fish and possibly a
weak antiestrogenic response in female fish
have been indicated recently. The chemicals
causing these effects are presently unknown
(Forlin et al., 1999).

Endocrine disrupting of reproductive func-
tion resulting in masculination (changes of
secondary sex characteristics) of fish from
exposure to effluents from kraft pulp mills
has been demonstrated in various studies in
the U.S. and Canada (Van der Kraak et al.,
1992; McMaster et al., 1991; Gagnon et al.,
1995; Leblanc et al., 1997). For example, mas-
culinization and a variety of other biochemi-
cal, physiological, metabolic, and behavioral
disturbances were observed in viviparous po-
eciliid fishes during or after laboratory or in
situ exposure to effluents from KME, includ-
ing a very complex mixture of natural and an-
thropogenic compounds (Drysdale and Bortone,
1989; Howell and Denton, 1989; Davis and

Bortone, 1992). Laboratory studies also showed
lower egg production and delayed reproduc-
tion in fathead minnow exposed to BKME
(Kovacs et al., 1995). In vitro studies of
Timothy et al. (1995) demonstrate that pulp
and paper mill black liquor and effluent frac-
tion contain estrogen- and dioxin-like com-
pounds. Identified compounds include plant
sterols, polychlorinated dibenzofurans and
thianthrenes, dibenzothiophenes, and diphe-
nyl sulfides, all of which have been detected
in the vicinity of pulp and paper mills. Based
on the dose-response curves, black liquor
and the effluent fraction contain 10 £ 4 ppb
and 20 £ 6 ppt “TCDD equivalents”, respec-
tively. Several studies have shown that TCDD
and related compounds exhibit dioxin recep-
tor-mediated antiestrogenic activity and can
disrupt female reproduction in fish. In an-
other field study, in white sucker (Catostomus
commersoni), alarge number of disturbances
of the pituitary/hypothalamus axis at differ-
ent levels was demonstrated as a consequence
of exposure to BKME (Van der Kraak et al.,
1992), resulting in a disrupted steroid synthe-
sis by the ovary, a reduction of plasma steroid
concentrations, and altered peripheral metabo-
lism of steroids (Van der Kraak et al., 1992).
The ecological significance of pollution-in-
duced sex alteration has been discussed by
Davis et al. (1992). The combination of vari-
ous studies and their own observations of the
“highly” masculinized females from BKME
effluents let them to strongly suspect that re-
productive function becomes impaired, if not
entirely lost, after continued BKME exposure.
Furthermore, the long-term effects of EDCs
would include reduced embryo viability and
modification, or perhaps neutering of female
reproductive function. More recently, Leblanc
et al. (1997) observed a modification of the
time of onset, intensity and duration of the
spawning period in Fundulus heteroclitus, a
small sentinel fish species exposed to BKME
in the Miramichi estuary, New Brunswick,
Canada. The onset of gonadal maturation was
delayed and egg size was reduced in fish
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captured downstream from the mill. However,
at this site, fish also demonstrated a marked
increase in reproductive investment and in-
creased fecundity. A general problem when
dealing with the complex BKME is the iden-
tification of the causative chemicals respon-
sible for the observed reproductive effects.

3. Polluted Habitats

A number of field studies suggest a de-
creased reproductive success in fish as a con-
sequence of exposure to xenobiotics, includ-
ing known endocrine disrupters in polluted
habitats, such as industrialized estuaries and
coastal waters (e.g., Johnson et al., 1988,
1997a,b; Spies and Rice, 1988; Nagler and
Cyr, 1997; Hansen et al., 1985; Petersen et
al., 1997). In most cases the ecological sig-
nificance of these phenomena on reproduc-
tive output on the individual and populations
level is not clear. Generally, knowledge on
responsible mechanisms is lacking and no clear
cause-and-effect relationships between spe-
cific chemicals and the reproductive effects
observed have been established. For example,
Johnson et al. (1988) described the inhibi-
tion of gonadal recrudescence and reduced
levels of plasma estradiol in female English
sole (Parophrys vetulus) from a heavily pol-
luted area. Because both conditions were
associated with elevated hepatic aryl hydro-
carbon hydroxylase activity, it was tentatively
concluded that the disposition of estradiol and
consequently the ovarian development was
influenced via interference of xenobiotics with
enzymes involved in steroid metabolism. Of
the two classes of xenobiotics suspected, aro-
matic hydrocarbons (AH) and organochlo-
rine compounds, the AHs appeared to be most
closely associated with the inhibited ovarian
development and depressed plasma estradiol.
Johnson et al. (1997a) also reported, on an in-
dividual fish basis, elevated tissue PCB con-
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centrations that were significantly correlated
with low-plasma alkali-labile protein (an in-
dicator of vitellogenin levels), reduced egg
weight, and reduced egg number, whereas ele-
vated biliary fluorescent aromatic compounds
were associated with increased ovarian atre-
sia, increased egg weight, and reduced egg
number. The authors stated that nutritional
and other environmental factors may also
contribute to the observed intersite differ-
ences in egg weight and fecundity. In a more
recent publication more evidence was found
for a close association between aromatic hy-
drocarbons and inhibited gonadal develop-
ment in adult sole, while both chlorinated
(HCB, DDT, and PCBs) and aromatic com-
pounds were identified as potential risk fac-
tors for precocious maturation, a phenomenon
that was not included in the previous studies
(Johnson et al., 1997b). Histological exami-
nation of gonads obtained from plaice (Pleu-
ronectes platessa) from petroleum-contami-
nated estuaries following the Amoco Cadiz
oil spill (1978) along the coast of Brittany
showed evidence of disruption of the normal
ovarian cycle, but the underlying mechanisms
remain unclear (Stott et al., 1983). Labora-
tory studies show that a large variety of pollut-
ants, including heavy metals, pesticides, and
organochlorine pollutants, may adversely af-
fect reproduction in a large number of fish spe-
cies and that exposure to 0.001 mg 1! (1 ppb)
of pollutant is generally sufficient to pro-
duce harmful effects for long-term exposure
(forreview of literature up to 1993 see Kime,
1995). In a recent laboratory study, young
rainbow trout exposed to environmental rel-
evant concentrations of PCBs (Aroclor 1260)
showed altered sex ratios (less females) and
serious abnormalities of the gonads (inhibi-
tion of the development of the oocytes) (Baker
Mata et al., 1998). It is not clear whether the
observed phenomena are estrogen receptor
mediated or inhibition takes place of the en-
zymes that convert testosterone into estrogen.
The latter has been demonstrated in another
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study in which short-term treatment with aro-
matase inhibitors resulted in the masculiniza-
tion of female chinook salmon larvae (Piferrer
et al., 1994).

Pollution-induced asynchrony in ovarian
development (with 3 to 4 months) of floun-
der has been demonstrated in a 3-year semi-
field study performed in The Netherlands. In
this study, flounder were chronically exposed
to polluted dredged spoil from Rotterdam har-
bor. Female fish exhibited premature vitel-
logenin production, which was attributed to
enhanced plasma estradiol. The authors also
performed laboratory experiments and found
indications that the increased estradiol lev-
els resulted from decreased clearance rather
than enhanced ovarian production (Janssen et
al., 1997). Pereira et al. (1992) have demon-
strated enhanced blood vitellogenin in female
winter flounder (Pleuronectes americanus)
from polluted estuarine environments on the
east coast of North America, although this
also could be the result of impaired ovarian
uptake of vitellogenin rather than elevated
vitellogenin production.

Long-term data on fishery statistics were
retrospectively analyzed (1960 to 1995) to
assess a possible effect of environmental con-
taminants on reproductive status and popula-
tion size of commercial fish species
(Rijnsdorp and Vethaak, 1997). The data on
North Sea plaice (Pleuronectes platessa) and
sole (Solea solea) populations showed a
decrease in size and age to maturation, but
no change in sex ratios were observed. Lang
et al. (1995) have shown anomalies in the
sex ratio of dab (Limanda limanda) from the
North Sea, with increased representation of
females in some areas, and decreased repre-
sentation in others. In Canada, in a semifield
study, American plaice from the St. Lawrence
have also shown a decrease in size and age
to maturation (Nagler and Cyr, 1997). It
appears unlikely, however, that these changes
in North Sea plaice, sole and dab, and Ameri-
can plaice are significantly related to spe-

cific contaminants, but rather may be caused
by changes in population dynamics.

4. M74 Syndrome and EMS
Syndrome

An intriguing, but still unresolved, case
is the M74 syndrome (environmentally re-
lated disease 1974) in Baltic salmon and the
equivalent EMS (Early Mortality Syndrome)
syndrome in salmonids of the North Ameri-
can Great Lakes (AFS, 1996). The M74 syn-
drome has caused high mortality in fry of
sea-run Atlantic salmon (Salmo salar L.) from
the Baltic Sea. The cause of M74 is largely
unknown, but the pathology has been well
described and treatment with thiamin (vita-
min B1) in the hatcheries has been found to
cure afflicted fry (Bengtsson et al., 1999).
Reduced hatching success and diminished
fry survival have been observed in lake trout
eggs experimentally exposed to PCBs and
DDTs, and it was found that there was a
gradual increase in hatchability and fry sur-
vival of Lake Michigan trout since 1984 fol-
lowing a reduction in organochlorine levels
in Great Lakes (Mac and Edsall, 1991). The
M74 syndrome shows great similarities to
EMS in salmonids from the North American
Great Lakes (Fitzsimons et al., 1999), a con-
dition also characterized by a diet-related
deficiency of thiamin in fry and brood stocks.
A combination of factors may contribute to
M74, for example, the diet of salmon in the
Baltic Sea, the content of thiamin or thiami-
nase in their prey fish, ecological changes in
Baltic food chains, and environmental pol-
lutants. One of the most probable hypothesis
for these reproductive disorders is that toxic
symptoms are expressed as a result of vitamin
B1 deficiency in the early life stages (SEPA,
1995; Amcoff et al., 1999). In a publication
by Vuorinen et al. (1997a), dioxin-like com-
pounds, especially certain PCDDs and PCDFs,
were found to have a significant connection
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to the occurrence of M74 in Baltic salmon.
However, there is no firm evidence to caus-
ally link these contaminants with the disease
development. The same group (Vuorinen et
al., 1997b) also suggested that changes in thy-
roid hormone status and retinoids may play
a role in the M74 syndrome, but the results
in this respect are still inconclusive. A basic
problem is to fully understand the environmen-
tal factors influencing the occurrence of this
disease syndrome, which affects the few re-
maining wild, naturally spawning populations
of Baltic salmon that are at great risk of ex-
tinction. At present, there seems to be no firm
evidence to support that endocrine-disrupting
or other chemicals are involved in the etiol-
ogy of M74 and EMS.

B. Nonreproductive Effects

Nonreproductive effects have been report-
ed in several fish species (Table 4b). Sugges-
tions have been made that larval deformities
and increased mortality in pelagic eggs of
various fish species and demersal eggs of her-
ring in the Baltic Sea are caused by chlorinated
hydrocarbons and other highly persistent bio-
accumulative compounds (Von Westernhagen
et al., 1988). In addition, there have been re-
ports since the early 1990s of a widespread
occurrence of embryonic deformities in pe-
lagic eggs of several fish species in coastal
waters in the North Sea (Cameron et al., 1992).
It is not yet clear, however, whether these
fluctuations reflect exposure to endocrine dis-
rupters or other pollutants or may be caused
by natural factors such as temperature, as the
data also indicated a strong temperature-re-
lated correlation (Dethlefsen et al., 1996).

Several studies have shown that potential
adverse estrogenic effects on fish can also alter
growth in fish. Growth reduction has been
observed in catfish exposed to DES (Bulkley,
1972). Johnstone et al. (1978) described a
significant suppression of both length and
weight in rainbow trout during a period of
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dietary administration of 17B-estradiol. Of par-
ticular environmental concern are the recent
experiments conducted by Ashfield et al.
(1998). They examined in a series of experi-
ments the long-term effects of different alkyl-
phenol ethoxylates (nonylphenol, octylphenol,
NPIEC) at environmentally relevant concen-
trations (1 to 50 mg/1) on growth and ovoso-
matic index in female juvenile rainbow trout.
Exposure to alkylphenol ethoxylates com-
menced at hatch (day 0) to include the “criti-
cal window” of estrogen sensitivity, and was
terminated on day 22 or 35 followed by
sampling at regular intervals up to 108 and
466 days. From the results of both experi-
ments it was apparent that all the test com-
pounds modified the growth of exposed fish.
They often found, however, variable physio-
logical effects in the juvenile fish: no clear
dose-related effect was observed. In most cases
growth was suppressed, but in some cases
growth was accelerated. The authors stated
that very similar, rather variable effects on
growth have been observed in juvenile rats
exposed via their drinking water during preg-
nancy and lactation to alkylphenol compounds
(Sharpe et al., 1995). The similarity between
data obtained in the rat and fish study suggest
that alkylphenol compounds are capable of
influencing growth in both juvenile fish and
mammals. Although it is possible that alkyl-
phenol chemicals influence growth in fish and
mammals via a direct estrogenic effect, other
mechanisms of action are more likely. They
concluded that exposure of natural populations
of fish to these chemicals at concentrations
currently measurable in the aquatic environ-
ment may have an impact on the performance
of those populations. Survival of fish in the
natural environment is strongly influenced
by body size and an appropriate ovosomatic
index is a crucial factor in successful repro-
duction. Survival of fish in the natural en-
vironment is closely linked to growth rate,
primarily because smaller fish compete less
successfully for resources, such as food and
territory, than do larger fish (Elliott, 1990).
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A large number of factors can influence
the immune response in fish, including spe-
cies, age, reproduction, social status, food,
stress, and water temperature (Anderson, 1993;
Wester et al., 1994). Furthermore, several con-
taminants, including endocrine disrupters such
as PCBs, PCDDs, and TBT, may have a role
in immunosuppression in fish that may be as-
sociated with an increased prevalence of dis-
eases in wild populations (Vos et al., 1996).
In recent decades there been have many reports
indicating widespread occurrence of epizootic
skin and liver diseases, including cancer, in
wild fish populations in connection to pol-
luted habitats (Vethaak and ap Rheinallt, 1992;
Sindermann, 1993). However, there is an ab-
sence of mechanistic and experimental data
elucidating the possible effects of these com-
pounds on fish disease.

Recent evidence demonstrates that estro-
gens, either natural or xenobiotic, may promote
the growth of hepatic preneoplastic lesions and
tumors in fish. Cooke and Hinton (1999) have
shown that 17B-estradiol is a tumor promo-
tor in medaka and B-HCH a weakly positive
modulator. 17B-estradiol particularly promoted
tumor development in male medaka, indicat-
ing xenobiotics with mechanisms of action
like that of 17P-estradiol may promote growth
in wild fish of previously initiated cells into
tumors (Cooke and Hinton, 1999). Although
liver neoplasia in wild fish populations is pri-
mary attributed to the carcinogenic proper-
ties of polycyclic aromatic hydrocarbons (De
Maagd and Vethaak, 1997; Myers et al., 1990),
endocrine-disrupting compounds could be in-
volved as both risk factors for immunosup-
pression and tumor promotion.

Epizootics of thyroid hyperplasia and
hypertrophy (affecting 100% of the popula-
tion) have been reported in various species of
salmon of the Great Lakes (see review of
Leatherland, 1992). There is, however, no firm
evidence linking thyroid hyperplasia observed
in Great Lakes salmon with any specific
chemical contamination (LC Formar, personal
communication in EPA, 1997). Further, non-
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reproductive effects in fish include a signifi-
cant reduction in retinoid levels in both liver
and plasma in flounder in polluted meso-
cosms, providing a clear indication that ret-
inoid levels are affected by long-term expo-
sure to contaminants (Besselink et al., 1998).
Together, these observations suggest that in
fish, as in mammals, thyroid function appears
to be sensitive to contaminant exposure.

VI. INVERTEBRATES

A. Reproductive and
Nonreproductive Effects

Reported studies of both reproductive and
nonreproductive effects in various groups of
invertebrates are considered in this section
(Table 5).

Although invertebrates constitute about
95% of the faunal species and are key com-
ponents of all ecosystems, relatively little is
know about their endocrine systems and their
susceptibility to environmental endocrine dis-
ruption. Utilization of hormones to control
and coordinate biochemical, physiological,
and behavioral processes is common to all
invertebrate taxa. The majority of inverte-
brate hormones identified to date are peptide
neurohormones, but non-peptide endocrine
messengers such as ecdysteroids and juve-
nile hormones are of importance in many
groups especially insects and crustaceans (for
review see Pinder and Pottinger, 1998). Both
of these systems are potentially susceptible
to interference by environmental contami-
nants. A range of vertebrate steroids (andro-
gens, estrogens, progestins, corticosteroids)
have been detected in insects and crusta-
ceans, but their functional role remains to be
established. Mollusks utilize a wide range of
peptide hormones to control and coordinate
physiological processes, but ecdysteroids do
not appear to play an important role in this
group. The presence of vertebrate-type ste-
roids has been reported for a number of
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molluskan species. In some cases, especially
in the prosobranch gastropods, there is strong
evidence that these steroids play a functional
role. Evidence for a significant role of verte-
brate-type steroids is strongest within the
echinoderms where they may play a role in
the control of growth and reproduction. For
other invertebrate taxa there is only limited
information on endocrine-type processes
(Pinder and Pottinger, 1998). Given the
physiological diversity it is likely that an
endocrine-disrupting chemical would have a
different effect in different invertebrates.

1. Tributyltin-Induced Imposex
in Marine Snail

To date, the tributyltin (TBT)-induced mas-
culinization (imposex/intersex) in female
mollusks, particularly prosobranch snails be-
longing to the orders Mesogastropoda and
Neogastropoda, is the best example of endo-
crine disruption in invertebrates that is caus-
ally linked to an environmental pollutant (for
reviews see Fioroni et al., 1991; Matthiessen
and Gibbs, 1998). It is also a key example of
population-level impact resulting from re-
productive abnormalities. Widespread TBT
contamination derives from the antifouling
paint active ingredient TBT applied below
the waterline on ship hulls. Imposex com-
prises the growth of a penis and occlusion of
the oviduct due to the development of a su-
perficial vas deferens. Whether imposex re-
sults in sterilization depends in part on the
normal morphological configuration of the
reproductive apparatus. Imposex-affected popu-
lations have been observed in the wild in 150
different species of marine prosobranch snails
(Matthiessen et al., 1999) from across the
world. Imposex-affected populations have
been seen in Europe, in many estuaries (Gibbs
et al., 1987; Huet et al., 1996; Fioroni et al.,
1991; Oehlmann et al., 1996; 1998; Mensink
et al., 1997; Strand, 1998), the Iberian Atlan-
tic and the Mediterranean Sea (Terlizzi et
al., 1998; Morcillo and Porte, 1988; Sole et

al., 1988; Coelho et al., 1998). All popula-
tions of the dogwhelk in the coastal areas of
the North Sea are more or less affected by
imposex leading in some areas to complete
population loss (North Sea Task Force, 1993).
Signs of imposex were observed in the ma-
jority of neogastropod taxa in waters of Brit-
ish Columbia (Bright and Ellis, 1990). Re-
cently, imposex has been reported in the
common whelk Buccinum undatum from the
open North Sea where 20 years ago no signs
of imposex were observed, and this is appar-
ently related to the intensity of commercial
shipping traffic in the area resulting in release
of the anti-fouling ingredient TBT (Hallers-
Tjabbes et al., 1994) (Figure 6). Laboratory
studies show that imposex development oc-
curs at very low exposure concentrations to
TBT (1 ng/l) in the dogwhelk (Gibbs et al.,
1987) and 7 ng/1 in common whelk (Mensink
et al., 1997). The most sensitive species cur-
rently seems to be Ocinebrina aciculata with
a treshold concentration of 0.1 ng TBT-Sn/1
(see Oehlmann et al., 1996). Based on these
laboratory studies with the wildlife species, it
is concluded that the concentrations of TBT
measured in areas with imposex are sufficient-
ly high to cause this condition.

How TBT induces imposex is not pre-
cisely known, but a considerable weight of
evidence suggests an inhibition of aromatase
enzyme metabolism of testosterone to
178-estradiol (Bettin et al., 1996). This can
lead to increased testosterone levels and mas-
culinization. In the dogwhelk (Nucella
lapillis, Neogastropoda) the degree of mascu-
linization is a graded response dependent on
the level of TBT exposure (Bettin et al,,
1996). Notably, exposure to testosterone may
also lead to imposex. Simultaneous expo-
sure to TBT (50 ngSn.l) and an anti-androgen
(1.5 mg cyproterone acetatel) did not result
in imposex in contrast to the same concen-
tration of TBT alone (Oehlmann et al., 1996).
Exposure to the aromatase inhibitor SH-489
also resulted in imposex. These results can
all be explained by the hypothesis that TBT
interferes with the synthesis of steroid hor-
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FIGURE 6. A female whelk from the open North Sea showing the
development of a penis (imposex). (Photo courtesy of H. Kralt.)

mones by inhibiting the conversion of test-
osterone to estradiol by the enzyme aromatase
(CYP19). In addition to aromatase-inhibi-
tion, another hypothesis has been postulated
recently, namely, that TBT inhibits the for-
mation of sulfate conjugates of testosterone,
thus resulting in reduced elimination of tes-
tosterone from the body (Ronis and Mason,
1996). Furthermore, because TBT is reported
to accumulate specifically in neural ganglia
in the dogwhelk (Bryan et al., 1993) and
common whelk (Mensink et al., 1997), it is
possible that interference with the neuroen-
docrine system by TBT could result in the
development of imposex, mediated by alter-
ation of steroid metabolism. In England,
Norway, and in the Pacific Ocean recovery
of imposex-affected populations of dog-
whelks and whelks have occurred after mea-
sures were taken to cease the use of TBT on
ships smaller than 25 meters (Tester et al.,
1996: Evans et al., 1994; Smith, 1996). De-
spite these reports that TBT concentrations in
coastal waters and imposex occurrences in
the U.K. and elsewhere are generally in de-
cline, evidence put forward by other authors
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indicate that organotin concentrations are still
high enough to endanger sensitive species
(see Oehlmann et al., 1998).

Another condition termed intersex is ob-
served exclusively in the periwinkle (Littorina
littorea; Mesogastropoda). Intersex is defined
as a disturbance of the phenotypic sex deter-
mination between gonad and genital tract and
is characterized by supplantion of the distal
part of the pallial oviduct by a prostate gland,
a sperm groove and ultimately also a penis,
whereas the proximal part of the pallial ovi-
duct retains its female structure (Bauer et al.,
1995, 1997). Intersex in the periwinkle oc-
curs in populations in the German Wadden
Sea; the fertility of female animals was af-
fected in the direct vicinity of harbors and
marinas. Intersex development was found at
concentrations of 10 to 15 ng/liter. Juvenile
animals seem more sensitive for these effects
than adult animals. For example, adult periwin-
kle are much less sensitive for TBT, although
high concentrations show a significant de-
crease in egg production. In periwinkle, adult
females loose their sensitivity to TBT once
the whole pallial oviduct is established (Bauer
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etal., 1997). However, exposure to concentra-
tions > 100 ng TBT/l reduces the egg produc-
tion significantly in females of this species
(Matthiessen et al., 1995). Laboratory experi-
ments showed that exposure to concentrations
higher than 10 ng TBT acetate/] induced the
development of male sexual characteristics in
a dose-dependent manner when whelks were
exposed in ovo or just after hatching. Growth
rates were affected at an even lower dose.
However, adult female whelks were not affect-
ed (Mensink et al., 1996).

In addition to TBT, antifouling paints may
contain triphenyltin (TPhT), a chemical that
is heavily used in agriculture as a fungicide,
but has also been added to technical formula-
tions of antifouling paints (up to 10% of the
TBT concentration). TPhT has been found
in sea stars and (imposex-affected populations
of) whelks in the North Sea and Eastern
Scheldt (NL) (Mensink et al., 1997). Imposex
was also found in Japanese waters in areas
with a low shipping traffic intensity, but which
are likely to receive TPhT compounds from
neighboring agricultural araes (Horiguchi et
al., 1994). Experimental evidence with re-
gard to the ability to develop imposex due to
TPhT exposure is at present contradictory,
because both negative and positive experi-
mental studies have been reported (Bryan et
al., 1988; Horiguchi et al., 1997). From the
positive study it can be concluded that TPhT
enhances imposex development in the rock
shell (Thais clavigera). Thus, arole of TPhT
with respect to the development of imposex
seems quite likely in this species. Hawkins
and Hutchinson (1990) also reported that
monophenyltin (MPhT) induces imposex in
Ocenebra erinacea.

In several species of bivalve mollusks,
increased shell thickness resulting from TBT
exposure has been reported. In bivalves, TBT
is highly toxic to larvae and gives rise to
malformations of the shells of adult animals
by inhibition of calcification, but the exact
underlying mechanism is presently unknown.
Changes in morphology of the sexual organs

have not been found in these species (Alzieu
et al., 1991).

Deleterious effects of organotin compounds
were first noted in Pacific oyster (Crassostrea
gigas) populations in Arcachon Bay, France,
in the late 1970s: from 1977 to 1983 oyster
production was severely affected (Alzieu et
al., 1986, 1991). Shells developed abnormally
and spatfall declined dramatically. Abnor-
mally developed shells have been observed
also in the U.K. and in estuaries of several
other countries (Waldock and Thain, 1983;
Stephenson, 1991). Shell abnormalities in-
cluded chambering and the formation of a
protein-containing jelly and effects on calci-
fication occurred at concentrations of TBT as
low as 2 ng/l, although the sensitivity varied
between oyster species. Larvae survived only
a few days in Arcachon Bay water and re-
tarded growth and high mortality occurred
in larvae exposed to 50 ng/l of TBT in labo-
ratory tests. At a concentration of 20 ng/l
growth of C. gigas was inhibited, but the
related species C. virginica was less sensi-
tive. Effects of TBT on reproduction have
also been reported for several other bivalve
mollusks, including the native oyster Ostrea
edulis (Thain et al., 1986) and the deposit
feeding clam Scrobicularia plana (Ruiz et al.,
1994, 1995a,b). In the latter field and labora-
tory studies it was found that the toxic action
of TBT has a negative influence on embry-
onic development and could have contrib-
uted in northern Europe to population declines
or disappearances from certain estuarine sites.
Remarkably, there are no reports in the litera-
ture on effects of TBT and related compounds
in fresh water mollusks. From a population
point of view the effects on reproduction are
obviously more important than shell defor-
mities (see above).

There is evidence that the endocrine-dis-
rupting effects of TBT have led to changes
in marine communities. Detailed temporal
trend studies of benthic and epibenthic com-
munity structure (Waldock et al., 1999; Rees
etal., 1999) have been conducted in the Crouch
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estuary, U.K., since 1987 when the use of
TBT for small vessels was banned. The es-
tuary is rather unique because of its primary
TBT inputs; other polluting inputs to the
estuary have been negligible historically. The
findings show over a period of 5 to 10 years
a considerable increase in species diversity
in the upper- and mid-estuarine areas where
TBT concentrations declined to relatively
low levels. However, there were no signifi-
cant changes in the originally less-contami-
nated areas of the outer estuary. Therefore, it
is likely that the effects were at least partly
due to the decline in TBT input. Recovery
was seen not only in several mollusk species
(including the oyster Ostrea edulis), but also
in crustaceans and ascidians, although it is
not known whether these latter groups were
originally affected directly or indirectly.

Another observation in invertebrates
concerns the very high proportion of inter-
sex in harpacticoid copepods in the Firth of
Forth in Scotland (Moore and Stevenson,
1994). This observation has been linked but
not confirmed to a sewage effluent with el-
evated levels of alkylphenoxy-ethalates from
the local textile industry. Furthermore, the
lobster Homarus americanus has been ob-
served with ovotestis in Nova Scotia, but it
was not clear whether this was a natural or
site-related phenomenon (Sangalang and
Jones, 1997).

Semifield studies with the echinoderm
Asterias rubens have shown that rates of
P450-dependent steroid metabolism can be
decreased as a result of exposure to contami-
nants. Short-term cadmium exposure of this
animal affected steroid synthesis and tissue
levels of progesterone and testosterone (Voogt
et al., 1987). Den Besten (1991a,b) found
that both cadmium and PCBs significantly
reduced levels of progesterone and testoster-
one in the pyloric caeca of male and female
Asterias rubens. No effect of cadmium was
found in the gonads, while PCB exposure re-
sulted in increased testosterone levels in tes-
tes and ovaries. Although the physiological
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role of progesterone and testosterone in sea
stars is still unknown, it has been suggested
that changes in their levels represent a hor-
monal trigger for the pyloric caeca, being
the onset of vitellogenesis and gametogen-
esis (Voogt et al., 1987). Results from field
studies are inconclusive. In a number of sur-
veys in the North Sea, Asreria rubens were
collected at different sites in order to inves-
tigate the quality of their offspring and to
perform biomarker measurements. No pollu-
tion gradient-related effects were observed on
oocyte maturation or on the early develop-
ment of sea star embryos. However, slight
effects were observed on the P450 system in
the pyloric caeca of female sea stars collect-
ed from polluted coastal sites under the influ-
ence of rivers like Humber, Elbe, Rhine, and
Western Scheldt (Postma and De Valk, 1996
and 1997). Given the experimental findings,
these decreased P450 activities found in the
North Sea study may signal adverse effects.

A range of pesticides that act on insect
endocrine systems have been deliberately in-
troduced in the environment and have shown
to have also impacts on non-target species.
There are no documented examples of non-
pesticidial EDC-related effects on freshwater
and terrestrial invertebrates. There are, how-
ever, a substantial number of laboratory based
studies that identify the effects of potential
EDCs on freshwater and terrestrial inverte-
brate species (for literature overview see Pinder
and Pottinger, 1998; Janssen et al., 1998).
Woin and Bronmark (1992) showed that ex-
posure to non-lethal concentrations of DDT
cause a substantial reduction in the fecundity
of the freshwater snail (Lymnaea stagnalis).
More than 100 phytosteroids are structurally
similar to ecdysteroids and have been shown
to exert hormonal activity in insects (Adler
and Grebenok, 1995). For example, moulting
was arrested in dargonfly larvae (Macromia
cingulata) when exposed to paper and pulp
mill effluent containing phytoecdysteroids
(Subramanian and Varadaraj, 1993). Alkyl-
phenol (4-NP) apparently reduces the rate of
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elimination of testosterone in freshwater crus-
tacean Daphnia magna leading to accumu-
lation of androgenic products and reduced
fecundity of females (Baldwin et al., 1997).
The alkylphenol p-tert-pentylphenol (PTP) may
induce irreversible changes in morphology
and reproduction of Daphnia magna, includ-
ing masculinization of females (Gerritsen,
1997).

Vil. DISCUSSION WEIGHT
OF EVIDENCE ON WILDLIFE
HEALTH EFFECTS

The precise endocrine mechanisms regu-
lating the reproductive process of a species
are diverse and may be influenced by a range
of biological and physicochemical factors.
These environmental factors include xeno-
estrogens and other chemicals observed to
affect the reproductive physiology of fish and
other wildlife species (Campbell and Hutchinson,
1998). It is also recognized that environmen-
tal stress can have an effect on the survival
and immunocompetence of fish populations
and that such stress can reduce the reproduc-
tive success of aquatic and terrestrial species.
In addition, nutritional deficiencies may have
profound effects on the survival, develop-
ment, and reproductive health of organisms.
Therefore, there is no doubt that a variety of
factors impinge on the reproductive output
and fitness of natural populations. Many feed-
back mechanisms and redundancies at vari-
ous levels of organization have to be overruled
before populations are affected.

The ultimate goal of ecological risk as-
sessment is to protect communities and whole
ecosytems from detrimental effects caused
by chemical pollutants (Landis et al., 1995).
To date, however, apart from the community
effects of TBT there seems to be no good
example to demonstrate that a defined toxic
effect resulting from exposure to an endo-
crine disrupter has caused an adverse effect

that becomes visible at the ecosystem or
community level. Moreover, as is evident
from the overview of data given above, there
are only a few cases where an observed ef-
fect on the population level can be firmly
linked to a chemical acting on the endocrine
system. Some of these cases have been high-
lighted above. This situation is not unique
for endocrine disrupter research but is rather
a situation characteristic for (eco)epidemiol-
ogy in general. While the ecoepidemiological
approach aims at establishing relationships
between reproductive and health disturbances
on the one hand and exposure to environmen-
tal pollutants in wild populations on the other
hand, it will generally provide little if any in-
formation about the underlying mechanisms
of action of the chemicals involved. There-
fore, it is evident that an evaluation of the
ecological significance of endocrine-disrupt-
ing chemicals needs to be based on a combi-
nation of ecoepidemiological field studies and
controlled experimental studies. The strengths
and weaknesses of these approaches, depicted
in Figure 7, indicate that the so-called semi-
field studies would represent a useful approach
to bridge the gap between the controlled con-
ditions of the laboratory experiments and the
uncontrolled exposure conditions in the field.
The use of sentinel species to examine mark-
ers for exposure and biological effects, and
the application of defined test organisms to
determine effects of exposure at contaminated
sites, represent promising approaches of semi-
field type (in situ experiments).

While it seems difficult to reach definite
conclusions about cause-etfect relationships
in the field, there are numerous examples of
ecotoxicological effects where a mechanism
of endocrine disruption would seem possible
or even likely. Several of these cases refer to
persistent organic pollutants, many of which
are known to exert experimental toxicity by
different mechanisms of action relating to en-
docrine disruption. Compounds of this type
include chlorinated hydrocarbons such as PCBs,
PCDFs, and PCDDs, as well as hydroxy-
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INTEGRATED STUDY STRATEGY
Relevance to
Evidence Control of variables  natural populations
correlative r field SIUUD( | none high
only .‘__ #_
seml-flel moderate moderate
study
\
Iaboralory low (needs
study . .
causal high extrapolation)
FIGURE 7. Integrated approach to study the causes of wildlife diseases. (After Vethaak, 1993.)

lated and methylsulfonylated metabolites of
PCBs and DDT.

The best documented cases of reproduc-
tive disturbances and population declines due
to exposure by EDCs in Europe and abroad
include: TBT-induced imposex in marine snails,
DDE-induced eggshell thinning in birds, and
reproductive and immunosuppressive effects
in seals by PCBs and metabolites. It is re-
markable that in the discussed cases of EDC
exposure, notably in roach, despite widespread
vitellogenin induction and ovotestis forma-
tion, no effect has been reported at the popu-
lation level. For most studies included in this
overview, however, the evidence for a causal
link to endocrine disruption is weak or nonex-
isting. Specific remarks for the various ani-
mal groups are given below.

A. Mammals and Birds
Most studies on endocrine-modulating ef-

fects in mammals refer to aquatic mammalian
species, only few to terrestrial species. In most
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cases the causal evidence for effects due to
EDCs in terrestrial and aquatic mammals
remains circumstantial. Apart from the PCB-
induced decline of the gray seal population in
the Baltic Sea (see above), probably the best
evidence for cause-effect relationships comes
from Dutch semifield studies on harbor seals,
in which both reproduction and immune func-
tion impairments have been reported, and
PCBs have been implicated. In some cases
good correlations are found between, on the
one hand, concentrations of certain organo-
chlorines and their metabolites and, on the
other hand, hormone concentrations and ob-
served disorders, but the mode of action is
not well understood. In many other cases no
clear-cut correlations between organochlorine-
residue levels and observed effects could be
established. This is mainly due to the incom-
plete nature of the data, for example, lack of
data on residue levels, on dose-response rela-
tionships, and on ecological background such
as normal population parameter values. The
complexity of a causal relationship is illus-
trated by the observation that some of the af-
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fected populations to date are growing in num-
ber despite clear localized evidence of effects
caused by exposure to EDCs. An example is
the recently increased population of the Bal-
tic gray seals that occurred despite the fact
that this population locally still suffers from
lesions induced by persistent organochlorines.

B. Reptiles/Amphibians

There is increasing evidence from non-
European countries that some chlorinated
aromatic compounds are capable of disrupt-
ing reproductive, developmental, and behav-
ioral functions in reptiles and amphibians.
Experimental data indicate that larval stages
of amphibians may be particularly sensitive
to endocrine disruption. So far no effects on
amphibian and reptile populations in Europe
have been demonstrated, possibly because
such investigations have, as yet, not been con-
ducted. Therefore, field and semifield stud-
ies are needed throughout Europe to exam-
ine the population status of amphibians and
reptiles and the possible impact of EDCs on
these populations.

C. Fish

There is convincing evidence that the en-
docrine system of a variety of fish species
has been adversely affected by endocrine-
disrupting chemicals. The early data indicate
that effects occur at geographically defined
contaminated sites and sources (e.g., effluents
of water treatment plants, wood- and paper-
processing industries, textile industry). This
exposure appears to be associated with en-
docrine disruption and reduced reproductive
success, which could result in decreased fish
populations. However, there are recent indi-
cations for a more widespread occurrence of
estrogenic effects in certain fish populations
in the U.K. Significant estrogenic exposure
predominantly due to natural and synthetic

steroids but also to other compounds is not
restricted to freshwater systems, but is also
demonstrated in estuaries, fjords, and shel-
tered coastal areas. Endocrine-disrupting
compounds associated with physiological and
reproductive effects in fish to date are natural
and synthetic as well as plant-derived ste-
roids. However, estrogenic effects observed
in fish in industrialized estuaries in the North
Sea and elsewhere indicate that industrial ef-
fluents including alkyl phenols, and conven-
tional problem substances such as DDT, PCBs/
PCDFs/PCDDs, heavy metals as well as yet
unidentified chemicals may play a more
important role. It is unclear to what extent
endocrine-disrupting chemicals are implicated
in the decline of fresh water/coastal fish popu-
lations, although natural factors such as habi-
tat destruction and fisheries impact may
override the contaminant effects in most in-
stances. Effects on important offshore fish
stocks have not been demonstrated so far, al-
though certain North Sea flatfish appear to
be maturing earlier than 30 years ago. How-
ever, this effect could be explained by a natu-
ral cause. In most cases the biological and
ecological significance of observed changes
such as precocious female maturation, inter-
sexuality, ovotestis formation, vitellogenin
induction for reproductive success is unclear
and merits further examination.

Little is known about nonreproductive en-
docrine effects of contaminants in fish, al-
though an endocrine-disrupting component
could play a role in embryo malformation,
immunosuppression, decreased vitamin A lev-
els, thiamin deficiency, infectious disease, and
epizootic liver tumors in wild fish populations.
Chemically induced alterations in immune
function occurring in early life-stages or in
adult fish can translate into an altered host
resistance to infectious diseases (IPCS, 1996).
Clearly, more research is required to under-
stand the role of contaminants in susceptibil-
ity of fish species to infectious diseases. In
particular, more emphasis should be placed
on immunosuppressive effects of TBT.
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D. Shellfish and Other Invertebrates

Perhaps the best example of an endo-
crine disruption effect is that of TBT causing
imposex worldwide in many species of ma-
rine snails. This phenomenon is held respon-
sible for global declines in populations of
several species. There is now an understand-
ing of the effects at all levels of biological
organization from molecular to population
levels. TBT is considered to inhibit the cyto-
chrome P450-dependent aromatase (CYP 19)
activity responsible for conversion of test-
osterone to estradiol. Apart from the example
of imposex in marine snails, EDC-induced
effects in other invertebrates are poorly docu-
mented. Not surprisingly, effects of pesticidal
endocrine disruptors on development of
single organisms or populations of non-tar-
get species have been identified. However, it
is likely that endocrine disruption is also
occurring in other invertebrates (e.g., crusta-
ceans). Appropriate field studies are there-
fore needed to investigate the effects of EDCs
on invertebrates, especially in the fresh wa-
ter environment.

Viil. CONCLUSIONS AND
RECOMMENDATIONS

Many wildlife species may be exposed
to biologically active concentrations of en-
docrine-disrupting chemicals, including a
large number of persistent organochlorines,
natural and synthetic steroid hormones,
organotins, alkylphenols. There is strong
evidence obtained from laboratory studies
showing the potential of several environ-
mental chemicals to cause endocrine disrup-
tion at environmentally realistic exposure
levels. In wildlife populations, associations
have been reported between reproductive and
developmental effects and endocrine-disrupt-
ing chemicals. Effects have been observed
in a broad number of species representing
many major taxa, including mammals, birds,

116

reptiles, fish, and mollusks from Europe, North
America, and other continents. Most of these
studies refer to aquatic food chain organisms,
only few to terrestrial systems. The observed
abnormalities in various wildlife species vary
from subtle changes to overt and permanent
structural and functional alterations, includ-
ing disturbed sex differentiation with mal-
formed (feminized or masculinized) sex or-
gans, changed sexual behavior, and altered
immune function.

Impaired reproduction and development
causally linked to endocrine-disrupting chemi-
cals are well documented in a number of spe-
cies and have caused local or regional popu-
lation changes. These include the following.

A. Marine Snails

Imposex occurs in many species of gas-
tropods and correlates with harbors and ship-
ping lanes. The proven causative agent is
iributyltin, a biocide used in antifouling paints.
The dogwhelk appears particularly sensitive,
and the development of imposex has resulted
in decline or extinction of local populations
worldwide, including coastal areas all over
Europe and the open North Sea.

B. Birds

DDE-induced egg-shell thinning caused
severe population declines in a number of
raptor species in Europe and North America.
Developmental exposure to the DDT com-
plex has been firmly linked to the induction
of ovotestis in male Western gulls.

C. Fish

Endocrine-disrupting chemicals have ad-
versely affected a variety of fish species. Ef-
fects on reproductive organs are causally linked
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to exposure mostly in the vicinity of certain
sources (e.g., effluents of water treatment
plants, wood- and paper-processing indus-
tries, textile industry) and in the most con-
taminated areas. However, there are recent
indications for significant estrogenic exposure
of fish not only in freshwater systems, but also
in estuaries and coastal areas in the U.K.

D. Mammals

Field studies on Baltic gray and ringed
seals, and semifield studies on Wadden Sea
harbor seals, have shown that both repro-
duction and immune functions are impaired
by PCBs in the food chain. Reproduction
effects resulted in population declines,
whereas in impairment of immune function
has likely contributed to the mass mortalities
due to morbillivirus infections.

E. Reptiles

Distorted sex organ development and
function in alligators has been related to a
major pesticide spill into a lake in Florida,
U.S.A. In experimental studies with alliga-
tor eggs, the observed estrogenic/antiandro-
genic effects have been causally linked to the
DDT complex present in the formulation.

For most other reported effects in wild-
life, however, the evidence for a causal link
with endocrine disruption is weak or nonex-
isting. This is mainly due to the complexity
of contaminant mixtures, the lack of data on
both exposure and sensitivity of the species
concerned, along with a poor knowledge of
the mechanisms of action. Crucial in estab-
lishing causal evidence for chemical-induced
wildlife effects are semifield or laboratory
studies using the wildlife species of concern.

Although most observed effects currently
reported concern heavily polluted areas, there
is a potential global problem. This is exem-
plified by the widespread occurrence of im-
posex in marine snails and the recent find-
ings of high levels of persistent potential

endocrine-disrupting chemicals in several
marine mammalian species inhabiting oce-
anic waters. Therefore, it is recommended:

* To assess the full environmental signifi-
cance of endocrine disruption, inciuding
studies on effects in terrestrial systems and
in amphibian and reptile populations in
Europe.

* To conduct further field, semifield, and
laboratory studies in order to establish
cause-and-effect relationships. Because it
is recognized that this relationship is mul-
tifactorially defined, including many other
environmental or stock-related factors such
as habitat destruction and fisheries im-
pact, it is needed to establish baseline data
in nonexposed reference populations.

* To encourage the establishment of coor-
dinated biomonitoring programs by inter-
national monitoring organizations (e.g.,
OSPAR, HELCOM, and MEDPOL), the
European Environment Agency and na-
ilonal environmental agencies to identify
the hazards of endocrine disruption to aquatic
and terrestrial wildlife. In doing so, con-
sideration should be given to the strategies
and guidelines provided by two international
Expert Workshops EMWAT and EDIETA.

* To establish the long-term consequences
at the population and community levels of
the observed effects on reproductive organ
structure and function (such as vitelloge-
nin induction, precocious female matura-
tion, intersexuality, ovotestis formation,
and altered sexual behavior), as well as on
thyroid status and immune function.
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