ARTICLE IN PRESS
DTD 5
ANIMAL BEHAVIOUR, 2004, 68, 465–476
doi:10.1016/j.anbehav.2004.05.004

The role of animal behaviour in the study
of endocrine-disrupting chemicals
ETHAN D. CL OTFEL TER ) , A LIS ON M . B ELL† & KA T E R. LEV ERING‡

*Department of Biology, Amherst College
yEnvironmental and Evolutionary Biology, University of Glasgow
zDepartment of Biology, Texas Tech University
(Received 9 June 2003; initial acceptance 15 October 2003;
ﬁnal acceptance 5 May 2004; MS. number: ARV-26R)

Numerous chemicals are known to interfere with the endocrine systems of animals. These chemicals,
commonly referred to as endocrine-disrupting chemicals (hereafter EDCs), pose a particularly severe threat
to animal health. They accumulate in body tissues and are highly persistent in the environment and thus
can occur at signiﬁcant concentrations far from their points of origin. Ecotoxicologists have used a number
of animal species to identify physiological and morphological consequences of EDC exposure. Effects of
exposure have typically been measured in terms of survival, development or aspects of reproductive
anatomy and physiology. In recent years, ecotoxicologists have begun using behavioural endpoints as
components of standard toxicological assays. There has been a concurrent although less widespread
interest among animal behaviourists in understanding and studying the effects of these contaminants on
animal behaviour. The purposes of this review are four-fold. First, we provide a primer on EDCs. Second,
we summarize current knowledge about endocrine disruption of animal behaviour. Third, we describe the
role that we envision for behaviour in the ﬁeld of ecotoxicology. Finally, we hope to stimulate a dialogue
between animal behaviourists and ecotoxicologists that will enhance our understanding of these
environmental contaminants and their impacts on animal populations.
Ó 2004 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

In the 1970s, biologists in southern California, U.S.A.,
noticed more eggs than usual in the nests of western gulls,
Larus occidentalis. The interval at which eggs were laid in
these nests was shorter than in nests with normal
clutches, suggesting that multiple females were laying
eggs in each nest. Detailed observations revealed that
8–14% of gull pairs in the population comprised two
females, and that there was a shortage of reproductively
competent males (Hunt & Hunt 1977; Fox 1992). Subsequent laboratory experiments revealed a probable cause:
exposure to the pesticide o,p0 -DDT feminizes male gull
embryos and interferes with their normal reproductive
behaviour (Fry & Toone 1981; Fry et al. 1987). The DDT
exposure hypothesis was also supported by evidence that
contaminated populations had a higher frequency of

Correspondence: E. D. Clotfelter, Department of Biology, Amherst
College, Amherst, MA 01002, U.S.A. (email: edclotfelter@amherst.
edu).
0003–3472/04/$30.00/0

enlarged clutches than did the uncontaminated populations (Fox 1992).
This example illustrates two general points that we
discuss in this review. First, endocrine-disrupting chemicals such as DDT have profound effects on animal
behaviour. Second, behavioural measures can be useful
bioindicators of endocrine disruption and be important in
the study of endocrine-disrupting chemicals.
More than 100 chemicals originating from agricultural,
industrial and municipal sources are known to interfere
with the endocrine systems of animals, and thousands
more are suspected of having similar effects (reviews in
Toppari et al. 1996; Keith 1997; Crisp et al. 1998). Some of
these chemicals were designed speciﬁcally to disrupt
normal endocrine function (e.g. pesticides, oral contraceptives), but most endocrine-disrupting chemicals produce inadvertent effects in nontarget animals as a byproduct of other functions. The ﬁrst endocrine-disrupting
chemicals (EDCs) to be described were oestrogen mimics
and were labelled environmental oestrogens. Today we
know that EDCs can affect most endocrine systems, from
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reproductive to pituitary and thyroid glands; in some
cases, a single chemical can have multiple effects. Effects
on humans and animals include reproductive impairment
and abnormalities, reduced immune function, reduced or
abnormal growth, decreased cognitive abilities, increased
susceptibility to disease and increased mortality.
Animals are exposed to EDCs in the air, water and in
their food. EDCs enter animals’ bodies through the skin,
gills, and even via the mother in utero or in ovo. One of
the most insidious characteristics of EDCs is that, because
they are lipid-soluble, they tend to accumulate in animal
body tissues. This problem is further compounded by the
process of biomagniﬁcation, in which chemical concentrations increase at higher trophic levels. In aquatic birds,
contaminant concentrations are often 100 times greater in
body tissue than in the surrounding water (Anderson &
Hickey 1976; Norstrom et al. 1976), and signiﬁcant
biomagniﬁcation has been observed in several species of
marine mammals (Ross et al. 2000; Ikonomou et al. 2002).
Top predators are essential for maintaining the integrity of
food webs; thus, biomagniﬁcation of EDCs can affect
entire ecosystems by harming species at the highest
trophic levels.
Another signiﬁcant problem with EDCs is their persistence. Heavy metals, for example, cannot be degraded or
destroyed. The half-lives of DDT and polychlorinated
biphenyls (PCBs) in the bodies of some vertebrates can
be many years. Although PCB mixtures have declined
overall in the environment since the 1970s, chemical
alterations have increased the relative abundance of the
more persistent and toxic congeners (Helander et al.
2002). Animals in even the most remote areas of the
world (e.g. polar bears, Ursus maritimus; black-footed
albatrosses, Diomedea nigripes: Kannan et al. 2001a, b)
carry signiﬁcant loads of industrial chemicals in their
tissues. Endocrine disruptors are transported by sediments, water and air (Wilkening et al. 2000); thus, there
are few places in the world not contaminated by them.

Mechanisms of Endocrine Disruption
Endocrine-disrupting chemicals can interfere with the
biosynthesis, transportation, metabolism or binding of
hormones. In the case of steroids, for example, biosynthesis can be disrupted by reduction of steroid precursors
(cholesterol) or alteration of enzyme activity. In addition,
some EDCs are concentrated in glandular tissue where
they cause cell death and necrosis; in this case, the tissue
responsible for hormone production is destroyed or
signiﬁcantly reduced. EDCs may affect hormone transportation by increasing the binding afﬁnity of carrier
molecules (e.g. sex-hormone-binding globulin) or by
competing with endogenous hormones for access to
binding sites, both of which affect hormone concentrations in the blood plasma or haemolymph. Endocrine
disruption may also occur if the rate at which hormones
are metabolized is altered. Some chemicals stimulate or
inhibit the activity of enzymes, such as mono-oxygenases,
that are responsible for hormone degradation. Finally,
EDCs can bind to hormone receptors and activate or block

them; they can also bind to inactive sites and distort
receptors enough that they are rendered dysfunctional. It
is difﬁcult to predict the binding effects of a particular
EDC across species, because of taxonomic differences in
binding afﬁnities of cellular receptors (Le Drean et al.
1995).
Animals are often exposed to multiple EDCs and thus
subject to multiple mechanisms of endocrine disruption
(Porter et al. 1999). Little is known, however, about the
broad-scale effects of chemical mixtures, but additive and
synergistic effects have been documented in several
species (Crews et al. 1995; Bergeron et al. 1999; Rajapakse
et al. 2002). For example, Bemis & Seegal (1999) found
that a mixture of methylmercury and PCBs reduced
dopamine levels in rat brains more than either chemical
did alone. Gupta & Gill (2000) found that rats exposed to
lead in the presence of ethanol suffered alterations in
motor coordination, activity level and aggressiveness.
There has been much debate over how widespread the
synergistic effects of EDCs are, or whether they exist at all.
For example, results from a highly inﬂuential study by
Arnold et al. (1996) could not be replicated by other
laboratories, and the study was eventually retracted
(McLachlan 1997).
STANDARD ECOTOXICOLOGICAL APPROACHES
For animal behaviourists to understand the potentially
important role of behaviour in the study of endocrinedisrupting chemicals, they must ﬁrst understand a little
about ecotoxicology. Below we describe some standard
approaches used by ecotoxicologists, as well as how the
peculiar characteristics of EDCs are forcing scientists to
rethink these same methods.

Dose–Response Relations
The standard approach to studying toxicity involves
exposing isolated cells (in vitro), eggs (in ovo) or whole
animals (in vivo) to varying concentrations of a chemical.
A dose–response curve is the quantitative relation between
the dose administered (or the exposure experienced) and
the incidence or extent of adverse effects. For many
chemicals, this relationship is sigmoidal, such that adverse
effects increase dramatically above a threshold level. This
approach works well when toxicity is immediately apparent and when a simple monotonic relationship exists
between dose and response. However, many EDCs differ
from classical pollutants (e.g. dioxins, polycyclic aromatic
hydrocarbons) in two important respects.
First, the toxicological rule that ‘the dose makes the
poison’ is not always applicable to EDCs. Hormonemimicking EDCs can interact with endogenous hormones
such that the threshold for that hormone is automatically
exceeded (Welshons et al. 2003; Tokumoto et al. 2004).
Furthermore, effects of some EDCs are greater at low than
at high doses. For example, Hayes et al. (2002a) showed
that the gonadal development of male leopard frogs, Rana
pipiens, was retarded at low, environmentally relevant
concentrations of the popular herbicide atrazine but not
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at high concentrations. Unusual dose–response relationships, including U-shaped and inverted U-shaped curves,
also occur with some EDCs (vom Saal et al. 1995; Alworth
et al. 2002). U-shaped dose–response curves occur when
the maximal response is produced at very low and very
high concentrations, but not at intermediate ones; inverted U-shaped curves are the inverse. U-shaped and
inverted U-shaped curves are extremely controversial in
ecotoxicology, because they contradict the long-held
belief that dose–response relationships are linear. Environmentally safe levels of most chemicals are established
on the basis of this assumption. Although several studies
have attempted to quantify the number of chemicals that
might show nonlinear relationships (Davis & Svendsgaard
1990; Calabrese et al. 1999), their statistical methodologies have been criticized (Crump 2001), making it difﬁcult
to estimate the prevalence of such relationships. Some
ecotoxicologists believe that nonlinear dose–response
relationships are underreported because of their deviation
from toxicology dogma (Calabrese & Baldwin 2003).
Increased awareness of the problem of nonlinear dose–
response relationships has led to calls for more studies
that test a range of physiologically active doses and that
are more attentive to positive and negative controls
(Welshons et al. 2003). The detection of nonlinear
relationships is an area in which behavioural studies
might make signiﬁcant contributions to ecotoxicology.
Behaviour is sensitive even to small changes in hormone
levels, so behavioural endpoints should provide particularly good response variables for the detection of nonlinear relationships (vom Saal et al. 1995).
The other way in which effects of EDCs differ from
those of classical pollutants is that such effects are not
always immediate. Exposure to EDCs during critical stages
of development can produce permanent, organizational
changes in anatomy, the consequences of which might
not become apparent until adulthood. In addition, some
effects of EDCs can be transgenerational: developing
fetuses or eggs might be exposed to EDCs through
parental exposure. Alternatively, EDCs can be transmitted
directly from mother to offspring, either via egg yolk or
breast milk. The dynamics of transfer have been well
documented in some species (American kestrel, Falco
sparverius: Fernie et al. 2000; grey seals, Halichoerus grypus:
Debier et al. 2003). Such transgenerational effects should
sound an alarm for behaviourists, who are well aware of
the importance of parental loading of egg yolks with
variable doses of gonadal steroids in birds and reptiles (e.g.
Schwabl 1993). The relation between contaminant exposure and these maternal effects is only beginning to be
explored (French et al. 2001).

Common Ecotoxicological Endpoints
LD50 and LOEC
Two standardized measurements widely used by ecotoxicologists to quantify the effects of EDCs are the LD50 and
the LOEC. The LD50 is the dosage that is lethal to 50% of
exposed organisms. The LOEC is the lowest concentration
that produces observable effects, which traditionally have

been endpoints such as morphological deformities, but
which can also refer to behavioural impairments. LD50
and LOEC have helped scientists to compare relative
toxicity of chemical compounds and have guided them
in choosing dosages for future experiments. EDCs usually
show adverse endocrine effects well below LD50 levels, so
the LOEC may be particularly useful in establishing
common ground between traditional toxicology studies
and those focused on behavioural endpoints.

Development
Researchers interested in sublethal doses of EDCs often
focus on developmental endpoints because animals are
most sensitive to perturbation in the earliest stages of life.
The effects of EDCs on the processes of gastrulation,
neurulation, early organogenesis and skeletal mineralization have been studied in numerous species (reviewed
in Colborn et al. 1993; Iguchi et al. 2001). EDCs are
known to interfere with metamorphosis of amphibians
(Rosenshield et al. 1999; Boone et al. 2001) and may play
a signiﬁcant role in global declines in amphibian populations (Bridges & Semlitsch 2000). Growth rate is also
affected by EDCs (Willingham 2001). Some pesticides act
as endocrine disrupters of development in arthropods.
Relatively new pesticides collectively called ‘growth regulators’ act by inhibiting the formation of chitin (necessary
for the formation of a new exoskeleton) or by mimicking
ecdysone (required for shedding an old exoskeleton) or
juvenile hormone (involved in metamorphosis) and thus
competitively bind those receptors (Audsley et al. 2000).
The majority of pesticides, however, including the organochlorines, organophosphates and carbamates, are less
taxonomically speciﬁc because they inhibit nerve impulse
transmission. Once released into the environment, these
‘broad spectrum’ pesticides often act as EDCs on nontarget species, including vertebrates.

Reproduction
Gonadal steroids mediate many reproductive processes
in vertebrates, from the development of sex organs to
mating and reproduction. Thus, the reproductive system
is a likely target for endocrine disruption, particularly by
oestrogenic endocrine disrupters. The most frequently
reported effects of EDCs are on sex determination,
secondary sexual characters, oogenesis, spermatogenesis
and the onset of sexual maturation (reviewed in Crisp
et al. 1998). Such effects can occur through either direct
exposure or indirect, transgenerational effects.
Some of the most signiﬁcant ﬁeld studies of endocrine
disruption have focused on reproductive parameters.
Eggshell thinning caused by DDT exposure led to the
famous population declines in the 1970s in osprey,
Pandion haliaetus, bald eagles, Haliaeetus leucocephalus,
and other piscivorous birds in the U.S.A. (Wiemeyer
et al. 1975). Other notable cases include the discoveries
of both male and female reproductive structures in
molluscs exposed to tributyltin from antifouling paints
(Matthiessen & Gibbs 1998), altered sexual differentiation
and reduced fertility in ﬁsh living downstream of sewage
efﬂuent and pulp mills (Howell et al. 1980; Purdom et al.
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1994; Jobling et al. 1998), and demasculinization of male
American alligators, Alligator mississippiensis, caused by
exposure to DDT and its metabolites (Guillette et al. 1994).
Hayes et al. (2002a) reported desmasculinization of leopard frogs from exposure to atrazine.
The production of the egg yolk protein vitellogenin
(which forms the basis of egg yolks) in males has proven
to be a useful and reliable bioassay for the presence of
oestrogenic compounds in ﬁsh and amphibians (Sumpter
et al. 1996; Shelby & Mendoca 2001). Although much
attention has focused on the feminization of male anatomy and physiology by EDCs, the prominent role that
oestrogen plays in female reproduction all but guarantees
that we have underestimated endocrine disruption of
reproduction in females. Sexual differentiation has become another widely used metric of endocrine disruption
(Guillette et al. 1994; Hayes et al. 2002b), but the nonlinear relation between hormone levels and degree of
differentiation in some species may make interpretation
difﬁcult (Hayes 1998).

Model Systems
Animals used in endocrine disruption research are
selected because they are convenient to maintain in the
laboratory, their genetics or development have been well
characterized, they are economically important or they are
indicators of environmental quality. Zala & Penn (2004)
pointed out several key confounds that can arise from
laboratory studies. Examples of common model systems
used in ecotoxicology include molluscs (mussels, Mytilus
spp.; oysters, Crassostrea spp.), crustaceans (cladocerans,
Daphnia spp.; grass shrimp, Palaemonetes pugio), ﬁsh
(fathead minnows, Pimephales promelas; rainbow trout,
Oncorhynchus mykiss; Japanese medaka, Oryzias latipes;
guppies, Poecilia reticulata; eastern mosquitoﬁsh, Gambusia
afﬁnis holbrooki), amphibians (African clawed frog, Xenopus laevis, on which the widely used frog embryo
teratogenesis assay-Xenopus, FETAX, is based; ranid frogs,
Rana spp.), reptiles (red-eared slider, Trachemys scripta
elegans; American alligator, Alligator mississippiensis), birds
(Japanese quail, Coturnix coturnix japonica) and mammals
(Norway rat, Rattus norvegicus; mouse, Mus domesticus).
Some species, such as polar bears, cetaceans and piscivorous birds, are studied because their diet puts them at
particular risk of exposure to EDCs (Hebert et al. 2000;
Kannan et al. 2001a, b; Debier et al. 2003).
Although the use of model systems has its advantages
insofar as it allows researchers to understand well the
mechanisms of effects on a particular animal, it is not
without its problems. Even taxonomically similar species
can differ in how they are affected by the same EDC. For
example, closely related species of frogs differ in the
effects of EDCs on predator-induced stress (Relyea 2003).
Some of this variation may be from taxonomic differences
in the binding afﬁnities of cellular receptors (Le Drean
et al. 1995). In addition, the behaviour of model species is
often not representative of their taxonomic group. For
example, guppies and mosquitoﬁsh are live bearing, not
oviparous like the vast majority of ﬁsh. Xenopus laevis is

unusual among amphibians by being entirely aquatic
throughout its life cycle. Japanese quail, commonly used
in studies of reproduction, are among the minority of bird
species that are polygynous. Finally, many model systems
used in toxicological research have been selected for
characteristics that make them conducive to laboratory
research. Some of these characteristics (e.g. large litter size
in mice: Spearow et al. 1999), however, may confound the
results of toxicity studies with behavioural endpoints (e.g.
maternal care).
Although interspeciﬁc variation creates problems for the
model systems approach, there can also be considerable
intraspeciﬁc variation (between different age classes, sexes
or different populations) in susceptibility to EDCs. For
example, young animals may be particularly susceptible to
the effects of endocrine disrupters when exposed during
developmentally sensitive periods (Bergeron et al. 1999).
In addition, hormones, most notably the sex steroids,
differentially affect the physiology of males and females.
Therefore, the effects of EDCs can be sex speciﬁc (Weiss
2002). However, the effects of EDCs on even highly
stereotyped behaviour patterns such as swimming can
show signiﬁcant variation between individuals of the
same age and sex (Kolok et al. 1998). Finally, genetically
different strains, inbred lines or even wild populations of
the same species may vary in the degree to which they are
inﬂuenced by the same EDC. For example, strains of mice
differ in the degree to which they are susceptible to the
oestrogenic effects of 17b-oestradiol (Spearow et al. 1999).
Although such intraspeciﬁc variation may be problematic
for those trying to predict whether a particular chemical
poses a threat to a particular group of animals, intraspeciﬁc variability also offers cause for hope, because genetic
variation in susceptibility is a prerequisite for the evolution of resistance (Crews et al. 2000). Ironically, although
genetic variability may allow some species to evolve
resistance to environmental contaminants (Nacci et al.
2002), resistance leads to an increase in the number of
chemicals that humans release into the environment.
More than 600 species of arthropod pests have evolved
resistance to pesticides since 1950 (Georghiou 1986),
resulting in an acceleration in the development and
application of new chemicals.

INTEGRATING BEHAVIOUR
AND ECOTOXICOLOGY

Why Study Behavioural Effects of EDCs?
For decades, direct mortality has been the primary
means of assessing chemical contamination of ecosystems. Endocrine-disrupting chemicals have taught us that
contaminants can have myriad nonlethal effects on
animal populations. Abnormal behaviour is one of the
most conspicuous endpoints produced by EDCs, but until
recently it has been underused by ecotoxicologists
(Dell’Omo 2002). Warner et al. (1966) were among the
ﬁrst to recognize the utility of behavioural measures
because such measures are relatively easy to evaluate and
can be more sensitive than other endpoints. Behavioural
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measures have great potential as bioindicators of endocrine disruption, because behaviour is the physical manifestation of an animal’s integrated physiological response
to its environment. In short, an animal’s behavioural
integrity is a proxy of its health. Behavioural measures
have another indisputable advantage over physiological
or morphological bioindicators: the tools needed to
evaluate behaviour are relatively inexpensive. However,
some researchers have argued that behavioural endpoints
have yet to live up to their potential as bioindicators of
contamination, although this topic has been widely
debated (Doving 1991; Peakall 1992, 1996; Cohn &
MacPhail 1996; Weis et al. 2001; Dell’Omo 2002).

Individual- and Population-level Effects
of EDCs
Here (Table 1) and elsewhere (Zala & Penn 2004),
researchers have amassed considerable evidence of behavioural effects of EDCs. With a few exceptions, however,
the behaviours studied have been limited to the level of
the individual. Frequent examples include changes in
activity level, foraging success, courtship behaviour, nest
attentiveness and cognitive performance (Table 1). Relatively few of these studies have measured endpoints
directly associated with ﬁtness, such as Park and colleagues did with chemical communication in red-spotted
newts, Notophthalmus viridescens. They found that even
low doses of the pesticide endosulfan reduced pheromone
gland size in males and females, and that exposed newts
were then less responsive to conspeciﬁc chemical signals,
which ultimately reduced individual mating success (Park
et al. 2001; Park & Propper 2002).
Most biologists intuitively understand the link between
individual behaviour and population-level processes
(Sutherland 1996), but surprisingly few EDC studies have
documented effects of altered behaviour on measures of
offspring production and recruitment. Notable exceptions
are the studies on western gulls cited earlier (Hunt & Hunt
1977; Fry & Toone 1981; Fry et al. 1987; Fox 1992), and
studies on tree swallows, Tachycineta bicolor (McCarty &
Secord 1999a, b; Secord et al. 1999). Secord et al. (1999)
reported that PCB concentrations in tree swallow eggs and
nestlings collected along the Hudson River (New York,
U.S.A.) were up to 15 times higher than in PCB-contaminated populations in the Great Lakes region, U.S.A. Birds
at contaminated sites built smaller, poorer-quality nests,
and abandoned these nests more frequently, than did the
birds at reference sites (McCarty & Secord 1999a, b).
Largely because of the rate of nest abandonment, reproductive success was lower at the contaminated sites
(McCarty & Secord 1999b). We believe that animal
behaviourists can contribute greatly to the further integration of behavioural studies into ecotoxicology by
helping to bridge the gap between behavioural impairment and the changes in reproductive success that are
likely to lead to population declines.

Community-level Effects of EDCs
Changes in some types of behaviour, particularly foraging and antipredator behaviour, can have dramatic consequences not only for individual ﬁtness, but for entire
communities. Ecologists are only beginning to examine
community-level effects of exposure to pollutants, and it is
unknown whether pollution alters competitive and predatory interactions between species or affects some community members more than others (Clements et al. 1988;
Lefcort et al. 1999). Most studies of contaminants and
predator–prey systems suggest that the effects of EDCs on
multispecies interactions are difﬁcult to predict. For example, when Bridges (1999) exposed both leopard frog
tadpoles (prey) and red-spotted newts (predator) to the
pesticide carbaryl, there was no overall effect because both
the predator’s and prey’s behaviours were compromised.
Another good example comes from work on mummichogs,
Fundulus heteroclitus, by Weis and colleagues. Fish from
areas of New Jersey, U.S.A., highly contaminated by heavy
metals showed lower prey capture success under laboratory
conditions than did ﬁsh collected from reference sites
(Smith & Weis 1997). Fish collected from reference sites
also showed signiﬁcant declines in prey (grass shrimp)
capture rates when housed in tanks with contaminated
sediments (Smith & Weis 1997). The causal mechanism for
this decreased performance appears to be altered levels of
neurotransmitters or thyroid hormones (reviewed in Weis
et al. 2001). Although the researchers did not measure
reproductive success, contaminated ﬁsh were more vulnerable to predation by crabs (Smith & Weis 1997; Weis et al.
1999), suggesting a double threat by heavy metals to
mummichog populations and the possibility that contaminant effects extend across three trophic levels.
The study of animal behaviour has a rich tradition of
combining mechanistic studies, often conducted in the
laboratory, with ﬁeld estimates of reproductive success in an
effort to draw connections between the behaviour of
individuals and the populations and communities to which
they belong. This combination of proximate and ultimate
approaches is critical to dissecting correlational from causal
relations in ecotoxicology (Blus & Henny 1997). The
challenge facing researchers is to make these connections
in the context of endocrine disruption, where the biological
rules have been changed in a few short decades.

What Can Animal Behaviourists Do?
Several of the experimental protocols used in the studies
listed in Table 1 were widely used by animal behaviourists
long before they were applied to the study of endocrine
disruption, including the intruder-response paradigm, the
open ﬁeld test, copulatory behaviour assays (e.g. lordosis
in rodents) and spatial learning tests. Other widely used
behavioural tests (e.g. foraging under predation risk,
responding to playback calls, mate choice trials), although
less standardized, could also be used by ecotoxicologists
interested in behaviour. Experimental designs that are
commonly used in behavioural ecology, and increasingly
in ecotoxicology, include using individuals as their own
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Table 1. Effects of endocrine-disrupting chemicals (EDCs) on animal behaviour (see also text and Zala & Penn 2004)
Behavioural effect
Activity, locomotion
Induced ataxia
Impaired balance,
righting response
Decreased activity
Decreased activity
in females
Increased activity
(some hyperactive)

Increased ‘stress’
Decreased locomotor
performance
Feeding
Reduced prey capture,
foraging efficiency

Taxa

Endocrine disrupter

References

Egret (Ardea albus)
Gull (Larus argentatus)

Methylmercury
Lead

Bouton et al. 1999
Burger & Gochfeld 2000

Frog (Xenopus laevis)
Rat (Rattus norvegicus)

Aroclor 1254 (PCB)
Bisphenol A

Jelaso et al. 2002
Kubo et al. 2001

Goldfish (Carassius auratus)
Goldfish
Dove (Streptopelia risoria)
Rat
Rat
Platyfish (Xiphophorus maculatus),
Swordtail (X. helleri)
Minnow (Pimephales promelas)
Frogs (Rana clamitans, R. pipiens)

DDT
Atrazine
DDE/PCB mixture
Tributyltin
DES, bisphenol A
Nonylphenol, methoxychlor

Weis & Weis 1974
Saglio & Trijasse 1998
McArthur et al. 1983
Ishido et al. 2002
Kubo et al. 2003
Magliulo et al. 2002

Heavy metals*
PCB 126

Kolok et al. 1998
Rosenshield et al. 1999

Bass (Micropterus salmoides)

Pentachlorophenol

Trout (Oncorhynchus mykiss)
Salmon (Salmo salar)
Frog (R. catesbeiana) tadpoles

DEF, 2,4-DMA
Fenitrothion
Heavy metals

Smith & Weis 1997; Weis
et al. 2001
Mathers et al. 1985; Brown
et al. 1987
Little et al. 1990
Morgan & Kiceniuk 1990
Rowe et al. 1996

Mouse
Mallard (Anas platyrhynchos)
Mayfly (Baetis) larvae
Crab (Uca pugnax)
Grass shrimp (Palaemonetes pugio)
Grass shrimp
Mummichog
Mosquitofish
(Gambusia affinis holbrooki)
Minnow
Stickleback (Gasterosteus aculeatus)
Trout (O. mykiss)
Salmon (S. salar) parr
Snail (Physella columiana)
Goldfish
Salmon (O. tshawytscha)
Frog (R. luteiventris)
Stickleback
Frog (H. versicolor) tadpoles

Coumesterol
Methylmercury
Azinphomethyl fenvalerate
Temefos
HgCl or MeHg
Methyl-, ethylparathion
Methylmercury
Mercury

Garey et al. 2001
Heinz 1979
Schulz & Dabrowski 2001
Ward et al. 1976
Kraus & Kraus 1986
Farr 1977
Weis et al. 1999
Kania & O’Hara 1974

Cadmium
Bis(tributyltin)oxide
Carbaryl, pentachlorophenol
Sumithion (fenitrothion)
Heavy metals
Atrazine, diuron
Diazinon
Heavy metals
Ethinyl oestradiol
Carbaryl

Sullivan et al. 1978
Wibe et al. 2001
Little et al. 1990
Hatfield & Anderson 1972
Lefcort et al. 2000
Saglio & Trijasse 1998
Scholz et al. 2000
Lefcort et al. 1999
Bell 2004
Bridges 1999

Communication
Reduced pheromone production Newt (Notophthalmus viridescens)
Decreased response
Mallard
to maternal calls

Endosulfan
Methylmercury

Park & Propper 2002
Heinz 1979

Courtship, mating
Separation of
precopulatory pairs

Lindane

Pascoe et al. 1994;
Blockwell et al. 1998
Watts et al. 2001

Antipredator
Reduced fear response
Increased fear response
Increased vulnerability
to predation

Decreased response
to predator cues
Increased feeding
under predation risk

Mummichog (Fundulus heteroclitus) Heavy metalsy

Amphipod (Hyalella azteca)
Amphipod (Gammarus pulex)

Decreased or impaired
male courtship

Decreased male
mating behaviour

Ethinyl oestradiol,
bisphenol A
Cichlid (Sarotherodon mossambicus) Endosulfan
Goldfish (C. auratus)
17b-oestradiol
Medaka (Orzyzias latipes)
Octyphenol, 17b-oestradiol
Medaka
Phenol
Guppy (Poecilia reticulata)
17b-oestradiol
Dove (Zenaida macroura)
PCBs
Quail
Ethinyl oestradiol, DES
(Coturnix coturnix japonica)
Quail
Vinclozolin
Quail
Methoxychlor
Rat
Bisphenol A
Rat
TCDD

Matthiessen & Logan 1984
Bjerselius et al. 2001
Gray et al. 1999
Colgan et al. 1982
Oshima et al. 2003
Tori & Peterle 1983
Halldin et al. 1999
McGary et al. 2001
Ottinger et al. 2001
Farabollini et al. 2002
Bjerke et al. 1994
(continued)
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Table (continued)
Behavioural effect
Increased female
reproductive behaviour
Increased male
mating behaviour
Parental behaviour
Reduced nest
attentiveness, maintenance

Reduced, impaired
incubation
Social behaviour
Increased response
to intruder
Increased rough play
Increased rough
play in females
Altered sociosexual behaviour
Learning, memory
Reduced associative learning
Reduced spatial
learning, memory

Taxa

Endocrine disrupter

References

Rat

o,p0 -DDT

Etgen 1982

Kestrel (Falco sparverius)

PCBs

Fisher et al. 2001

Minnow
Dove (S. risoria)
Gull (Larus hyperboreus)
Falcons (F. mexicanus,
F. columbarius)
Dove
Tern (Sterna forsteri)
Gull (L. argentatus)

Lead
DDE/PCB mixture
PCBsz
DDT, DDEy

Weber 1993
McArthur et al. 1983
Bustnes et al. 2001
Fyfe et al. 1976

DDE/PCB mixture
PCBs, dioxinsy
PCBs, dioxinsy

McArthur et al. 1983
Kubiak et al. 1989
Fox et al. 1978

Rat

Bisphenol A

Farabollini et al. 2002

Macaque (Macaca mulatta)
Rat

TCDD
Vinclozolin

Schantz et al. 1992
Hotchkiss et al. 2002

Rat

Bisphenol A

Dessi-Fulgheri et al. 2002

Frog (R. catesbeiana) tadpoles
Macaque
Rat

Lead
PCBs
PCBs

Strickler-Shaw & Taylor 1991
Rice 1997
Roegge et al. 2000

Unless otherwise indicated, chemicals were administered in the laboratory via injection, water or food consumption or waterborne exposure.
*Laboratory-reared fish exposed to contaminated sediments.

controls, cross-fostering and common garden experiments. Animal behaviourists can contribute directly to
the burgeoning interest in EDCs and behaviour by
continuing to develop and standardize behavioural assays
that can be used across a range of taxa (Dell’Omo 2002).
Behavioural paradigms such as copulatory assays and
maze tests in rodents have contributed much to our
understanding of EDCs, but they are based on stereotypy
and repeatability, not on a thorough understanding of the
factors that ultimately affect ﬁtness. Animal behaviourists
need to lend their expertise to the design of behavioural
assays that are grounded in natural history and an
understanding of life histories; these assays will help to
generate testable hypotheses that can be applied to ﬁeld
studies (Sandheinrich & Atchison 1990). Parmigiani et al.
(1998) referred to this as the ‘etho-toxicological’ approach.
Feeding, antipredator and reproductive behaviour patterns are all fertile areas for the development of new
behavioural assays and could provide excellent opportunities for collaboration between animal behaviourists and
ecotoxicologists. For example, several researchers have
successfully developed a test for two species of amphipod,
Hyalella azteca and Gammarus pulex, based on their precopulatory mate-guarding behaviour (Pascoe et al. 1994;
Watts et al. 2001). These assays may not be good
predictors of EDC effects on humans, but they have
tremendous potential for rapid in situ assessments of
contamination (Blockwell et al. 1998).
Animal behaviourists can contribute to the increased
interest in behavioural endpoints by ecotoxicologists by
fostering connections with their colleagues in this area.

Collaborative research projects, peer review of grant
proposals and journal articles, sharing of ﬁeld data and
reporting of anomalous behaviour are all important steps
that we can take to help integrate these formerly disparate
disciplines. Whenever possible, animal behaviourists
should report environmental or laboratory conditions
that may be relevant to ecotoxicologists (e.g. pH, dissolved
oxygen), and that may allow them to link their work more
readily with behavioural studies.

Challenges that EDCs Present for Field and
Laboratory Research
Just as ecotoxicologists are becoming aware of the
importance of behaviour in assessing the effects of
endocrine disruption, animal behaviourists must become
aware of the effects that EDCs might have on their study
subjects. We have described many avenues of EDC
exposure for animals in the ﬁeld, but laboratory animals
are at signiﬁcant risk as well. For example, municipal
water sources can contain trace levels of many contaminants, including lead, arsenic and atrazine. The use of
treated water (e.g. reconstituted reverse osmosis water) can
help to reduce the cumulative effects of these contaminants. More signiﬁcantly, EDCs are known to leach from
numerous laboratory-grade plastics, including polyvinyl
chloride (phthalates, DEHA; Jaeger & Rubin 1972), polystyrene (nonylphenol; Soto et al. 1991) and polycarbonate
(bisphenol A; Krishnan et al. 1993). Flexible and recycled
plastics are particularly likely sources of EDC exposure.
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Leaching increases when plastics are heated, but
Howdeshell et al. (2003) recently found that bisphenol A
leached from polycarbonate animal cages immersed in
water at room temperature. Alternatives to plastics that are
more inert (e.g. glass) or less likely to leach EDCs (e.g.
silicone) can help to reduce the problem. Laboratory
animal feed represents another heretofore underappreciated route of EDC exposure. Thigpen et al. (1999) described the phytoestrogen content of several commercial
rodent feeds, but more work needs to be done in this area.
Recent years have seen tremendous interest within
the animal behaviour community in applying behavioural research to conservation problems (Clemmons &
Buchholz 1997; Caro 1998; Sutherland 1998). The problem of endocrine-disrupting chemicals provides the perfect opportunity for animal behaviourists to put that
ambition into action. In this review, we have summarized
two primary areas where behavioural expertise is needed
in the ﬁeld of ecotoxicology: (1) the development and
standardization of behavioural assays that can be used as
bioindicators of EDC contamination and (2) a better
understanding of how behavioural impairment from
EDC exposure can have population- and community-level
consequences. We hope that animal behaviourists will
meet this challenge and help to address environmental
problems that ultimately concern us all.
Acknowledgments
We thank Kay Holekamp, John McCarty and an anonymous referee for their comments on an earlier version of
this paper, and to Sarah Zala and Dustin Penn for sharing
a copy of their manuscript with us. We also thank Sharon
Lamont for early editorial assistance. For part of the period
during which this manuscript was written, E.D.C. was
supported by NIH grant P20 RR16457 from the Rhode
Island Biomedical Research Infrastructure Network.

References
Alworth, L. C., Howdeshell, K. L., Ruhlen, R. L., Day, J. K., Lubahn,
D. B., Huang, T. H.-M., Besch-Williford, C. L. & vom Saal, F. S.
2002. Uterine responsiveness to estradiol and DNA methylation
are altered by fetal exposure to diethylstilbestrol and methoxychlor in CD-1 mice: effects of low versus high doses. Toxicology
and Applied Pharmacology, 183, 10–22.
Anderson, D. W. & Hickey, J. J. 1976. Dynamics of storage of
organochlorine pollutants in herring gulls. Environmental Pollution,
10, 183–200.
Arnold, S. F., Klotz, D. M., Collins, B. M., Vonier, P. M., Guillette,
L. J., Jr & McLachlan, J. A. 1996. Synergistic activation of
estrogen receptor with combinations of environmental chemicals.
Science, 272, 1489–1492.
Audsley, N., Weaver, R. J. & Edwards, J. P. 2000. Juvenile hormone
biosynthesis by corpora allata of larval tomato moth, Lacanobia
oleracea, and regulation by Manduca sexta allatostatin and
allatotropin. Insect Biochemistry and Molecular Biology, 30, 681–
689.
Bell, A. M. 2004. An endocrine disrupter increases growth and risky
behavior in threespined stickleback (Gasterosteus aculeatus).
Hormones and Behavior, 45, 108–114.

Bemis, J. C. & Seegal, R. F. 1999. Polychlorinated biphenyls and
methylmercury act synergistically to reduce rat brain dopamine
content in vitro. Environmental Health Perspectives, 107, 879–885.
Bergeron, J. M., Willingham, E. J., Osborn, C. T., Rhen, T. & Crews,
D. 1999. Developmental synergism of steroidal estrogens in sex
determination. Environmental Health Perspectives, 107, 93–97.
Bjerke, D. L., Brown, T. J., MacLusky, N. J., Hochberg, R. B. &
Peterson, R. E. 1994. Partial demasculinization and feminization
of sex behavior in male rats by in utero and lactational exposure to
2,3,7,8-tetrachlorodibenzo-p-dioxin is not associated with alterations in estrogen receptor binding or volumes of sexually
differentiated brain nuclei. Toxicology and Applied Pharmacology,
127, 258–267.
Bjerselius, R., Lundstedt-Enkel, K., Olsén, H., Mayer, I. &
Dimberg, K. 2001. Male goldfish reproductive behaviour and
physiology are severely affected by exogenous exposure to 17bestradiol. Aquatic Toxicology, 53, 139–152.
Blockwell, S. J., Maund, S. J. & Pascoe, D. 1998. The acute toxicity
of lindane to Hyalella azteca and the development of a sublethal
bioassay based on precopulatory guarding behavior. Archives of
Environmental Contamination and Toxicology, 35, 432–440.
Blus, L. J. & Henny, C. J. 1997. Field studies on pesticides and birds:
unexpected and unique relations. Ecological Applications, 7, 1125–
1132.
Boone, M. D., Bridges, C. M. & Rothermel, B. B. 2001. Growth
and development of larval green frogs (Rana clamitans) exposed
to multiple doses of an insecticide. Oecologia, 129, 518–524.
Bouton, S. N., Frederick, P. C., Spalding, M. G. & Lynch, H. 1999.
The effects of chronic, low concentrations of dietary methylmercury
on appetite and hunting behavior in juvenile great egrets (Ardea
albus). Environmental Toxicology and Chemistry, 18, 1934–1939.
Bridges, C. M. 1999. Effects of a pesticide on tadpole activity and
predator avoidance behavior. Journal of Herpetology, 33, 303–306.
Bridges, C. M. & Semlitsch, R. D. 2000. Variation in pesticide
tolerance of tadpoles among and within species of Ranidae and
patterns of amphibian decline. Conservation Biology, 14, 1490–
1499.
Brown, J. A., Johansen, P. H., Colgan, P. W. & Mathers, R. A.
1987. Impairment of early feeding behavior of largemouth bass
by pentachlorophenol exposure: a preliminary assessment. Transactions of the American Fisheries Society, 116, 71–78.
Burger, J. & Gochfeld, M. 2000. Effects of lead on birds (Laridae):
a review of laboratory and field studies. Journal of Toxicology and
Environmental Health, 3, 59–78.
Bustnes, J. O., Bakken, V., Erikstad, K. E., Mehlum, F. & Skaare,
J. U. 2001. Patterns of incubation and nest-site attentiveness in
relation to organochlorine (PCB) contamination in glaucous gulls.
Journal of Applied Ecology, 38, 791–801.
Calabrese, E. J. & Baldwin, L. A. 2003. Toxicology rethinks its
central belief. Nature, 421, 691–692.
Calabrese, E. J., Baldwin, L. A. & Holland, C. D. 1999. Hormesis:
a highly generalizable and reproducible phenomenon with
important implications for risk assessment. Risk Analysis, 19,
261–281.
Caro, T. (Ed) 1998. Behavioral Ecology and Conservation Biology.
Oxford: Oxford University Press.
Clements, W. H., Cherry, D. S. & Cairns, J., Jr. 1988. Impact of
heavy metals on insect communities in streams: a comparison of
observational and experimental results. Canadian Journal of
Fisheries and Aquatic Sciences, 45, 2017–2025.
Clemmons, J. R., Buchholz, R. (Eds) 1997. Behavioral Approaches to
Conservation in the Wild. Cambridge: Cambridge University Press.
Cohn, J. & MacPhail, R. C. 1996. Ethological and experimental
approaches to behavior analysis: implications for ecotoxicology.
Environmental Health Perspectives, 104, 299–305.

ARTICLE IN PRESS
DTD 5
REVIEW

Colborn, T., vom Saal, F. S. & Soto, A. M. 1993. Developmental
effects of endocrine-disrupting chemicals in wildlife and humans.
Environmental Health Perspectives, 101, 378–384.
Colgan, P. W., Cross, J. A. & Johansen, P. H. 1982. Guppy
behaviour during exposure to a sub-lethal concentration of phenol.
Bulletin of Environmental Contamination and Toxicology, 28, 20–27.
Crews, D., Bergeron, J. M. & McLachlan, J. A. 1995. The role of
estrogen in turtle sex determination and the effects of PCBs.
Environmental Health Perspectives, 103, 73–77.
Crews, D., Willingham, E. & Skipper, J. K. 2000. Endocrine
disruptors: present issues, future directions. Quarterly Review of
Biology, 75, 243–260.
Crisp, T. M., Clegg, E. D., Cooper, R. L., Wood, W. P., Anderson,
D. G., Baetcke, K. P., Hoffmann, J. L., Morrow, M. S., Rodier,
D. J., Schaeffer, J. E., Touart, L. W., Zeeman, M. G. & Patel,
Y. M. 1998. Environmental endocrine disruption: an effects
assessment and analysis. Environmental Health Perspectives, 106,
11–56.
Crump, K. 2001. Evaluating the evidence for hormesis: a statistical
perspective. Critical Reviews in Toxicology, 31, 669–679.
Davis, J. M. & Svendsgaard, D. J. 1990. U-shaped dose–response
curves: their occurrence and implications for risk assessment.
Journal of Toxicology and Environmental Health, 30, 71–83.
Debier, C., Pomeroy, P. P., Dupont, C., Joiris, C., Comblin, V.,
LeBoulenge, E., Larondelle, Y. & Thome, J. P.
2003.
Quantitative dynamics of PCB transfer from mother to pup during
lactation in UK grey seals Halichoerus grypus. Marine Ecology, 247,
237–248.
Dell’Omo, G. 2002. Behavioral Ecotoxicology. New York: J. Wiley.
Dessi-Fulgheri, F., Porrini, S. & Farabollini, F. 2002. Effects of
perinatal exposure to bisphenol A on play behavior of female and
male juvenile rats. Environmental Health Perspectives, 110, 403–
408.
Doving, K. B. 1991. Assessment of animal behaviour as a method to
indicate environmental toxicity. Comparative Biochemistry and
Physiology C, 100, 247–252.
Etgen, A. M. 1982. 1-(o-Chlorophenyl)-1-( p-chlorophenyl)2,2,2trichloroethane: a probe for studying estrogen and progestin
receptor mediation of female sexual behavior and neuroendocrine
responses. Endocrinology, 111, 1498–1504.
Farabollini, F., Porrini, S., Della Seta, D. , Bianchi, F. & DessiFulgheri, F. 2002. Effects of perinatal exposure to bisphenol A on
sociosexual behavior of female and male rats. Environmental Health
Perspectives, 110, 409–414.
Farr, J. A. 1977. Impairment of antipredator behavior in Palaemonetes pugio by exposure to sublethal doses of parathion.
Transactions of the American Fisheries Society, 106, 287–290.
Fernie, K. J., Bortolotti, G. R., Smits, J. E., Wilson, J., Drouillard,
K. G. & Bird, D. M. 2000. Changes in egg composition of
American kestrels exposed to dietary polychlorinated biphenyls.
Journal of Toxicology and Environmental Health, 60, 291–303.
Fisher, S. A., Bortolotti, G. R., Fernie, K. J., Smits, J. E., Marchant,
T. A., Drouillard, K. G. & Bird, D. M. 2001. Courtship behavior of
captive American kestrels (Falco sparverius) exposed to polychlorinated biphenyls. Archives of Environmental Contamination and
Toxicology, 41, 215–220.
Fox, G. A. 1992. Epidemiological and pathological evidence of
contaminant-induced alterations in sexual development in freeliving wildlife. In: Chemically-induced Alterations in Sexual Function
and Development: the Wildlife/Human Connection (Ed. by
T. Colborn & C. Clement), pp. 147–158. Princeton, New Jersey:
Princeton Scientific.
Fox, G. A., Gilman, A. P., Peakall, D. B. & Anderka, F. W. 1978.
Behavioral abnormalities of nesting Lake Ontario herring gulls.
Journal of Wildlife Management, 42, 477–483.

French, J. B., Jr, Nisbet, I. C. T. & Schwabl, H. 2001. Maternal
steroids and contaminants in common tern eggs: a mechanism of
endocrine disruption? Comparative Biochemistry and Physiology C,
128, 91–98.
Fry, D. M. & Toone, C. K. 1981. DDT-induced feminization of gull
embryos. Science, 213, 922–924.
Fry, D. M., Toone, C. K., Speich, S. M. & Peard, R. J. 1987. Sex
ratio skew and breeding patterns of gulls: demographic and
toxicological considerations. Studies in Avian Biology, 10, 26–43.
Fyfe, R., Risebrough, R. W. & Walker, W. I. L. 1976. Pollutant
effects on the reproduction of the prairie falcons and merlins of the
Canadian Prairies. Canadian Field-Naturalist, 90, 346–355.
Garey, J., Morgan, M. A., Frohlich, J., McEwen, B. S. & Pfaff, D. W.
2001. Effects of the phytoestrogen coumestrol on locomotor and
fear-related behaviors in female mice. Hormones and Behavior, 40,
65–76.
Georghiou, G. P. 1986. The magnitude of the resistance problem.
In: Pesticide Resistance: Strategies and Tactics for Management, pp
14–44. Washington, D.C.: National Academy Press.
Gray, M. A., Teather, K. L. & Metcalfe, C. D. 1999. Reproductive
success and behavior of Japanese medaka exposed to 4-tertoctylphenol. Environmental Toxicology and Chemistry, 18, 2587–
2594.
Guillette, L. J., Jr, Gross, T. S., Masson, G. R., Matter, J. M.,
Percival, H. F. & Woodward, A. R. 1994. Developmental
abnormalities of the gonad and abnormal sex hormone concentrations in juvenile alligators from contaminated and control lakes
in Florida. Environmental Health Perspectives, 102, 680–688.
Gupta, V. & Gill, K. D. 2000. Lead and ethanol exposure:
implications on the dopaminergic system and associated behavioral functions. Pharmacological Biochemistry and Behavior, 66,
465–474.
Halldin, K., Berg, C., Brandt, I. & Brunström, B. 1999. Sexual
behavior in Japanese quail as a test end point for endocrine
disruption: effects of in ovo exposure to ethinylestradiol and
diethylstilbestrol. Environmental Health Perspectives, 107, 861–866.
Hatfield, C. T. & Anderson, J. M. 1972. Effects of two insecticides on
the vulnerability of Atlantic salmon parr to brook trout predation.
Journal of the Fisheries Research Board of Canada, 29, 27–29.
Hayes, T. B. 1998. Sex determination and primary sex differentiation in amphibians: genetic and developmental mechanisms.
Journal of Experimental Zoology, 281, 373–399.
Hayes, T., Haston, K., Tsui, M., Hoang, A., Haeffele, C. & Vonk, A.
2002a. Feminization of male frogs in the wild. Nature, 419, 895–
896.
Hayes, T. B., Collins, A., Lee, M., Mendoza, M., Noriega, N.,
Stuart, A. A. & Vonk, A. 2002b. Hermaphroditic, demasculinized
frogs after exposure to the herbicide atrazine at low ecologically
relevant doses. Proceedings of the National Academy of Sciences,
U.S.A., 99, 5476–5480.
Hebert, C. E., Hobson, K. A. & Shutt, J. L. 2000. Changes in food
web structure affect rate of PCB decline in herring gull (Larus
argentatus) eggs. Environmental Science and Technology, 34, 1609–
1614.
Heinz, G. H. 1979. Methylmercury: reproductive and behavioral
effects on three generations of mallard ducks. Journal of Wildlife
Management, 43, 394–401.
Helander, B., Olsson, A., Bignert, A., Asplund, L. & Litzén, K.
2002. The role of DDE, PCB, coplanar PCB and eggshell
parameters for reproduction in the white-tailed sea eagle
(Haliaeetus albicilla) in Sweden. Ambio, 31, 386–403.
Hotchkiss, A. K., Ostby, J. S., Vandenbergh, J. G. & Gray, L. E., Jr.
2002. Androgens and environmental antiandrogens affect reproductive development and play behavior in the Sprague–
Dawley rat. Environmental Health Perspectives, 110, 435–439.

473

ARTICLE IN PRESS
DTD 5
474

ANIMAL BEHAVIOUR, --, -

Howdeshell, K. A., Peterman, P. H., Judy, B. M., Taylor, J. A.,
Orazio, C. E., Ruhlen, R. L., vom Saal, F. S. & Welshons, W. V.
2003. Bisphenol A is released from used polycarbonate animal
cages into water at room temperature. Environmental Health
Perspectives, 111, 1180–1187. doi:10.1289/ehp.5993.
Howell, W. M., Black, D. A. & Bortone, S. A. 1980. Abnormal
expression of secondary sex characters in a population of
mosquitofish, Gambusia affinis holbrooki: evidence for environmentally-induced masculinization. Copeia, 1980, 676–681.
Hunt, G. L. & Hunt, M. W. 1977. Female–female pairing in western
gulls (Larus occidentalis) in southern California. Science, 196,
1466–1467.
Iguchi, T., Watanabe, H. & Katsu, Y. 2001. Developmental effects
of estrogenic agents on mice, fish, and frogs: a mini-review.
Hormones and Behavior, 40, 248–251.
Ikonomou, M. G., Rayne, S. & Addison, R. F. 2002. Exponential
increases of the brominated flame retardants, polybrominated
diphenyl ethers, in the Canadian Arctic from 1981–2000.
Environmental Science and Technology, 36, 1886–1892.
Ishido, M., Masuo, Y., Oka, S., Kunimoto, M. & Morita, M. 2002.
Application of Supermex system to screen behavioral traits produced by tributylin in the rat. Journal of Health Science, 48, 451–454.
Jaeger, R. J. & Rubin, R. J. 1972. Migration of a phthalate ester
plasticizer from polyvinyl chloride blood bags into stored human
blood and its localization in human tissues. New England Journal of
Medicine, 287, 1114–1118.
Jelaso, A. M., Lehigh-Shirey, E., Predenkiewicz, A., Means, J. &
Ide, C. F. 2002. Aroclor 1254 alters morphology, survival, and
gene expression in Xenopus laevis tadpoles. Environmental and
Molecular Mutagenesis, 40, 24–35.
Jobling, S. M., Nolan, C. R., Tyler, G. & Sumpter, J. 1998.
Widespread sexual disruption in wild fish. Environmental Science
and Technology, 32, 2498–2506.
Kania, H. J. & O’Hara, J. 1974. Behavioral alterations in a simple
predator–prey system due to sublethal exposure to mercury.
Transactions of the American Fisheries Society, 1, 134–136.
Kannan, K., Koistinen, J., Beckmen, K., Evans, T., Gorzelany, J. F.,
Hansen, K. J., Jones, P. H., Helle, E., Nyman, M. & Giesy, J. P.
2001a. Accumulation of perfluorooctane sulfonate in marine
mammals. Environmental Science and Technology, 35, 1593–1598.
Kannan, K., Franson, J. C., Bowerman, W. W., Hansen, K. J.,
Jones, P. D. & Giesy, J. P. 2001b. Perfluorooctane sulfonate in
fish-eating water birds including bald eagles and albatrosses.
Environmental Science and Technology, 35, 3065–3070.
Keith, L. H. 1997. Environmental Endocrine Disruptors: a Handbook of
Physical Data. New York: J. Wiley.
Kolok, A. S., Plaisance, E. P. & Abdelghani, A. 1998. Individual
variation in the swimming performance of fishes: an overlooked
source of variation in toxicity studies. Environmental Toxicity and
Chemistry, 17, 282–285.
Kraus, M. L. & Kraus, D. B. 1986. Differences in the effects of
mercury on predator avoidance in two populations of the grass
shrimp Palaemonetes pugio. Marine Environmental Research, 18,
277–290.
Krishnan, A., Stathis, P., Permuth, S., Tokes, L. & Feldman, D.
1993. Bisphenol-A: an estrogenic substance is released from
polycarbonate flasks during autoclaving. Endocrinology, 132,
2279–2286.
Kubiak, T. J., Harris, H. J., Smith, L. M., Schwartz, T. R., Stalling,
D. L., Trick, J. A., Sileo, L., Doucherty, D. E. & Erdman, T. C.
1989. Microcontaminants and reproductive impairment of the
Forster’s tern on Green Bay, Lake Michigan, 1983. Archives of
Environmental Contamination and Toxicology, 18, 706–727.
Kubo, K., Arai, O., Ogata, R., Omura, M., Hori, T. & Aou, S. 2001.
Exposure to bisphenol A during the fetal and suckling periods

disrupts sexual differentiation of the locus coeruleus and of
behavior in the rat. Neuroscience Letters, 304, 73–76.
Kubo, K., Arai, O., Omura, M., Watanabe, R., Ogata, R. & Aou, S.
2003. Low dose effects of bisphenol A on sexual differentiation of
the brain and behavior in rats. Neuroscience Research, 45, 345–
356.
Le Drean, Y., Kern, L., Pakdel, F. & Valotaire, Y. 1995. Rainbow
trout estrogen receptor presents an equal specificity but a different
sensitivity for estrogens than human estrogen receptor. Molecular
and Cellular Endocrinology, 109, 27–35.
Lefcort, H., Thomson, S. M., Cowles, E. E., Harowicz, H. L.,
Livaudais, B. M., Roberts, W. E. & Ettinger, W. F. 1999.
Ramifications of predator avoidance: predator and heavy-metalmediated competition between tadpoles and snails. Ecological
Applications, 9, 1477–1489.
Lefcort, H., Ammann, E. & Eiger, S. M. 2000. Antipredatory
behavior as an index of heavy-metal pollution? A test using snails
and caddisflies. Archives of Environmental Contamination and
Toxicology, 38, 311–316.
Little, E. E., Archeski, R. D., Flerov, B. & Kozlovskaya, V. 1990.
Behavioral indicators of sublethal toxicity in rainbow trout.
Archives of Environmental Contamination and Toxicology, 19,
380–385.
McArthur, M. L. B., Fox, G. A., Peakall, D. B. & Philogene, B. J. R.
1983. Ecological significance of behavioral and hormonal abnormalities in breeding ring doves fed an organochlorine chemical
mixture. Archives of Environmental Contamination and Toxicology,
12, 343–353.
McCarty, J. P. & Secord, A. L. 1999a. Nest-building behavior in
PCB-contaminated tree swallows. Auk, 116, 55–63.
McCarty, J. P. & Secord, A. L. 1999b. Reproductive ecology of tree
swallows (Tachycineta bicolor) with high levels of polychlorinated
biphenyl contamination. Environmental Toxicology and Chemistry,
18, 1433–1439.
McGary, S., Henry, P. F. P. & Ottinger, M. A. 2001. Impact of
vinclozolin on reproductive behavior and endocrinology in
Japanese quail (Coturnix coturnix japonica). Environmental Toxicology and Chemistry, 20, 2487–2493.
McLachlan, J. A.
1997. Synergistic effect of environmental
estrogens: report withdrawn. Science, 277, 459–463.
Magliulo, L., Schreibman, M. P., Cepriano, J. & Ling, J. 2002.
Endocrine disruption caused by two common pollutants at
‘acceptable’ concentrations. Neurotoxicology and Teratology, 24,
71–79.
Mathers, R. A., Brown, J. A. & Johansen, P. H. 1985. The growth
and feeding responses of largemouth bass (Micropterus salmoides)
exposed to PCP. Aquatic Toxicology, 6, 157–164.
Matthiessen, P. & Gibbs, P. E. 1998. Critical appraisal of the
evidence for tributylin-mediated endocrine disruption in mollusks.
Environmental Toxicology and Chemistry, 17, 37–43.
Matthiessen, P. & Logan, J. W. M. 1984. Low concentration effects
of endosulfan insecticide on reproductive behavior in the tropical
cichlid fish Sarotherodon mossambicus. Bulletin of Environmental
Contamination and Toxicology, 33, 575–583.
Morgan, M. J. & Kiceniuk, J. W. 1990. Effect of fenitrothion on the
foraging behavior of juvenile Atlantic salmon. Environmental
Toxicology and Chemistry, 9, 489–495.
Nacci, D. E., Kohan, M., Pelletier, M. & George, E. 2002. Effects of
benzo[a]pyrene exposure on a fish population resistant to the
toxic effects of dioxin-like compounds. Aquatic Toxicology, 57,
203–215.
Norstrom, R. J., Risebrough, R. W. & Cartwright, D. J. 1976.
Elimination of chlorinated dibenzofurans associated with polychlorinated biphenyls fed to mallards (Anas platyrhynchos).
Toxicology and Applied Pharmacology, 37, 217–228.

ARTICLE IN PRESS
DTD 5
REVIEW

Oshima, Y., Kang, I. J., Kobayashi, M., Nakayama, K., Imada, N. &
Honjo, T. 2003. Suppression of sexual behavior in male Japanese
medaka exposed to 17b-estradiol. Chemosphere, 50, 429–436.
Ottinger, M. A., Abdelnabi, M. A., Henry, P., McGary, S.,
Thompson, N. & Wu, J. M. 2001. Neuroendocrine and
behavioral implications of endocrine disrupting chemicals in quail.
Hormones and Behavior, 40, 234–247.
Park, D. & Propper, C. R. 2002. Endosulfan affects pheromonal
detection and glands in the male red-spotted newt, Notophthalmus viridescens. Bulletin of Environmental Contamination and
Toxicology, 69, 609–616.
Park, D., Hempleman, S. C. & Propper, C. R. 2001. Endosulfan
exposure disrupts pheromonal systems in the red-spotted newt:
a mechanism for subtle effects of environmental chemicals.
Environmental Health Perspectives, 109, 669–673.
Parmigiani, S., Palanza, P. & vom Saal, F. S. 1998. Ethotoxicology:
an evolutionary approach to the study of environmental endocrine
disrupting chemicals. Toxicology and Industrial Health, 14, 333–340.
Pascoe, D., Kedwards, T. J., Maund, S. J., Muthi, E. & Taylor, E. J.
1994. Laboratory and field evaluation of a behavioral bioassay: the
Gammarus pulex (L.) precopula separation (GaPPS) test. Water
Research, 28, 369–372.
Peakall, D. B. 1992. Animal Biomarkers as Pollution Indicators.
London: Chapman & Hall.
Peakall, D. B. 1996. Disrupted patterns of behavior in natural
populations as an index of ecotoxicity. Environmental Health
Perspectives, 104, 331–335.
Porter, W. P., Jaeger, J. W. & Carlson, I. H. 1999. Endocrine,
immune, and behavioral effects of aldicarb (carbamate), atrazine
(triazine), and nitrate ( fertilizer) mixtures at groundwater concentrations. Toxicology and Industrial Health, 15, 133–150.
Purdom, C., Hardiman, P., Bye, V., Eno, N., Tyler, C. & Sumpter,
J. 1994. Estrogenic effects of effluent from sewage treatment
works. Chemistry and Ecology, 8, 275–285.
Rajapakse, N., Silva, E. & Kortenkamp, A. 2002. Combining
xenoestrogens at levels below individual no-observed-effect
concentrations dramatically enhances steroid hormone action.
Environmental Health Perspectives, 110, 917–921.
Relyea, R. A. 2003. Predator cues and pesticides: a double dose of
danger for amphibians. Ecological Applications, 13, 1515–1521.
Rice, D. C. 1997. Effects of postnatal exposure to a PCB mixture in
monkeys on multiple fixed interval-fixed ratio performance.
Neurotoxicology and Teratology, 19, 1–6.
Roegge, C. S., Seo, B. W., Crofton, K. M. & Schantz, S. L. 2000.
Gestational–lactational exposure to Aroclor 1254 impairs radialarm maze performance in male rats. Toxicological Sciences, 57,
121–130.
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