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As early as the 1960s, wildlife were exhibiting
evidence that prenatal or prehatching expo-
sure to synthetic chemicals could interfere
with the endocrine system as well as with
other vital systems during development (1).
Indisputable peer-reviewed reports have
since revealed the effects of a number of syn-
thetic chemicals on the reproduction and
development of alligators (2), birds (3),
fishes (4), and mammals (5–7). In several
instances, the developmental damage has
been corroborated through the use of con-
fined wild animals and in situ, in vitro, and
in vivo studies. The majority of these studies
focused on the disruption of sex hormones,
sexual differentiation, and the reproductive
system (8). This information eventually led
to national legislation and international
cooperation to begin removing such chemi-
cals from food and water. The U.S.
Congress in 1996 charged the U.S.
Environmental Protection Agency to
develop a screening program to test chemi-
cals for their possible estrogenic and other
endocrine effects (9). Shortly thereafter the
Chemical Guidelines Program of the
Organisation for Economic Co-operation
and Development’s (OECD) Environmental
Directorate organized a Task Force on
Endocrine Disruption Testing and
Assessment to coordinate development of
internationally harmonized screening and
testing protocols.

Thus far, the majority of the research
effort has focused on anti- and estrogenic
effects, anti- and androgenic effects, and

steroidogenesis. Less research has focused on
the disruption of the thyroid system, despite
the fact that many species of birds and fish in
the U.S. and Canadian Great Lakes and
other water bodies around the world suffer
unusual thyroid gland development and
ratios of circulating thyroid hormones (THs).
In 1998, Brouwer and co-workers published
an extensive review of their work and others
on the many interactive mechanisms of a
suite of organochlorine chemicals (OCs) that
interfere with the thyroid system (10). Also
in 1998, Brucker-Davis published a list of
widely used agricultural and industrial chem-
icals that interfere with the thyroid system
(11). THs are acknowledged as critical for
the development of the brain, intelligence,
and behavior (12). Consequently, it is pru-
dent to develop screens to detect synthetic
chemicals that could possibly interfere with
the thyroid system as well. To date, thyroid
experts from many disciplines are still
searching for new and rapid screens and
assays to detect thyroid system disruption.
This article is a review of studies that specifi-
cally examined THs and their role in normal
behavior and brain development among
wildlife species and in some cases includes
links that were made with contaminant expo-
sure. This literature was not as extensive as
that on the sex hormones and development.
Nonetheless, when considered with the other
articles in this supplement, the data should
provide fodder for the creation of sorely
needed relatively simple screens to detect pos-
sible thyroid system agonists and antagonists.

Background
Early in the 1970s a Canadian biologist
reported severe reproductive failure and
chick deformities in colonies of common
terns (Sterna hirundo) on Lake Ontario
islands (1). These pathologies included
chick mortality, growth retardation, and
gross deformities of the bills, eyes, and legs,
and subcutaneous, pericardial, and peri-
toneal edema, as well as porphyria and liver
necrosis. Further field and laboratory work
was undertaken on herring gulls (Larus
argentatus) that revealed similarities of the
pathological conditions with those previ-
ously reported for chicken eggs injected
with dioxins. In subsequent field research,
these and additional functional impacts
were reported in other species as well,
including double-crested cormorants
(Phalacrocorax auritus), Caspian terns
(Sterna caspia), and Forster’s terns (Sterna
forsteri) from other Great Lakes. The effects
were not always identical among colonies.
All these avian species had elevated concen-
trations of OCs, including dioxins, furans,
polychlorinated biphenyls (PCBs),
dichlorodiphenyltrichloroethane (DDT),
dieldrin, mirex, toxaphene, and so forth
(13). As technology improved, quantifica-
tion of the OCs in animal tissue led to more
and more associations between the concen-
trations of OCs in the tissue of the animals
and their health problems (14). The persis-
tent, lipophilic, and bioaccumulative nature
of the OCs causes them to biomagnify to
extremely high concentrations from the
water in aquatic systems up through the
trophic system to the tissues of top preda-
tors (15). Although the OCs may be close
to or below detection limit in the water,
they are easy to measure in the animals.

Since 1974 the Canadian Wildlife
Service has been monitoring OC concentra-
tions in eggs of herring gulls, a top predator
in the Great Lakes (16). Because most
herring gulls remain in the Great Lakes basin
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throughout the year, they provide an inte-
grated assessment of the concentration of
OCs in the ecosystem. This research-based
monitoring has also monitored concentra-
tions of plasma thyroxine (T4), thyroid mass,
and incidence and severity of thyroid epithe-
lial hyperplasia in the adult gulls (17). Trend
analyses of residue data reveal a peak in OC
contamination in the birds in the late 1970s,
which tapered off until approximately 1985.
Since 1985 there have been only slight
reductions in OC concentrations and little
improvement in fish and bird health (18).

Wildlife biologists have not been able to
find an adult top predator fish in the Great
Lakes that does not have a goiter, an
enlarged thyroid gland (19). Even so, no
long-term monitoring program of contami-
nants in fish has been established by either
Canada or the United States. Despite the
reductions in OCs in Lake Erie in the late
1970s, the thyroid glands in Lake Erie fish
have become larger and are now visibly rup-
turing (20). To date no causal link has been
made with the OCs or with any other syn-
thetic chemical in the fish and the condition
of their thyroids.

Rolland (21) reviews a large body of
literature about the association between
alterations in the thyroid gland and vitamin
A (retinoids) concentrations and OCs in
wildlife and fish. The literature does not
mention effects on the nervous system or
brain in the animals where the abnormal
retinoid/thyroid conditions were observed.
As Rolland points out, T4 and retinol (the
circulating form of vitamin A) are carried on
the same protein complex, transthyretin, in
mammals and birds. Lower plasma retinol
concentrations and diminished T-cell
response were associated in a dose-related
manner with increasing PCB concentrations
reported in Great Lakes Caspian terns and
herring gulls (22). The thyroid glands of
herring gulls from Western Lake Erie exhibit
the most severe histological changes in rela-
tion to reduction in retinols (17). And in
many studies, retinoid concentrations do not
change in relation to total contaminant load-
ing, although the ratio of retinol to retinyl
palmitate (the storage form of vitamin A)
does. Egg retinyl palmitate concentrations
are the most affected by OC exposure, with
the molar ratio of retinol to retinyl palmitate
increasing as exposure increases. In other
words, the retinoid profile changes but not
the total retinoids (23).

As a result of regulatory action in both
the United States and Canada to ban the
manufacture or reduce the use of the per-
sistent OCs, obvious mortality and mor-
bidity among Great Lakes birds was
considerably reduced by the mid 1980s
(24). Reproductive success improved as

measured by the number of fledging off-
spring per maternal animal, but in many
instances the offspring were not, and still are
not, surviving to adulthood (18,25). Mora et
al. (26) reported a negative correlation of
blood plasma PCB concentrations in
Caspian terns with the percentage of off-
spring returning to their natal locale. In the
case of top predator fish, those fish that do
survive to adulthood do not reproduce well
or not at all. Without visible evidence of
damage, biologists are now finding it far
more difficult to determine the specific
impairment that is causing the lack of
recruitment in certain wildlife populations
(24). Consequently, documentation is lack-
ing in the contemporary literature concern-
ing the less visible impacts of contaminants
on wildlife such as reduced function and
changes in behavior. The following is what I
was able to find in the literature on behavior
and brain development associated with the
thyroid system and contaminants in wildlife.

Amphibians

Over the years a great deal of attention has
focused on the role of THs in amphibian
metamorphosis (27,28). These reviews make
no specific remarks about amphibian behav-
ior or brain development. However,
Robertson and Kelley (29) demonstrated
that TH controls the development of the lar-
ynx in Xenopus, which is androgen depen-
dent but does not control the development
of the gonads. Hayes (27) discovered also
that in anurans TH acts as a master hor-
mone, primary to estradiol (E2) or testos-
terone, during development of some anuran
systems; that TH is necessary in the liver
before E2 effectively induces vitellogenin
production, vitellogenin mobilization to the
eggs, and development of the embryo; and
that TH induces testosterone receptors in
the larynx (gular pouch).

Little was known about neural or brain
development in amphibians until 1997,
when Denver et al. (30) isolated 34 TH-
regulated genes in the diencephalon in
Xenopus tadpoles. These include transcription
factors, a TH-converting deiodinase, meta-
bolic enzymes, a neural-specific cytoskeletal
protein, hypophysiotropic neuropeptides,
and an isomerase-like disulfide compound.
These genes have also been isolated in neo-
natal mammals and chicks. This should open
the door for further comparative develop-
mental studies of the brain in any species and
exploring novel screening approaches for
thyroid disruption.

It has been suggested that amphibians
might provide a short-term assay to detect
endocrine disruption. However, because
of their complex l i fe cycles and their
susceptibility to long-term delayed effects

from exposure to the parent animal and
early life stages, frog assays are proving more
difficult to develop than envisioned 5 years
ago. Gutleb and co-workers (31) demon-
strate this difficulty in a series of exposure
studies with Xenopus laevis and Rana tempo-
raria. They found increased incidence of
mortality in tadpoles weeks after they ceased
dosing the animals. Over an 80-day period,
47.5% of the tadpoles died. The X. laevis
exposed to 7.7 pM and 0.64 nM PCB 126
exhibited swimming disorders prior to
death. Both increased mortality and reduced
T4 concentrations occurred in a dose–
response manner in X. laevis. Retinoid ratios
were not different between the two species,
although the concentrations significantly
increased at the higher doses in both. Severe
eye and tail malformations increased in the
froglets in a dose–response manner after
approximately 60–68 days. These assays
demonstrate the vulnerability of amphibians
to PCB exposure but can in no way serve as
short-term screens.

Birds

Thyroid hormones in birds have been investi-
gated for their role in migration and
courtship. Photorefractoriness, “a reversible
state of unresponsiveness to gonado-stimula-
tory daylengths,” initiates and then terminates
breeding in photoperiodic species of birds
(32). Preventing migrating species from
breeding out of season is especially critical for
their survival. THs maintain photorefractori-
ness in species that reproduce on a seasonal
basis (33). Thyroidectomies in seasonal breed-
ers such as starlings (Sturnus vulgaris), tree
sparrows (Spizella arborea) (32), English spar-
rows (Passer domesticus), and red deer (Cervus
elaphus) (34) cause them to become contin-
ual breeders. For seasonal breeders, short-day
conditions stimulate the reproductive system
to prepare for spring when favorable food
and climate conditions are conducive for rais-
ing young. Under long-day conditions that
commence in the spring, TH production
increases concurrent with increases in
leutinizing hormone (LH) and follicle-
stimulating hormone (FSH) levels and testes
size. The testis growth, which is solely testos-
terone driven, is separate from the refractory
response. In the case of starlings, bill color
shifts from black to yellow during breeding,
when LH and gonadal volume are also high,
and is solely androgen controlled. As the
breeding season terminates, plasma prolactin
increases, FSH and LH decrease, the testes
regress, and the birds molt. At the end of the
breeding season, THs are elevated once
again, a signal that refractoriness has begun.
Refractoriness will not end again until
signaled by another series of short days.
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Species near the equator are continual
breeders, whereas species of birds that nest
in the Northern Hemisphere have evolved
with refractoriness, which restricts their
breeding to the most benign season of the
year. We still do not know where THs or
TH-dependent ligands exert their effect in
the photoneuroendocrine system in the
birds. Wilson and Reinert (35) suggest that
THs interact somewhere between the
photoreceptors and neuroendocrine cells in
the brain. On the basis of what we do know
in mammals, Bentley (33) points out that
T4 mediates nerve growth factor synthesis,
which controls microtubule and axonal
growth in the central nervous system, and
this may in some way affect gonadotropin-
releasing hormone secretion (32), which in
turn influences LH/FSH secretion (33).

Detecting loss of photorefractoriness in
migrating species is almost impossible for
field biologists. However, many agricultural
and industrial chemicals can affect TH pro-
duction and ratios. Many pesticides are
applied in the spring during breeding season.
In most cases, no two active ingredients have
the same effect on the thyroid system (36). 

From the 1950s through to the 1970s,
fish-eating birds in the Great Lakes were
experiencing very poor reproductive success
(37). Keith (38) suggested that the high
embryo mortality and low chick survival in
herring gulls nesting in upper Green Bay in
the mid 1960s was both the result of a) the
effects of the chemical residues from the
mother on the embryo and b) the effects of
the adult’s contamination on its parental
behavior. Peakall et al. (39) switched gull
eggs between contaminated and uncontami-
nated colonies and clearly demonstrated that
both factors were involved. “Clean” eggs
incubated by “dirty” parents had much lower
hatchability than when they were incubated
by “clean” parents. Remote monitoring of
incubation behavior using telemetry also
revealed nesting behavior differences between
the control and contaminated colonies (40).
Kubiak et al. (41) switched eggs between a
Forster’s tern colony in Lower Green Bay
and an inland site in 1983 and a laboratory,
and implicated developmental toxicity and
poor parental behavior for the very low
reproductive success in the Green Bay
colony. The incubation period was extended
by 8 days in the Green Bay colony, consis-
tent with poor incubation. These authors
associated these effects with dioxin toxicity
equivalents (TEQs) contributed by high
levels of non-ortho PCB congeners.

When captive ring doves (Streptopelia
risoria) were fed a Lake Ontario-like OC
mixture, dose-related abnormalities were
found in their plasma hormone levels
(including T4), some of which were

associated with the anomalies in “. . . breeding
synchrony, nest construction, courtship
behavior, incubation attentiveness, and
parental care that resulted in marked
decreases in reproductive success” (42). The
diet mixtures contained 0.07 (control), 1.67,
and 4.51 ppm dichlorodiphenyldichloro-
ethylene (DDE); 0, 8.02, and 28.0 ppm
PCB (Aroclor 1254); 0, 0.297, and 0, 0.90
ppm mirex; and 0, 0.095, and 0.32 ppm
photomirex. The breeding cycle was
extended from 39 days to 48 days, with
clutch completion extending from 9 to 19
days after pairing. Failure to hatch in some
groups led to renesting. Plasma T4 concen-
trations increased significantly in a dose-
related manner and doubled in the highest
dosed birds. T4 concentrations were directly
related at mid-incubation with extensions in
time allotted to wing flipping (p < 0.001),
the pattern of which was altered considerably
in what is called “in-bowl” activity (p < 0.05)
that included rearranging nesting material,
during the first 39 days after the birds paired.
The authors noted reduced incubation and
brooding attentiveness, which included
spending more time away from the nest, and
it appeared that the birds were suffering from
T4-induced hyperactivity (42). 

The female/female pairing associated
with a shortage of territorial males in western
gulls (Larus occidentalis) on the Channel
Islands off the California Coast in the late
1970s may have been due, in part, to a cont-
aminant-induced absence of normal territo-
riality, courtship, and mating behavior in the
males (43). Sex-skewed ratios among bird
colonies and nocturnal abandonment of
incubation by terns (making owl predation
easy) were also reported (40,44).

Fox et al. (24) provide an overview of the
condition of herring gulls in the Great Lakes
in the early 1990s. Thyroid glands in herring
gulls are still enlarged but not as pronounced
as they were in the late 1970s. Liver concen-
trations of retinyl palmitate, the principal
storage form of vitamin A, have improved in
some locations, whereas the depletion of
retinyl palmitate has worsened in others.
Mild to moderate highly carboxylated por-
phyria is still a problem, as is the birds’
reduced immune competency. Most of the
improvements in bird conditions reported by
Fox and co-workers occurred before 1985,
reflecting the regulation mentioned above of
some of the OCs. However, little improve-
ment in bird health has occurred since 1985,
which was confirmed with biochemical
analyses (measuring dioxin TEQs) and moni-
toring for obvious deformities in chicks (18).
The lesions frequently found in the chicks
provide evidence that the problem is still
the result of exposure to contaminants dur-
ing organization prior to birth or hatching.

Concern was directed recently to the
risks posed to terrestrial avian species in
the Great Lakes basin as the result of expo-
sure to aerial application of pesticides. THs
were monitored in nesting tree swallows
(Tachycineta bicolor) from three apple
orchards in southern Ontario, Canada (lati-
tude ~43°15´N/longitude 80°20´W) (45).
The concentrations of OCs in the swallows
were low. Increasing numbers of sprays
increased triiodothyronine (T3) in chicks if
applied during egg development (positive
correlation r 2 = 0.44; p = 0.005). As the
number of mixtures of carbamates sprayed
increased, T3 increased in male chicks (posi-
tive correlation r2 = 0.74; p = 0.001) but not
in adult males or females. With the addition
of each mixed-spray applied, the formation
of Sertoli cells decreased, ultimately reaching
significance (p = 0.02). In the same study,
female tree swallow nestlings showed a corre-
lation between increases in T3 and increases
in body mass but not with increased
application of sprays (45). 

Fishes

A review by Iwata (46) reveals that migration
of salmonids is linked with THs effecting a
sequence of behaviors. In the laboratory,
increases in T4 led to less display of aggres-
sive behavior such as territoriality. Elevated
concentrations of both T3 and T4 reduced
the fishes’ preference for shade to more open
areas (phototaxis). T3 treatment caused the
fish to swim with the current rather than
against the flow (rheotaxis).

In the field, a surge of T4 in sockeye
salmon (Oncorhynchus nerka) takes place
about 2 weeks before downstream migra-
tion. The more aggressive fish stay in fresh
water longer, whereas the less aggressive
species head out to sea earlier and school
more (46). The salmon also tend to school
more and more as they move toward the
ocean seeking open water. Behavioral
changes such as these are critical for
anadromous species to survive. There is also
evidence that T4 plays a role in olfactory
learning and imprinting in migrating
smolts (46).

An immersion study comparing the sur-
vival of fasting walleye (Stizostedion vitreum)
larval stocks from four different rivers
revealed that the stock with the highest nat-
ural T4 responded with the highest survival
and significantly more cannibalism (8-fold
more following exposure to T4 and 10-fold
more following exposure to T3). This stock
was taken from “a highly contaminated
river” and compared with the other three
rivers (47). The authors did not discuss the
nature of the contaminants. They found no
association between endogenous T4 concen-
trations in the fish and cannibalism. This
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study raises the question of whether
increased cannibalism is an example of selec-
tion in a polluted system, where food would
be less available for fish.

Coho (Oncorhynchus kisutch), chinook
(O. tshawytscha), and steelhead (O. mykiss)
salmon are annually stocked in the Great
Lakes because they cannot sustain natural
populations through reproduction. Recently,
hatcheries have been experiencing increasing
problems rearing enough fish to meet their
stocking needs (48). Losses occur during the
sac fry stage after yolk absorption, which is
preceded by what is called early mortality
syndrome (EMS). EMS is characterized by
the alevin losing its equilibrium and
appetite, becoming hyperexcitable to touch,
and then becoming lethargic. Hatchery
research has revealed that mortality varies
among family groups from 5 to 97%
depending on species and sex. Females
appear to be more sensitive. These effects are
associated with decreased levels of total and
free thiamine in the egg. Additionally, if
newly hatched fry are exposed to 2 mg/L T4,
EMS is significantly reduced (15%) com-
pared with controls (38%), suggesting that
the thyroid system is involved as well.
Reduced carotenoids do not seem to be
related to this syndrome (48). 

Control of growth and survival is a critical
management issue in hatcheries (49).
Management research manipulating T3
concentrations, T3/T4 ratios, and other hor-
mones such as cortisol and estradiol is pro-
viding greater insight into the role of THs
and development of the brain and nervous
system in teleosts. Further exploration in this
field might provide ideas for the develop-
ment of screens and assays to test com-
pounds for their thyroid system effects.

Similar to the results in the tree swallow
study mentioned above, freshwater catfish
(Clarias batrachus) experienced a decrease in
T4 and an increase in T3 following exposure
to a carbamate insecticide, carbaryl (12
mg/L) (50). In the same study, 0.008 mg/L
endosulfan caused an increase in circulating
T4 and a decrease in T3, and 0.007 mL/L
malathion decreased T3 without changing
T4 (51). These effects were more pro-
nounced during the spawning phase than
during prespawning.

Mammals

Wildlife biologists have begun to measure
free T4, total T4, free T3, total T3, retinols,
seven PCB congeners, and several chlorinated
pesticides in polar bears (Ursinus maritimus)
from Svalbard (52). They found a negative
correlation between the ratio of total T4/free
T4 and the sum of PCBs, whereas they found
a positive correlation with p,p´-DDE.
Retinols were negatively correlated with the

sum of PCBs and specifically with PCB 138,
PCB 153, PCB 156, and hexachlorocyclo-
hexane. Interestingly, females that entered
into denning had significantly higher retinol
concentrations (p < 0.05) than those that did
not. Total T4 (21–14 nmol/L) and free T4
(28–21 pmol/L) were noticeably higher in
the denning females but not significantly.
The authors provided no other behavioral
information (53).

Hormone levels were linked with behavior
and brain development in a wild mammal,
the New Zealand red deer. Seasonal breed-
ing behavior was arrested in thyroidec-
tomized (THX) red deer in a year-long study
(34). Plasma T3 concentrations were unde-
tectable in THX stags, whereas control stags
had low plasma T3 concentrations through-
out autumn and winter that increased to
high concentrations in spring and summer.
Throughout the year, THX stags’ blood
testosterone concentrations remained con-
stant, and they did not shed their antlers.
Cessation of testosterone production is
required for the antlers to drop.

Conclusions

In situ studies such as those used in fisheries
management as well as amphibian and rep-
tile research should be employed to generate
new protocols for developing screens and
assays to test for thyroid system impairment.
In situ avian research could prove to be a
great deal more difficult. Nonetheless, help-
ful glimpses might evolve from collabora-
tions among wildlife biologists and poultry
researchers.

The major challenges for biologists
studying the effects of contaminant exposure
in wildlife include a) the difficult logistics
associated with field research, b) the seclusive
behavior of wildlife especially during the
breeding season, and c) the elusive impair-
ment in function and development from
exposure to certain xenobiotics. Individual
wild animals are not outstanding sentinels
for the impacts of endocrine disruption
because of the continuous nature of func-
tional impairment, from subclinical and
mild to severe, which has no obvious, visible
end point of toxicity. Yet, in retrospect, the
effects at the population level among wild
animals caught the attention of scientists and
led to the discovery of endocrine disruption.
Biologists should therefore be thinking in
terms of insidious, generational effects and
observe wildlife populations carefully for
changes in successive age classes that might
display alterations in feeding habits and
social grouping along with changes in geo-
graphic distribution, migration behavior,
seasonal activity, population dynamics, and
age structure. In all probability, the invisible
organizational problems resulting from

thyroid system impairment that reduce an
animal’s potential would be missed at the
individual level. The impairment might
more readily be reflected and documented at
the population level but only if enough of a
year class of animals is affected. However,
determining the cause of the impact on a
population could take several generations.
This suggests that long-term demographic
studies are important and could be most
informative if the “functionality” of each
year class was known.

REFERENCES AND NOTES

1. Gilbertson M. Etiology of chick edema disease in herring
gulls in the lower Great Lakes. Chemosphere
12(3):357–370 (1983).

2. Guillette LJ Jr, Crain DA, Gunderson MP, Kools SAE,
Milnes MR, Orlando EF, Rooney AA, Woodward AR.
Alligators and endocrine disrupting contaminants: a cur-
rent perspective. Am Zool 40:438–452 (2000).

3. Fry DM, Toone CK. DDT-induced feminization of gull
embryos. Science 213:922–924 (1981).

4. Jobling S, Nolan M, Tyler CR, Brighty G, Sumpter JP.
Widespread sexual disruption in wild fish. Environ Sci
Technol 32(17):2498–2506 (1998).

5. Brouwer A, Reijnders PJH, Koeman JH. Polychlorinated
biphenyl (PCB)-contaminated fish induces vitamin A and
thyroid hormone deficiency in the common seal (Phoca
vitulina). Aquat Toxicol 15:99–106 (1989).

6. Reijnders PJH. Reproductive failure in common seals
feeding on fish from polluted coastal waters. Nature
324:456–457 (1986).

7. Reijnders PJH, Brasseur SMJM. Xenobiotic induced hor-
monal and associated developmental disorders in
marine organisms and related effects in humans; an
overview. In: Chemically Induced Alterations in Sexual
and Functional Development: The Wildlife/Human
Connection (Colborn T, Clement C, eds). Princeton,
NJ:Princeton Scientific Publishing, 1992;159–174. 

8. Colborn T, Clement CR, eds. Chemically Induced
Alterations in Sexual and Functional Development: The
Wildife/Human Connection. Princeton, NJ:Princeton
Scientific Publishing, 1992. 

9. EDSTAC. Endocrine Disruptor Screening and Testing
Advisory Committee Final Report. Executive Summary,
Vols 1 and 2. Technical Appendices and Public
Comments. Washington, DC:U.S. Environmental
Protection Agency, 1998.

10. Brouwer A, Morse DC, Lans MC, Schuur AG, Murk AJ,
Klasson-Wehler E, Bergman A, Visser TJ. Interactions of
persistent environmental organohalogens with the thy-
roid hormone system: mechanisms and possible conse-
quences for animal and human health. Toxicol Ind Health
14(1-2):59–84 (1998).

11. Brucker-Davis F. Effects of environmental synthetic
chemicals on thyroid function. Thyroid 8(9):827–856
(1998).

12. Porterfield SP, Stein SA. Thyroid hormones and neuro-
logical development: update 1994. Endocr Rev
3(1):357–363 (1994).

13. Gilbertson M, Kubiak T, Ludwig J, Fox G. Great Lakes
embryo mortality, edema and deformities syndrome
(GLEMEDS) in colonial fish-eating birds: similarity to
chick-edema disease. J Toxicol Environ Health
33:455–520 (1991).

14. Ludwig JP. Contaminants effected widespread changes
of Great Lakes populations and communities. Ecol Appl
6(3):962–965 (1996).

15. Braune BM, Norstrom RJ. Dynamics of organochlorine
compounds in herring gulls. III: Tissue distribution and
bioaccumulation in Lake Ontario gulls. Environ Toxicol
Chem 8:957–968 (1989).

16. Colborn TE, Davidson A, Green SN, Hodge, RA, Jackson
CI, Liroff RA, eds. Great Lakes Great Legacy?
Washington, DC:The Conservation Foundation, 1990.

17. Moccia RD, Fox GA, Britton A. A quantitative assess-
ment of thyroid histopathology of herring gulls (Larus

Endocrine Disruptors • Colborn



Environmental Health Perspectives • VOLUME 110 | SUPPLEMENT 3 | JUNE 2002 367

argentatus) from the Great Lakes and a hypothesis on
the causal role of environmental contaminants. J Wildl
Dis 22(1):60–70 (1986).

18. Giesy JP, Ludwig JP, Tillit DE. Deformities in birds of the
Great Lakes region: assigning causality. Environ Sci
Technol 28(3):128–135 (1994).

19. Leatherland JF. Endocrine and reproductive function in
Great Lakes salmon. In: Chemically Induced Alterations
in Sexual and Functional Development: The
Wildlife/Human Connection (Colborn T, Clement C, eds).
Princeton, NJ:Princeton Scientific Publishing,
1992;129–145.

20. Leatherland JF. Personal communication, 1998. 
21. Rolland RM. A review of chemically-induced alterations

in thyroid and vitamin A status from field studies of
wildlife and fish. J Wildl Dis 36(4):615–635 (2000).

22. Grasman KA, Fox GA, Scanion PF, Ludwig JP.
Organochlorine-associated immunosuppression in pre-
fledgling Caspian terns and herring gulls from the Great
Lakes: an ecoepidemiological study. Environ Health
Perspect 104(suppl 4):829–842 (1996).

23. Spear PA, Bourbonnais DH, Norstrom RJ, Moon TW. Yolk
retinoids (vitamin A) in eggs of the herring gull and cor-
relations with polychlorinated dibenzo-p-dioxins and
dibenzofurans. Environ Toxicol Chem 9:1053–1061 (1990).

24. Fox GA, Trudeau S, Won H, Grasman KA. Monitoring the
elimination of persistent toxic substances from the Great
Lakes; chemical and physiological evidence from adult
herring gulls. Environ Monit Assess 53:147–168 (1998).

25. Bowerman WW, Best DA, Grubb TG, Zimmerman GM,
Giesy JP. Trends of contaminants and effects in bald
eagles of the Great Lakes Basin. Environ Monit Assess
53(1):197–212 (1998).

26. Mora MA, Auman HJ, Ludwig JP, Giesy JP, Verbrugge
DA, Ludwig ME. Polychlorinated biphenyls and chlori-
nated insecticides in plasma of Caspian terns: relation-
ships with age, productivity, and colony site tenacity in
the Great Lakes. Arch Environ Contam Toxicol
42(3):320–331 (1992).

27. Hayes TB. Hormonal mechanisms as potential con-
straints on evolution: examples from the anura. Am Zool
37:482–490 (1997).

28. Shi YB, Wong J, Puzianowskakuznicka M, Stolow MA.
Tadpole competence and tissue-specific temporal regu-
lation of amphibian metamorphosis—roles of thyroid
hormone and its receptors. BioEssays 18(5):391–399
(1996).

29. Robertson JC, Kelley DB. Thyroid hormone controls the
onset of androgen sensitivity in the developing larynx of

Xenopus laevis. Dev Biol 176(1):108–123 (1996).
30. Denver RJ, Pavgi S, Shi Y-B. Thyroid hormone-depen-

dent gene expression program for Xenopus neural devel-
opment. J Biol Chem 272(77):8179–8188 (1997).

31. Gutleb AC, Appelman J, Bronkhorst MC, van den Berg
JHJ, Spenkelink A, Brouwer A, Murk AJ. Delayed effects
of pre- and early-life time exposure to polychlorinated
biphenyls on tadpoles of two amphibian species
(Xenopus laevis and Rana temporaria). Environ Toxicol
Pharm 8(1):1–14 (1999).

32. Wilson FE, Reinert BD. The thyroid and photoperiodic con-
trol of seasonal reproduction in American tree sparrows
(Spizella arborea). J Comp Physiol B 163:563–573 (1993).

33. Bentley GE. Thyroxine and photorefractoriness in star-
lings. Poul Avian Biol Rev 8(3/4):123–139 (1997).

34. Shi ZD, Barrell GK. Requirement of thyroid function for
the expression of seasonal reproductive and related
changes in red deer (Cervus elaphus) stags. J Reprod
Fertil 94:251–259 (1992).

35. Wilson FE, Reinert BD. The photoperiodic control circuit
in euthyroid American tree sparrows (Apizella arborea)
is already programmed for photorefractoriness by week
4 under long days. J Reprod Fertil 103:279–284 (1995).

36. Howdeshell KL. A model of development of the brain as a
construct of the thyroid system. Environ Health Perspect
110(suppl 3):337–348 (2002).

37. Grasman KA, Scanlon PF, Fox GA. Reproductive and
physiological effects of environmental contaminants in
fish-eating birds of the Great Lakes: a review of histori-
cal trends. Environ Monit Assess 53:117–145 (1998).

38. Keith JA. Reproduction in a population of herring gulls
(Lars argentous) contaminated by DDT. J Appl Ecol
3(suppl):57–60 (1996).

39. Peakall DB, Fox GA, Gilman AP, Hallet DJ, Norstrom RJ.
Reproductive success of herring gulls as an indicator of
Great Lakes water quality. In: Hydrocarbons and
Halogenated Hydrocarbons in the Aquatic Environment
(Afghan BK, MacKay D, eds). New York:Plenum Press,
1980;337–344.

40. Fox GA, Gilman AP, Peakall DB, Anderka FW. Behavioral
abnormalities of nesting Lake Ontario herring gulls.
J Wildl Manag 42(3):477–483 (1978).

41. Kubiak TJ, Harris HJ, Smith L.M, Schwartz TR, Stalling
DL, Trick JA, Sileo L, Doucherty DE, Erdman TC.
Microcontaminants and reproductive impairment of the
Forster’s tern on Green Bay, Lake Michigan—1983. Arch
Environ Contam Toxicol 1989 18:706–727.

42. McArthur MLB, Fox GA, Peakall DB, Philogene BJR.
Ecological significance of behavioral and hormonal

abnormalities in breeding ring doves fed an organochlo-
rine chemical mixture. Arch Environ Contam Toxicol
12:343–353 (1983).

43. Hunt G, Hunt M. Female-female pairing in western gulls
(Larus occidentalis) in southern California. Science
196:1466–1467 (1977).

44. Fry DM, Toone CK, Speich SM, Peard RJ. Sex ratio skew
and breeding patterns of gulls: demographic and toxico-
logical considerations. Stud Avian Biol 10:26–43 (1987).

45. Bishop CA, van der Kraak GJ, Ng P, Smits JEG, Hontela
A. Health of tree swallows (Tachycineta bicolor) nesting
in pesticide-sprayed apple orchards in Ontario, Canada.
II: Sex and thyroid hormone concentrations and testes
development. J Toxicol Environ Health A 55:561–581
(1998).

46. Iwata M. Downstream migratory behavior of salmonids
and its relationship with cortisol and thyroid hormones: a
review. Aquaculture 135:131–139 (1995).

47. Hey J, Farrar E. Thyroid hormones and their influences
on larval performance and incidence of cannibalism in
walleye Stizostedion vitreum .  J World Aquat Soc
27(1):40–51 (1996).

48. Hornung MW, Miller L, Peterson RE, Marcquenski S,
Brown SB. Efficacy of thiamine, astaxanthin, β-carotene,
and thyroxine treatments in reducing early mortality syn-
drome in Lake Michigan salmonid embyros. Am Fish Soc
Symp 21:124–134 (1998).

49. Kim BG, Brown CL. Interaction of cortisol and thyroid
hormone in the larval development of Pacific threadfin.
Am Zool 37:470–481 (1997).

50. Sinha N, Lal B, Singh TP. Pesticide induced changes in
circulating thyroid hormones in the freshwater catfish
Clarias batrachus. Com Biochem Physiol C 100(1-
2):107–110 (1991).

51. Sinha N, Lal B, Singh TP. Effect of pesticides on
extrathyroidal conversion of T4 to T3 in the freshwater
catfish Clarias batrachus .  Mar Environ Res 35(1-
2):226–227 (1993).

52. Skaare JU, Bernhoft A, Wiig O, Norum KR, Haug E, Eide
DM, Derocher AE. Relationships between plasma levels
of organochlorines, retinol and thyroid hormones from
polar bears (Ursus maritimus) at Svalbard. J Toxicol
Environ Health 62:227–241 (2001).

53. Skaare JU, Bernhoft A, Derocher A, Gabrielsen GW,
Goksoyr A, Henriksen E, Larsen HJ, Lie E, Wiig O.
Organochlorines in top predators at Svalbard—occur-
rence, levels and effects. Toxicol Lett 112-113:103–109
(2000).

Endocrine Disruptors • Thyroid hormones, behavior, and contaminants in wildlife




