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There Is No Denying This:
Defusing the Confusion
about Atrazine
TYRONE B. HAYES
Recent studies from my laboratory, showing the chemical castration (demasculinization) and feminization of amphibians by low but ecologically
relevant concentrations of atrazine in the laboratory and in the wild, prompted a critical response from atrazine’s manufacturer, Syngenta Crop
Protection, and Syngenta-funded scientists. A careful analysis of the published data funded by Syngenta, and of several studies submitted to the US
Environmental Protection Agency (EPA) by the Syngenta-funded panel for data evaluation, indicates that the data presented in these studies are
not in disagreement with my laboratory’s peer-reviewed, published data. Further, the published and unpublished data presented to the EPA by the
Syngenta-funded panel (and touted in the popular press) suffer from contaminated laboratory controls; high mortality; inappropriate measurements of hormone levels in stressed, sexually immature animals during nonreproductive seasons; and contaminated reference sites. The confounding factors in the industry-funded studies severely limit any conclusions about the adverse effects of atrazine on amphibians and prevent
meaningful comparisons with my laboratory’s published data.
Keywords: atrazine, amphibian, endocrine disruptor, chemical castration, feminization

Y

ears have passed since DDT was banned in the
United States, but it is unclear how much policymakers and the public have learned from the case of this dangerous
pesticide. DDT was banned on the basis of even less scientific
evidence than currently exists for the negative impacts of
atrazine. Atrazine, an herbicide, is the top-selling product for
the largest chemical company in the world. Its primary consumer (the United States) boasts the largest economy in the
world, and it is used on corn, the largest crop in the United
States. One of the primary targets for atrazine is the weed common groundsel (Senecio vulgaris), the most widespread botanical in the world (Kadereit 1984). As a result of its frequent
use, atrazine is the most common contaminant of ground,
surface, and drinking water (Aspelin 1994), and its use
over the last 40 years has resulted in the evolution of more
herbicide-resistant weeds (> 60 species) than any other herbicide (Heap 1997, Gadamski et al. 2003). Given its status, it
is no surprise that the results of recent studies from my laboratory—showing that atrazine is an endocrine disruptor that
demasculinizes and feminizes male amphibians at low but ecologically relevant doses—sparked debate (Carr and Solomon
2003). Our work potentially linked two of the most debated
issues in conservation and environmental biology: the causes
of amphibian declines (Green 2003, Schmidt 2003, Storfer
2003) and the potential impact of endocrine disruptors in the
environment (Colborn 1994, Ankley et al. 1997, FennerCrisp 1997, MRC IEH 1999, Harvey and Johnson 2002). The
controversy emanated from members of the Ecorisk Atrazine
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Endocrine Ecological Risk Assessment Panel, a group funded
by the manufacturer of atrazine, Syngenta Crop Protection,
through the consulting company Ecorisk, Inc. Because I was
a former member of this panel, my laboratory’s work was the
main target of its criticism, but in fact we were not the first
to show the effects of atrazine on gonadal development in the
African clawed frog (Xenopus laevis) in the laboratory (TaveraMendoza et al. 2002), nor were we the first to show the effects
of atrazine on gonadal development in wild amphibians
(Reeder et al. 1998).
Of the many emerging problems in science, endocrine
disruption has generated some of the largest debates (Colborn
1994, Fenner-Crisp 1997). Endocrine disruption, defined as
interference with hormone synthesis, secretion, receptor
binding, activity, or degradation, was formerly recognized as
a concern in ecotoxicology by the US Environmental Protection Agency (EPA) with the creation of the Endocrine
Disruption Screening and Testing Advisory Committee in
1996, and a number of compounds have been shown to produce such effects. Pharmaceuticals such as ethynylestradiol,
used in birth control pills, can have feminizing effects on
wildlife (Desaulniers et al. 2003, Kirigaya et al. 2003, Naciff
Tyrone B. Hayes (e-mail: tyrone@socrates.berkeley.edu) works at the Laboratory for Integrative Studies in Amphibian Biology, Group in Endocrinology,
Museum of Vertebrate Zoology, and in the Department of Integrative Biology,
University of California, Berkeley, CA 94720. © 2004 American Institute of
Biological Sciences.

Forum
et al. 2003); chemicals used in the production of plastics,
such as bisphenol A, can be estrogenic (Gebhard et al. 1997,
Diel et al. 2004, Masutomi et al. 2004, Takagi et al. 2004,
Terasaki et al. 2004); and even natural compounds, such as the
plant phytoestrogens, are of concern in some cases (Cabanes
et al. 2004, Christensen and Lephart 2004, Takagi et al. 2004,
Vaya and Tamir 2004). In addition, a large number of pesticides may have endocrine-disrupting effects. Two well-known
cases are the antifouling agent tributyltin (TBT), which is responsible for the induction of intersex development in mollusks (specifically imposex, or the development of male and
female gonads in a single individual; Marshall and Rajkumar
2003, Reitsema et al. 2003, Stickle 2003, Horiguchi et al.
2004), and DDT, which (along with its metabolites) has a number of endocrine-disrupting effects, including estrogen receptor
agonism (Noriega and Hayes 2000, Leanos-Castaneda et al.
2002, Tollefsen et al. 2002), inhibition of prostaglandin synthesis (Lundholm and Bartonek 1991), and androgen receptor antagonism (Daxenberger 2002). DDT and TBT, however,
were regulated long before there was an EPA Endocrine Disruption Screening and Testing Advisory Committee, before
the term “endocrine disruption” was even in use, and before
the mechanisms or even the full effects of these pesticides on
nontarget organisms were recognized (in fact, the regulation of TBT occurred after only three peer-reviewed papers
on its effects, and all were field-based observations).
Unlike the case with DDT and TBT, scientists already know
a great deal about the endocrine-disrupting effects of atrazine.
When I was invited to join the (then Novartis-funded) Ecorisk
Atrazine Endocrine Ecological Risk Assessment Panel in
1997, and when I accepted funding to examine the effects of
atrazine on amphibians in 1998, it was already established that
atrazine exposure resulted in elevated estrogen (Eldridge et
al. 1994a, 1994b, Stevens et al. 1994, Wetzel et al. 1994) and
was associated with mammary tumors in rodents (Eldridge
et al. 1994b, Stevens et al. 1994, Tennant et al. 1994, Wetzel et
al. 1994). It was also well known that atrazine was associated
with decreased androgens, with inhibition of androgen action
(Kniewald et al. 1979, 1980, 1995, 2000, Babic-Gojmerac et al.
1989, Simic et al. 1991, 1994, Friedmann 2002a), and with decreased fertility (i.e., chemical castration in rodents; Simic et
al. 1994, Kniewald et al. 1995, Friedmann 2002a). Furthermore,
one panel member (John Giesy, professor at Michigan State
University and former graduate advisor of the current vice
president of Syngenta, Gary Dickson) coauthored two papers
showing that atrazine induced the production of aromatase
(the enzyme that converts androgens to estrogens) in a human cell line (figure 1; Sanderson et al. 2000, 2001). It was this
work, in fact, that warned, “Exposure to triazine herbicides,
which are produced and used in large quantities, and are
ubiquitous environmental contaminants, may similarly contribute to estrogen-mediated toxicities and inappropriate
sexual differentiation” (Sanderson et al. 2000, p. 126), and it
was this concern that prompted Syngenta and Ecorisk to
contract with my laboratory to examine the endocrinedisrupting effects of atrazine in amphibians.

Laboratory studies were initially conducted using X.
laevis to examine the effects of atrazine on metamorphosis,
laryngeal growth, and gonadal differentiation, end points
chosen to address the disruption of thyroid hormone, estrogen, and androgen function, respectively. Under the auspices
of the Ecorisk panel, and sponsored by Syngenta, my laboratory showed that male larvae exposed to at least 1 part per
billion (ppb) atrazine throughout development suffered from
impaired laryngeal growth. This demasculinization of the
larynx suggested that atrazine reduced androgens in (i.e.,
chemically castrated) exposed males, because laryngeal growth
is androgen dependent (Tobias et al. 1991, 1993, Robertson
et al. 1994). Although we took note of ambiguous gonads at
the time, the full effect of atrazine on the gonads was not realized immediately. These data were provided to our sponsor
as early as 1999, but were not reported to the EPA until 2000
(Parshley 2000), and to date remain unpublished in the open
literature.
Once my laboratory repeated this work independent of the
Ecorisk panel, it was subsequently published (Hayes et al.
2002a). We repeated our initial findings on the larynx in animals from two sources, and it was during these studies that
we discovered the effects of atrazine on the gonads: Atrazine
at levels of 0.1 ppb or higher produced gonadal deformities,
including multiple testes, nonpigmented ovaries (or what
appeared to be ovaries), and hermaphrodites (Hayes et al.
2002b). Although we did not present the frequencies of each
type of gonadal deformity (the data were reported as the frequency of total deformities), none of these morphologies
occured in unexposed animals (> 10,000 observations). Apparently these effects occurred only in males (i.e., the hermaphrodites were genetic males with ovaries and not genetic
females with testes). We also showed that males were in fact
chemically castrated when exposed to atrazine (Hayes et al.
2002a), and we have subsequently shown that this effect occurs at doses as low as 0.01 ppb in adult males. We and an independent laboratory in Japan showed that atrazine indeed
induced expression of the aromatase gene (CYP19), and this
gene is associated with gonadal malformations 100 percent
of the time (Miyahara et al. 2003). These data all support the

Figure 1. Proposed mechanism of action of atrazine
effects in amphibians. Atrazine induction of aromatase
has been verified in all vertebrate classes examined.
Animals are chemically castrated (demasculinized) as
a result of the loss of testosterone (aromatase substrate)
and feminized as a result of the inappropriate synthesis
of estrogens in males.
December 2004 / Vol. 54 No. 12 • BioScience 1139
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Figure 2. Gonads from a male leopard frog (Rana pipiens)
exposed to 0.1 parts per billion of atrazine in the laboratory. The animal is clearly male (testes are evident), but
vitellogenic oocytes are observed protruding through the
posterior surface of the testes. Yellow color is the result of
fixation in Bouin’s solution. Source: Hayes et al. 2000b.

hypothesis that atrazine’s assault on male sexual development is due to the induction of aromatase, consistent with
findings in mammals gathered primarily by industry and
industry-funded scientists (Eldridge et al. 1994a, 1994b,
Stevens et al. 1994, Tennant et al. 1994, Wetzel et al. 1994,
Trentacoste et al. 2001), although I acknowledge that atrazine
acts as an endocrine disruptor through many other welldocumented mechanisms (Babic-Gojmerac et al. 1989, Simic
et al. 1991, Cooper et al. 1999, 2000, Cummings et al. 2000,
Kniewald et al. 2000, Narotsky et al. 2001, Trentacoste et al.
2001, Bisson and Hontela 2002, Friedmann 2002b).
Studies in male leopard frogs (Rana pipiens), as in X.
laevis, showed that ecologically relevant doses of atrazine
(≥ 0.1 ppb) produced gonadal abnormalities. Atrazine exposure resulted in testicular oocytes in R. pipiens. This effect
occurred at a maximum frequency of 29 percent in males exposed to 0.1 ppb, and in some cases oocytes were vitellogenic
(figure 2), consistent with findings that atrazine-exposed
males produce vitellogenin (McCoy et al. 2002, Miyahara et
al. 2003). Using this end point, we examined R. pipiens across
the United States in a transect that extended from Utah to the
1140 BioScience • December 2004 / Vol. 54 No. 12

Iowa–Illinois border. Animals were selected from a variety of
habitats, including golf courses, wildlife management areas,
rivers, and agricultural runoff from cornfields, among others. Atrazine levels were measured by three independent laboratories, and sites where atrazine levels were less than 0.1 ppb
(the threshold concentration) were designated reference sites,
whereas all sites with levels of 0.1 ppb or more were considered exposed. Water samples for analysis were taken at the
same time that newly metamorphosed frogs (100 from each
site) were collected. At the time the water samples were taken
(late July–early August), atrazine levels were low, so measurements of contamination were actually underestimates.
Males with testicular oocytes, identical to the morphology produced by atrazine exposure in the laboratory, were found at
every site where atrazine contamination was detected. Although other contaminants (or stressors) may have been
present at the sites, we concluded that the close association between atrazine contamination and hermaphroditism in the
wild, in combination with support from controlled laboratory studies, suggested a cause–effect relationship between
atrazine exposure and gonadal abnormalities. This conclusion
was supported by the previously reported association between testicular oocytes and atrazine contamination (P =
0.07) in the northern cricket frog (Acris crepitans). Furthermore, because similar effects or associations were observed
in three frog species from different genera (and different
families: Pipidae, Ranidae, and Hylidae), we concluded that
this effect of atrazine could be generalized to anurans and not
restricted to a single (or a few related) species.
Ecorisk conducted several studies on amphibians after I left
the panel in November 2000. Although the results of these
studies had not yet been published in the peer-reviewed literature, Alan Hosmer, manager of ecological sciences at Syngenta, reported in 2003 that Syngenta had “recently provided
the EPA with numerous new scientific studies that will assist
in understanding the uncertainties surrounding the possible
risks of atrazine to amphibians and other wildlife species”
(Hosmer 2003). Several studies conducted by the panel
(Hecker et al. 2003a, 2003b, Sepulveda and Gross 2003, Smith
et al. 2003a, 2003b) became available in the public record following submission to the EPA (Steeger et al. 2003a, 2003b,
2003c, 2003d, 2003e) and presumably represent the sum of
studies referenced in press releases and by Carr and Solomon
(2003). I will review the Ecorisk studies here, along with the
only peer-reviewed publication (Carr et al. 2003) at the time
of Hosmer’s announcement.
At least two laboratory studies on X. laevis were conducted
by the Ecorisk panel, one at Texas Tech University (under the
direction of James Carr) and one at Michigan State University (under Giesy’s direction). Like the studies performed by
my laboratory, the study by Carr and colleagues (2003)
showed that atrazine exposure resulted in gonadal abnormalities. Hermaphrodites and males with multiple testes
were produced in their study, with morphologies identical to
morphologies published in our earlier study (figure 3; Hayes
et al. 2002a, Carr et al. 2003). Although the authors did not
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Figure 3. (a) Mixed hermaphrodite produced by atrazine
exposure (0.1 parts per billion) in a study by Hayes and
colleagues (2002a) compared with (b) similar gonadal
abnormalities produced in atrazine-exposed animals in
a study by Carr and colleagues (2003). Both photographs
show animals with three testes and multiple ovaries.
Abbreviations: K, kidney; O, ovary; T, testis.
report the incidence of nonpigmented ovaries, they reported
hermaphrodites and animals with single-sex polygonadism
(described as “discontinuous gonads”) at frequencies similar
to or higher than the incidences that we observed. This observation is true regardless of whether true doses (micrograms
[µg] atrazine per tadpole) or atrazine concentrations (µg
per liter [L]) are compared (figure 4). Further, Carr and colleagues (2003) showed that the effect of atrazine on the
gonads was very robust, with P values of 0.0003 and 0.0042
for single-sex polygonadism (discontinuous gonads) and
hermaphroditism, respectively. In addition, in the initial report the authors described a host of other highly significant
adverse effects of atrazine, including abnormal swimming (P
= 0.004), edema (P = 0.02), inhibition of foreleg emergence
(P = 0.03), inhibition of tail reabsorption (P = 0.04), and
changes in laryngeal size (P = 0.03). In the second laboratory
study on X. laevis, at Michigan State University (Hecker et al.
2003b), no significant effects of atrazine were reported, and
it was suggested that hermaphroditism could occur in X.
laevis in the absence of atrazine (e.g., in controls). The same
laboratory examined the effects of atrazine exposure on
testosterone levels. They reported that their findings did not
support our previous report that atrazine chemically castrated exposed X. laevis, and aromatase expression was not
detected.
In a field-based study in South Africa (DuPreez 2003),
the Ecorisk panel suggested that hermaphroditism was not due
to atrazine and was a natural phenomenon. In this study, they
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Figure 4. Frequency of animals with single-sex polygonadism (SSP; previously described as multiple, lobed,
or broken testes) and hermaphroditism produced by
atrazine exposure in the study by Hayes and colleagues
(2002a) compared with the frequency observed by Carr
and colleagues (2003). Data are shown for both the dose
(micrograms [µg] atrazine per tadpole, top panel) and
the concentration (µg atrazine per liter, bottom panel).
Arrows indicate data from Carr and colleagues (2003).
examined X. laevis of various ages collected from six ponds.
Three of the ponds were in corn-growing regions, and three
were in non-corn-growing regions. Because hermaphroditic
X. laevis were collected at all six ponds, the authors concluded that atrazine could not be the cause. The Ecorisk
panel also examined the effects of atrazine in green frogs
(Rana clamitans) in the laboratory, for comparison with my
laboratory’s work on R. pipiens. Their study concluded that
atrazine showed no effects on mortality, metamorphosis, or
sex differentiation, again reportedly refuting our findings in
R. pipiens.
It was presumably the results of these studies that prompted
the industry-funded panel’s response to our published work.
Although the results were not yet peer-reviewed or even submitted to the EPA at the time, the Syngenta press release
quoted James Carr as saying, “We have been unable to reproduce the low-concentration effects of atrazine on amphibians reported elsewhere in the scientific literature”
(Kendall et al. 2002). The statement attributed to Carr is
particularly puzzling, because once the data were published,
Carr’s results actually supported our findings (Carr et al.
2003). Despite the significance of their findings on the gonads,
December 2004 / Vol. 54 No. 12 • BioScience 1141
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Figure 5. Atrazine levels in control and atrazine-treated
replicates in the Xenopus laevis study funded by Syngenta Crop Protection and conducted under the supervision of John Giesy at Michigan State University (Smith
et al. 2003a, Hecker et al. 2004). Dashed line shows 0.1
part per billion, the threshold dose for the induction of
hermaphroditism by atrazine. Note that the control
groups are contaminated with atrazine in excess of
twofold above threshold. By contrast, in the studies performed by my laboratory, atrazine was never detected in
controls, and actual atrazine concentrations in treatment
groups were always within 10 percent of the nominal
doses (Hayes et al. 2002a, 2002b, 2002c).
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Figure 6. Plasma testosterone levels for male and female
control animals and for atrazine-exposed adult males,
as reported by Hayes and colleagues (2002a) (shown in
black), compared with the levels reported by Hecker and
colleagues (2003b) (hatched bars). Note that none of
the hormone levels in control, atrazine-treated, or even
androgen-treated animals measured by Hecker and
colleagues (2003b) differed from those reported by Hayes
and colleagues (2002a) in atrazine-treated males or
normal females. Abbreviation: DHT, dihydrotestosterone.
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with reported probabilities exceeding 99 percent that the
effects were due to atrazine exposure, and with several other
adverse effects supported with P values less than 0.05, the
authors referred to many of these highly significant effects as
“weak trends” and reported that our work was not repeatable.
There were many problems associated with the husbandry
in Carr and colleagues’s study (2003). As many as 60 percent
of the animals did not metamorphose in some treatments, and
surviving animals suffered from retarded growth (animals that
metamorphosed later were smaller than animals that metamorphosed earlier, the reverse of what is expected). Further,
the authors incorrectly compared the doses (µg atrazine per
tadpole) in their study with the doses used in my laboratory’s
study. The concentrations were similar, but during critical developmental stages, the doses were 1/8 the doses used in our
study, because the tadpoles were overcrowded—60–65 tadpoles per 2 L (30.0–32.5 tadpoles per L) compared with 30 tadpoles per 4 L (7.5 tadpoles per L) in our studies—and because
only half of the atrazine was renewed during water changes.
The other studies conducted by the Syngenta-funded panel
were reviewed but remained unpublished. Their data and
interpretations are available through the EPA, however (Hecker
et al. 2003a, Sepulveda and Gross 2003, Smith et al. 2003a,
2003b, Steeger et al. 2003a, 2003b, 2003c, 2003d). In its evaluation of the Michigan State University study, the EPA noted
that “the negative controls were contaminated with atrazine
at levels comparable to those in the 0.1 µg/L atrazine treatment” (Steeger et al. 2003e). In fact, at times the atrazine
levels in the control groups exceeded the threshold dose more
than fourfold (figure 5; Hecker et al. 2003b, Giesy et al. 2004).
Thus, the claims that hermaphrodites developed in control
groups, independent of atrazine, are unsubstantiated. Because the authors changed only half of the rearing medium
every three days, each detection of atrazine at 0.4 ppb would
mean that animals were exposed to atrazine at levels of 0.1 ppb
or higher for nine days. In our studies, atrazine (measured independently by PTRL West, the same company contracted by
Syngenta) was never detected in controls, and actual atrazine
concentrations were always within 10 percent of the nominal doses (Hayes et al. 2002a, 2002b, 2002c).
It is not clear why the controls were contaminated with
atrazine in the Michigan State University study. The water
source at Michigan State may be contaminated, the researchers
may not have taken care to avoid cross-contamination during the experiment, or the aeration and volatilization of
atrazine may have resulted in contamination of control tanks
that were uncovered and maintained adjacent to similarly uncovered experimental tanks. In addition, because the tanks
were uncovered, “animals may have hopped between treatments,” according to EPA evaluations (Steeger et al. 2003e),
and in some cases leaped completely out of the experiment.
Thus, there were many flaws associated with this study. As the
EPA evaluation pointed out, “a combination of tank effects,
contaminated controls, high variability and an apparent lack
of responsiveness to estradiol made it difficult for the study
authors to test their hypothesis and to differentiate treat-

Forum
cent). Thus, the sample size in this study and the apparent poor
condition of the few surviving animals, along with the
atrazine-contaminated controls, greatly limit any conclusions regarding sex ratios or effects on gonadal development
(or on mortality, for that matter).
Similar problems are apparent in the field study conducted
on X. laevis by the panel (Du Preez 2003). As mentioned
above, the Syngenta-funded panel reported hermaphrodites
from both corn-growing and non-corn-growing regions in
South Africa, and concluded that atrazine could not be involved in inducing hermaphroditism. First, this study suffered
from the problem that the authors examined animals of multiple ages and could not possibly know that the animals examined developed in the ponds where triazines were
measured. The authors are incorrect in their assumption
that, as aquatic frogs, X. laevis do not move between ponds.
Xenopus not only regularly move across land (during rains)
but often breed in temporary bodies of water, such as flooded
corn fields (personal observation). Even in the Syngentafunded study (Du Preez 2003), one of the study ponds was
decimated when catfish moved into it and preyed on the
frogs. Thus, the authors’ claims rely on the unlikely assumption that fish (which are truly aquatic and have no lungs or
legs) are capable of moving between ponds, but frogs (which
have lungs and legs) are not.

90

Percent mortality

ment effects” (Steeger et al. 2003e), let alone draw the conclusion that atrazine had no effect in the species.
Similarly, this same laboratory’s report that they were unable to reproduce my laboratory’s findings that testosterone
levels were decreased in atrazine-exposed male X. laevis
(Hecker et al. 2003b) is questionable. Testosterone levels in
atrazine-exposed animals in the Michigan State study were
comparable to the levels in animals castrated by atrazine in
our initial study (figure 6; Hecker et al. 2003b). The conclusion that atrazine had no effect, however, was based on similar testosterone levels in the atrazine-treated males and the
controls. Thus, the study did not show that atrazine-treated
animals had normal testosterone levels; rather, none of the
treatment groups (including controls) had normal levels
(figure 6). Even adding androgen (dihydrotestosterone, DHT)
to the treatment water did not raise androgen levels above
normal. A careful analysis of this study reveals that androgen
levels were measured in juvenile animals from blood samples
taken in the daytime (X. laevis, like most frog species, are nocturnal). Furthermore, animals were sampled in the winter
(they are active in spring and summer), were stressed by
subjection to anesthesia for at least two hours before sampling,
and were maintained in the laboratory with the atrazinecontaminated water. Thus, again, the poor design, contamination, and lack of care in this study render the claims of
“no effect” highly questionable.
The study conducted at Michigan State that claimed
atrazine had no effect on sex differentiation or mortality in
R. clamitans (Hecker et al. 2003a) is also highly suspect. As in
other studies from this laboratory, the control water contained atrazine in excess of the 0.1-ppb threshold for effects.
More important problems occurred in this study, however,
which limit its usefulness: Up to 86 percent of the animals died
in some treatments (80 percent even in controls) because of
inadequate husbandry practices (figure 7; Hayes et al. 2002a,
2002b, 2002c). In my laboratory, mortality is usually less
than 10 percent, and anything greater than 15 percent would
result in cancellation of the study (Hayes et al. 2002a, 2002b,
2002c). Given that as few as 14 percent of the test animals in
the Michigan State University study survived, it is not possible that the authors could evaluate the effects of atrazine on
the gonads or sex ratio. Even more disconcerting, the authors
claimed that atrazine had no effect on mortality. It is difficult
to understand how the authors could ascertain the impact of
atrazine on mortality when, on average, 76.5 percent of the
test animals (including controls) died as a result of poor
husbandry (EPA standards require that 70 to 90 percent survive). The most basic measure of toxicity is the median lethal
dose (LD50), the dose at which 50 percent of the test animals
die as a result of exposure to the compound. It is not possible to estimate LD50 when 80 percent of the unexposed controls have suffered mortality. Therefore, it is inappropriate to
estimate developmental effects, such as the induction of hermaphroditism, especially when the frequency of the survival
(14 percent in some cases) was only about half the frequency
at which gonadal abnormalities are expected to occur (29 per-

45

0

0

16

28

Atrazine (ppb)

Figure 7. Mortality in control and atrazine-treated green
frogs (Rana clamitans) in a study performed at Michigan
State University and funded by Syngenta Crop Protection
(Hecker et al. 2003a, Coady et al. 2004). Nominal doses of
atrazine were 10 and 25 parts per billion (ppb). Actual
atrazine concentrations were reported as up to 16 and 28
ppb for the 10- and 25-ppb dose, respectively (depending
on which reported measurements the authors used), and
up to 0.3 ppb in the controls. Note that mortality averaged 76.5 percent across all treatments. In my laboratory,
mortality is usually less than 10 percent, and anything
greater than 15 percent would result in cancellation of
the study (Hayes et al. 2002a, 2002b, 2002c).
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Figure 8. Range of triazine levels in non-corn-growing
and corn-growing regions in South Africa, as measured
in a study funded by Syngenta Crop Protection (Hecker
2003, Smith et al. 2003a, Hecker et al. 2004). Dashed line
indicates the atrazine threshold dose (0.1 parts per billion
[ppb]). Note that total triazines exceeded the threshold
dose 100-fold, even in non-corn-growing regions. Atrazine
levels alone were at least four times above the threshold.
(Note that these levels were probably underestimates, as
emphasized by the authors.) As a result, the study lacked a
meaningful control. By contrast, in the study performed
by my laboratory, a single site had atrazine levels below
0.1 ppb (nondetectable), and this site was the only site
that lacked animals with gonadal abnormalities (Hayes
et al. 2002b, 2002c).

More important, the authors report that triazines were
measured at both sites at levels above the threshold for producing hermaphrodites, and, as pointed out in the EPA evaluation, “reference sites all contained measurable residues of
atrazine (and other triazines) that were, in some cases, higher
than sites considered representative of atrazine exposure”
(Steeger et al. 2003b). In fact, total triazines exceeded the
threshold at least 100-fold (up to 150-fold), and even atrazine
alone exceeded the threshold fourfold in the reference sites
(Hecker 2003, Smith et al. 2003a, Hecker et al. 2004; figure 8).
Furthermore, the authors pointed out that “frogs living in these
dams [ponds] were undoubtedly exposed to much higher
atrazine and other triazine levels than had been recorded
during the present study” (Smith et al. 2003b, Steeger et al.
2003c). Thus, the study’s conclusions that atrazine (and triazines in general) can be ruled out as causes of hermaphroditism are misleading. As in the laboratory studies from the
same group, there were no true controls. As the EPA’s evaluation states, “Given that atrazine and/or its degradates were
present in reference ponds at levels at times equivalent to experimental pond sites and the authors concede that atrazine
exposure prior to winter floods was likely higher at all sites,
it is unclear how the study can differentiate atrazine effects on
1144 BioScience • December 2004 / Vol. 54 No. 12

frogs at reference and experimental sites” (Steeger et al. 2003b,
p. 6). No conclusions regarding the effects of atrazine can be
drawn from the South Africa study, because its reference sites
contained triazine levels that overlapped (and exceeded) the
levels in the experimental groups.
In summary, seven studies have been published to date that
show effects of atrazine on amphibian sexual development.
Although conducted under different experimental conditions, these studies support the conclusion that atrazine is a
potent endocrine disruptor that both chemically castrates
and feminizes male amphibians. The confusion generated by
Syngenta’s press releases and statements to the popular press
has not been substantiated by peer-reviewed science. Furthermore, as described here, the studies made available to the
EPA (Steeger et al. 2003a, 2003b, 2003c, 2003d, 2003e) and recent publications (Coady et al. 2004, Hecker et al. 2004) have
not supported Syngenta’s claims. Unfortunately, financial incentives and industry involvement in the research on this issue have generated confusion in the scientific community and
the public sector, making it more difficult to understand the
science involved.
The influence of industry can be demonstrated most
clearly, and perhaps most objectively, by examining the path
associated with negative findings. To this end, I examined 16
experiments that tested the effects of atrazine on gonadal
development in anurans (table 1). The studies represented reports from peer-reviewed publications, reports to the EPA, and
presentations at professional conferences or symposia (published abstracts); they included 10 laboratory studies and 6
field studies, with 7 studies supported by Syngenta and 9
funded by independent sources. They included studies from
six independent laboratories from three countries and studies on five species (four anuran families). I grouped these reports into negative studies (reporting no effects) and positive
studies (reporting effects on the gonads of exposed amphibians). In assigning these criteria, I did not critique the authors’
statistics or interpretation, but accepted the narrative conclusion from their analyses.
I considered five potential factors that may contribute to
positive or negative findings: (1) species, (2) study type, (3)
study design, (4) principal authors, and (5) financial sponsorship. First, I asked whether the effect was restricted to certain species (i.e., whether studies with negative findings
focused on species that do not respond to atrazine). Second,
I considered study type, asking whether the effect was
potentially a laboratory artifact or was restricted to field observations. When considering the third factor, study design,
I did not examine experimental conditions in detail, but simply asked whether authors examined the gonads of atrazinetreated animals for comparison with animals that were
unexposed to atrazine. If more than 50 percent of the test
animals and controls died, or if control animals were exposed to atrazine equal to or in excess of the levels to which
experimental animals were exposed, the design was considered inappropriate. I believed these were the minimum
acceptable criteria for study design: The animals must live in
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Table 1. Studies examining the effects of atrazine on the gonads of amphibians.
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Note: Studies that reported more than one type of experiment (laboratory and field studies) are listed more than once. For experiments whose results were reported in more than one publication, each
publication is listed separately.
a. Authors are listed only if their names appear on more than one of the publications listed in this table.
b. Field studies were not distinguished from mesocosm studies in which environments were manipulated.
c. Study design was deemed inappropriate if more than 50 percent of the animals died, or if control groups had atrazine levels equal to or greater than those of the experimental groups and above the
threshold for effects.
d. Conclusions on whether atrazine affected the gonads (yes or no) were determined by the authors of each study. No evaluation of statistics or interpretation was conducted. One study (Sepulveda and
Gross 2003) reported both positive and negative effects (Yes/No) in separate reports (McCoy et al. 2002, Gross et al. 2003), apparently with the same data.
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order for the gonads to be examined, and, as Fox (1991)
wrote regarding criteria for evaluating the strength of associations in cause-and-effect analyses, the strength of the
association depends on “the ratio on one side of the incidence
of a disorder in the population exposed to the suspect causal
factor, and on the other side, the incidence of the disorder in
a comparable population not exposed to the suspect factor”
(p. 367; emphasis added). Fourth, I considered the principal
authors: Were the studies conducted by truly independent laboratories? Finally, I considered the question of financial sponsorship, that is, whether positive or negative outcomes were
associated with particular financial sponsors.
I conducted a Fisher’s exact test of independence to determine which of the five factors were true predictors (nonindependent) of the outcome (“no effect” or “effect”) on the
gonads. This path analysis was very revealing. Neither the
species (P > 0.05) nor the study type (whether the study
was laboratory-or field-based; P > 0.05) had any effect on the
outcome of the studies. Positive effects were identified in
four species (from four different families), both negative
and positive effects were produced in at least one species (X.
laevis), and negative and positive effects were found in both
field and laboratory studies. By contrast, financial sponsorship was a very strong predictor (P < 0.001): Funding sources
varied for positive studies (including funding from governmental agencies from three countries—the United States,
Canada, and Japan—and from multiple private companies,
foundations, and agencies), whereas 100 percent of the
negative studies were funded by Syngenta. Authorship (P
< 0.001), and study design (P < 0.001) were also very important. Most revealing, the single negative study that did not
suffer from high mortality or contaminated controls was
conducted by my laboratory under the auspices of the Ecorisk
panel and funded by Syngenta. The findings of this study were
“reinterpreted” by Syngenta (Hayes et al. 2002a): Effects were
reported as “alleged” and the report claimed that “no convincing evidence” was produced by the study (Parshley 2000)
even though the data were similar to data later published
by my laboratory (Hayes et al. 2002a). Even with this study,
authorship and study design are very significant (P < 0.001).
Five laboratories showed positive effects of atrazine on amphibian gonads, whereas studies with negative findings involved identical investigators (Ecorisk panel members Carr,
Giesy, Ronald Kendall, Ernest Smith, Keith Solomon, and Glen
Van Der Kraak) 100 percent of the time. In addition, all of the
remaining negative studies suffered from high mortality,
contaminated controls, or both, whereas none of the positive
studies reported such problems in their design. In fact, these
independent variables were highly correlated: All of the negative studies represented Syngenta-funded studies conducted
by Ecorisk, and all except one had high mortality or contaminated controls (P < 0.001; Fisher’s exact test of independence; figure 9).
Even more revealing, in a study in Bufo marinus in Florida,
McCoy and colleagues (2002) reported that males in areas
where atrazine was used displayed coloration typical of

Forum
Syngenta
Ecorisk

No effect

Study design

Figure 9. Path analysis showing the dependence of a negative outcome of studies of atrazine effects on amphibians
(“no effect”) on three predictors: sponsorship, authorship,
and study design. Numbers indicate P values as determined by Fisher’s exact test of independence. The three
predictors were also not independent and were highly
correlated, as indicated. The other two potential predictors, species and type of study (laboratory versus field),
were not statistically significant (P > 0.05).

females and had high plasma vitellogenin levels. They also
noted gonadal abnormalities, including developing (and even
vitellogenic) oocytes in the Bidder’s organ, and variable
plasma estrogen in males (McCoy et al. 2002). In 2003, senior
author Timothy Gross (a US Geological Survey employee) was
quoted as saying that this study “lends credence to University
of Berkeley endocrinologist Tyrone Hayes’s hypothesis that
atrazine is affecting sexual development of amphibians”
(Renner 2002). According to Rebecca Renner’s (2002) report, Gross “added that the findings are consistent with the
previous work of both Hayes and Texas Tech experimental toxicologist James Carr, [and] ‘Carr finds an effect at atrazine concentrations that are similar to what we see in the field and to
what we think the toads are exposed.’” By 2004, now joined
by coauthors from the Ecorisk panel (Carr, Giesy, Kendall,
Smith, and Van Der Kraak, but with McCoy absent) and
with funding from Syngenta, this same investigator (and apparently with the same data) reported that atrazine had no
consistent effects on sex differentiation in this species (Gross
et al. 2003).
In addition to the relationships revealed in this path analysis, the influence of the sponsor (Syngenta) and confusion generated by the Ecorisk panel are apparent even in the conflicting
statements issued by one of the Ecorisk panel’s own members.
In 2000, Carr stated in a public press release, “We have been
unable to reproduce the low-concentration effects of atrazine
on amphibians reported elsewhere in the scientific literature.” However, in 2004, Carr reported,“I don’t think it [Carr’s
data] contradicts Hayes” (Blumenstyk 2003, p. A28). In the
same interview, according to the Chronicle of Higher Education, Carr indicated that his “research speaks for itself, and that
he is not responsible for how Syngenta chooses to characterize
it” (Blumenstyk 2003). Further, the Syngenta-funded Ecorisk
panel presented five studies at the atrazine symposium at the
annual meeting of the Society for Environmental Toxicology
and Chemistry in 2004, claiming to refute the findings that
atrazine interferes with sex differentiation in frogs (Du Preez
2003, Gross et al. 2003, Hecker 2003, Murphy 2003, Smith

2003). Their conclusions did not reflect the sentiments expressed by Carr (a coauthor on these studies) in publicly
available EPA documents regarding the sum of the work by
the Syngenta-funded Ecorisk panel: “The important issue is
for everyone involved to come to grips with (and stop minimizing) the fact that independent laboratories have demonstrated an effect of atrazine on gonadal differentiation in
frogs. There is no denying this” (Carr 2003, p. A7).
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