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Abstract—Environmental contaminants and emerging infectious diseases are implicated as factors contributing to global amphibian
declines. However, few studies have tested the interaction of these factors. We exposed six-week-old, larval long-toed salamanders
(Ambystoma macrodactylum) to Ambystoma tigrinum virus (ATV; 0 or 103.5 plaque-forming units/ml) and sublethal concentrations
of atrazine (0, 1.84, 18.4, and 184 �g/L) in a 4 � 2 factorial design for 30 d. We tested the effects of atrazine and virus on mass
and snout-vent length (SVL) at metamorphosis and larval period as well as on rates of mortality and viral infectivity. We confirmed
ATV transmission to A. macrodactylum via polymerase chain reaction, but infection rates were lower than expected, consistent
with the theory predicting lower pathogen transmission to nonnative hosts. Larvae exposed to both atrazine and ATV had lower
levels of mortality and ATV infectivity compared to larvae exposed to virus alone, suggesting atrazine may compromise virus
efficacy. The highest atrazine level (184 �g/L) accelerated metamorphosis and reduced mass and SVL at metamorphosis significantly
relative to controls. Exposure to ATV also significantly reduced SVL at metamorphosis. The present study suggests moderate
concentrations of atrazine may ameliorate effects of ATV on long-toed salamanders, whereas higher concentrations initiate meta-
morphosis at a smaller size, with potential negative consequences to fitness.
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INTRODUCTION

Amphibian populations are declining worldwide, with 48%
of rapidly declining species being threatened by processes oth-
er than habitat destruction [1]. Emerging infectious diseases
and environmental pollution are two of the leading hypotheses
for these enigmatic declines [1,2]. Two emerging pathogens
implicated in global amphibian epizootics are iridoviruses in
the genus Ranavirus and a chytrid fungus (Batrachochytrium
dendrobatidis) [1–3]. Although it is widely agreed that am-
phibian declines are not caused by a single factor [1,2], only
recently have researchers begun to examine contaminant con-
tribution to disease emergence in amphibians.

Environmental factors, such as agricultural contaminants,
may play a role in disease emergence by suppressing the im-
mune system [3,4]. For example, environmentally relevant
mixtures of agricultural contaminants have been shown to in-
crease susceptibility to infections in anurans by altering lym-
phocyte proliferation, spleen cellularity, and phagocytic activ-
ity of spleenocytes [4]. In addition, empirical studies have
shown that pesticides can increase an amphibian’s suscepti-
bility to parasitic or bacterial infections. Trematode loads were
higher, and limb deformities occurred more frequently, in wood
frogs (Rana sylvatica) exposed to atrazine and malathion com-
pared to those exposed to contaminant-free water [5]. Twice
the number of adult lungworms (Rhabdias ranae) was found
in the lungs of leopard frogs (Rana pipiens) exposed to a
mixture of common pesticides compared to those exposed to
lungworm alone [6]. When exposed to sublethal levels of mal-
athion, Woodhouse’s toads (Bufo woodhousii) were more sus-
ceptible to the bacterium Aeromonas hydrophila (the cause of
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red-leg disease) compared to control animals [7]. These studies
suggest that contaminants could have suppressive effects on
the amphibian immune system, thereby increasing suscepti-
bility to parasites and pathogens.

Ambystoma tigrinum virus (ATV) is an emerging iridovirus
responsible for epizootics in tiger salamanders (A. tigrinum)
throughout western North America. The virus was first isolated
from San Rafael Valley, Arizona, USA, and ranges in distri-
bution along the western cordillera into Saskatchewan and
Manitoba, Canada [8–10]. The virus appears to have coevolved
with its tiger salamander host [11], but it probably has been
introduced to parts of the western United States through the
use of barred tiger salamanders (A. t. mavortium) as fishing
bait [9].

Ambystoma tigrinum virus is a monophyletic member of
the genus Ranavirus [9]; ranaviruses are globally distributed
pathogens of fish, amphibians, and reptiles and are associated
with amphibian declines in the United Kingdom [12,13]. Phy-
logenetic data suggest that ATV may have originated from a
host switch from game fish, such as largemouth bass, to tiger
salamanders [9]. Therefore, a major concern is whether ATV
will switch hosts again, infecting other amphibian species sym-
patric with A. tigrinum or species in areas where bait tiger
salamanders have been introduced. In the Pacific Northwest,
the long-toed salamander (Ambystoma macrodactylum) is
sympatric with tiger salamanders at many sites. To our knowl-
edge, ATV has not yet been confirmed in this region, but an
iridovirus has been isolated from bullfrogs (Rana catesbeiana)
in Washington (J. Evermann, Washington State University,
Pullman, WA, USA, personal communication). Bullfrogs are
both nonnative and invasive in Washington, and they have
been expanding their geographic range. If ATV or another
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iridovirus is introduced by tiger salamanders or bullfrogs, it
could potentially spread to A. macrodactylum.

Agricultural contaminants are a concern with emerging dis-
eases, because they can facilitate disease emergence in new
areas once the virus is spread or increase the severity of epi-
zootics where the virus currently exists. Atrazine (2-chloro-4-
ethylamino-6-isopropyl-amino-S-triazine) is one of the most
widely used herbicides in the United States, with the greatest
quantity being administered to corn crops during the spring
months [14]. This period coincides with critical amphibian
larval developmental stages [15]. Concentrations of atrazine
in rivers can reach (but rarely exceed) 20 �g/L between April
and August [14]; however, concentrations of 200 �g/L and
greater occasionally have been detected [16]. Populations of
salamanders in ponds and small streams adjacent to agricul-
tural land are more likely to experience high concentrations
from agricultural runoff [14], leaving ambystomatid salaman-
ders particularly vulnerable, because they often breed in ar-
tificial wetlands, such as irrigation canals, farm ponds, and
cattle tanks [17].

Atrazine has an acute toxicity of greater than 10,000 �g/L
in fishes, has a short half-life (3–90 d in water, depending on
water salinity), and does not bioaccumulate significantly [14].
However, it is an endocrine disruptor, which can cause femi-
nization of male leopard frogs at concentrations as low as 0.1
�g/L [18]. Atrazine also has been shown to suppress prolactin
and thyroid hormones [19], which are important hormones for
immunomodulation. In amphibians, thyroid hormones, aided
by corticosterone, also regulate amphibian metamorphosis
[20–22]. Therefore, atrazine could play a role in disease emer-
gence by suppressing amphibian immune systems or affecting
normal growth rates.

The present study had three main objectives for better un-
derstanding the effects of ATV, atrazine, and possible inter-
actions between the two. First, we tested whether A. macro-
dactylum is susceptible to ATV. If susceptible, we predicted
that mortality from ATV should be reduced relative to A. ti-
grinum. This prediction is based on the theory that pathogens
are locally adapted to their hosts because of shorter generation
times and higher mutation rates [23]. Therefore, pathogen
transmission should be attenuated in novel host species [23].
Second, we tested whether atrazine would alter A. macrodac-
tylum life-history traits, including snout-vent length (SVL) and
mass at metamorphosis and larval period. Third, we tested
whether atrazine and ATV interact synergistically to affect
mortality, viral infectivity, or life-history traits.

MATERIALS AND METHODS

Animal care

Approximately 200 eggs of A. macrodactylum were col-
lected randomly at a high-altitude pond near St. Paul peak in
the Cabinet Mountain Wilderness Area (Lincoln County, MT,
USA; elevation, 1,436 m). Larvae were raised individually in
round, polyethylene containers (12.7 � 7.62 cm) containing
500 ml of artesian spring water aerated for a minimum of 24
h before water changes and treated with Reptisafe� (Zoo Med
Laboratories, San Luis Obispo, CA, USA). Water was changed
weekly before atrazine and ATV introduction. Larvae were fed
0.015 g of brine shrimp three times a week for six weeks. The
larvae were then fed blackworms twice a week ad libitum
beginning at six weeks of age (i.e., a few days before treatment
exposure) and throughout the duration of the experiment. Lar-
vae were reared on a 15:9-h light:dark cycle to mimic natural

conditions, and room temperature was maintained at 20 � 1�C
through the duration of the experiment.

Atrazine solutions

We dissolved 1.1561 g of 86.5% pure commercially avail-
able atrazine 90DF (Syngenta Crop Protection, Greensboro,
NC, USA) in 1 L of artesian spring water. The solution was
mixed thoroughly until all granules dissolved. One milliliter
of this solution was added to 999 ml of artesian spring water
to make a stock solution of 1 mg/L of atrazine. The stock was
then diluted into four environmentally relevant treatment con-
centrations: 0, 2, 20, and 200 �g/L [14,16]. The actual con-
centration of stock atrazine was 0.92 mg/L, as confirmed by
liquid chromatography–mass spectrometry (University of Ida-
ho Analytical Science Laboratory, Moscow, ID, USA). Thus,
actual treatment concentrations of atrazine were 0, 1.84, 18.4,
and 184 �g/L, respectively. A new stock solution was made
up every 3 d immediately before each water change.

Experimental design

We used a complete 4 � 2 factorial design, with individ-
ually housed larvae assigned to one of four concentrations of
atrazine (0, 1.84, 18.4, or 184 �g/L) and either none or 103.5

plaque-forming units (PFU)/ml of ATV, which is the approx-
imate dose necessary to result in 50% mortality (LD50) of
tiger salamander larvae as determined by multiple experiments
[11] (D. Schock, Arizona State University, Tempe, AZ, USA,
unpublished data; A. Storfer, unpublished data). Larvae were
randomly assigned to eight treatment groups (20 larvae/treat-
ment, for a total of 160 individuals). Water was changed every
3 d to prevent degradation of atrazine, which has a minimum
half-life of 3 d in water [14]. Mass (to the nearest 0.05 g) and
SVL measurements (to the nearest 0.1 mm) were taken one
week before treatment exposure and at metamorphosis (if lar-
vae metamorphosed by 30 d). Larvae in ATV treatment groups
were exposed to ATV (mixed with atrazine-treated water) dur-
ing the first and second water changes only, for a total exposure
period of 6 d, which was adequate for development of ATV
infection based on previous experiments [11,24]. Animals
were euthanized after 30 d to limit the possibility of sublethally
infected larvae clearing virus. Ambystoma tigrinum larvae
have been observed to clear viral infection after approximately
30 d [11] (A. Storfer, unpublished data). Tail clips were pre-
served in 95% ethanol and stored at �20�C, and whole bodies
were frozen at �80�C. Tissue from tail clips was used for virus
verification using polymerase chain reaction (PCR) primers to
amplify the major capsid protein of ATV [25]. This protocol
is sensitive enough to detect subclinical infection in animals,
even from tail-clip tissues [11] (A. Storfer, unpublished data).
The DNA was extracted using Gene Releaser� (BioVentures,
Murfreesboro, TN, USA), and PCR conditions were as de-
scribed by Jancovich et al. [9]. Presence of ATV was confirmed
via visualization of the approximately 500-bp PCR product on
agarose gels, and positive and negative controls were run in
each PCR reaction.

Statistical analyses

We conducted all analyses using Systat 11.0� 2004 (Systat
Software, Point Richmond, CA, USA). We tested the effects
of atrazine, ATV, and their interaction on the following cor-
related response variables: Mass and SVL at metamorphosis
and larval period using multivariate analysis of covariance.
The SVL of salamanders taken one week before treatment
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Fig. 1. (A) Effect of atrazine on larval period (F � 2.76; df � 3, 98;
p � 0.046). Larval period is significantly decreased at 184 �g/L
compared to all other treatments (Fisher’s least-significant-difference
test: 184–0 �g/L, p � 0.014; 184–1.84 �g/L, p � 0.02; and 184–
18.4 �g/L, p � 0.034). (B) Effect of atrazine on mass at metamor-
phosis (F � 5.521; df � 3, 91; p � 0.002). Mass is significantly
decreased at 184 �g/L compared to all other treatments (Fisher’s least-
significant-difference test: 184–0 �g/L, p � 0.004; 184–1.84 �g/L,
p � 0.001; and 184–18.4 �g/L, p � 0.003). (C) Effect of atrazine
on snout-vent length (SVL) at metamorphosis (F � 7.341; df � 3,
96; p � 0.001). Snout-vent length is significantly decreased at 184
�g/L compared to all other treatments (Fisher’s least-significant-dif-
ference test: 184–0 �g/L, p � 0.001; 184–1.84 �g/L, p � 0.001; and
184–18.4 �g/L, p � 0.003). An asterisk indicates a significant result.
Bar graphs indicate the mean � one standard error.

exposure served as a covariate to control for size variation
among larvae. Analyses of covariance further tested for spe-
cific effects of treatments on each response variable, with mul-
tiple comparisons conducted using Fisher’s least-significant-
difference tests. We used log-linear analysis to test the effects
of atrazine, ATV, and their interaction on the binomial vari-
ables of mortality and infectivity. Chi-square tests compared
actual mortality in the ATV-only treatment against the 50%
mortality rate expected under the null hypothesis. Chi-square
tests also compared mortality in the ATV and ATV � atrazine
treatments to the 50% mortality rate expected under the null
hypothesis (use of 	LD50 dosage) and mortality and infec-
tivity in the ATV � atrazine treatments to the actual mortality
and infectivity rate in the ATV only treatment.

RESULTS

Transmission to A. macrodactylum

We observed disease symptoms and confirmed waterborne
transmission of ATV to A. macrodactylum via PCR in 25%
of animals exposed to virus alone. Symptoms of infection
included lethargy, hemorrhaging in the extremities, sloughing
of the skin, edema, and occasionally, a thick mucus appearing
to originate from the cloaca. These symptoms are consistent
with previous observations of ATV infection in tiger sala-
manders [10,24]. Individuals surviving to 30 d were negative
for ATV infection. No cross-contamination of ATV occurred,
because no individual within groups unexposed to ATV
showed symptoms of ATV or was positive for ATV via PCR.

Effects on metamorphosis

Only data from metamorphosed animals were included in
the following analyses. Of 160 animals, 107 (67%) metamor-
phosed. The percentages ranged from 60 to 75% among the
eight treatments, with the exception of one treatment (larvae
exposed to 0 �g/L of atrazine and 103.5 PFU/ml of ATV), in
which only 50% of animals metamorphosed. The multivariate
analysis of covariance was significant for the metamorphosis-
variables mass and SVL at metamorphosis and larval period
(Wilks’ 
 � 0.001; F � 82.911; df � 27, 251; p � 0.001).
Atrazine significantly accelerated metamorphosis (F � 2.76;
df � 3, 98; p � 0.046) (Fig. 1a), whereas ATV had no effect
on larval period (F � 0.683; df � 1, 98; p � 0.410). Atrazine
also significantly decreased mass at metamorphosis (F �
5.521; df � 3, 91; p � 0.002) (Fig. 1b), whereas ATV had no
effect on mass (F � 0.029; df � 1, 91; p � 0.864). Both
atrazine (F � 7.341; df � 3, 96; p � 0.001) (Fig. 1c) and
ATV (F � 4.461; df � 1, 96; p � 0.037) (Fig. 2) significantly
decreased SVL at metamorphosis. Fisher’s least-significant-
difference test found that atrazine affected metamorphosis var-
iables at the highest treatment level (184 �g/L) (Fig. 1).

Effects on mortality and infectivity

Atrazine alone had no appreciable effect on mortality,
which is consistent with expectations resulting from our use
of sublethal doses documented from other studies [22,26].
Mortality was 25% in the ATV-only treatment, which was
significantly lower than the expected 50% (�2 � 5, df � 1, p
� 0.025). When the ATV-only and ATV � atrazine treatments
were pooled, mortality was 16.25%, which also was signifi-
cantly less than the expected 50% (�2 � 36.45, df � 1, p �
0.001). Larvae exposed to both atrazine and ATV experienced
13.33% mortality across all three atrazine concentrations,
which was significantly lower than the 25% mortality in the
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Fig. 2. Effect of Ambystoma tigrinum virus (ATV) on snout-vent
length (SVL) at metamorphosis. Snout-vent length is significantly
decreased when salamanders are exposed to ATV (F � 4.461; df �
1, 96; p � 0.037). Bar graphs indicate the means � standard error.
PFU � plaque-forming units.

Fig. 4. Percentage infectivity of Ambystoma tigrinum virus (ATV) for
ATV-only treatments compared to ATV and atrazine treatments. When
larvae are challenged with ATV and atrazine, infectivity of ATV de-
creases (�2 � 7.2, p � 0.01).

Fig. 3. Interaction plot of larval mortality � Ambystoma tigrinum
virus (ATV) � atrazine (G2 � 7.75, df � 3, p � 0.052). The graph
suggests that when virus is absent, mortality increases at 1.84 and
18.4 �g/L of atrazine (solid line). When virus is present, these con-
centrations decrease mortality (dashed line). At 184 �g/L of atrazine,
mortality is again increased in the presence of virus to percentages
comparable to the virus-only treatment. However, no pairwise com-
parisons were significant using Fisher’s exact tests. PFU � plaque
forming units; G2 � likelihood ratio.

ATV-only treatment (�2 � 10.89, df � 1, p � 0.001). The
likelihood ratio (G2) resulting from the log-linear analysis re-
vealed a marginally significant interaction between atrazine �
virus on mortality (G2 � 7.75, df � 3, p � 0.052) (Fig. 3).
No pairwise differences were found among treatments (Fish-
er’s exact test; data not shown).

No sublethal infections were found using PCR. We were
unable to confirm infection in two cases of mortality (one larva
exposed to 1.84 �g/L of atrazine plus ATV and one larva
exposed to 184 �g/L of atrazine plus ATV); therefore, infection
was not equal to mortality. Infectivity of ATV was significantly
lower for larvae exposed to atrazine and ATV than for larvae
exposed to ATV alone (�2 � 7.2, df � 1, p � 0.01) (Fig. 4).

DISCUSSION

Transmission to alternative host
Although ATV is a virus predominantly of tiger salaman-

ders, transmission to the northwestern salamander (Ambyos-

toma gracile) and red-spotted newt (Notophtalmus virides-
cens) has been confirmed in the laboratory [24]. We have
shown that ATV also infects A. macrodactylum, but mortality
is significantly lower than the predicted 50%. These results
are consistent with the general prediction that pathogens
should be locally adapted to their host [23] and that pathogen
efficacy should decrease on naı̈ve host species relative to
source hosts [23]. We found no sublethally infected salaman-
ders, suggesting that either ATV is 100% lethal to A. macro-
dactylum, or sublethal infections are cleared within 30 d (i.e.,
the duration of the present study). This suggests A. macro-
dactylum could be a reservoir for ATV; however, animals are
unlikely to carry virus among populations or for long periods
of time. More notably, populations of A. macrodactylum may
suffer ATV epizootics if infected A. tigrinum and, conse-
quently, ATV are introduced into their habitat.

Effects on metamorphosis

We found that 184 �g/L of atrazine accelerated metamor-
phosis and reduced mass and SVL at metamorphosis in lab-
oratory-exposed A. macrodactylum larvae. Although not stud-
ied here, the mechanism for this effect may be via an alteration
of the neuroendocrine stress pathway involving the thyroid
hormones and corticoid hormones [22,27]. Our findings are
consistent with those from a study of the streamside salaman-
der (Ambystoma barbouri), in which atrazine accelerated
metamorphosis and decreased SVL and mass at metamorphosis
at 400 �g/L [28]. Atrazine also has decreased mass and SVL
in A. tigrinum [22] as well as other anuran species [29–31].
However, studies concerning the effects of atrazine on larval
period in other amphibian species have yielded either no results
[26,29] or results opposite to those found in our study [30,31].
One explanation for this variation is stressor novelty. Although
we did not analyze any water samples, our eggs were collected
from a relatively undisturbed, high-elevation area not likely
subject to agricultural pesticides beyond trace amounts left by
atmospheric deposition. Nonetheless, A. macrodactylum have
a widespread distribution throughout the Pacific and Inland
Northwest that encompasses altitudes from sea level to 3,000
m [32]. Throughout its range, A. macrodactylum are com-
monly found in ponds adjacent to agricultural areas that receive
direct inputs from runoff. Therefore, we chose a high-altitude
pond to minimize previous atrazine exposure of embryos. A
future experiment could test whether variation in larval period
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resulting from atrazine exposure exists among previously ex-
posed versus unexposed populations of A. macrodactylum.

Based on the present results, we believe atrazine concen-
trations of 184 �g/L or greater indicate a poor aquatic envi-
ronment for A. macrodactylum, because animals initiate meta-
morphosis earlier and at a smaller size when exposed to these
concentrations. Larvae must reach a threshold size before they
can metamorphose, but models suggest that once they reach
that threshold, they may remain in the larval stage and continue
to grow as long as environmental conditions are favorable or
until a maximum size is obtained [33]. Larger size at meta-
morphosis is correlated with higher survival to maturity and
reduced time to maturity, thereby increasing fitness relative to
smaller metamorphosed individuals [34–36]. Smaller size at
metamorphosis may be a fitness cost resulting from high-level
atrazine exposure. Lighter, smaller animals have reduced ter-
restrial locomotor performance and, thereby, reduced ability
to avoid predators or capture prey [35,36]. Smaller, newly
metamorphosed adults also tend to have weakened immune
systems, which could make them more susceptible to disease
[3].

Furthermore, surviving ATV-treated animals had decreased
SVL at metamorphosis compared to animals not challenged
with ATV, although ATV had no effect on larval period or
mass at metamorphosis (Fig. 2). We were not able to determine
how many of our metamorphosed animals had been infected
with ATV and subsequently recovered, but this result suggests
that newly metamorphosed A. macrodactylum challenged with
ATV as larvae and able to recover may metamorphose at a
smaller size, thereby having potentially reduced fitness com-
pared to uninfected animals.

Effects on mortality and infectivity

Mortality in treatment groups exposed to virus was lower
than the expected 50%, and larvae exposed to both virus and
atrazine together had significantly lower mortality and infec-
tivity (Fig. 4) compared to those exposed to virus alone. Thus,
atrazine may inhibit infection or ameliorate the effects of the
virus, resulting in quick recovery (less than the 30-d period
examined here), or atrazine may act on the immune system of
the organism, somehow reducing infection. However, the un-
derlying mechanism is unknown. It is counterintuitive that a
contaminant could ameliorate the effects of a pathogen, but
Parris and Baud [37] found that copper had a similar effect
on the chytrid fungal pathogen B. dendrobatidis. Although B.
dendrobatidis did not directly cause significant mortality in
treated groups, it increased the larval period of gray tree frog
(Hyla crysoscelis) tadpoles, a fitness cost in ephemeral habitats
[38]. In treatments where doses of 64 �g/L of copper or greater
were added with B. dendrobatidis, the delay in larval period
length was ameliorated [37].

Despite the overall decrease in mortality among animals
exposed to both atrazine and virus together, differences among
treatments were not as obvious. We found a marginally sig-
nificant interaction of atrazine and ATV on mortality. In treat-
ment groups exposed only to atrazine, mortality was not ap-
preciable. However, treatment groups exposed to both atrazine
and ATV appear to follow a U-shaped curve, in which low
and moderate concentrations of atrazine with ATV decrease
mortality compared to high concentrations of atrazine with
ATV (Fig. 3). Many immunological endpoints of drugs and
toxicants also follow U-shaped dose–response curves, in which
smaller doses can have an immunostimulatory effect [39].

However, we are aware of no studies indicating that atrazine
is an immunostimulant. Few immunological studies have
looked at environmentally relevant doses of atrazine; however,
the little work that has been done on amphibians suggests that
atrazine acts as an immunosuppressant. Atrazine significantly
decreased circulating eosinophils at 3 and 30 �g/L in wood
frogs (R. sylvatica) [5]. Mixtures of environmentally relevant
concentrations of pesticides, which included atrazine, have
been found to reduce lymphocyte proliferation in R. pipiens
[40]. Our results suggest that atrazine levels of 20 �g/L and
lower may have an immunostimulatory effect on A. macro-
dactylum; however, immunological endpoints need to be in-
vestigated to determine actual effects of atrazine on the im-
mune system of amphibians.

CONCLUSION

The global decline of amphibians is a complex problem
with no easy solution. Multifactorial studies are essential both
in understanding and disentangling the complexities of am-
phibian declines and in understanding the potential implica-
tions for human populations. The present study is one of the
first to examine the interaction of a contaminant with ATV.
The present results indicate that low to moderate atrazine con-
centrations may attenuate viral infection, whereas higher doses
of atrazine (although still environmentally relevant) may re-
duce fitness by altering life-history traits in the long-toed sal-
amander (A. macrodactylum). Because of species and popu-
lation genetic variability, we recommend continued work on
contaminant interactions with pathogens, especially in labo-
ratory studies of currently declining amphibian populations.

Acknowledgement—The present research was funded by the National
Science Foundation Division of Environmental Biology 0213851 to
A. Storfer. Experimental procedures were approved by the Institutional
Animal Care and Use Committee at Washington State University (An-
imal Subject Approval Form 3203). Special thanks are given to An-
drew Giordano, Jesse Brunner, Kristen Lew, Matthew Parris, and two
anonymous reviewers.

REFERENCES

1. Stuart SN, Chanson JS, Cox NA, Young BE, Rodrigues ASL,
Fischman DL, Waller RW. 2004. Status and trends of amphibian
declines and extinctions worldwide. Science 306:1783–1786.

2. Collins JP, Storfer A. 2003. Global amphibian declines: Sorting
the hypothesis. Divers Distrib 9:89–98.

3. Carey C, Cohen N, Rollins-Smith L. 1999. Amphibian declines:
An immunological perspective. Dev Comp Immunol 23:459–472.

4. Christin MS, Ménard L, Gendron AD, Ruby S, Cyr D, Marcog-
liese DJ, Rollins-Smith L, Fournier M. 2004. Effects of agricul-
tural pesticides on the immune system of Xenopus laevis and
Rana pipiens. Aquat Toxicol 67:33–43.

5. Kiesecker JM. 2002. Synergism between trematode infection and
pesticide exposure: A link to amphibian limb deformities in na-
ture? Proc Natl Acad Sci USA 99:9900–9904.

6. Gendron AD, Marcogliese DJ, Barbeau S, Christin MS, Brous-
seau P, Ruby S, Cyr D, Fournier M. 2003. Exposure of leopard
frogs to a pesticide mixture affects life history characteristics of
the lungworm Rhabdias ranae. Oecologia (Berl) 135:469–476.

7. Taylor SK, Williams ES, Mills KW. 1999. Effects of malathion
on disease susceptibility in Woodhouse’s toads. J Wildl Dis 35:
536–541.

8. Jancovich JK, Davidson EW, Morado JF, Jacobs BL, Collins JP.
1997. Isolation of a lethal virus from the endangered tiger sala-
mander Ambystoma tigrinum stebbinsi. Dis Aquat Org 31:161–
167.

9. Jancovich JK, Davidson EW, Parameswaran N, Mao J, Chinchar
VG, Collins JP, Jacobs BL, Storfer A. 2005. Evidence for emer-
gence of an amphibian iridoviral disease because of human-en-
hanced spread. Mol Ecol 14:213–224.



Effects of atrazine and ATV on survival and life history Environ. Toxicol. Chem. 25, 2006 173

10. Bollinger TK, Mao J, Schock D, Brigham RM, Chinchar VG.
1999. Pathology, isolation, and preliminary molecular character-
ization of a novel iridovirus from tiger salamanders in Saskatch-
ewan. J Wildl Dis 35:413–429.

11. Brunner JL, Schock DM, Davidson EW, Collins JP. 2004. Intra-
specific reservoirs: Complex life history and the persistence of a
lethal ranavirus. Ecology 85:560–566.

12. Cunningham AA, Langton TES, Bennett PM, Lewin JF, Drury
SEN, Gough RE, Macgregor SK. 1996. Pathological and micro-
biological findings from incidents of unusual mortality of the
common frog (Rana temporaria). Philos Trans R Soc Lond B
351:1539–1557.

13. Daszak P, Cunningham AA, Hyatt AD. 2003. Infectious disease
and amphibian population declines. Divers Distrib 9:141–150.

14. Solomon KR, Baker DB, Richards RP, Dixon KR, Klaine SJ, La
Point TW, Kendall RJ, Weisskopf CP, Giddings JM, Giesy GP,
Hall LW Jr, Williams WM. 1996. Ecological risk assessment of
atrazine in North America surface waters. Environ Toxicol Chem
15:31–76.

15. Hayes TB, Collins A, Lee M, Mendoza M, Noriega N, Stuart A,
Vonk A. 2002. Hermaphroditic, demasculinized frogs after ex-
posure to the herbicide atrazine at low ecologically relevant doses.
Proc Natl Acad Sci USA 99:5476–5480.

16. Battaglin WA, Furlong ET, Burkhardt MR, Peter CJ. 2000. Oc-
currence of sulfonylurea, sulfonamide, imidazolinone, and other
herbicides in rivers, reservoirs and groundwater in the Midwest-
ern United States, 1998. Sci Total Environ 248:123–133.

17. Collins JP. 1981. Distribution habitats and life-history variation
in the tiger salamander Ambystoma tigrinum in east central and
southeast Arizona, USA. Copeia 1981:666–675.

18. Hayes T, Haston K, Tsui M, Hoang A, Haeffele C, Vonk A. 2002.
Feminization of male frogs in the wild. Nature 419:895–896.

19. Rooney AA, Matulka RA, Luebke RW. 2003. Developmental
atrazine exposure suppresses immune function in male, but not
female, Sprague-Dawley rats. Toxicol Sci 76:366–375.

20. Kikuyama S, Kawamura S, Tanaka S, Yamamoto K. 1993. As-
pects of amphibian metamorphosis: Hormonal control. Int Rev
Cytol 45:105–148.

21. Hayes TB. 1997. Steroids as potential modulators of thyroid hor-
mone activity in anuran metamorphosis. Am Zool 37:185–194.

22. Larson DL, McDonald S, Fivizzani AJ, Newton WE, Hamilton
SJ. 1998. Effects of the herbicide atrazine on Ambystoma tigrinum
metamorphosis: Duration, larval growth, and hormonal response.
Physiol Zool 71:671–679.

23. Ebert D. 1999. The evolution and expression of parasite virulence.
In Stearns SC, ed, Evolution in Health and Disease. Oxford
University Press, New York, NY, USA, pp 161–172.

24. Jancovich JK, Davidson EW, Seiler A, Jacobs BL, Collins JP.
2001. Transmission of the Ambystoma tigrinum virus to alter-
native hosts. Dis Aquat Org 46:159–163.

25. Mao J, Tham N, Gentry GA, Aubertin A, Chinchar VG. 1996.
Cloning, sequence analysis, and expression of the major capsid
protein of the iridovirus frog virus 3. Virology 216:431–436.

26. Allran JW, Karasov WH. 2000. Effects of atrazine and nitrate on
northern leopard frog (Rana pipiens) larvae exposed in the lab-
oratory from posthatch through metamorphosis. Environ Toxicol
Chem 19:2850–2855.

27. Denver RJ. 1997. Environmental stress as a developmental cue:
Corticotropin-releasing hormone is a proximate mediator of adap-
tive phenotypic plasticity in amphibian metamorphosis. Horm
Behav 31:169–179.

28. Rohr JR, Elskus AA, Shephard BS, Crowley PH, McCarthy TM,
Niedzwiecki JH, Sager T, Sih A, Palmer BD. 2004. Multiple
stressors and salamanders: Effects of an herbicide, food limitation,
and hydroperiod. Ecol Appl 14:1028–1040.

29. Diana SG, Resetarits WJ Jr, Schaeffer DJ, Beckmen KB, Beasley
VR. 2000. Effects of atrazine on amphibian growth and survival
in artificial aquatic communities. Environ Toxicol Chem 19:2961–
2967.

30. Boone MD, James SM. 2003. Interactions of an insecticide, her-
bicide, and natural stressors in amphibian community mesocosms.
Ecol Appl 13:829–841.

31. Sullivan KB, Spence KM. 2003. Effects of sublethal concentra-
tions of atrazine and nitrate on metamorphosis of the African
clawed frog. Environ Toxicol Chem 22:627–635.

32. Nussbaum RA, Brodie ED Jr, Storm RM. 1983. Amphibians and
Reptiles of the United States. University of Idaho Press, Moscow,
ID, USA.

33. Wilbur HM, Collins JP. 1973. Ecological aspects of amphibian
metamorphosis. Science 182:1305–1314.

34. Smith DC. 1987. Adult recruitment in chorus frogs: Effects of
size and date of metamorphosis. Ecology 68:344–350.

35. Semlitsch RD, Scott DE, Pechmann JHK. 1988. Time and size
at metamorphosis related to adult fitness in Ambystoma talpo-
ideum. Ecology 69:184–192.

36. Wassersug RJ, Sperry DG. 1977. The relationship of locomotion
to differential predation on Pseudacris triseriata (Anura: Hyli-
dae). Ecology 58:830–839.

37. Parris MJ, Baud DR. 2004. Interactive effects of a heavy metal
and chytridiomycosis on gray tree frog larvae (Hyla chrysoscelis).
Copeia 2004:344–350.

38. Werner EE, Anholt BR. 1993. Ecological consequences of the
trade-off between growth and mortality rates mediated by for-
aging activity. Am Nat 142:242–272.

39. Calabrese EJ, Baldwin LA. 2003. Toxicology rethinks its central
belief. Nature 421:691–692.

40. Christin MS, Gendron AD, Brousseau P, Ménard L, Marcogliese
DJ, Cyr D, Ruby S, Fournier M. 2003. Effects of agricultural
pesticides on the immune system of Rana pipiens and on its
resistance to parasitic infection. Environ Toxicol Chem 22:1127–
1133.


