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Global declines'in amphibians likely have multiple&uses, Including 
widespread pesticide use. Our knowledae of ~estlclde effects on 
amphibians 'is largely limited to shortrtbn '(44) toxicity tests 
conducted under hiahlv artificial conditions to determine lethal 
concentrations ( ~ ~ 5 0 ) .  w e  found that if we used'sllghtly longer 
exposure'tlmes (10-16 d), low concentrations of the pesticide 
carbaryl (3-4% of LC506d) killed 10-60% of gray treefrog (Hyla 
versicolorl tadpoles. If predatory cues also were present, the 
pesticide became 2-4 times more lethal, killing 60-98% of tad- 
poles. Thus, under more realistic conditions of Increased exposure 
times and predatow stress, current a~~licatlon rates for carba~l  
can poten~ally de&state gray treefrog populations. Further, be- 
cause predator-induced stress Is ubiauitous In animals and carbar- 
yl's m h e  of action Is common to many pesticides, these negative 
impacts may be widespread In nature. 

A mphibian population declines around the world have been 
receiving increased attention. but the mechanisms resvon- 

sible for m a 6  of these declines have remained elusive. ~ ~ ; o t h -  
esized mechanisms include natural population fluct.uations, hab- 
itat destruction, introduced predators and pathogclns, ikcreased 
UV radiation, and environmental contaminants (1-7). Whereas 
evidence is accumulating for the first four hypotheses, little is 
known about the effects of environmental contaminants such as 
heavy metals and pesticides on amphibian populations. Given 
the pervasiveness of pesticide applications, negative effects of 
pesticides could have an impact on amphibians around the world. 
For example, in the United States alone, 2 billion kg of pesticides 
are used annually across many different habitats, including 
nearly 75% of all farms and homes. Worldwide use is nearly 5 
times this amount (8). 

Our knowledge of pesticide effects on amphibians comes 
primarily from acute toxicity tests that estimate LC50 (the 
concentration of a pesticide predicted to kill 50% of a test 
population within a given amount of time and under given 
conditions of exposure). These tests typically are conducted for 
only 1-4 d and they are conducted without consideration of 
many natural biotic and abiotic effects (9-11). LC50 estimates 
have been extremely useful in determining the relative lethality 
of different pesticides and the relative susceptibility of different 
organisms. However, the lethality of very low concentrations of 
pesticides (<<LC50) is often unknown (12, 13). 

Abiotic and biotic stressors have the potential to interact with 
acute pesticide effects, and ,this has provoked a great deal of 
interest about the impact of multiple stressors., Abiotic factors 
such as pH, temperature, and light can synergistically affect 
mortality caused by pesticides (14-16), but we know little about 
the potential synergistic effects of biotic factors. For example, 
the fear of predation is a common stressor that causes most 
animals, including amphibians, to become less active and grow 
more slowly (17-22), but there appear to be no studies that have 
examined the interaction between predator-induced fear and 
pesticides as multiple stressors. In this study, we examined the 
impact of low concentrations of a pesticide and predator-induced 
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stress on the behavior, growth, and survival of larval gray 
treefrogs (Hyla versicolor). The gray treefrog is a species com- 
mon to eastern North America that breeds in the early summer 
throughout its range. Treefrogs lay their eggs in ponds, and the 
eggs hatch within a few days. The resulting tadpoles grow in the 
pond for 4-8 weeks and then metamorphose into terrestrial 
frogs. 

For our experiments, we worked with carbaryl (1-naphthyl 
N-methylcarbamate; commercial name, Sevin), one of the 
world's most commonly used, broad-spectrum pesticides (an 
insecticide, acaricide, molluscicide, and ectoparasiticide). It acts 
by inhibiting acetylcholinesterase and has become popular 
throughout the world since 1959 because of its low toxicity to 
mammals and its relatively'short lifetime in the environment. 
Whereas myriad tests of carbaryl toxicity have been conducted 
on birds, mammals, fish, and invertebrates, there are few pub- 
lished studies on amphibians. Past studies of amphibian re- 
sponses to carbaryl have found that carbaryl reduces tadpole 
activity and growth, and LC50 estimates vary between 2.5 and 
20.6 mg/liter (12, 13, 15, 23). 

Carbaryl is applied to croplands (>I00 crop species), range- 
lands, forests, wetlands, oceans, and sewage treatment plants to 
exterminate animal pests, and it is applied to domesticated 
animals to control lice, mites, ticks, and fleas (24). Ten to 15 
million pounds of carbaryl are applied annually in the United 
States on 200 million acre-treatments (acres treated x number 
of treatments), including 28 million homes and 31 million 
gardens (25). Because carbaryl is widely used, it can enter 
amphibian-containing wetlands through direct aerial spraying, 
aerial drift, terrestrial runoff, or erosion (26, 27). While our 
study focused on just carbaryl, it is important to note that 
carbaryl represents only 1 ,of 21,000 chemical pesticides currently 
in use (8). 

Methods 
Experiment 1. In 1999, we conducted a pilot experiment to 
determine the chronic (longer-term) effect of carbaryl and 
predator stress on larval treefrog survival. We used eggs from 10 
pairs of amplecting treefrogs collected from a pond in the 
Baskett Wildlife Area near Ashland, MO. We hatched the eggs 
in filtered tap water and then randomly assigned groups of 10 
tadpoles (mean mass t 1 SE in water = 56 t 5 mg) t o ,  
polyethylene tubs containing 10 liters of filtered tap water. 
Adsorption of carbaryl onto these plastic tubs has been found to 
be negligible (28). The tubs were placed on two shelves in two 
spatial blocks i a a b o r a t o r y  under a 15:9 h 1ight:dark cycle. -- L__ 
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Tubs were randomly assigned one of four chemical treatments 
and one of two predator treatments (all treatments replicated 
four times). The chemical treatments consisted 'of a negative 
control (water addition), a solvent control (acetone addition), 
and two levels of carbaryl addition. We made a stock solution of 
carbaryl by dissolving 501 mg of technical grade carbaryl(99.8% 
purity; Rhone-Poulenc, Research Triangle Park, NC) into 250 ml 
of acetone. The carbaryl concentration of the stock solution was 
1.8 mg/ml, based on high-pressure liquid chromatography anal- 
yses by the Mississippi State Chemical Laboratory. Tubs as- 
signed to the low and high carbaryl treatments received either 
0.25 or 0.50 ml of stock solution for nominal carbaryl concen- 
trations of 0.045 and 0.090 mg/liter, respectively. These compare 
with LC50 estimates of 12.9 mg/liter [a 2-d test (13)] and 2.5 
mg/liter [a 4-d test (15)l. Solvent control tubs received 0.5 ml of 
acetone, whereas negative controls received 0.5 ml of water. 
Predator treatments consisted of either a caged larval 
salamander (Ambystoma maculatum) or an empty cage (250-ml 
plastic cups covered with fiberglass window screening). Caged 
predators emit chemical cues that induce antipredator responses 
in their prey without allowing the predators to kill the target 
animals (29-31). 

During the 10-d experiment, tadpoles first were fed ground 
fish food at a rate of 18% of initial body mass per tadpole per 
day (an abundant food ration). Whereas shorter-term tests (1-4 
d) are typically conducted in the absence of food, we added food 
because the tadpoles would not have survived the longer exper- 
iment without food and because foraging tadpoles reflect the 
more natural situation. Once we visually estimated that the 
tadpoles had doubled in mass across treatments, the food ration 
was doubled. Caged predators were fed five small tadpoles every 
other day to produce the chemical cue(s) and, if predators died, 
the predators were replaced. We changed the tub water on day 
3 and day 7 (changes grouped by treatment), and the chemical 
treatments were reapplied after water changes. Each day, the 
number of surviving tadpoles was counted. On days requiring 
water changes, we quantified survival before changing the water. 
We did not monitor water temperature, but the laboratory was 
maintained at 24 rt 1°C. 

The data were analyzed with an analysis of variance 
(ANOVA) using final survival as the response variable [trans- 
formed as log(survival + O.l)], A repeated-measures ANOVA 
was not possible because control treatments had no variance on 
several of the days sampled (100% 2 0% survival). Block effects 
never approached significance (P > 0.5) and were' dropped from 
the analysis. 

Experiments 2 and 3. In 2000, we'conducted two, more-extensive, 
experiments to determine the effects of carbaryl and predator 
stress on larval treefrog behavior, growth, and survival. For both 
experiments, we collected fertilized eggs from a different pop- 
ulation (12 km south of the first population) and hatched them 
in filtered tap water. As in experiment 1, groups of 10 tadpoles 
were randomly assigned to 10-liter polyethylene tubs filled with 
filtered tap water. Tubs were placed on shelves in four spatial 
blocks in a laboratory under a 15:9 h 1ight:dark ratio. The 
tadpoles in experiment 2 were a mixture of 21 sibships (mean 
mass rt 1 SE = 13 2 1 mg), whereas tadpoles in experiment 3 
were a mixture of 8 sibships (mean mass = 11 , 2  1 mg). 

In each experiment, tubs were randomly assigned a factorial 
combination of two predator treatments and sixchemical treat- 
ments (replicated four times). Predator treatments were identi- 
cal to those in experiment 1, whereas the chemical treatments 
consisted of a negative control (water addition), a solvent control 
(acetone addition), and four concentrations of carbaryl. In 
experiment 2, we made a stock solution of carbaryl by dissolving 
6,018 mg of technical grade carbaryl into 100 ml of acetone. The 
carbaryl concentration of the stock solution was 62.7 mg/ml 

(based on analyses by the Mississippi State Chemical Labora- 
tory). Tubs assigned to the four carbaryl treatments received 
1.33,0.67,0.33, or 0.17 ml of stock solution for nominal carbaryl 
concentrations 8.3, 4.2, 2.1, and 1.0 mg/liter, respectively. Sol- 
vent control tubs received 1.33 ml of acetone, whereas negative 
controls received 1.33 ml of water. In experiment 3, we made a 
stock solution of carbaryl by dissolving 501 mg of technical grade 
carbaryl into 250 ml of acetone. The, carbaryl concentration of 
the stock solution was 2.7 mg/ml (based on analyses by the 
Mississippi State Chemical Laboratory). Tubs assigned to the 
four carbaryl treatments received 2.00, 1.00, 0.50, or 0.25 ml of 
stock solution for nominal carbaryl concentrations 0.54, 0.27, 
0.14, and 0.07 mg/liter, respectively. Solvent control tubs re- 
ceived 2 ml of acetone, whereas negative controls received 2 ml 
of water. 

During the 16-d experiments, tadpoles and predators were fed 
as in experiment 1. We changed the tub water every 4 days, and 
the chemical treatments were reapplied after water changes. We 
observed the activity of the tadpoles 10 times per day by slowly 
approaching each tub and counting the number of tadpoles alive 
in each tub and the proportion of live tadpoles that were active 
(moving) by using scan sampling (32). At the end of the 
experiment, the surviving tadpoles were counted and weighed. 
Because tadpole growth was based only on those tadpoles that 
survived, our estimates of growth could be upwardly biased if 
slower-growing tadpoles were more susceptible to the stresses of 
predators and carbaryl. 

Midway through experiments 2 and 3, we quantified the 
oxygen, temperature, pH, and total ammonia in each tub. 
Oxygen and temperature were measured by using a Yellow 
'Springs Instrument 55 dissolved oxygen meter (oxygen resolu- 
tion = 0.01 mg/liter; temperature resolution = 0.l0C). Total 
ammonia and pH were 'measured using an Orion Expandable 
ionAnalyzer EA 940 (ammonia resolution = 0.001 mg/liter; pH 
resolution = 0.01 pH). 

The activity, growth, and abiotic data were analyzed with 
standard ANOVA. The survivorship data did not meet the 
assumptions of standard ANOVA, so we conducted a nonpara- 
metric analysis on survivorship by first ranking the data and then 
conducting an ANOVA on the ranks. Block interactions never 
approached significance (P > 0.5) and were dropped from the 
analysis. For all of the experiments, animal care was in accor- 
dance with institutional guidelines. 

Results 
Experiment 1. Survival remained high in the control chemical 
treatments. but the addition of carbarvl at all of the concentra- 
tions caused high mortality within i week (Fig. 1). Survival 
remained high in the presence of carbaryl through day 5 and then 
began a precipitous drop to a point that was significantly lower 
than the controls (F3.24' = 34.4, P < 0.0001). The chemical and 
predator treatments interacted with the predator treatments 
(F3.u = 4.5, P = 0.012). When carbaryl was present at 0.090 
ing/liter, survival declined to approximately 8% by day 8, 
regardless of predator treatment. When carbaryl was present at 
0.05 mg/liter, tadpole survival declined to 40% with predators 
absent but declined to 3% with predators present. 

Experiments 2 and 3. In the more extensive experiments conducted 
the following year, we found similar results (Figs. 2 and 3). In 
experiment 2 (which contained the highest four carbaryl con- 
centrations), survivorship was 98% with either control treatment 
(regardless of predator'treatment). However, in the presence of 
carbaryl, survivorship dropped off precipitously beginning on 
day 3 at the highest concentration and day 6 at the lowest 
concentration. After 16 d, mean survival across the four carbaryl 
treatments was 4%, significantly lower than the control treat- 
ments (FSJa = 35.0, P < 0.00001). Predators did not affect 
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Fig. 1. Su~ivonhlp of gray treefrog tadpoles reared in the presence or 
absence of predatory cues combined with the addition of either'water (a 
negative control), acetone (a solvent control), or two concentratlons of car- 
baryl (experiment 1). Data are means * 1 SE. 

tadpole survivorship (F1.36 = 0.7, P < 0.407). Because of the 
widespread death, tadpole activity could be assessed only during 
the first 6 days. Carbaryl caused a reduction in activity, and this 
reduction was larger as carbaryl concentration increased (F53 = 

60.7, P < 0.0001). Predators generally reduced activity across all 
chemical treatments (F1.33 = 22.0, P < 0.001), but the reduction 
was not significant under the highest two carbaryl concentrations 
in which the activity levels were already extremely low (activity = 
1-6%). The widespread death among most of the tubs contain- 
ing carbaryl precluded any analysis of growth rates (24 tubs had 
no tadpoles alive), but the few tadpoles that remained alive with 
carbaryl present experienced about 50% of the growth experi- 
enced with carbaryl absent. 

When we monitored the chemical conditions in the water 
midway through the experiment, we found that carbaryl had no 
effect on water temperature (mean = 23.0°C, P = 0.089) and 
only minor effects on oxygen (P 5 0.001, range of means = 
6.6-7.3 mglliter), and pH (P = 0.048, range of means = 8.5-8.6) 
that were not related t o  carbaryl concentration. Increased 
carbaryl was associated with increased ammonia levels (P < 
0.0001, range of means = 0.21-0.99 mglliter), but this effect was 
likely due to the presence of dead tadpoles and an excess of 
unconsumed food (regression of survival against ammonia, P = 
0.001, R2 = 0.395). Predators had no effect on ammonia or 
temperature (P > 0.1) and only small effects on oxygen and pH 

( a  9% decrease in oxygen: P ( 0.0001; a 0.5% decrease in pH, 
P = 0.019, range of means = 8.59-8.63). 

In experiment 3 (which included the lowest four carbaryl 
concentrations), survivorship was again very high in both control 
treatments, regardless of predator presence (mean = 90%). 
However, in the presence of carbaryl, survivorship declined 
beginning on days 10-11, and the final survivorship with carbaryl 
present was significantly reduced (mean across carbaryl treat- 
ments = 83%; F5.36 = 8.3, P = 0.00003). Predator cues made the 
pesticide 4 times more lethal (F1,36 = 48.1, P < 0.00001); final 
survivorship across the four carbaryl treatments with caged 
predators averaged 32%. Over the duration of the experiment, 
there were small differences in activity among the control and 
carbaryl treatments (F5.33 = 3.5, P = 0.011), but activity with 
carbaryl was similar to activity with the solvent control (P r 
0.05). Predators did not affect tadpole activitywhen carbaryl was 
absent but significantly reduced activity when carbaryl was 
present (chemical X predator interaction: F5.3, = 4.8,P = 0.002). 
Predators and carbaryl also had an interactive effect on growth 
rate (FsSz9 = 9.7, P = 0.00002); predators did not affect growth 
in the absence of carbaryl but reduced tadpole growth by 50% 
in the presence of carbaryl. 

When we monitored the chemical conditions in the water 
midway through experiment 3, we found that carbaryl treatments 
and the solvent control had 6% lower oxygen concentrations 

r - 7  than the negative control (P 0.002, range of means = 3.8-4.9 1 
mglliter), but there were no differences in pH (mean = 8.5), I 
temperature (mean = 22.g°C), or ammonia (mean = 0.22 \ g [ 
mglliter). Predators had no effect on oxygen, pH, temperature, 1 8 , 

or ammonia (P > 0.1). , , , 

Dkcussion 
Our results demonstrate \hat very low concentrations of carbaryl 
can have dramatic effects on amphibian behavior, growth, and 
survival. As in past studies, carbaryl reduced tadpole activity and 
growth (12, 15, 22). Estimates of carbaryl LC50 in treefrog 
tadpoles have ranged from 12.9 mglliter [a 2-d test (13)] to 2.5 
mg/liter [a 4-d test (IS)], similar to LC50 estimates in other 
larval anurans (12, 23). Our lowest pesticide concentrations in 
the two years were 2.8-3.8% of the LC50&d and 0.4-0.5% of the 
LC5Otd, suggesting that our concentrations should have little 
short-term effect on tadpole survival in any of the experiments. 
Indeed, after 4 d, our pesticide concentrations had no negative 
effect on survival in any of the experiments. However, by the end 
of the experiments, up to 97% of the tadpoles died. Thus, very 
low concentrations of carbaryl can still cause widespread am- 
phibian death, it just takes a few more days to observe the effect. 
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Experiment 2 Experiment 3 

Fig. 2. Activity and rate of gray treefrog tadpoles reared in the presence or absence of predatory cues combined with the addition of water W; a 
negative control), acetone.@; a solvent control), or cirbaryl (numbers along the x axis represent carbatyi concentrations In mglltter). Data are means + 1 SE 
(experiments 2 and 3). 

Our results also demonstrated that predatory cues can interact 
with carbaryl to cause substantial tadpole mortality. Predator- 
induced stress alone generally reduced tadpole activity, but it 
never reduced tadpole growth or survival. Similarly, when 
carbaryl concentrations were low, carbaryl alone had small 
impacts on tadpole survival. However, when both stressors were 
present, tadpole mortality increased by 2-4 times. When carba- 
ryl concentrations were high, carbaryl-induced stress dominated, 
causing rapid mortality regardless of whether the predator- 
induced stress was present. The carbaryl concentration at which 
predators played a synergistic role differed between the two 
years; this difference may be attributable to either different 
initial sizes or genetic differences between the two source 
populations. 

We are only beginning to appreciate how abiotic and biotic 
stressors can interact with pesticides. Researchers have found 
that changes in abiotic factors such as temperature, pH, and 
UV-B radiation can synergistically affect the lethality of pesti- 
cides (14-16). Our study is unique in that the synergism was 
caused by a biotic factor (predatory cues) that is extremely 
common in aquatic systems (the majority of ponds inhabited by 

treefrogs also are inhabited by aquatic predators; E. E. Werner, 
R.A.R., D. K. Skelly, and K. L. Yurewicz, unpublished data). 
Given the ubiquity of predator-induced stress in a wide variety 
of animals (17, 19), similar interactions among predator stress 
and similarly acting, widely used insecticides may be common. 
Further, it seems likely that other biotic stressors (e.g., compe- 
tition, parasites) also could have interactive effects with pesti- 
cides. However, given the preliminary nature of our knowledge, 
it is important to note that this interaction between carbaryl and 
predator-induced stress is known only to occur in gray treefrogs. 
Further research will be necessary to determine whether the 
phenomenon occurs in other amphibian species. 

The mechanism underlying the pesticide-predator interaction 
is currently unknown, but there are several possibilities. Preda- 
tors produce chemical cues that induce prey fear (28,29) and this 
fear may simply be an additional stressor on the amphibian's 
physiology that, when combined with the stress of the pesticide, 
causes a high rate of mortality. The predator-induced reduction 
of activity and growth provides evidence that predators do 
indeed pose a stressful environment to tadpoles. Alternatively, 
predators may alter the abiotic conditions, including the pro- 
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Fig. 3. Survivorship of gray treefrog tadpoles reared in the presence or absence of predatory cues comblned wlth the addition of water (a negative control), 
acetone (a solvent control), or carbaryl at eight concentrations (experiments 2 and 3). Data are means r?: 1 SE. (Left) Experiment 2. (Right) Experiment 3. 

duction of nitrogenous wastes that can be tdxic to 'fish and A potential concern in' this study is the realistic nature of the 
amphibians (33,34). Our monitoring of the abiotic conditions in ,concentrations that were used in our experiments and the rate 
experiments 2 and 3 demonstrated that while predator cues of carbaryl breakdown. There is little information available on 
reduced survival at low carbaryl concentrations, predators did typical carbaryl concentrations in natural ponds, but carbaryl can 
not affect the temperature, pH, dissolved oxygen, or ammonia be as high as 4.8 mglliter (35,36). The low concentrations used 
concentrations in the water. in experiments 1 and 3 were only 1-11% of the highest concen- 
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trations detected in ponds under field conditions. Carbaryl also 
breaks down in natural ponds and is typically considered to have 
a short41ifetime (24). The rate of hydrolytic breakdown depends 
on pH, which typically varies from 5 to 8 in natural ponds (37). 
When pH r 7, carbaryl is relatively short-lived [at pH = 9, 
half-life = 0.1 d: at DH = 8. half-life = 1 d: at DH = 7. half-life = . .  
10 d (37,38)]. Thus: in our experiment, the mean concentrations 
of carbarvl between water changes were ~robablv substantiallv 
lower than the initial concenGations idded (gpproximate$ 
one-third as concentrated). In more acidic ponds (pH = 5-6.5), 
breakdown is negligible and the half-life of carbaryl is nearly 4 
years (37, 39, 40), providing plenty of time to cause amphibian 
mortality, even at low concentrations. Photolytic breakdown can 
also be relatively rapid. In full sunlight, photolysis can cause a 4- 
to 7-d half-life. Under natural conditions (e.g., shdded ponds and 
cloudy water) and in different seasons (e.g., lower temperature 
and light intensities), this half-life is expected to vary (22,41). In 
either case, the half-life is sufficiently long to maintain carbaryl 
concentrations that can cause severe tadpole mortality. Finally, 
whereas some pesticides can be biologically decomposed, bio- 
logical breakdown of carbaryl is negligible (41). 

The results of this study illustrate the dangers of extrapolating 
short-term toxicity results to long-term population effects on 
nontarget organisms. Such extrapolations are:conducted be- 
cause the U.S. Environmental Protection Agency has received 
the daunting mandate, from the Toxic Substances Control Act, 
to determine the effects of >50,000 chemicals on our natural 
flora and fauna. While the importance of long-term toxicity tests 
has been appreciated for some time, the only practical approach 
to meet this mandate has been to conduct acute (1- to 4-d) 
toxicity tests on a subset of chemicals and taxa and extrapolate 
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safe chemical levels from these limited test results (42). Using 
extrapolations has been viewed as a necessary compromise, but 
the results of our study underscore the fact that such extrapo- 
lations may'be without a strong foundation. For amphibian 
populations, low concentrations of carbaryl (<3% of LC50 
levels) can kill up to 97% of treefrog tadpoles within a week. As 
an acetylcholinesterase inhibitor, carbaryl shares its mode of 
action with many other insecticides. Thus, the impacts of longer 
exposure time and predator-induced stress may be relevant to a 
wide variety of insecticides and numerous organisms. At the very 
least, our data call for extending these tests by only a few days 
and conducting these tests under more realistic ecological ' 

conditions. 
The dramatic changes in amphibian populations observed 

throughout the world likely' have multiple causes, and all hy- 
pothesized mechanisms deserve our attention. We have infor- 
mation on the concentrations of commonly used pesticides in the 
environment, but we have little appreciation of the impact that 
this contamination could be having on amphibians. We have 
shown that very low concentrations' of just one pesticide can 
cause high rates of mortality in gray treefrogs. However, there 
are far too few studies to assess the potential that such contam- 
ination could be having on amphibians. It is imperative that 
investigators continue to incorporate more natural experimental 
conditions to understand the full impact that pesticides may be 
having on our amphibian fauna. 
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