
Abstract Pesticides are applied throughout the world

often with unintended consequences on ecological

communities. In some regions, pesticides are associ-

ated with declining amphibians, but we have a poor

understanding of the underlying mechanisms. Pesti-

cides break down more slowly under low pH conditions

and become more lethal to amphibians when combined

with predatory stress, but these phenomena have not

been tested outside of the laboratory. I examined how

pH, predatory stress, and a single application of an

insecticide (carbaryl) affected the survival and growth

of larval bullfrogs (Rana catesbeiana) and green frogs

(R. clamitans) in outdoor mesocosms. Decreased pH

had no effect on survival, but caused greater tadpole

growth. Low concentrations of carbaryl had no effect

on either species, but high concentrations caused lower

survival and greater growth in bullfrogs. Predatory

stress and reduced pH did not make carbaryl more

lethal likely due to the rapid breakdown rate of car-

baryl in outdoor mesocosms. Thus, whereas the stress

of pH and predators can make carbaryl (and other

pesticides) more lethal under laboratory conditions

using repeated applications of carbaryl, these stressors

did not interact under mesocosm conditions using a

single application of carbaryl.
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Introduction

While anthropogenic chemicals occur in a variety of

ecological communities, ecologists have a poor under-

standing of their impacts on species within these

communities. Aquatic communities in particular are

commonly contaminated with chemicals including a

wide variety of pesticides used to improve both agri-

culture and human health (McConnell 1998; LeNoir

et al. 1999; Sparling et al. 2001; Kolpin et al. 2002,

Fellers et al. 2004). Laboratory experiments have

provided basic data about the effects of pesticides on

model organisms, but ultimately we would like to know

how pesticides affect a diversity of organisms under

more natural conditions.

As we have begun to investigate the lethal and

nonlethal impacts of pesticides, we have made a

number of surprising discoveries about the lethality

of pesticides. For example, pesticides can become

more lethal in laboratory settings when we include

more natural abiotic conditions including variation in

pH, temperature, and UV-B light (Lohner and Fisher

1990; Zaga et al. 1998; Boone and Bridges 1999;

Broomhall 2002; Chen et al. 2004). Moreover, pesti-

cides can become more lethal in the laboratory when

combined with the biotic stress of predator cues

(Relyea and Mills 2001; Relyea 2003, 2004b, 2005b).

These studies have advanced our understanding of

the interplay between pesticides and natural variation

in biotic and abiotic stressors. However, because

these studies are conducted in the laboratory, we

do not know whether (or under what condi-

tions) these synergistic interactions occur when spe-

cies are embedded into more natural ecological

communities.
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While synergistic interactions between pesticides

and natural biotic or abiotic stressors occur in a variety

of taxonomic groups, amphibians are one group in

which pesticide effects are of utmost concern.

Amphibians are experiencing declines around the globe

and in some locations there appears to be a connection

with pesticides (Wake 1998; Alford and Richards 1999;

Davidson et al. 2001; Houlihan et al. 2001; Kiesecker

et al. 2001). For example, in the western United States,

some species of amphibians are declining and the

declining populations are often those that are down-

wind from agricultural areas (Davidson et al. 2001,

2002). Carbamates and organophosphates, two classes

of insecticides that inhibit acetylcholine esterase, are

most closely correlated with these population declines

(Davidson 2004). Moreover, amphibians living in ponds

with declining populations exhibit decreased activity of

the acetylcholine esterase enzyme, a potential signal of

exposure to carbamates and organophosphates (Spar-

ling et al. 2001). While pesticide concentrations in these

wetlands tend to be low, laboratory experiments dem-

onstrate that low concentrations of carbamates and

organophosphates can be lethal if combined with

chemical cues emitted by the aquatic predators that

frequently coexist with amphibians (Relyea and Mills

2001; Relyea 2003, 2004b).

In this study, I examined how two species of larval

anurans are affected by a carbamate pesticide (i.e.,

carbaryl) when combined with different levels of pH

and predatory stress under outdoor mesocosm condi-

tions. I selected larval bullfrogs and green frogs as the

target species because both have shown synergistic

responses with predator cues under laboratory condi-

tions (Relyea 2003). I tested the following hypotheses:

(1) carbaryl alone will have no effect on tadpole sur-

vival or growth, (2) carbaryl combined with low pH

will cause reduced tadpole survival and growth, and (3)

carbaryl combined with predatory stress will cause re-

duced tadpole survival and growth.

Pesticide background

Carbaryl is a carbamate insecticide that operates as a

nerve agent by inhibiting acetylcholine esterase. Often

sold under the commercial name Sevin�, carbaryl is

one of the top ten pesticides used in the United States

with 1–2 million kg applied annually to forests,

rangeland, homes, and 1.3 million ha of cropland

(Donaldson et al. 2002; National Pesticide Use Data-

base www.ncfap.org ). It is a broad-spectrum insecti-

cide whose half-life depends upon site conditions

including sunlight and pH; for example, the half-life of

carbaryl ranges from 0.1 d at pH = 8 to 1500 d at

pH < 6 (Aly and El-Dib 1971; Wauchope and Haque

1973). Carbaryl concentrations in wetlands can be up

to 4.8 mg/l, but typical concentrations are substantially

lower (£1 mg/l; Norris et al. 1983; Peterson et al.

1994). Fortunately, we know a great deal about the

impacts of carbaryl from a large number of recent

experiments on amphibians both in the laboratory and

in outdoor mesocosms (Marian et al. 1983; Bridges

1997, 1999, 2000; Bridges and Semlitsch 2000, 2001;

Semlitsch et al. 2000; Boone and Semlitsch 2001, 2002;

Relyea and Mills 2001; Relyea 2003, 2005b). This

wealth of knowledge allows in-depth investigations

using carbaryl as a model pesticide.

Methods

I conducted the experiment using a completely ran-

domized design with a factorial combination of pred-

ator cues (absent or present), pH (6 or 8), and three

carbaryl concentrations. The 12 treatment combina-

tions were replicated four times for a total of 48

experimental units. The experimental units were 800-l

cattle watering tanks filled with 580 l of well water on

19–20 June 2003. On 20 June, I added 15 g of rabbit

chow to serve as an initial nutrient source. On 24 June,

the tanks were made into pond mesocosms by adding

300 g of dried leaf litter (primarily Quercus spp.) and a

150-ml aliquot of pond water that served as an initial

source of algae and zooplankton.

Each mesocosm was equipped with four predator

cages constructed of 10 · 10 cm drain pipe with a

screen on each end to permit the diffusion of chemical

cues from the predators. In mesocosms assigned the

predator treatment, each cage held an adult newt

(Notophthalmus viridescens). Importantly, this preda-

tor coexists with both bullfrogs and green frogs in nat-

ure. In mesocosms assigned the no-predator treatment,

the cages remained empty. Each newt was fed

approximately 200 mg of mixed bullfrogs and green

frogs and the feeding occurred three times per week. To

equalize disturbance among tanks, I briefly lifted the

no-predator cages out of the water during each feeding.

I manipulated the pH of the mesocosms by adding

sulfuric acid. While acid additions are effective at

lowering pH, one cannot hold pH at a constant level

because photosynthesis will continually raise the pH

during the daylight hours and throughout the duration

of the experiment. For mesocosms assigned the high pH

(i.e., pH = 8), I simply used the standard well water

which has a natural pH of ~8. For the pH = 6 treatment,

I added 50 ml of sulfuric acid on 11 July (an amount

that was determined based on titrations using two of the
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mesocosms). Quantification of pH on 15 July demon-

strated that the desired pH treatments were achieved

(see Results). I subsequently quantified pH on 25 and

28 July and found that the difference in pH between the

low and high treatments began to converge. To main-

tain a lower pH in the low pH tanks, I added a second

aliquot of sulfuric acid (10 ml) on 29 July and this was

effective at reestablishing the desired pH (see Results).

For comparison, the pH of natural ponds typically

ranges from 5 to 8 (Mitsch and Gosselink 1986).

After altering the pH and allowing the mesocosms

to establish algal communities, I added 20 tadpoles of

each species on 12 July. The tadpoles came from eggs

that were collected as ‡10 egg masses from two nearby

ponds and hatched in 200-l wading pools containing

aged well water. This ensured that the tadpoles were

not exposed to either pesticides or predator cues prior

the experiment. Once the tadpoles achieved the free-

swimming stage (Gosner stage 25; Gosner 1960), I

haphazardly selected individuals from a mixture of the

egg masses (initial tadpole mean mass ± 1 SE: bull-

frogs = 33 ± 3 mg and green frogs = 16 ± 2 mg).

After adding the tadpoles to the mesocosms, I ap-

plied carbaryl using a commercial formulation of car-

baryl (Sevin�) whose stock concentration (22%) was

confirmed using high-pressure liquid chromatography

(Mississippi State Chemical Laboratory, Mississippi

State, MS). Previous work has demonstrated no dif-

ference between technical grade carbaryl and com-

mercial forms of carbaryl on amphibian growth and

survival (C. M. Bridges, personal communication,

USGS Toxicology Laboratory, Columbia, MO). The

nominal concentrations desired were 0, 1, and 5 mg/l.

Thus, given 580 l of water in each tank, I added 0,

2.57 ml and 12.85 ml of Sevin, respectively. It is

important to note that the actual concentrations

achieved in the mesocosms were not measured. As a

result, I will refer to the three carbaryl treatments as no-

carbaryl, low-carbaryl, and high-carbaryl, respectively.

After being exposed to the treatments for one

month, I terminated the experiment on 12 August. I

drained the tanks and collected all surviving tadpoles. I

quantified the survival of both bullfrog and green frog

larvae and then weighed all tadpoles to quantify the

mean individual growth rate of both species ((final

mass-initial mass)/31 d). The survival and mean growth

rate for each tank served as the response variables.

Statistical analysis

I conducted a multivariate analysis of variance on the

four response variables (the survival and growth of

larval bullfrogs and green frogs). For all significant

multivariate effects, I then conducted univariate tests.

For significant univariate effects for treatments with

more than two levels (i.e., the pesticide treatment), I

conducted mean comparisons using Fisher’s LSD test.

The pH manipulations were done incorrectly for two

tanks and the data from these two tanks were excluded

from the analysis (both coincidentally happened to be

assigned the pH = 6, no-predator, no-carbaryl treat-

ment). While the normality and homoscedasticity

assumptions of the analysis were largely met by the

growth data, the assumptions were not met by the

survival data. Thus, I ranked the survival data prior to

analysis. For the water chemistry data (pH and tem-

perature), I conducted a repeated-measures analyses of

variance.

Results

There were significant multivariate effects of pH and

carbaryl on the tadpoles, but no multivariate effect of

caged predators (Table 1, Figs. 1–2). In addition, there

were no significant two- or three-way interactions.

Univariate analyses indicated that the pH manipu-

lations had no effect on tadpole survival but did affect

tadpole growth (Table 1B). Both bullfrog and the

green frog tadpoles grew more at low pH than high pH.

Across all carbaryl and predator treatments, growth at

low pH was 45% higher for bullfrogs and 65% higher

for green frogs.

Univariate tests also indicated that carbaryl affected

bullfrog survival and growth but had no effect on green

frog survival and growth (Table 1B). Across all pred-

ator and pH treatments, bullfrog survival was nearly

identical between the no-carbaryl and low-carbaryl

treatments (P = 0.998). However, at high-carbaryl

treatments, bullfrog survival declined by 10%

(P = 0.039). Across all predator and pH treatments,

bullfrog growth was similar between the no-carbaryl

and low-carbaryl treatments (P = 0.417), but improved

by 33% in the high-carbaryl treatment (P = 0.001).

To determine if the increase in bullfrog growth in the

high-carbaryl treatment was simply a reflection of the

10% lower survival of bullfrogs, I conducted a sub-

sequent ANCOVA on bullfrog growth using survival as

a covariate. Whereas the relationship between density

and growth is typically nonlinear, across this small

change in density an assumption of linearity is reason-

able. As in the previous analysis, the ANCOVA indi-

cated no effects of predators or any interactions

(P > 0.4). However, the survival covariate also was not

significant (F1,33 = 1.1, P = 0.300) while carbaryl and pH

continued to have significant effects on bullfrog growth
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(F2,33 = 4.0, P = 0.027 and F1,33 = 26.6, P < 0.001,

respectively). Thus, the increase in bullfrog growth

associated with increased concentrations of carbaryl was

not related to the 10% decline in bullfrog density.

Mesocosm pH

The repeated-measures ANOVA on mesocosm pH

indicated significant effects of pH treatment

(F1,33 = 191.0, P < 0.001), time (F3,99 = 69.3,

P < 0.001) and pH treatment-by-time interaction

(F1,33 = 40.0, P < 0.001). There were no effects of

carbaryl, predators, or any other interactions on pH

(P ‡ 0.1). Shortly after the initial addition of sulfuric

acid (15 July), the difference between pH treatments

was significant (F1,34 = 517, P < 0.001); the mean pH

(±SE) was 8.19 ± 0.05 in high-pH mesocosms and

6.48 ± 0.06 in low-pH mesocosms. As time passed, the
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Fig. 1 The survival of larval
bullfrogs and green frogs
when raised under a factorial
combination of predators
(NP = no predator, P = caged
predator), pH (pH = 6 or 8),
and three additions of
carbaryl (0, 2.57 ml and
12.85 ml of Sevin containing
22.5% carbaryl) to 580-l
mesocosms for nominal
concentrations of 0, 1, and
5 mg/l. Data are means ± SE

Table 1 Results of a
MANOVA that examined
the effects of the insecticide
carbaryl, pH, and predator
cues on the survival and
growth of larval bullfrogs and
green frogs. The upper table
(A) provides multivariate test
statistics and the lower table
(B) provides univariate tests
(P-values) for all significant
multivariate tests

df Wilks’ F P

A. Multivariate tests
Carbaryl 8.60 2.7 0.014
pH 4.30 9.6 < 0.001
Predators 4.30 1.1 0.367
Carbaryl* pH 8.60 1.0 0.428
Carbaryl * Predators 8.60 1.3 0.274
pH * Predators 4.30 0.5 0.731
Carbaryl* pH * Predators 8.60 0.3 0.959

Carbaryl pH
B. Univariate tests
Bullfrog survival 0.043 0.209
Green frog survival 0.850 0.385
Bullfrog growth 0.004 < 0.001
Green frog growth 0.234 < 0.001
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difference in pH began to converge (8.33 ± 0.03 versus

7.62 ± 0.03 on 25 July; 8.17 ± 0.04 versus 7.44 ± 0.04

on 28 July) but remained significantly different

(ANOVA F1,34 = 313, P < 0.001 for July 25; ANOVA

F1,34 = 161, P < 0.001 for July 25). Following the

addition of a second aliquot of sulfuric acid (10 ml) on

29 July, the desired difference in pH was reestablished

(8.01 ± 0.16 versus 6.02 ± 0.18; ANOVA F1,33 = 69,

P < 0.001).

Discussion

The results of the experiment demonstrated that the

addition of carbaryl and the manipulations of pH af-

fected amphibian performance but the addition of

caged predators did not. While carbaryl caused some

death (i.e., 10%) in one of the two species, this lethal

effect happened only in the high-carbaryl treatment.

Importantly, the mesocosm water was not tested, pre-

venting me from confirming the nominal concentra-

tions and assessing the rate of pesticide breakdown in

the mesocosms. In static-renewal laboratory experi-

ments, a considerable amount of mortality occurs at

2–3 mg/l (LC5016-d for green frogs = 2.6 mg/l; LC5016-d

for bullfrogs = 2.3 mg/l; Relyea 2003). However, the

current experiment only used a single application of

carbaryl that could break down over time rather than

re-applications of carbaryl as in static-renewal experi-

ments. In other mesocosm experiments using single

applications of carbaryl, low mortality rates are a

common observation (Boone et al. 2001; Boone and

Semlitsch 2001; Boone and James 2003).

The 10% bullfrog mortality caused by the high-

carbaryl treatment was accompanied by a significant

33% increase in bullfrog growth and a nonsignificant

19% increase in green frog growth. The subsequent

ANCOVA suggested that the increased growth was

not caused by the reduction in bullfrog density (i.e.,

reduced competition). In laboratory experiments, we

have not observed increased tadpole growth with the

addition of carbaryl (Relyea and Mills 2001; Relyea
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Fig. 2 The growth of larval
bullfrogs and green frogs
when raised under a factorial
combination of predators
(NP = no predator, P = caged
predator), pH (pH = 6 or 8),
and three additions of
carbaryl (0, 2.57 ml and
12.85 ml of Sevin containing
22.5% carbaryl) to 580-l
mesocosms for nominal
concentrations of 0, 1, and
5 mg/L. Data are means ± SE
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2003), suggesting that carbaryl does not affect tadpole

physiology in a way that increases growth. Observing

carbaryl-associated growth increases in the mesocosm

experiment but not in laboratory experiments implies

that the growth change might be mediated through

indirect changes in the community that caused greater

food availability and, as a result, increased tadpole

growth.

Increased tadpole growth with carbaryl has been

observed in past mesocosm experiments, although this

outcome has been inconsistent. For example, as in the

current experiment, Boone and Semlitsch (2003) found

that adding carbaryl caused a significant increase in

bullfrog growth. In general, however, mesocosm

experiments using 2–7 mg/l of carbaryl have shown

that carbaryl can cause a wide variety of effects on

tadpole growth. If we consider the 29 cases that have

been observed in past mesocosm experiments (29

combinations of species · carbaryl concentrations),

carbaryl can cause increased growth (five cases), de-

creased growth (two cases), both increased and de-

creased growth (depending upon density; three cases)

or no change in growth (19 cases; Boone et al. 2001;

Boone and Semlitsch 2001, 2002, 2003; Bridges and

Boone 2003; Boone and James 2003; Boone and

Bridges 2003; Mills and Semlitsch 2004; Boone et al.

2004). The variation in outcomes does not appear to be

a reflection of species-specific responses; a given spe-

cies can show any of the growth responses. Instead, the

diversity of observed growth outcomes suggests that we

need to understand the mechanisms underlying com-

munity responses to carbaryl and other pesticides that

share carbaryl’s mode of action (i.e., other carbamates

and organophosphates).

When the addition of carbaryl is associated with

increased tadpole growth, a number of studies have

hypothesized that the underlying mechanism is an

indirect effect of carbaryl reducing zooplankton

abundance (due to direct toxicity) which would result

in an algal bloom that could be consumed by the tad-

poles (Boone and Semlitsch 2002, 2003; Bridges and

Boone 2003). Indeed, there is abundant evidence that

carbaryl can reduce zooplankton abundance (primarily

cladocerans) and cause cascading positive effects on

phytoplankton (Hanazato and Yasuno 1987, 1989;

Bridges and Boone 2003; Mills and Semlitsch 2004;

Relyea 2005a). However, North American tadpoles are

not known to consume phytoplankton (i.e., suspended

algae); instead, they consume periphyton (i.e., attached

algae). As detailed by Leibold and Wilbur (1992),

because of competition between phytoplankton (the

resource of zooplankton) and periphyton (the resource

of tadpoles), the addition of carbaryl should lead to a

decline in periphyton and, therefore, a reduction in

tadpole growth. Mills and Semlitsch (2004) confirmed

this mechanism by quantifying all members of the

community and finding that carbaryl caused a large

reduction in zooplankton, a three-fold increase in

phytoplankton, a three-fold decrease in periphyton,

and an 18% reduction in metamorph mass. This

underscores the need for future experiments to identify

the mechanisms of the indirect interactions when

identifying pesticide effects in communities.

Given that the expected indirect effect of adding

carbaryl is a decrease in tadpole growth and given that

only small a fraction of mesocosm experiments have

observed an increase in tadpole growth with carbaryl,

we are in need of alternative mechanisms. One alter-

native mechanism for instances of increased tadpole

growth is that the addition of carbaryl, because it is a

neurotoxin that reduces tadpole foraging activity

(Bridges 1997, 1999), allows periphyton to experience

an exponential increase in biomass. After the degra-

dation of carbaryl, this increased biomass of periphy-

ton can be cropped down by the tadpoles, resulting in

greater final growth. Interestingly, this mechanism has

been observed in herbivores living with predators.

When predators induce herbivores to reduce their

foraging activity, it allows resources to increase and the

animals end up being more massive than animals living

in predator-free environments (Relyea and Werner

2000; Peacor 2002). Importantly, this mechanism would

predict that growth effects of carbaryl would be

determined by species-specific behavioral responses to

carbaryl and by the timing of the pesticide addition;

both factors have been cited as being important in past

studies (Boone and Bridges 2003; Mills and Semlitsch

2004). In summary, there are multiple possible mech-

anisms that could affect amphibian growth. While the

behavioral mechanism seems more likely to be correct,

future experiments should work to definitively test

both mechanisms.

When I reduced the pH in the mesocosms, there was

no effect on tadpole survival, but it did cause a 45–65%

increase in growth. Given that a major food resource

for tadpoles is periphyton, these results suggest that the

reduction in pH caused an increase in tadpole re-

sources (i.e., periphyton). Previous research has docu-

mented that reductions in pH from 8 to 6 commonly

cause increases in periphyton biomass (reviewed in

Planas 1996). Thus, the mechanism underlying the pH

effect appears to be a straightforward increase in

tadpole resources.

Based on previous laboratory experiments, I

expected to find interactive effects among carbaryl,

pH, and predator cues; however, I found no interactive

508 R. A. Relyea

123



effects. For example, I observed no interaction be-

tween carbaryl and pH, despite the fact that laboratory

experiments have shown that the half-life of carbaryl is

considerably longer at lower pH. In the laboratory, the

half-life of carbaryl is ~1 day at pH = 8 but ~400 days

at pH £ 6 (Aly and El-Dib 1971; Wauchope and Haque

1973; Sikka et al. 1975; Sharom et al. 1980). However,

carbaryl can also be broken down by sunlight (Wolfe

et al. 1978). Under mesocosm conditions with water at

a pH of 7.8–8.4, the half-life of carbaryl has been

estimated at 4 h to 4 d (Boone and Bridges 2003;

Boone et al. 2004). The breakdown by sunlight there-

fore likely plays a very important role in determining

the effect on amphibians and the rest of the aquatic

community. The weak effects of carbaryl on bullfrog

survival and the lack of any effect on green frog sur-

vival under either pH condition in the mesocosm

experiment suggests that carbaryl broke down quite

rapidly in the experiment under both pH conditions,

although I did not have the data to confirm this.

I also found no evidence of interactions between

carbaryl and predatory stress, despite the fact that such

interactions have been repeatedly observed in labora-

tory experiments using several species of amphibians

(including green frogs and bullfrogs) and several types

of pesticides (Relyea and Mills 2001; Relyea 2003,

2004b, 2005b). In trying to reconcile the different

outcomes between laboratory and mesocosm experi-

ments, we must consider the commonalities and dif-

ferences in the two experimental venues and their

associated protocols. The current mesocosm experi-

ment shared a number of commonalities with the past

laboratory experiments: (1) the mesocosm experiment

used a mixture of two populations of bullfrogs and

green frogs that included the population originally

used in the laboratory experiments, (2) both experi-

ments used the same species of predator (adult newts),

(3) both experiments used the same water source (a

nearby well), and (4) the high pH treatment of the

mesocosm experiment was similar to the pH in the

laboratory experiments (pH = 7.8–8.0; Relyea 2003).

However, there were four major differences between

the mesocosm experiment and past laboratory experi-

ments. First, the mesocosms had four predators fed

300 mg of tadpole every 2 d in 580-l tanks whereas the

laboratory tubs contained one predator fed 100 mg of

tadpoles every 2 d in an 8-l tub. Thus, on a per-liter

basis, the concentration of the predator cue was nearly

6-fold higher in the laboratory experiment and this

higher concentration of predator cues might make a

synergistic interaction more likely. This possibility

seems unlikely because other experiments have shown

that behavioral and morphological responses to caged

predators in a cattle tank plateau at four predators,

suggesting that higher concentrations of predator cues

do not cause additional stress (Relyea 2004a). Second,

the laboratory experiments were static-renewal exper-

iments in which the water was changed every 4 d (to

prevent fouling) and the pesticide was re-applied after

each water change. In contrast, mesocosm experiments

typically do not foul (because zooplankton help crop

down bacteria) and the typical protocol is to apply the

desired pesticide concentration as a single pulse at the

beginning of the experiment (e.g., Boone and Sem-

litsch 2002; Mills and Semlitsch 2004; Relyea 2005a).

Third, as noted above, mesocosm experiments are

conducted outside where they are exposed to sunlight

that breaks down carbaryl more rapidly than under

laboratory conditions (within a few days; Boone and

Bridges 2003; Boone et al. 2004). Finally, mesocosms

contain a community of organisms that may permit a

variety of potential direct and indirect effects that are

not possible in single-species laboratory experiments.

It is likely that the latter three factors all contributed to

the lack of any synergistic effects in the mesocosm

experiment.

These results highlight the critical importance of

experimental protocols when extrapolating our results

to natural habitats. For example, when we examine

pesticides that rapidly break down and are applied only

once per year (e.g., a one-time application of a pesti-

cide in the spring), static-renewal tests that maintain a

constant pesticide concentration may bias us toward

finding larger effects than one would observe in nature.

In contrast, when we examine pesticides that rapidly

break down and are applied repeatedly throughout the

spring and summer, single-pulse mesocosm experi-

ments may bias us toward finding smaller effects than

one would observe in nature. In the case of pesticides

that inhibit acetylcholine esterase such as carbaryl,

applications occur throughout the agricultural growing

season and, therefore, are likely entering aquatic hab-

itats repeatedly during the larval period of amphibians.

Thus, to definitively test whether predatory stress

interacts with pesticides under more natural condi-

tions, we need to conduct experiments that mimic the

pesticide application protocols that occur in nature.

Conclusions

Global use of pesticides is important to human health

and agriculture, but the impacts on ecological com-

munities are often unknown. Our understanding of

pesticide effects often comes from single-species lab-

oratory experiments, but we can arrive at very different
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conclusions under more natural conditions. In the case

of pesticide impacts on amphibians, static renewal

laboratory experiments have discovered that changes

in pH and predatory stress can have substantial im-

pacts on the lethality of pesticides, but the current

study demonstrates that these synergistic effects do not

occur with single applications to pond mesocosms.

Such disparate results suggest that we need to carefully

consider how experimental conditions relate to the

conditions experienced by organisms in nature and that

we need to track changes in the food web to under-

stand the plethora of potential indirect effects that

pesticides can produce when species are embedded

back into their natural community context. Although it

can require more time, energy, and financial resources,

this approach will undoubtedly lead us to a better

understanding of the impacts of pesticides on aquatic

communities and how pesticides might lead to global

declines in amphibians.
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