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Abstract—Changes in percentage of forest cover can influence nutrient levels in aquatic systems and change abiotic conditions that may
influence species. The authors examined how increasing amounts of leaf litter influenced toxicity of the insecticide carbaryl using larval
green frogs (Rana clamitans) in outdoor mesocosm ponds. Insecticides can have direct negative effects on individual physiology and
behavior and indirect effects on the food web, which can result in trophic cascades. They predicted that direct effects of the insecticide
would dominate when nutrients were low (resulting in negative impacts on amphibian development and survival), whereas indirect
effects could offset direct effects when nutrients were more abundant through a trophic cascade that leads to more food for tadpoles
(resulting in positive effects on amphibian development and survival). The authors found support for this hypothesis: first, total green
frog survival was greatest with increased leaf litter input in the presence of carbaryl. Additionally, most green frogs that reached
metamorphosis were from ponds with high leaf litter input and carbaryl. Second, the impact of carbaryl on developmental stage and
tadpole mass varied depending on the amount of leaf litter present. With high amounts of leaf litter, carbaryl had a positive impact on
development and growth; in contrast, with low amounts of leaf litter, carbaryl had negative or no effects on tadpole development and
mass. The present study suggests that differences in nutrient levels between ponds exposed to pesticides could play a role in amphibian
population dynamics. Environ. Toxicol. Chem. 2012;31:xxx–xxx. # 2012 SETAC
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INTRODUCTION

Community composition shifts as critical habitat character-
istics change across environmental gradients. Canopy cover
variation, from open to closed canopy, represents a gradient that
leads to changes in environmental temperature and moisture
[1,2]; canopy cover can also impact aquatic systems through
effects on pond pH, dissolved oxygen (DO) concentration,
dissolved organic carbon (DOC), ultraviolet light (UV) avail-
ability, plankton communities, and nutrient input [1,3,4], which
can influence the impact of anthropogenic factors such as
pesticides. Because pesticides move with wind currents, runoff,
and precipitation, they can be found in protected as well as
disturbed habitats [5–7]. For this reason, pesticides are a
relevant environmental factor for all natural systems. The
impact of a pesticide on natural systems is not always predict-
able from laboratory tests, because environmental factors such
as UV radiation or temperature can change a pesticide’s effect.
For instance, the amount of UV in an aquatic system can
increase or decrease toxicity of some contaminants [8,9];
furthermore, UV penetration in aquatic environments is influ-
enced by DOC [10], which is influenced by soil conditions and
surrounding vegetation. Therefore, environmental factors can
vary with habitat gradients, influencing the relative toxicity of a
pesticide.

Amphibian communities are experiencing major changes in
assemblages in some regions as a result of population declines
and local extinctions. Amphibian population declines have been
associated with disease pathogens (especially Batrachochy-
trium dendrobatidis) [11,12] as well as with upwind agriculture

[13–15]. Many factors associated with declines are also present
in areas where declines are not apparent, suggesting that
key environmental factors may influence susceptibility. For
example, amphibian declines are most prominent in the United
States along the Pacific Coast and in mountainous regions in the
west, but not in the East or the Midwest, although both regions
have substantial pesticide use [16]. The midwestern corn belt
has approximately 95.7 million acres in cropland, whereas
Pacific states have dramatically less agriculture, with approx-
imately 23.9 million acres in cropland [17]. Given that approx-
imately 80% of the 389 million kg (857 million pounds) of
active ingredients of pesticides used in the United States is
applied to agricultural lands [18], theMidwest receives a greater
input of contamination than the West Coast. However, few
species appear to be declining in the Midwest [16]. This trend
could also suggest that pesticides are not playing a significant
role in declines farther from sources of contamination, as
suggested by Bradford et al. [19]; however, given the ubiquity
of environmental pesticides, it is critical to understand
how toxicity may vary with conditions across environmental
gradients.

Nutrient availability in aquatic systems is an environmental
factor that varies among regions and with elevation, which
could interact with factors such as pesticides associated with
population declines. A greater portion of lakes in the Midwest
and the eastern United States, where amphibian population
declines are less frequent, are eutrophic or hypertrophic com-
pared with lakes in the western United States [20]. Nearly 50%
of the lakes in the Midwest are hypereutrophic, the highest U.S.
rates [20]. Wetlands where declines have occurred in the west-
ern United States are often at high elevation [16], where aquatic
systems are typically oligotrophic [21]. More than 50% of
wetlands in the Pacific Coast states are oligotrophic, compared
with <5% of those in the Midwest temperate plains [20].
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Although patterns of amphibian population declines have been
associated with higher elevation [16], nutrient levels in ponds
have not been implicated as a contributing factor.

Effects of pesticides and other environmental contaminants
could be influenced by nutrient availability in aquatic systems.
The effect of a pesticide in the natural environment will be a
combination of effects from direct and indirect pathways. Direct
effects include impacts on individual survival, physiology, or
behavior; indirect effects include changes in the food web,
which can alter predator communities and food resources. For
instance, although a short-lived insecticide may reduce activity
of tadpoles, it may also reduce the abundance of predators
(especially arthropods) and zooplankton grazers; a reduction
in zooplankton can result in algal blooms, with short-term
increases in both phytoplankton and periphyton [22,23]. There-
fore, the impact of pesticides may vary with species sensitivity
to direct effects, as well as environmental conditions that
influence the magnitude of indirect effects. Pesticides have
been found to reduce anuran survival in mesocosm ponds
[23–26]. However, some studies show that insecticides can
have apparent positive effects on anuran growth and survival,
which may result from changes in predator communities or food
resources [27–30]. Positive effects on anuran survival with
exposure to insecticides can also occur in more natural environ-
ments such as experimental farm ponds [31] as well as in areas
that experience heavy chemical management such as golf
courses [32]. Greater anuran survival with sublethal insecticide
exposure relative to controls suggests that indirect effects of a
pesticide could outweigh direct negative effects in some cases
[29].

The objective of the present study was to examine whether
changes in amount of leaf litter input influence toxicity of the
insecticide carbaryl to green frog (Rana clamitans) tadpoles,
because insecticide use has been correlated with population
declines of other ranids [15,33]. Green frogs have larval periods
often exceeding one year, but green frogs that reach a minimum
size at metamorphosis can transform in a single season. The
flexibility in this species’ life history makes it ideal for exam-
ining how environmental factors might modulate relative tox-
icity. We predicted that the impact of the insecticide would
differ with nutrient availability in the pond. We expected that
tadpoles would be negatively affected by insecticide exposure
when the amount of leaf litter was low, because direct negative
effects of the insecticide would dominate, and low nutrient
availability would reduce the potential for trophic cascades. We
predicted that the effect of the insecticide exposure would
positively influence growth and survival when nutrient avail-
ability was greater, because nutrient availability would increase
the potential for a trophic cascade that resulted in increased food
resources for anurans, allowing indirect positive effects of
exposure to outweigh direct negative effects of exposure.

MATERIALS AND METHODS

Animal care and experimental design

We collected four clutches of green frogs (R. clamitans)
fromMiami University Natural Areas in Oxford, Ohio, USA, on
June 20, 2007. Eggs were hatched in the laboratory at 23 to
258C, and we kept them in the laboratory until tadpoles were
freely swimming (Gosner stage 25 [34]). Clutches were mixed
to homogenize genetic variation. We established aquatic com-
munities in 32 polyethylene ponds (1.85m in diameter; 1,480L
volume) at Miami University’s Ecology Research Center in
early July by adding 1,000 L water, leaf litter (amount described

below), and plankton from natural ponds. Screen-mesh lids
covered each pond to exclude incidental predators and anuran
colonists.

We added 30 recently hatched green frog tadpoles to ponds
on July 25, 2007 (experimental day 0). We experimentally
manipulated two factors in a full-factorial design with four
replicates: exposure to expected environmental concentrations
of the insecticide carbaryl (0 or 1.75mg/L) and amount of
leaf litter (air-dried wt of 0.25, 0.50, 1.0, or 2.0 kg). We added
the insecticide carbaryl as liquid Sevin (22.5% carbaryl;
GardenTech) on experimental day 5 at a nominal concentration
of 1.75mg/L (7.8 g Sevin [22.5% carbaryl, GardenTech] added
to 1,000L water) after tadpoles had acclimated to mesocosm
environments; in similar studies in our laboratory using iden-
tical approaches of insecticide application, carbaryl concentra-
tion has been confirmed to be near calculated concentrations
[22,29], but carbaryl concentration was not confirmed in the
present study because of cost constraints. To simulate an
agricultural overspray event, we mixed carbaryl with 5 L of
pond water taken from each pond and poured the mixture evenly
across the pond surface with a watering can at 3:30 PM Eastern
Standard Time to achieve a final concentration of 1.75mg/L.
The LC50s of carbaryl at 96 h for green frog tadpoles can range
from 22.0mg/L at 178C to 11.3mg/L at 278C [35]. Therefore,
the concentration used in our experiment was considerably
lower than concentrations expected to cause direct mortality
to tadpoles but is within the range that could alter swimming and
feeding behaviors [36]; this concentration, however, can be
directly lethal to zooplankton [22]. A concentration of 1.75mg/L
represents a worst-case scenario given that it is likely greater
than concentrations observed in streams or ponds following a
runoff event after forest spraying (�16.1mg/L [37],�254mg/L
[38]) but is below expected environmental concentrations of
3.667mg/L from direct exposure calculated by Peterson et al.
[39]. At the time of insecticide addition, pond pH was
7.7� 0.02 (mean�SE), temperature was 19.5� 0.058C, and
DOwas 4.8� 0.2mg/L. Leaf litter was collected from a mature,
mixed deciduous forest (predominantly oak [Quercus spp.],
beech [Fagus grandifolia], maple [Acer spp.], and sycamore
[Platanus occidentalis]). We selected leaf litter levels to
represent low to high amounts of litter input found in nature
[40–43] and to span the range of additions researchers typically
use in mesocosm studies (for review see Semlitsch and Boone
[44]).

We checked ponds two or three times per week for meta-
morphs, which were removed from each pond and held in the
laboratory until tail resorption (usually �3 d), at which time
they were weighed to the nearest milligram. Green frogs did not
reach metamorphosis in all treatments. We terminated the
experiment on October 31 (experimental day 98), at which
time it was likely that tadpoles would overwinter in mesocosms.
At the end of the experiment, we drained the ponds and
thoroughly searched for remaining tadpoles. Tadpoles remain-
ing in the pond were weighed, staged (Gosner developmental
stage [34]), and enumerated.

We measured periphyton abundance, a food resource of
green frog tadpoles [45], on experimental days 7 and 35.
Changes in the aquatic community following pesticide exposure
can occur within a few days after exposure and may change the
aquatic community for weeks [22]; therefore, these sampling
times were sufficient to obtain a coarse assessment of changes in
abundance of periphyton. We took periphyton samples by
scraping a 3 cm� 1.3 cm patch directly below the waterline
on the western side of each pond; by holding a razor blade at a
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458 angle, periphyton can be successfully collected by this
method without loss to provide a relative index of abundance of
chlorophyll-a among experimental treatments [22]. Periphyton
was then wiped onto a filter and placed in 15ml neutralized 90%
acetone in the dark at 58C for 24 h and analyzed by fluorometry
[46]. We measured water quality parameters including pH, DO,
and temperature on experimental days 5 and 35. To determine
whether DOC varied with leaf litter or carbaryl treatments, we
took a composite sample from each pond on experimental day
64, and 100ml was used for analysis. Water samples were
filtered with 25-mm, 0.7-mmWhatman GF/F filters within 8 h of
sample collection; samples were stored at 48C until analysis
with a Shimadzu Total Organic Carbon Analyzer (TOC-VCPH).
Dissolved organic carbon was measured in standard sensitivity
mode, subtracting Milli-Q deionized water blanks from stand-
ards and samples and calibrating to dilutions of a certified DOC
standard.

Response variables and statistical analyses

We examined how carbaryl exposure, leaf litter input, and
their interaction affected tadpole mass, Gosner developmental
stage [34], percentage of green frogs reaching metamorphosis,
and total survival (number of metamorphs plus tadpoles).
Effects of treatments and their interaction on percentage of green
frogs reaching metamorphosis were examined with analysis of
variance (ANOVA). Because most green frogs that reached
metamorphosis were from a single treatment, we could not test
for treatment effects on mass or time to metamorphosis. Anal-
ysis for treatment effects and their interaction on the ‘‘tadpole
response,’’ consisting of total survival, Gosner developmental
stage, and tadpole mass, was performed with multivariate
analysis of variance. To normalize data and stabilize variances,
we angularly transformed survival data and log transformed
tadpole mass, Gosner developmental stage, mass at metamor-
phosis, and time to metamorphosis before analyses. Periphyton
abundance was log transformed and analyzed with repeated-
measures ANOVA to determine differences in exposure to
treatments and their interaction over time. Pond pH, DO, and
temperature were measured with repeated-measures ANOVA to
determine effects of treatments over time. We analyzed DOC
with ANOVA to determine differences between treatments and
their interaction.

RESULTS

The percentage of green frogs that reached metamorphosis
significantly increased with leaf litter input (F3,23¼ 11.62,
p< 0.0001; Fig. 1A) but was not affected by carbaryl exposure
(F1,23¼ 2.79, p¼ 0.1083). The addition of carbaryl and high
amounts of leaf litter marginally affected the proportion of
tadpoles that reached metamorphosis (F3,23¼ 2.87, p¼ 0.0584;
Fig. 1A).

The multivariate tadpole response (of total survival, mass,
and developmental stage) was significantly affected by leaf
litter input (F9,51¼ 10.41, p< 0.0001), carbaryl exposure
(F3,21¼ 9.66, p¼ 0.0003), and the interaction of leaf litter
and carbaryl (F9,51¼ 3.56, p¼ 0.0017). Univariate analyses
indicated that total survival (tadpoles plus metamorphs)
significantly increased with the amount of leaf litter
(F3,23¼ 13.02, p< 0.0001; Fig. 1B) and with carbaryl exposure
(F1,23¼ 20.09, p¼ 0.0002; Fig. 1B); the interaction of these
treatments (F3,23¼ 1.20, p¼ 0.3315) did not appear to contrib-
ute to the multivariate response. Both stage (F3,23¼ 7.92,
p¼ 0.0008) and tadpole mass (F3,23¼ 7.00, p¼ 0.0016) were

significantly affected by the interaction of leaf litter and car-
baryl. Growth and mass were reduced with carbaryl exposure
with 0.5 kg of leaf litter input, whereas carbaryl exposure
increased growth and mass with 1 or 2 kg leaf litter (Fig. 2).

Relative abundance of periphyton significantly changed over
time (F1,23¼ 19.22, p¼ 0.0002) but did not vary with treat-
ments over time (p> 0.0942). However, between-subjects
analysis indicated that the interaction of leaf litter and carbaryl
concentration (F3,23¼ 3.47, p¼ 0.0326) significantly affected
periphyton abundance overall; generally, there were greater
amounts of periphyton in ponds with carbaryl and more leaf
litter (Fig. 3), although this pattern is not apparent by day 35.
Pond pH decreased significantly with leaf litter input
(F3,23¼ 8.37, p¼ 0.0006) but was not significantly affected
by other treatment combinations, and treatments did not vary
with time (Fig. 4A). Dissolved oxygen significantly decreased
with leaf litter input (F3,23¼ 67.92, p< 0.0001; Fig. 4B). Car-
baryl exposure also reduced DO by approximately 6.6%
(F1,23¼ 5.42, p¼ 0.0291), but there was no interaction between
carbaryl and leaf litter. Dissolved oxygen varied significantly
over time (F1,23¼ 76.44, p< 0.0001), and there was an inter-
action between time and leaf litter input (F3,23¼ 6.42,
p¼ 0.0026; Fig. 4B). Leaf litter input had a small but statisti-
cally significant effect on pond temperature (F3,23¼ 5.89,
p¼ 0.0039; Fig. 4C); however, temperature was not affected
by carbaryl exposure or the interaction. Temperature also varied
over time (F1,23¼ 14173.2, p< 0.0001) and there was an inter-
action between time and leaf litter input (F3,23¼ 17.02,
p< 0.0001; Fig. 4C). On experimental day 5, ponds with
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2 kg leaf litter had temperatures that were 0.78C greater than
those with 0.25 kg leaf litter; by day 35, there are no differences
in temperature among treatments.

Leaf litter input significantly increased DOC (F3,27¼ 3.78,
p< 0.0001), but carbaryl exposure alone did not (F1,27¼ 1.83,
p¼ 0.1869). The interaction of leaf litter and carbaryl signifi-
cantly affected DOC (F3,27¼ 3.57, p¼ 0.0269; Fig. 5). Lower
DOC levels were found in ponds with low leaf litter input and
carbaryl, and higher levels were found in ponds with high leaf
litter and carbaryl compared to ponds without carbaryl.

DISCUSSION

Amphibian population declines have been correlated with
upwind agriculture in California [13,14,33]. This relationship is
surprising given that the amount of pesticides that would move
through the atmosphere would likely be below lethal concen-
trations and given that other areas of high pesticide use do not
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have widespread population declines. However, Bradford et al.
[19] suggests that declines evaluated by Davidson et al. [13,14]
and Davidson and Knapp [47] were more likely attributable to
the amphibian chytrid fungus. Disparity in amphibian decline
frequency among regions could be a consequence of differences
in pesticides used among regions or sensitivities of species,
differences in other factors that may alter the toxicity, or
differences in the presence of another factor (such as disease)
altogether. The present study suggests that the differences in
impacts of pesticides on amphibian survival and development
can result from varying abiotic conditions related to nutrient
availability, which could potentially explain or contribute to
different regional patterns observed in the United States.

Our central prediction was that carbaryl and leaf litter would
interact, resulting in negative effects of carbaryl at low nutrient
levels (because of a lower likelihood of increases in algal food
resources via trophic cascades) and positive effects at high
nutrients (because of greater likelihood for increases in algal
food resources via trophic cascades). These predictions were
partially verified. The interaction of carbaryl and leaf litter input
significantly impacted the multivariate response (of total sur-
vival, tadpole mass, and tadpole developmental stage) and
marginally influenced percentage of green frogs reaching meta-
morphosis. The insecticide carbaryl increased the percentage of
green frogs reaching metamorphosis, total survival, tadpole
mass, and tadpole development with leaf litter inputs of 1 kg
or greater. Almost all of the individuals that reached metamor-
phosis in a single season came from ponds exposed to carbaryl
and 2 kg leaf litter. This suggests that any sublethal direct
effects [36] might have been offset by short-term trophic
cascades that resulted in increased food resources, allowing
animals to reach metamorphosis. Individuals that reach meta-
morphosis before winter may be more vulnerable than they
would be if they overwintered in a pond as tadpoles. However,
studies with recently metamorphosed green frogs found a 48%
probability of surviving the winter, similar to other anuran
species that typically metamorphose in a single season [48],
suggesting that when green frogs reach or exceed a minimum
size at metamorphosis, the probability of overwinter survival as
a metamorph is greater than or equal to the probability of
overwinter survival as a tadpole.

Total survival of metamorphs and tadpoles combined (ana-
lyzed in the multivariate response) was significantly and pos-
itively affected by both insecticide exposure and increased leaf
litter input, but there was no interaction between treatments.
Increased survival with carbaryl exposure at low leaf litter
concentrations suggests that tadpoles still benefited from expo-
sure at lower nutrient levels. There were no large observable
effects on periphyton food resources with low amounts of leaf
litter additions with or without carbaryl. Because green frogs
can also feed on phytoplankton and other food resources [45], it
is possible that they fed on resources not measured in the present
study or that trophic cascades do not explain the increased growth
and development in ponds with high leaf litter content [49].

The amount of leaf litter influenced the impact of carbaryl on
tadpole mass and developmental stage. Mass increased and
tadpoles were more developed with increases in leaf litter, with
carbaryl exposure augmenting this effect. However, with low
leaf litter input of 0.25 or 0.5 kg, mass and tadpole development
either were not affected or were negatively affected relative to
controls. The experimental conditions influenced whether
carbaryl had a positive or negative effect on growth or develop-
ment. If the experiment was conducted under low leaf litter
conditions only, we would have concluded that pesticides have

negative or no effects; in contrast, if the present study were
conducted with high levels of leaf litter input only, we would
conclude that positive effects can result from exposure.
Although treatment effects on survival have the most straight-
forward impacts on populations, time to metamorphosis, and
size at metamorphosis are traits correlated with fitness, and
they have important consequences for terrestrial survival and
reproductive success [50–53]. Furthermore, population models
suggest that reductions in larval survival, whether from pesti-
cides or from other factors, might not be as significant as factors
that influence juvenile survival [54–57], which can be impacted
by time and mass at metamorphosis. Because earlier time at
metamorphosis and larger size at metamorphosis (which are
correlated with tadpole development and tadpole mass) are
positively associated with overwinter survival, earlier time to
first reproduction, and greater reproductive success, time and
size at metamorphosis could have a large impact on population
dynamics. Furthermore, smaller mass and slower developmen-
tal rate could also increase the likelihood of either disease
exposure or susceptibility to disease [58]. Given that many of
the enigmatic amphibian population declines have been asso-
ciated with chytridiomycosis resulting from lethal infections of
B. dendrobatidis, impacts on metamorph quality that could be
influenced by environmental factors such as pesticide exposure
and nutrient levels in the pond could have significant long-term
impacts.

Additionally, low nutrient levels alone could make species
more vulnerable to additional stressors. Survival, developmen-
tal stage, and mass at metamorphosis are at their lowest levels in
ponds with small amounts of leaf litter. Other studies have
shown that survival and developmental rate increased with
increasing amounts of leaf litter [59] and that litter type can
vary in quality, impacting metamorphosis [60,61]. Increasing
the amount of leaf litter input can increase microbial produc-
tion, thus increasing nutrient availability for primary produc-
tion. Lower levels of DO were associated with increasing leaf
litter in the present study and suggest that microbial respiration
was greater in ponds with more leaf litter [59,62]. We also saw
greater temperatures and lower pH between ponds with high
versus low leaf litter input. The amount of leaf litter results in
many shifts in the abiotic environment that could influence the
response of an amphibian to a pesticide.

The difference in the impact of carbaryl exposure with low
versus high leaf litter input explains some of the differences
observed in the effects of pesticide among laboratories that use
mesocosms (for review see Semlitsch and Boone [44]). How-
ever, the results in the present study also might help to explain
how pesticide-influenced population declines could occur in
some regions but not in others based on important differences in
nutrient availability. One of the major risk factors for amphib-
ians is living at higher elevations in the United States, Central
America, South America, and Australia [16]. Higher elevations
have characteristics that differ from lower elevation in terms of
temperature, variation in temperature, ultraviolet radiation, and
the amount of nutrients available in ponds. The present study
suggests that nutrient input can influence amphibians in its own
right and that it can modulate the impact of the pesticide.
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