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Abstract Despite widespread concern about the role of

environmental contaminants in global amphibian declines,

and evidence that post-metamorphic life stages contribute

disproportionately to amphibian population dynamics,

most studies in amphibian ecotoxicology focus on larval

life stages. Studies that focus solely on early life stages

may miss important effects of contaminant exposure, such

as latent effects that manifest some time after previous

exposure. Moreover, it is often assumed that effects

observed in amphibian larvae will persist to affect survival

or reproduction later in life. We used terrestrial enclosures

to determine whether exposure to mercury (Hg) through

maternal transfer and/or larval diet had any adverse effects

in post-metamorphic American toads (Bufo americanus).

We found a 5% difference in size at metamorphosis that

was attributed to maternal Hg exposure persisted for 1 year

in the terrestrial environment, resulting in a 7% difference

at the conclusion of the study. Although patterns of sur-

vival differed among treatments through time, we found no

overall difference in survival after 1 year. We also found

no evidence of emergent latent effects in the terrestrial

toads that could be attributed to earlier exposure. Our

results indicate that adverse effects of maternal Hg expo-

sure that were observed in larval amphibians may persist to

affect later terrestrial life stages but that no novel adverse

effects developed when animals were raised in a semi-

natural environment. Moreover, we found no evidence of

persistent effects of dietary Hg exposure in larvae, high-

lighting a need for greater focus on maternal effects in

amphibian ecotoxicology. Finally, we suggest an increase

in the use of longitudinal studies to better understand

contaminant impacts to amphibian populations via effects

in both aquatic and terrestrial life stages.

Keywords Amphibian declines � Carryover effects �
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Introduction

The need to understand functional mechanisms underlying

ecotoxicological processes frequently leads to studies of

species or systems that can be feasibly controlled and

replicated. Even within species, some life stages can

receive disproportionate attention because they may lend

themselves more readily to experimental research. For

example, the vast majority of toxicological research on

amphibians has focused on aquatic larval stages that are

more easily manipulated in the laboratory or sampled in the

field compared to terrestrial stages (Carey and Bryant

1995; Biek et al. 2002; Boone and James 2005). Despite

the widespread decline of amphibian populations (Stuart

et al. 2004; Hoffmann et al. 2010), and theoretical and

empirical evidence that post-metamorphic life stages have

a disproportionately high impact on amphibian population

dynamics (Biek et al. 2002; Vonesh and De la Cruz 2002;

Schmidt et al. 2005), we know comparatively little about

the ecotoxicology of terrestrial amphibian life stages or

whether effects on larval stages persist to affect post-

metamorphic vital rates.
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Concern that environmental contaminants contribute to

global amphibian declines has prompted much amphibian

toxicological research (Alford and Richards 1999; Houla-

han et al. 2000; Wake and Vredenburg 2008; Sparling et al.

2010). Historically, amphibian toxicology has focused on

dose-response relationships to determine lethal concentra-

tions of a variety of contaminants (e.g., pesticides, herbi-

cides, metals, or persistent organic pollutants) on embryos

or larvae (Boone and James 2005; Palenske et al. 2010).

These studies are useful for determining the acute toxicity

of many substances and for understanding the sensitivity of

diverse species to a wide range of potentially harmful

environmental contaminants (Relyea and Jones 2009;

Kerby et al. 2010), but they frequently lack ecological

realism. Recently, there has been greater interest in under-

standing the broader ecological and sublethal consequences

of environmental contaminants in more relevant contexts.

Contemporary ecotoxicological studies focus more

widely on how sublethal concentrations of contaminants

interact with natural stressors, including inter- and intra-

specific competition (e.g., Relyea et al. 2005; Jones et al.

2011), predation (Relyea and Edwards 2010; Todd et al.

2011a), environmental stochasticity (e.g., Boone and

Semlitsch 2002), and parasites (e.g., Budischak et al.

2008), as well as environmentally realistic contaminant

mixtures (e.g., Snodgrass et al. 2004; Boone et al. 2005;

Relyea 2009). These studies have revealed that environ-

mental contaminants can have a wide array of adverse

sublethal effects on larval amphibians (Rowe et al. 2001;

Budischak et al. 2008). However, the broader implications

of sublethal effects are often discussed under the assump-

tion that they persist throughout ontogeny, presumably

reducing survival or reproduction in post-metamorphic life

stages, but this assumption is rarely tested. Additionally,

studies that focus only on larval life stages may miss

important latent effects of contaminant exposure that

appear later in ontogeny after previous exposure (e.g., Rohr

and Palmer 2005; Budischak et al. 2008).

To test the hypothesis that larval effects of contaminant

exposure persist after metamorphosis, we examined the

post-metamorphic growth and survival of American toads

(Bufo americanus) for 1 year after exposure to mercury

(Hg) via maternal transfer or larval diet. Previously, we

have shown that female American toads inhabiting a con-

taminated river floodplain accumulate Hg and maternally

transfer it to their offspring (Bergeron et al. 2010b).

Exposure to maternal Hg results in delayed metamorphosis,

smaller body size, and increased prevalence of spinal

malformations in newly metamorphosed juveniles (Ber-

geron et al. 2011; Todd et al. 2011a, b). Additionally,

dietary Hg can reduce body size of developing larvae and

can interact with maternal Hg to reduce larval survival

(Bergeron et al. 2011). Mercury bioaccumulates in tissues,

is a known neurotoxicant, and can affect the endocrine and

reproductive systems of vertebrates (Eisler 2006; Crump

and Trudeau 2009; Tan et al. 2009). Thus, we predicted

that negative effects observed at metamorphosis would

persist through ontogeny to negatively affect growth and

survival of terrestrial juvenile American toads. Lastly, we

tested for the onset of any adverse latent effects undetected

in the larval stage yet resulting from earlier larval

exposure.

Methods

Experimental design

Recently metamorphosed American toads used in the

present study were obtained from an earlier factorial

experiment that examined the individual and interactive

effects of maternal and dietary Hg on larval traits. Detailed

methods and results of the earlier study on larvae are

reported in Todd et al. (2011b). Briefly, we acquired larvae

from clutches of eggs from toads collected in either con-

taminated or uncontaminated portions of the South River

floodplain near Waynesboro, VA, USA (Todd et al.

2011b). Reference and contaminated mothers had total Hg

(THg) concentrations of 159.5 ± 18.6 (mean ± SE here-

after) and 2,250 ± 489.8 ng/g ww in their blood, respec-

tively (Todd et al. 2011b). Reference and contaminated

eggs had THg concentrations of 20.6 ± 1.3 and

149.1 ± 17.9 ng/g dw, respectively (Todd et al. 2011b).

Soon after hatching, larvae were allotted to dietary treat-

ments and fed either control diet (0.01 ± 0.001 lg/g dw

THg) or a diet spiked with environmentally relevant con-

centrations and proportions of inorganic and methyl-Hg

(10.1 ± 2.3 lg/g THg dw, 1.05% monomethyl-Hg), cre-

ating four experimental crosses: (1) reference mother—

control larval diet, (2) reference mother—Hg larval diet,

(3) Hg mother—control larval diet, (4) Hg mother—Hg

larval diet. For more information on larval diet, see Ber-

geron et al. (2011) or Todd et al. (2011b). We drew animals

haphazardly during the peak of metamorphosis for place-

ment into terrestrial enclosures (‘‘pens’’). We created eight

replicates for each possible 2 9 2 experimental cross and

each replicate consisted of a group of nine individuals

drawn from the same larval treatment. A different subset of

animals, drawn at the same time, was used to determine

initial Hg-tissue concentrations at the beginning of the

experiment.

Each group of nine recently metamorphosed toads was

placed into a terrestrial enclosure in a stratified block

design such that a block of four pens contained each of the

four experimental treatments. The terrestrial pens measured

1.75 9 1.75 m and were located in a deciduous forest on
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the campus of Virginia Tech, Blacksburg, VA, USA. The

pens were constructed of smooth aluminum flashing that

stood 60 cm high and was buried 30 cm into the ground.

Each pen also featured a 20-cm deep hole with a diameter

of 20-cm that was located centrally in the pen and was

packed with leaf litter. Each hole was covered with a

61 9 61 cm piece of �00 untreated plywood so that toads

could use the areas as refugia. We individually marked

each animal by clipping one front toe and one hind toe

prior to release. We released the animals within 48 h of

completing metamorphosis in late June 2009. Total Hg

concentrations of the recently metamorphosed animals at

the time they were added to the terrestrial pens are shown

in Table 1. Because amphibians lose mass at metamor-

phosis (Bergeron et al. 2011; Todd et al. 2011b), THg-

tissue concentrations of metamorphosed animals are likely

greater than those of younger, untransformed larvae. Thus,

the THg-tissue concentrations of metamorphosed animals

fed dietary Hg were higher than those of younger tadpoles

collected at contaminated field sites, which averaged

approximately 2,100 ng/g dw at Gosner stages 28–32

(Bergeron et al. 2010a), but were environmentally relevant.

No additional dietary Hg was provided to the animals at

any point after metamorphosis.

We censused pens throughout 2009 and again in May

2010 after the animals had overwintered. Beginning

3 weeks after release, we visually searched each pen for

3 min at daybreak on two consecutive days. During sear-

ches we gently wet the interior of the pens by spraying well

water from a hose for 1 min to stimulate toad activity.

Upon each capture, we recorded the identity, body size

(snout-vent-length, SVL), and mass of each animal and

returned them to their pens within 2 h. Searches were

conducted on two consecutive days every 3 weeks until 6

October 2009 (15 weeks later) when temperatures began to

drop and surface activity ceased. On 10–11 May 2010 we

conducted a final census during which we removed all

captured animals. On 12–14 May, we carefully removed all

leaf litter by hand from each pen and searched for any

animals that may have been missed during the prior

surveys.

In general, animals had to rely on the leaf-litter insect

communities within pens to provide forage during the

experiment. However, we added 2 kg of leaf litter collected

from the surrounding forest to each pen in September 2009

to provide additional forage. On 13 April 2010, as tem-

peratures warmed and toads resumed activity after over-

wintering, we added 0.5 g of small domestic crickets to

each pen and on 20 April 2010 we added 2.7 g of small

domestic crickets to each pen to replenish prey populations

that likely perished over the winter.

Mercury analyses

For juvenile toads, we created composite samples for each

replicate and we lyophilized and homogenized each com-

posite sample. Our composite samples were composed of

1–3 toads from each of the four replicate pens for each

experimental cross and the percent moisture of the juvenile

toads was 86.96 ± 0.17%. We analyzed subsamples of the

homogenized tissues (approximately 20 mg) for THg

content by combustion amalgamation-cold vapor atomic

absorption spectrophotometry (Direct Mercury Analyzer

80, Milestone, Monroe, CT USA) according to U.S.

Environmental Protection Agency method 7473. For

quality assurance, each group of 10 to 15 samples included

a replicate, blank, and standard reference material (SRM;

DOLT-4 dogfish liver or DORM-3 fish protein [National

Research Council of Canada (NRCC), Ottawa, ON]). We

calibrated the instrument using solid SRMs (DOLT-4 and

DORM-3). Method detection minimum limits (3 times the

standard deviation of procedural blanks) for samples were

0.33 ng, and all samples had THg concentrations that

exceeded the limit. Average relative percent differences

between replicate sample analyses were 6.08 ± 1.91%

(n = 25). Mean percent recoveries of THg for the SRMs,

DOLT-4 and DORM-3, were 99.50 ± 0.20% (n = 54) and

98.67 ± 0.42% (n = 54), respectively.

Table 1 Total mercury concentrations in recently metamorphosed American toads, Bufo americanus, (originally reported in Todd et al. 2011b)

and juvenile toads after 1 year in terrestrial enclosures

Maternal

group

Dietary

treatment

Mean total Hg concentration

(±1 SE) at metamorphosis

(ng/g dry wt)

Mean total Hg

concentration (±1 SE)

at 1 year (ng/g dry wt)

Fold change

Reference Control diet 21.5 ± 1.4 56.3 ± 3.2 2.6 fold increase

Reference Hg diet 3250.6 ± 127.8 238.8 ± 24.2 13.6 fold decrease

Hg contaminated Control diet 33.7 ± 2.0 71.9 ± 13.4 2.1 fold increase

Hg contaminated Hg diet 4122.2 ± 154.8 334.3 ± 37.4 12.3 fold decrease
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Statistical analyses

All statistical analyses were run in SAS 9.2 (SAS Institute

Inc., Cary, NC, USA) and statistical significance was rec-

ognized at a\ 0.05. All statistical assumptions were

examined prior to analyses; unless otherwise noted, raw

data values were used in statistical models. Pen means

were used as statistical units in all analyses. Due to prob-

lems with normality and heteroscedasticity, we used the

conservative Scheirer-Ray-Hare test as a non-parametric

equivalent of a two-way analysis of variance (ANOVA) to

determine whether maternal group, dietary treatment, or

their interaction had a significant effect on THg concen-

trations in juvenile toads after 1 year of growth in the

terrestrial environment (Dytham 2003). We investigated

the latent effects of exposure to Hg via maternal transfer,

larval diet, and their interaction on mean body size (SVL)

of juvenile American toads using repeated measures

ANOVA (SAS Proc Mixed), using each block of four pens

as a blocking factor. Change in mean body size over time

may not accurately represent growth due to possible size-

specific mortality or variation in detection of differently

sized animals over time. Thus, we assessed individual

growth, corrected for body size, by calculating the pro-

portional change in body size of individuals captured in

any two successive intervals: (SVLt?1-SVLt)/SVLt. We

used repeated measures ANOVA to test for effects of time,

maternal Hg exposure, dietary Hg exposure, and their

interactions on mean proportional change in SVL, using

each block of four pens as a blocking factor. Mass was

highly correlated with SVL but was prone to fluctuation

depending on whether recent rain allowed animals to

hydrate and whether animals urinated during handling.

Thus, we did not analyze mass but instead used SVL as a

measure of body size.

We also used repeated measures ANOVA to test for

effects of time, maternal Hg exposure, dietary Hg expo-

sure, and their interactions on minimum number of juvenile

toads known alive (survival). Retrospective examination of

capture histories demonstrated that within each sampling

session, [90% of the individuals known to be alive were

captured, suggesting that minimum number known alive

was an appropriate proxy for survival (Todd and Rothermel

2006). Time, maternal Hg exposure, dietary Hg exposure,

and their interactions were included as factors and each

block of four pens was included as a blocking factor in the

model. We analyzed survival separately at the final time

point (May 2010) using two-factor ANOVA with each

block of four pens as a blocking factor. Finally, we used

non-parametric bootstrap resampling (Lunneborg 2000) to

test whether, within treatments, animals that survived for

1 year represented a non-random sample of all animals

with respect to their initial body size (SVL). In the

bootstrap resampling, individuals were treated as the sta-

tistical units.

Results

Mercury tissue concentrations

THg concentrations in the toads did not differ significantly

between the two maternal groups 1 year after metamor-

phosis (F1,26 = 0.26, P = 0.61; Table 1). However, those

fed dietary Hg as larvae still had THg concentrations 3–6

times greater 1 year after metamorphosis than did those fed

control diet (F1,26 = 5.3, P = 0.02; Table 1). There was

no significant interaction between maternal group or die-

tary treatment on THg concentrations in the one-year-old

animals (F1,26 = 0.0, P = 0.97). The mean dry weight of

toads assayed for THg increased from 0.021 g at meta-

morphosis to 0.197 g 1 year later, representing a 9.3-fold

average increase in body mass. Toads fed dietary Hg as

larvae exhibited a 12.3–13.6-fold decrease in THg con-

centrations after 1 year of growth in the terrestrial envi-

ronment, whereas those fed control diets experienced a

2.1–2.6-fold increase in THg concentrations over the same

time period (Table 1).

Biological endpoints

Juvenile American toads raised in the terrestrial enclosures

grew rapidly, more than doubling their initial length after

1 year (Fig. 1). At metamorphosis, juvenile toads from

Hg-exposed mothers were 5% smaller than those from

reference mothers. This initial difference in body size

persisted through 1 year of terrestrial growth (Maternal:

F1,21 = 86.31, P \ 0.001), but the lack of a maternal-by-

time interaction (Maternal 9 Time: F6,166 = 0.50, P =

0.811) indicated that no latent effects of maternal Hg on

growth manifested in the terrestrial stage. Rather, the result

is more accurately viewed as the persistence of effects seen

at metamorphosis; 1 year after metamorphosis, toads from

Hg-exposed mothers were 7% smaller than those from

reference mothers. We also found no evidence of latent

effects of dietary Hg (Diet: F1,21 \ 0.01, P = 0.950;

Diet 9 Time: F6,166 = 0.24, P = 0.961) or an interaction

between maternal and dietary Hg exposure (Mater-

nal 9 Diet 9 Time: F6,166 = 0.32, P = 0.923) on juvenile

body size, but we found a significant difference between

blocks of pens (F7,21 = 5.36, P = 0.001). We found no

effects of Hg on size-corrected growth (Maternal, Diet,

Maternal 9 Time, Diet 9 Time, Maternal 9 Diet 9

Time, all P C 0.13). Juvenile toads grew most rapidly in

the first 9 weeks of the study (Time: F5,98.2 = 0.89.38,

P \ 0.0001), increasing their body size by 15–20% during
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each 3 week interval. Growth slowed during the fall and

winter but increased again in the spring. We found no

effect of block on size-corrected growth (F7,56 = 0.94,

P = 0.484).

Survival of toads decreased to approximately 70% dur-

ing the first 6 weeks of the study, but plateaued thereafter

(Fig. 2). An additional 15% drop in survival occurred over

winter, yielding an overall mean survival of approximately

50% at the end of 1 year. Although we detected significant

effects of maternal Hg on juvenile survival when survival

data were analyzed in time-series (Maternal 9 Time:

F5,140 = 0.2.34, P = 0.044), the mean survival rate after

1 year did not differ among treatments (Diet, Maternal,

Diet 9 Maternal, all P C 0.23). Exposure to dietary Hg in

the larval stage did not affect terrestrial survival (Diet 9

Time: F5,140 = 1.68, P = 0.144) or interact with effects of

maternal Hg exposure (Maternal 9 Diet 9 Time: F5,140 =

0.39, P = 0.857). Survival also did not differ among

blocks of pens (F7,21 = 1.64, P = 0.180). Results of non-

parametric bootstrap resampling suggested that survival

was not related to initial body size; in all cases, the mean

initial body size of surviving individuals did not differ

significantly from a randomly drawn subset of the pool of

initial body sizes within each treatment (Table 2).

Discussion

Most ecotoxicological studies of amphibians measure

effects on larval life stages and assume that sublethal effects

observed in larvae persist to affect survival and reproduc-

tion later in life. We used terrestrial enclosures to determine

whether maternal or dietary Hg exposure in larval American

toads had any adverse effects in the terrestrial environment

following metamorphosis, including the possible persis-

tence of effects seen at metamorphosis or the onset of any

latent effects not seen previously. We found no evidence for

the onset of latent effects on growth or survival of terrestrial

juveniles during the first year following metamorphosis.

However, size differences that were present at metamor-

phosis as a result of maternal Hg exposure persisted for at

least 1 year in the terrestrial environment. Our results

demonstrate that sublethal larval effects attributed to

maternal transfer of Hg may have lasting consequences in

the terrestrial environment following metamorphosis.

Studies of maternal effects in amphibians have typically

examined the effects of maternal contributions to egg size

on larval development and size at metamorphosis (e.g.,

Kaplan 1985; Semlitsch and Gibbons 1990; Parichy and

Kaplan 1992; Laugen et al. 2002). These studies have found

that, depending on resource availability in the aquatic

environment, maternal effects on egg size can persist to

metamorphosis. However, few studies have examined the

persistence of maternal effects after metamorphosis, and

fewer still have investigated the ecological consequences of

maternal contaminant exposure in amphibians. One recent

study demonstrated that maternal effects of contaminant

exposure can include reduced hatching success and

increased developmental abnormalities in recently hatched

offspring of narrowmouth toads, Gastrophryne carolinensis

(Hopkins et al. 2006). Previous research on larval American

toads has shown that maternal Hg can delay metamorphosis,

lead to smaller body size, and increase prevalence of spinal

malformations (Bergeron et al. 2011; Todd et al. 2011a).

The present study demonstrates that maternal effects of

contaminant exposure on size at metamorphosis can persist
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after metamorphosis in terrestrial life stages. Despite die-

tary Hg constituting the vast majority of accumulated Hg in

animal tissues, the results of the present study suggest that

timing of contaminant exposure (early in ontogeny via

maternal transfer) may be more important than the degree of

contaminant accumulation. However, at least one study has

demonstrated that the combination of maternal Hg and high

dietary Hg can cause significant mortality at metamorphosis

(see Bergeron et al. 2011 for additional discussion).

Sublethal effects on amphibian larvae are often assumed

to affect post-metamorphic survival or reproduction, but

this assumption is seldom tested. One of the most frequently

observed sublethal effects of contaminants on amphibians is

a reduction in body size of larvae or newly metamorphosed

juveniles (Boone and Bridges 2003). For example, reduc-

tions in larval growth rates or size at metamorphosis can

result from exposure to pesticides (Bridges 2000; Boone

2005), fungicides, (Fioramonti et al. 1997), and coal com-

bustion wastes (Snodgrass et al. 2004). In previous studies

of Hg in larval American toads, reduced body size was one

of the most prevalent sublethal effects of Hg exposure

(Bergeron et al. 2011; Todd et al. 2011a). The broader

implications of body size differences are often argued under

the assumption that they persist to affect fecundity of ter-

restrial adults. For example, because maturity in female

amphibians is generally size-dependent (Berven 1990; Scott

1994), and because smaller females produce smaller clut-

ches (Berven 1988; Semlitsch and Gibbons 1990), it is often

suggested that smaller body size at metamorphosis can

reduce lifetime reproductive fitness (Boone and Bridges

2003). However, this assumption is seldom tested and

studies of natural stressors such as competition have sug-

gested that size differences at metamorphosis can be over-

come in toads by compensatory growth in the terrestrial

environment (Beck and Congdon 1999; Boone 2005; Sams

and Boone 2010). Our study provides evidence that effects

of contaminants on larval body size can in fact persist in

post-metamorphic amphibians.

Our results suggest that sublethal effects of Hg on

amphibians may be more persistent than those of short-lived

environmental contaminants such as pesticides. The few

studies that have examined latent or persistent effects of

larval contaminant exposure in post-metamorphic amphib-

ians have focused on pesticides (Rohr and Palmer 2005;

Distel and Boone 2009; Distel and Boone 2010; Webber

et al. 2010). Moreover, some studies have indicated that

juvenile toads can compensate for pesticide-induced

reductions in size at metamorphosis via increased growth in

the terrestrial habitat (Boone 2005; Distel and Boone 2009;

Distel and Boone 2010), calling into question the lasting

consequences of larval effects. In contrast, we found that a

5% reduction in body size at metamorphosis due to

maternal Hg exposure persisted in the terrestrial environ-

ment and resulted in a 7% difference in body size after

nearly a year of growth in the terrestrial environment. The

discrepancy between our results and those of previous

studies might be explained by differences between Hg and

the contaminants other studies have evaluated. For exam-

ple, many currently used pesticides are designed to degrade

rapidly in the environment, whereas Hg and other metals are

persistent and can bioaccumulate in tissues (Eisler 2006).

Thus, metals might be more likely to result in persistent

long-term effects than some other environmental contami-

nants. Alternatively, the failure of terrestrial toads to show

compensatory terrestrial growth in the present study may

indicate that feeding ability was impaired in affected ani-

mals or that there were metabolic costs associated with Hg

accumulation, either via increased metabolic maintenance

costs or via reduced metabolism and growth. Metals are

known to cause increased malformation frequencies (Hop-

kins et al. 2000; Todd et al. 2011a), which may negatively

affect feeding abilities in malformed individuals. Also,

metal contamination in vertebrates can alter metabolic

function and reduce somatic growth (Sherwood et al. 2000).

Our study was also designed to test for the onset of any

latent adverse effects of larval of maternal Hg exposure.

Laboratory studies have shown that sublethal contaminant

exposure can affect behavior (Semlitsch et al. 1995; Bridges

1997, 1999; Burke et al. 2010) and physiology (Rowe et al.

1998; Palenske et al. 2010) of larval amphibians. Often these

Table 2 Mean initial body size of juvenile American toads (Bufo americanus) surviving for 1 year in terrestrial enclosures and confidence

intervals of randomly drawn survivors from within treatments

Maternal group Dietary treatment n surviving Mean initial snout-

to-vent length (mm)

of survivors

90% CI

Reference Control diet 37 13.47 13.08–13.71

Reference Hg diet 30 13.27 12.97–13.53

Hg contaminated Control diet 40 12.78 12.45–12.99

Hg contaminated Hg diet 36 12.36 12.20–12.84

Confidence intervals were derived from 1,000 bootstrap resampled subsets (size = n surviving) drawn from the overall pool of initial body sizes

within each treatment (n = 72 per treatment)
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sublethal effects are suspected to reduce survival under

natural conditions, resulting in latent lethal effects in the

terrestrial stage (Boone and Bridges 2003). For example,

Rohr and Palmer (2005) found that terrestrial juvenile

streamside salamanders (Ambystoma barbouri) exhibited

altered behavior several months after larval exposure to the

herbicide Atrazine, increasing their susceptibility to desic-

cation. When reared in terrestrial enclosures with no pre-

dators or heterospecific competitors, we found little

evidence that prior Hg exposure affected survival up to

1 year of age. Although we found a significant maternal

effect when survival data were analyzed in time series,

survival rates at the end of 1 year did not differ among

treatments. One possible explanation for the slight differ-

ence in survival trajectories is that mortality was size-

dependent during some seasons and thus, differences among

treatments were driven by initial differences in body size.

However our non-parametric bootstrap resampling analysis

suggested that survival was independent of initial body size.

Although our results suggest that exposure to Hg through

maternal transfer or larval diet has limited adverse effects

on post-metamorphic survival, they should be interpreted

with caution given the simplified conditions of the terres-

trial enclosures in the present study. Under more chal-

lenging natural conditions, larger body size may reduce

risk of predation by gape-limited predators (Willson and

Hopkins 2011), or facilitate dispersal or predator evasion

through enhanced locomotor performance and stamina

(Arnold and Wassersug 1978; John-Adler and Morin 1990).

Additionally, the present study does not address terrestrial

Hg accumulation and possible effects that such accumula-

tion may have on post-metamorphic animals. A valuable

next step in longitudinal studies of contaminant effects in

amphibians would be the addition of terrestrial sources of

contaminant exposure, either via dietary or direct exposure,

in concert with larval and/or maternal exposures.

Despite the lack of added dietary Hg in the terrestrial

enclosures after metamorphosis, the animals displayed

interesting patterns of Hg accumulation. For example, toads

fed control diet as larvae accumulated low levels of Hg in the

terrestrial environment, although their concentrations were

still below those of adult American toads and aquatic and

terrestrial salamanders that inhabit uncontaminated refer-

ence sites in Virginia (Bergeron et al. 2010a). The Hg

accumulation in toads fed uncontaminated larval diet likely

reflects the ingestion in the terrestrial environment of

background levels of Hg from sources such as atmospheric

deposition and the trophic shift from a primarily herbivorous

larval diet to a carnivorous diet in terrestrial life stages. In

contrast, juvenile toads fed dietary Hg in the larval envi-

ronment exhibited a more than 12-fold decrease in THg

concentrations after 1 year of growth in terrestrial enclo-

sures. Given their nearly 10-fold increase in dry weight over

this time, the decrease in THg concentrations can be

explained primarily by dilution as juveniles gained body

mass. However, terrestrial animals with high THg burdens at

metamorphosis may have also eliminated some Hg from

their tissues in the year following metamorphosis. Never-

theless, even after a full year in an uncontaminated terrestrial

environment, toads that were fed dietary Hg as larvae still

exhibited significantly elevated THg tissue concentrations

compared to those raised on the control larval diet. The

persistence of elevated Hg tissue concentrations after

metamorphosis highlights the possibility that toads meta-

morphosing and leaving contaminated larval habitats may

be important vectors for Hg dispersal into surrounding ter-

restrial food webs.

When scaling from individual-based toxicological stud-

ies to population-level effects, it is important to understand

the degree to which contaminant effects translate across life

stages. Specifically, post-metamorphic life stages are

thought to be the primary drivers of amphibian population

dynamics (Biek et al. 2002; Vonesh and De la Cruz 2002;

Schmidt et al. 2005). Thus, it is critical to know whether

sublethal effects observed in larvae persist in post-meta-

morphic life stages and whether latent effects emerge after

initial exposure to contaminants. Our results indicate that

adverse effects of maternally transferred Hg on larval

amphibians can persist to affect subsequent terrestrial life

stages. The reduction in body size at metamorphosis in the

present study persisted for at least 1 year in terrestrial

juveniles. The degree to which a 5–7% reduction in body

size may influence population dynamics is unclear. How-

ever, in a study of marbled salamanders (Ambystoma

opacum), Scott (1994) found that a reduction of approxi-

mately 10% in body size at metamorphosis equated to a

20% reduction in the return rate of breeding animals within

2 years and an 8% difference in body size of reproductive

females equated to a 33% reduction in clutch size. Thus, a

5–7% reduction in body size of American toads may be

linked to a reduction in lifetime reproductive output through

delayed maturity, lower survival, and/or smaller clutches.

Further, by examining growth and survival of post-meta-

morphic toads, we were able to demonstrate a lack of sig-

nificant latent effects from earlier maternal or dietary

exposure in the larval environment. Longitudinal studies

like ours are increasingly needed to comprehensively assess

the diverse effects of environmental contaminants

throughout ontogeny when the ultimate goal is translating

individual effects to the viability of natural populations.
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Xie F, Young BE, Akçakaya HR, Bennun L, Blackburn TM,

Boitani L, Dublin HT, da Fonseca GAB, Gascon C, Lacher TE,

Mace GM, Mainka SA, McNeely JA, Mittermeier RA, Reid GM,

Rodriguez JP, Rosenberg AA, Samways MJ, Smart J, Stein BA,

Stuart SN (2010) The impact of conservation on the status of the

world’s vertebrates. Science 330:1503–1509

Hopkins WA, Congdon JD, Ray JK (2000) Incidence and impact of

axial malformations in larval bullfrogs (Rana catesbeiana)

B. D. Todd et al.

123



developing in sites polluted by a coal burning power plant.

Environ Toxicol Chem 19:862–868

Hopkins WA, DuRant SE, Staub BP, Rowe CL, Jackson BP (2006)

Reproduction, embryonic development, and maternal transfer of

contaminants in the amphibian Gastrophryne carolinensis.

Environ Health Perspect 114:661–666

Houlahan JE, Findlay CS, Schmidt BR, Meyer AH, Kuzmin SL

(2000) Quantitative evidence for global amphibian declines.

Nature 404:752–755

John-Adler HB, Morin PJ (1990) Effects of larval density on jumping

ability and stamina in newly metamorphosed Bufo woodhousii
fowleri. Copeia 1990:856–860

Jones D, Hammond J, Relyea RA (2011) Competitive stress can make

the herbicide Roundup� more deadly to larval amphibians.

Environ Toxicol Chem 2:446–454

Kaplan RH (1985) Maternal influences on offspring development in

the California newt, Taricha torosa. Copeia 1985:1028–1035

Laugen AT, Laurila A, Merila J (2002) Maternal and genetic

contributions to geographical variation in Rana temporaria
larval life-history traits. Biol J Linn Soc 76:61–70

Lunneborg CD (2000) Data analysis by resampling: concepts and

applications. Duxbury Press, Pacific Grove

Palenske NM, Nallani GC, Dzialowski EM (2010) Physiological

effects and bioconcentration of triclosan on amphibian larvae.

Comp Biochem Physiol C Toxicol Pharmacol 152:232–240

Parichy D, Kaplan R (1992) Maternal effects on offspring growth and

development depend on environmental quality in the frog

Bombina orientalis. Oecologia 91:579–586

Relyea RA (2009) A cocktail of contaminants: how pesticide

mixtures at low concentrations affect aquatic communities.

Oecologia 159:363–376

Relyea RA, Edwards E (2010) What doesn’t kill you makes you

sluggish: how sublethal pesticdes alter predator-prey interac-

tions. Copeia 2010:558–567

Relyea RA, Schoeppner NM, Hoverman JT (2005) Pesticides and

amphibians: The importance of community context. Ecol Appl

15:1125–1134

Rohr JR, Palmer BD (2005) Aquatic herbicide exposure increases

salamnder desiccation risk 8 months later in a terrestrial

environment. Environ Toxicol Chem 24:1253–1258

Rowe CL, Kinney OM, Nagle RD, Congdon JD (1998) Elevated

maintenance costs in an anuran (Rana catesbeiana) exposed to a

mixture of trace elements during the embryonic and early larval

periods. Physiol Zool 71:27–35

Rowe CL, Hopkins WA, Coffman VR (2001) Failed recruitment of

southern toads (Bufo terrestris) in a trace element-contaminated

breeding habitat: direct and indirect effects that may lead to a

local population sink. Arch Environ Contam Toxicol 40:399–405

Sams E, Boone MD (2010) Interactions between recently metamor-

phosed green frogs and American toads under laboratory

conditions. Am Midl Nat 163:269–279

Schmidt BR, Feldmann R, Schaub M (2005) Demographic processes

underlying population growth and decline in Salamandra
salamandra. Conserv Biol 19:1149–1156

Scott DE (1994) The effect of larval density on adult demographic

traits in Ambystoma opacum. Ecology 75:1383–1396

Semlitsch RD, Gibbons JW (1990) Effects of egg size on success of

larval salamanders in complex aquatic environments. Ecology

71:1789–1795

Semlitsch RD, Foglia M, Mueller A, I S Fioramonti E, Fent K (1995)

Short-term exposure to triphenyltin affects the swimming and

feeding behavior of tadpoles. Environ Toxicol Chem 14:

1419–1423

Sherwood GD, Rasmussen JB, Rown DJ, Brodeur J, Hontela A (2000)

Bioenergetic costs of heavy metal exposure in yellow perch

(Perca flavescens): in situ estimates with a radiotracer (137Cs)

technique. Can J Fish Aquat Sci 57:441–450

Snodgrass JW, Hopkins WA, Broughton J, Gwinn D, Baionno JA,

Burger J (2004) Species-specific responses of developing

anurans to coal combustion wastes. Aquat Toxicol 66:171–182

Sparling DW, Linder G, Bishop CA, Krest SK (eds) (2010)

Ecotoxicology of amphibians and reptiles, 2nd edn. CRC Press,

Boca Raton, FL, USA, p 916

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

Tan SW, Meiller JC, Mahaffey KR (2009) The endocrine effects of

mercury in humans and wildlife. Crit Rev Toxicol 39:228–269

Todd BD, Rothermel BB (2006) Assessing quality of clearcut habitats

for amphibians: effects on abundances versus vital rates in the

southern toad (Bufo terrestris). Biol Conserv 133:178–185

Todd BD, Bergeron CM, Hepner MJ, Burke JN, Hopkins WA (2011a)

Does maternal exposure to an environmental stressor affect

offspring response to predators? Oecologia 166:283–290

Todd BD, Bergeron CM, Hepner MJ, Hopkins WA (2011b) Aquatic

and terrestrial stressors in amphibians: a test of the double

jeopardy hypothesis based on maternally and trophically derived

contaminants. Environ Toxicol Chem. doi:10.1002/etc.617

Vonesh JR, De la Cruz O (2002) Complex life cycles and density

dependence: assessing the contribution of egg mortality to

amphibian declines. Oecologia 133:325–333

Wake DB, Vredenburg VT (2008) Are we in the midst of the sixth

mass extinction? a view from the world of amphibians. Proc Nat

Acad Sci USA 105:11466–11473

Webber NR, Boone MD, Distel CA (2010) Effects of aquatic and

terrestrial carbaryl exposure on feeding ability, growth, and

survival of American toads. Environ Toxicol Chem 29:

2323–2327

Willson JD, Hopkins WA (2011) Prey morphology constrains the

feeding ecology of an aquatic generalist predator. Ecology 92:

744–754

Do effects of mercury in larval amphibians

123

http://dx.doi.org/10.1002/etc.617

	Do effects of mercury in larval amphibians persist after metamorphosis?
	Abstract
	Introduction
	Methods
	Experimental design
	Mercury analyses
	Statistical analyses

	Results
	Mercury tissue concentrations
	Biological endpoints

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


