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Abstract. Concern that environmental contaminants contribute to global amphibian
population declines has prompted extensive experimental investigation, but individual-level
experimental results have seldom been translated to population-level processes. We used our
research on the effects of mercury (Hg) on American toads (Bufo americanus) as a model for
bridging the gap between individual-level contaminant effects and amphibian population
viability. We synthesized the results of previous field and laboratory studies examining effects
of Hg throughout the life cycle of B. americanus and constructed a comprehensive
demographic population model to evaluate the consequences of Hg exposure on population
dynamics. Our model explicitly considered density-dependent larval survival, which is known
to be an important driver of amphibian population dynamics, and incorporated two
important factors that have seldom been considered in previous amphibian modeling studies:
environmental stochasticity and sublethal effects. We demonstrated that decreases in
embryonic survival and sublethal effects (e.g., reduced body size) that delay maturation have
minor effects on population dynamics, whereas contaminant effects that reduce late-larval or
post-metamorphic survival have important population-level consequences. We found that
excessive Hg exposure through maternal transfer or larval diet, alone, had minor effects on B.
americanus populations. Simultaneous maternal and dietary exposure resulted in reduced
population size and a dramatic increase in extinction probability, but explicit prediction of
population-level effects was dependent on the strength of larval density dependence. Our
results suggest that environmental contaminants can influence amphibian population viability,
but that highly integrative approaches are needed to translate individual-level effects to

populations.
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INTRODUCTION

Much of modern ecological research is aimed at
understanding and ameliorating anthropogenic impacts
on the environment. Although the ultimate goal of these
investigations is generally to conserve populations,
species, communities, or even ecosystems, the explana-
tory power of experimentation favors reductionistic
approaches that measure effects at lower levels of
biological organization (e.g., individual organism, tissue,
or subcellular levels). The problematic dichotomy
between the biological unit most amenable to experi-
mental research and the unit where inference is
ultimately desired has hampered our ability to address
a variety of ecological threats. For example, many
studies evaluating the detrimental effects of environ-
mental contaminants have relied on standard toxicolog-
ical methods that measure effects on individual
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organisms (Cairns and Pratt 1993, Clements and Kiffney
1994, Stark 2005). Long-standing recognition of the
limitations of this approach (Cairns 1984, 1986, Kimball
and Levin 1985) prompted several studies that used
integrative methods to bridge the gap between individ-
ual-level effects of environmental contaminants and
population-level processes (e.g., Forbes and Calow 2002,
Tanaka 2003, Miller and Ankley 2004, Lin et al. 2005),
but this approach has seldom been applied to terrestrial
vertebrates (but see Nakamaru et al. 2002, 2003,
Karraker et al. 2008, Salice et al. 2011).

Amphibian ecotoxicology provides an example of the
difficulty associated with translating experimental re-
sults to the conservation of populations or species.
Concern that environmental contaminants may be
important contributors to global amphibian population
declines prompted extensive experimental investigation
of contaminant effects in a variety of amphibian taxa
(Alford 2010). Most early studies evaluated acute effects
on amphibian embryos and larvae under controlled
laboratory conditions (Linder and Grillitsch 2000,
Boone and Bridges 2003). Subsequent studies broadened
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the focus of amphibian ecotoxicology to include other
ecologically relevant endpoints (e.g., sublethal effects)
and used mesocosms or artificial ponds to increase
ecological realism, but still generally measured effects at
the individual level (Boone and Bridges 2003, Alford
2010). These studies demonstrated that contaminants
can have a broad array of adverse effects on larval
amphibians, and these effects may interact with a variety
of biotic (e.g., presence of predators, or conspecific or
heterospecific competitors) and abiotic (e.g., hydro-
period, temperature) factors. However, links between
individual-level effects observed in experiments and
population dynamics have remained tenuous, compli-
cating our ability to effectively conserve amphibian
populations or species (Schmidt 2004). The disconnect
between experimental results and population dynamics
is particularly troubling in light of the characteristically
complex dynamics of amphibian populations, owing in
part to their complex life cycles and sensitivity to
environmental stochasticity (Pechmann et al. 1991,
Semlitsch et al. 1996, Schmidt 2004).

Population models provide a powerful tool for
interpreting how alterations of stage-specific vital rates
affect population dynamics (McPeek and Peckarsky
1998, Caswell 2001). The utility of models to mechanis-
tically link individual-level contaminant effects to
population dynamics has been recognized (Sibly 1996,
Forbes and Calow 2002, Hopkins and Rowe 2010,
Iwasaki et al. 2010) and this approach has been used to
evaluate some amphibian threats, such as elevated
embryonic mortality due to ultraviolet radiation (Vo-
nesh and De la Cruz 2002) and terrestrial habitat loss
(Trenham and Shaffer 2005, Harper et al. 2008).
Recently, Karraker et al. (2008) used population models
to demonstrate that lethal effects of road de-icing agents
on embryos and larvae can reduce population densities
of wood frogs (Rana sylvatica) and spotted salamanders
(Ambystoma maculatum) breeding in roadside wetlands.
However, theoretical frameworks for extrapolating the
individual-level contaminant effects observed in exper-
imental studies to amphibian population viability
remain limited. For example, prior models for the
effects of contaminants on amphibians have not
considered ways in which sublethal effects of contam-
inants (e.g., reduced body size) may influence popula-
tions and few have developed methods to incorporate
variation in recruitment due to precipitation or other
forms of environmental stochasticity (Salice et al. 2011).

In this study, we used our research on the effects of
mercury (Hg) on toads as a model for bridging the gap
between individual-level effects of environmental con-
taminants and amphibian population dynamics. We
synthesized the published results of field surveys and
extensive laboratory, mesocosm, and terrestrial enclo-
sure experiments that examined the effects of maternal
and dietary Hg acting throughout the life cycle of a
widespread amphibian species with a stereotypical
anuran life history, the American toad (Bufo ameri-
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canus). We constructed a demographic population
model for B. americanus, allowing us to evaluate the
consequences of lethal and sublethal effects of Hg on
population dynamics in the context of important natural
population drivers including density-dependent larval
survival and environmental stochasticity. Specifically,
we examined the sensitivity of population dynamics to
shifts in parameters that may be affected by Hg (e.g.,
stage-specific survival, clutch size, and maturation rates)
to assess how effects of contaminants on individual
amphibians influence population viability. Finally, we
parameterized the model to comprehensively evaluate
the effects of Hg on B. americanus population dynamics
under several realistic exposure scenarios.

METHODS

Background on individual-level effects of Hg
on Bufo americanus

The American toad (Bufo americanus) is one of the
most common and widespread amphibians in eastern
North America. Congeners with similar life histories are
found throughout the United States and in many
temperate and tropical regions world-wide. Bufo amer-
icanus exhibits a stereotypical anuran life history, with
adults living terrestrially in diverse habitats and breeding
explosively in the spring in a variety of aquatic habitats,
particularly fish-free, often ephemeral, pools. Females
lay large clutches of eggs (2000-20 000; Green 2005),
resulting in high larval densities and strong intraspecific
interactions within the larval habitat (Brockelman 1969,
Wilbur 1977). Larvae mature rapidly, metamorphosing
in 50—60 days and rapidly dispersing into the surround-
ing terrestrial environment.

Our studies on B. americanus have focused on
mercury (Hg), an environmental contaminant of global
concern due to its ubiquity, toxicity, and ability to
bioaccumulate in animal tissues (Mason et al. 1996,
Fitzgerald et al. 1998). Exposure to high levels of Hg can
result in acute toxicity and death in humans and wildlife,
but the neurotoxic, teratogenic, and endocrine-disrupt-
ing nature of Hg can also induce subtle effects on
growth, behavior, and reproduction following exposure
to sublethal Hg concentrations (Weiner and Spry 1996,
Scheuhammer et al. 2007, Crump and Trudeau 2009,
Tan et al. 2009). Though diet is often considered the
primary pathway for Hg exposure, female amphibians
may also pass bioaccumulative contaminants, including
Hg, to their offspring through maternal transfer,
resulting in adverse effects (Hopkins et al. 2006,
Bergeron et al. 2010a, 20115).

Our previous studies of the individual-level effects of
maternal and dietary Hg on Bufo americanus were based
primarily on a historically contaminated site along the
South River, Virginia, USA (Carter 1977, Eggleston
2009, Bergeron et al. 2010a, b). Field surveys along the
extensive Hg contamination gradient at the South River
demonstrated that (1) B. americanus inhabiting the
contaminated floodplain bioaccumulate Hg in their
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Individual-level effects of maternally transferred and dietary mercury (Hg) on stage-specific vital rates in Bufo

Clutch Embryo Larval Larval Juvenile Juvenile
Hg exposure route size viability (%) survival (%) growth (%) survival growth (%)
Larval diet NE —267F NE NE
Maternal NE -20% NE —187 NE -7
Maternal + larval diet NE —20% —50§ —20 to =271 NE -7

Notes: Values represent the percentage deviation from reference treatments. Situations where Hg treatments did not differ from
reference treatments are denoted NE, and embryos (clutch size and embryo viability) are not exposed to Hg via larval diet. Embryo
viability incorporates both hatching success and frequency of larval abnormalities. Results are synthesized from Bergeron et al.

(2010a, b, 2011a, b) and Todd et al. (2011a, b, 2012).

T Dependent on food rations (Bergeron et al. 20115, Todd et al. 20115).

I Three-year average (Bergeron 2011).

§ Additional mortality at metamorphic climax under limited food rations (Bergeron et al. 20115, Todd et al. 20115).

tissues, with adults exhibiting mean Hg concentrations
3.5-fold higher than those observed upstream of the Hg
point source (Bergeron et al. 2010b); (2) females
maternally transfer Hg to their offspring (Bergeron et
al. 2010a); and (3) larvae developing within contami-
nated floodplain breeding habitats accumulate addition-
al Hg, resulting in fourfold higher Hg concentrations
than larvae from reference sites (Bergeron et al. 20105).
Because adult B. americanus may migrate up to 1 km
between feeding and breeding sites (Forester et al. 2006),
contaminated females may oviposit in either contami-
nated (within the floodplain) or uncontaminated (out-
side the floodplain) breeding pools. Alternatively,
uncontaminated females living outside the floodplain
may enter the floodplain to breed. Thus, there is the
potential for B. americanus along the South River to be
exposed to Hg through either maternal transfer, larval
diet, or both pathways simultaneously (Bergeron et al.
2011b).

Previously, we used a pluralistic combination of field
surveys and factorial laboratory, mesocosm, and terres-
trial enclosure experiments to systematically evaluate the
individual and interactive effects of maternal and larval
dietary Hg throughout the life cycle of B. americanus. In
our experiments, “Hg-exposed” treatments were repre-
sentative of animals from contaminated field sites at the
high end of the Hg contamination gradient present at
the South River. Specifically, maternal Hg treatment
groups included young from females with >1.00 pg/g
wet mass, blood Hg, whereas reference females con-
tained <0.25 pg/g blood Hg, resulting in mean egg Hg
concentrations of 0.15 = 0.018 pg/g, and 0.02 = 0.001
png/g dry mass, for maternal Hg and reference treat-
ments, respectively (mean = SE). Larvae in dietary Hg
treatments were fed an experimental diet containing 10
ug Hg/g dry mass, resulting in body Hg concentrations
of 1.79 = 0.13 pg Hg/g dry mass at completion of
metamorphosis (Bergeron et al. 20115). These Hg
concentrations are comparable to those found in larvae
collected from contaminated field sites at the South
River (2.13 = 0.60 pg Hg/g dry mass; Bergeron et al.
2010b). Larvae from reference treatments accumulated
0.051 = 0.001 pg Hg/g dry mass, by the time they
completed metamorphosis (Bergeron et al. 20115).

The results of our previous experiments, as they bear
on parameters used to model B. americanus population
dynamics in this study, are summarized in Table 1.
Generally, maternal transfer of Hg resulted in more
severe effects on offspring than did exposure through
larval diet, including a 20% average reduction in
viability of embryos laid by Hg exposed females.
Exposure through either maternal transfer or larval
diet, alone, produced a wide array of sublethal effects,
particularly reductions in body size of larvae and
juveniles, but only maternal effects on body size
persisted in terrestrial juveniles (Todd et al. 2012).
Exposure to high concentrations of dietary Hg had no
effect on larval survival to metamorphosis. Larvae that
received both maternal and dietary Hg experienced a
dramatic (50%) reduction in survival when larvae were
reared individually on a limited food ration (Bergeron et
al. 2011b), but this effect was not observed when larvae
were raised communally on a higher food ration (Todd
et al. 2011a). Importantly, this mortality occurred
primarily at metamorphic climax, negating the potential
for compensation due to competitive release from larval
density dependence (Bergeron et al. 20115). We found
no effects of Hg on clutch size of adult females, after
correcting for the positive relationship between female
body size and clutch size (combined data from multiple
experiments; ANCOVA; N = 85 females; high Hg vs.
reference females; covariate = SVL; F) 75 = 2.18; P =
0.14; see Bergeron et al. [2011a] for methodological
details).

Bufo americanus demographic population model

To mechanistically evaluate the population-level
effects of Hg on B. americanus we constructed a
discrete-time, age-structured, population model, based
on a general amphibian population model developed by
Vonesh and De la Cruz (2002). Because many amphib-
ian populations are thought to be regulated by density
dependence in the larval stage (Brockelman 1969,
Wilbur 1980) and are subject to dramatic natural
population fluctuations due in part to variability in
precipitation that affects the size and hydroperiod of the
larval habitat (Pechmann et al. 1991, Semlitsch et al.
1996, Semlitsch 2003), our model also incorporated
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density-dependent larval survival and environmental
stochasticity, including periodic catastrophic reproduc-
tive failure in years of extreme precipitation.

Female B. americanus in northern Virginia reach
sexual maturity at 3—4 years of age (Kalb and Zug
1990). Thus, our model included four age classes: two
juvenile age classes (first year, Ji; second year, J,), a
third-year age class (43), of which a proportion (p) were
reproductively mature, and a mature adult age class (4)
incorporating all animals 4 years old or greater, with a
sex ratio of @ and annual reproduction of all adult
females. Transitions between juvenile and adult age
classes were linked by survival rates of juveniles (55) and
adults (o4), respectively. Reproductive functions relat-
ing the number of adults to the number of one-year-old
juveniles incorporated female clutch size (f), and
survival of embryos (og), larva (or,), and newly
metamorphosed juveniles up to one year of age (o).
The model can be expressed as a pre-breeding census in
matrix form as follows:

J1
Jr
Az
A t+1
0 0 pofoeoLom oOfcecLom | |1
_|oy O 0 0 Jo
o 0 Oj 0 0 A3
0 0 OA OA A

(1)

Density-dependent intraspecific interactions within the
larval habitat are important in regulating amphibian
populations, including those of B. americanus (Brockel-
man 1969, Wilbur 1977, 1980, Semlitsch 2003). We
incorporated larval density dependence using a function
introduced by Vonesh and De la Cruz (2002) and based
upon the Beverton-Holt fisheries recruitment model
(Beverton and Holt 1957) and Hassell’s (1975) model of
intraspecific competition:

GLmax (2)

o) = ay

Eq. 2 determined larval survival at each time step (o)
based on the maximum larval survival observed at very
low density (o max), the initial number of newly hatched
larvae per meter of shoreline (L,), the strength of density
dependence (y, density dependence exponent), and a
scaling factor (d, the density-dependence coefficient).
Importantly, this function allowed evaluation of various
forms of density dependence, ranging from density
independent (y = 0), to compensatory (y = 1), to
overcompensatory (y > 1), and has been parameterized
for B. americanus (Vonesh and De la Cruz 2002).

The most pervasive effect of Hg we observed, a 50%
reduction in survival of larvae exposed to Hg through
both maternal transfer and larval diet, occurred at
metamorphosis when larvae were raised on restricted
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food rations (Bergeron et al. 20115). Thus, we modeled
the additive effects of high density and Hg by reducing
larval survival by 50% after calculating survival based
on density in years when initial larval density (L,)
exceeded 150 larvae/m of shoreline. This density
threshold corresponds well with densities at which
density-dependent reductions in larval survival have
been observed in the field (Brockelman 1969). Addi-
tionally, the survival rates we observed (48%) in
reference treatments on the restricted diet (Bergeron et
al. 2011b) are very close to survival rates observed in the
field by Brockelman (1969) at a density of 167 larvae/m
of shoreline (45%).

Despite the importance of larval density dependence
in population regulation, dynamics of pond-breeding
amphibians are stereotypically erratic, due largely to
annual variation in production of newly metamorphosed
individuals driven by environmental stochasticity, par-
ticularly precipitation (Pechmann et al. 1991, Semlitsch
et al. 1996). We incorporated the effects of environmen-
tal stochasticity on annual metamorph production by
varying the size of the larval habitat (H,) based on
annual spring precipitation data for the region. Thus, at
each (yearly) time step, initial larval density (L,) was a
function of the number of breeding adults(4, + p4s,),
the sex ratio (o), female clutch size ( /'), and embryonic
survival (o), divided by the size (meters of shoreline) of
the larval habitat (H,), which varied based on annual
precipitation:

Lr(AnASnHr) = w (3)

t

We considered a theoretical B. americanus population
representative of those present at our primary study site,
the floodplain of the South River, Virginia, USA. This
population was centered on an ephemeral breeding pool
with a mean shoreline length of 100 m, but we varied
wetland size around this mean based on empirical
precipitation data for the region. Specifically, we
obtained yearly cumulative spring (March—June) rainfall
data for the Central Mountains region of Virginia from
the NOAA National Climatic Data Center for the years
1895-2010. For each yearly projection, we drew
randomly from this pool of precipitation values, setting
a breeding pool circumference of 100 m at the mean
spring precipitation value (36.25 cm). Around that
mean, we assumed a direct relationship between
precipitation and breeding pool size that would produce
twice the circumference (200 m) at the maximum rainfall
value of 57.71 cm.

Frequency of catastrophic reproductive failure has
not been determined for B. americanus and likely varies
considerably among breeding sites. We set the proba-
bility of catastrophic failure due to pond drying at 0.15
by fixing larval survival (o) at 0 in the 15% of years
with the lowest cumulative spring rainfall (<27.0 cm).
Although not characteristic of all amphibian popula-
tions, the location of our study site within a river
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TaBLE 2. Parameter values used in the reference (no Hg effects) model of Bufo americanus population dynamics.
Range or Range explored
Parameter 95% CI Fixed value in simulations Source(s)
Clutch size (f) 6216-7248 6731 fixedt 1,2
Embryonic survival (6g) 0.64-0.77 0.70 0-1 1,2
Maximum larval survival (o nax) 0.48-0.71 0.59% 0-1 3
Density-dependent coefficient (d) 0.005-0.01 0.007 fixed 48
Density-dependent exponent () 0.76-1.26 1 0.76-1.26 48
Fist year juvenile survival (o) 0-0.329 0.2 0-1 4,5,6,7
Second and third year juvenile survival (oy) 0.18—0.35# 0.2 0-1 4,6,7
Adult survival (c4) 0.11-0.58]] 0.6 0-1 8,9
Proportion mature at age 3 (p) >0 0. 0-1 10,11,12

Sources: 1, Bergeron (2011); 2, Bergeron et al. (2011a); 3, Todd et al. (2011a); 4, Vonesh and De la Cruz (2002); 5, Todd et al.
(2012); 6, Clarke (1977); 7, Biek et al. (2002); 8, Schmidt and Anholt (1999); 9, Schmidt et al. (2002); 10, Hamilton (1934); 11, Acker

et al. (1986); 12, Kalb and Zug (1990).

T Not varied in analyses, but result would be identical to varying embryonic survival (o).
i Based on uncontaminated larvae raised at low density in mesocosms with predators.
§ Based on a meta-analysis of Brockelman (1969) and Wilbur (1977).

4 Multiple Bufo species.
# B. fowleri and B. canorus.
|| B. bufo.

floodplain necessitated consideration of additional
catastrophic reproductive failure due to flood events.
Floods can result in substantial surface flow within
the floodplain, washing out B. americanus breeding
pools and likely killing or displacing larvae far
downstream in areas inhabited by fish and other
predators. We calculated the frequency of flooding by
examining hydrological data from the South River at
Lynnwood, Virginia from 1930-2010 (USGS National
Water Information System; data available online).*
Over this period, the river exceeded flood stage during
March—June in 6 (7.5%) years. Thus, we also fixed
larval survival (o ;) at 0 in the 7.5% of years with the
highest cumulative spring rainfall (>46.2 cm). Our
cumulative frequency of catastrophic reproductive
failure (22.5%) is likely typical of many amphibian
breeding habitats in the southeastern United States.
For example, in a 16-year amphibian study at a well-
studied seasonal wetland in South Carolina, 25% of
years were characterized as having a short hydro-
period, when most amphibian species suffered com-
plete or near complete reproductive failure (Semlitsch
et al. 1996).

We parameterized our reference (no Hg effects)
model using demographic data from our own studies
of B. americanus or the literature (Table 2). We
considered both males and females in our model, due
to the need to include males when calculating larval
density. However, because females are most important
to population dynamics, we used female-specific
estimates for post-metamorphic parameters, when
possible, and assumed a 1:1 offspring sex ratio by
setting ® = 0.5. Published data on survival of
terrestrial juvenile toads are sparse because juveniles
do not congregate at breeding sites where censuses
typically occur. Therefore, we assumed that survival

4 waterdata.usgs.gov

of juvenile toads from age 1 to age 2 and age 2 to age
3 (oy) was equal to survival of first-year juveniles
(owm) and survival of young adults from age 3 to age 4
was equal to adult survival. All models were
constructed and run in program R (R Foundation
for Statistical Computing, Vienna, Austria).

Model sensitivity

Before quantitatively evaluating Hg effects, we first
conducted simulations examining the overall sensitiv-
ity of population dynamics to large shifts in individual
vital rates that may be affected by Hg exposure.
Specifically, we varied stage-specific parameters (em-
bryonic viability [og], additional decreases in larval
survival at metamorphosis, maturation probability at
age 3 [p], survival of first-year terrestrial juveniles
[om], and adult survival [6,]) individually from 0 to 1,
while holding other parameters constant, and moni-
tored proportional shifts in mean annual adult
population size and quasi-extinction probability over
200 projected years. We set a quasi-extinction
threshold at 10 adult individuals, and ran 5000
simulations for each parameter combination, begin-
ning with an initial population vector [1074, 9143,
4577J,, 2287J,] representing the equilibrium values for
cach age class when the reference model (no Hg
effects) was run at mean values of y (1) and H (100).
Because the strength of larval density dependence
strongly influences amphibian population dynamics
(Brockelman 1969, Wilbur 1977, 1980, Vonesh and De
la Cruz 2002), but has seldom been quantified in the
field, we evaluated sensitivity of population dynamics
to shifts in each parameter across the 95% confidence
interval for strength of density dependence (y = 0.76—
1.26) previously identified by Vonesh and De la Cruz
(2002) from a meta-analysis of density-dependent
effects in B. americanus.
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Evaluating effects of maternally transferred and dietary
Hg on population dynamics

We used model simulations to explicitly examine
effects of Hg on B. americanus population viability
under several relevant scenarios of Hg exposure: (1)
reference population exposed only to background levels
of Hg, (2) excessive exposure to Hg through maternal
transfer, (3) excessive exposure to Hg through larval
diet, and (4) combined excessive exposure to Hg through
both maternal transfer and larval diet. For each
scenario, we adjusted survival parameters based on all
observed effects of Hg on survival or embryonic viability
(Table 1). Because the most pervasive sublethal Hg
effects we observed were reductions in larval and
juvenile body size, and because smaller size at meta-
morphosis can delay maturation (Berven 1990, Scott
1994), we incorporated this sublethal effect by reducing
the proportion of female B. americanus that matured at
age three vs. age four (p) by the observed reduction in
growth rate. For these initial simulations, we assumed
that sublethal reductions in body size had no positive or
negative effect on other post-metamorphic individuals in
the population. Although we did not examine the effects
of Hg on survival of adult B. americanus in our
experimental work, Hg can affect survival or perfor-
mance of adult animals (Scheuhammer et al. 2007),
including amphibians (Burke et al. 2010). Although not
detected in our studies (Todd et al. 2012), reduced adult
survival could also result from sublethal reductions in
body size that compromise locomotor performance
(John-Alder and Morin 1990), increase vulnerability to
predators (Vincent et al. 2006, Willson and Hopkins
2011), or increase desiccation rate (Spight 1968, Wilbur
1980). Thus, we included a final hypothetical scenario
that included a small decrease (5%) in adult survival of
animals exposed to both maternal and dietary Hg. As in
previous simulations, we evaluated quasi-extinction
probability (n < 10 adults) over 200 years and mean
annual adult population size at each parameter combi-
nation across the confidence interval of strength of
larval density dependence (y = 0.76—1.26; Vonesh and
De la Cruz 2002).

REsuLTS
Model sensitivity

Altering embryonic viability had minor effects on
adult population size and extinction probability unless
viability was very low (og < 0.2; Fig. 1). Viability could
be reduced substantially from reference levels (0.7; Table
2) with only minor shifts in adult population size or
quasi-extinction probability. However, both adult pop-
ulation size and quasi-extinction risk were sensitive to
the strength of larval density dependence (y). Above
very low levels of embryonic viability (cg > 0.2), quasi-
extinction probability was low (<0.2) if density depen-
dence was weak (y < 1); increasing viability resulted in
only slight increases in adult population size. If density
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dependence was strong (y > 1), population size was
small and quasi-extinction probability was relatively
high, but both were insensitive to shifts in embryonic
viability.

Population dynamics were sensitive to decreases in
larval survival occurring at metamorphic climax that
were additive to effects of larval density dependence and
were enhanced at high density (Fig. 1). Decreasing
survival at metamorphosis decreased population size
slightly and increased quasi-extinction probability, but
the slopes of those relationships varied with the strength
of density dependence. At the average strength of density
dependence (y = 1) reducing survival at metamorphosis
from the reference value of 1 to 0.4 resulted in a gradual
decrease in adult population size from 75 to 31
individuals and an increase in quasi-extinction probabil-
ity from 0.2 to 1. When density dependence was weak (y
< 1), however, the relationship between larval survival
and quasi-extinction probability approached a threshold,
increasing rapidly from 0 to 1 when survival at
metamorphosis dropped below 0.4.

Population dynamics were highly sensitive to changes
in post-metamorphic (juvenile or adult) survival (Fig.
1). Increasing survival of either first year juveniles or
adults resulted in substantial increases in adult popula-
tion size. Quasi-extinction probability exhibited a
threshold response to shifts in either juvenile or adult
survival and this threshold varied only slightly across the
v confidence interval. Quasi-extinction probability was
very low until first year survival dropped below 0.3, but
increased dramatically below that value, regardless of
the strength of density dependence. The threshold value
for adult survival was much higher, with quasi-
extinction probability rising rapidly from 0 to 1 when
adult survival dropped below 0.6.

Similar to embryonic viability, delaying maturity (i.e.,
reducing the proportion of females breeding at age 3; p)
had little effect on B. americanus population dynamics
(Fig. 1). At y =1, mean adult population size was near
80 and quasi-extinction probability was <0.2 for all
values of p. Increasing the strength of density depen-
dence lowered population size and increased quasi-
extinction probability, but these values were insensitive
to p.

Effects of maternally transferred and dietary Hg
on population dynamics

The combined individual and interactive effects of Hg
exposure through maternal transfer or larval diet on B.
americanus population dynamics are shown in Fig. 2. In
both reference (model parameterized using data from
uncontaminated sites) and Hg-exposed cases, increasing
the strength of larval density dependence (y) decreased
adult population size and increased quasi-extinction
probability. When density dependence was compensa-
tory (y = 1), populations not subjected to the effects of
Hg averaged 83 adults and had a 14% probability of
quasi-extinction within 200 years. Exposure to Hg
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Sensitivity of Bufo americanus population dynamics to shifts in stage-specific vital rates. Solid isoclines represent mean

annual adult population size and quasi-extinction probability as vital rates were varied from 0 to 1 at the mean strength of density
dependence (y = 1; Vonesh and De la Cruz 2002). In each case, sensitivity to larval density dependence is indicated by the shaded
region, bounded by the confidence interval for y (y = 1.26 [dotted isoclines], y = 0.76 [dashed isoclines]; Vonesh and De la Cruz
2002). Larval survival at metamorphosis refers to additional mortality occurring at metamorphic climax (i.e., after density effects)
when larval density was high (L, >150/m of shoreline; see methods). More steeply sloped isoclines indicate stronger sensitivity of
population dynamics to shifting vital rates, whereas flatter isoclines indicate relatively insensitive relationships.

through either maternal transfer or larval diet, alone,
resulted in decreased embryonic viability or reduced
body size (Table 1), the latter of which may translate to
delayed maturation probability. Incorporating these
effects had very little effect on population dynamics.
However, adjusting model parameters to incorporate the

interactive effects of maternal and dietary Hg exposure
dramatically reduced adult population size and in-
creased quasi-extinction probability. Specifically, at y =
1, populations subjected to both maternal and dietary
effects of Hg were 53% smaller (39 adults) and had a
479% greater probability of quasi-extinction within 200
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FiG. 2. Case studies evaluating the individual and interac-
tive effects of Hg exposure through maternal transfer and larval
diet on Bufo americanus population dynamics. We considered
cases of no Hg exposure (solid line), maternal Hg exposure
alone (crosses), exposure to Hg through larval diet alone (open
circles), and combined maternal and dietary exposure (dashed
line), by adjusting model parameters based on all observed Hg
effects for each exposure scenario (Table 1). Additionally, we
considered a hypothetical case where maternal and dietary Hg
exposure resulted in minor additional adult mortality (5%
reduction in survival; dotted line). We examined the effects of
Hg exposure on quasi-extinction probability and mean annual
adult population size for each case across varying strengths of
density dependence (y; 95% CI for B. americanus = 0.76—1.26;
mean = 1 [solid vertical line]; Vonesh and De la Cruz 2002).

years than reference populations (81% vs. 14%, respec-
tively). Adding a hypothetical minor (5%) decrease in
adult survival in a population exposed to both maternal
and dietary Hg slightly decreased population size and
increased quasi-extinction probability to 95% at y = 1.

Discussion

We used a demographic population model to translate
experimentally derived individual-level effects of an
environmental contaminant to changes in amphibian
population dynamics. Overall, exposure to Hg through
maternal transfer or larval diet, alone, had minor effects
on population size or extinction probability. This result
was not unexpected given that these exposure routes
generally affected growth or embryonic viability, and
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that population dynamics were insensitive to shifts in
those parameters. However, we found that elevated
mortality at metamorphic climax due to the combina-
tion of high maternal and dietary Hg exposure
translated into a dramatic reduction in population size
and an increase in quasi-extinction risk. Our results
demonstrate that environmental contaminants can have
important effects on amphibian populations, but that
timing of effects must be evaluated in light of larval
density dependence to infer population-level effects.

Although our model was tailored to examine effects of
Hg, our analyses revealed general patterns of sensitivity
that agree well with those identified using more general
models (Biek et al. 2002, Vonesh and De la Cruz 2002,
Trenham and Shaffer 2005). Specifically, our results
support the importance of post-metamorphic survival
and suggest that perturbation of embryonic parameters
has minor consequences for amphibian population
dynamics. The insensitivity of population dynamics to
embryonic viability arises directly from the high fecundity
of female toads; in most years many more eggs are laid
than are needed to saturate the larval environment and
any loss of embryos is compensated for by increased
larval survival due to competitive release (Vonesh and De
la Cruz 2002). Importantly, this result held even though
we explicitly incorporated environmental stochasticity
and catastrophic reproductive failure by varying the size
(carrying capacity) of the aquatic habitat based on
empirical precipitation data. Our findings support previ-
ous warnings that the conservation implications of effects
of contaminants on embryonic stages should be inter-
preted with caution (Biek et al. 2002, Vonesh and De la
Cruz 2002, Schmidt 2004) and that knowledge of the
strength of larval density dependence is critical to
evaluating the severity of these effects (Vonesh and De
la Cruz 2002, Karraker et al. 2008).

Evidence that reducing survival of early amphibian
life stages (e.g., embryos) has minor effects on popula-
tion dynamics (Biek et al. 2002, Vonesh and De la Cruz
2002) has cast doubt on the importance of effects of
environmental contaminants on amphibian larvae
(Schmidt 2004). In contrast, our results demonstrate
that lethal effects on amphibian larvae can strongly
influence population dynamics but that evaluating the
timing of effects in relation to larval density dependence
is critical for evaluating population-level impacts. We
found that combined exposure to Hg through both
maternal transfer and larval diet resulted in a reduction
in B. americanus population size and a dramatic increase
in extinction probability. This effect was driven by a
50% reduction in survival at metamorphic climax under
limited food conditions (Bergeron et al. 20115). Thus, in
our case, lethal effects of contaminants acted synergis-
tically with the effects of larval density dependence,
resulting in enhanced mortality at high density. Func-
tionally, this affects population dynamics in much the
same way as a reduction in survival of terrestrial
juveniles. In amphibians, metamorphic climax is a
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period of increased vulnerability for immunological
(Todd 2007), energetic (Beck and Congdon 2003), and
ecological (Arnold and Wassersug 1978) reasons, and is
a time when adverse effects of contaminants frequently
manifest (e.g., Marian et al. 1983, Snodgrass et al. 2004,
2005, Unrine et al. 2004). Such effects likely have
important population-level consequences in most spe-
cies. Alternatively, if acute effects occur early in the
larval stage, larval mortality may compensate through
relaxation of competitive interactions, provided suffi-
cient larvae remain to saturate the aquatic habitat (Rohr
et al. 2006). Because effects that manifest late in the
larval stage or at metamorphic climax have a much
higher impact on population dynamics than effects
manifesting early in development, bioassays that extend
through metamorphosis (e.g., Gutleb et al. 2007) may
provide more relevant indications of effects that may
influence population dynamics than assays focusing on
embryonic viability and early larval development.
Demographic population models provide a frame-
work for evaluating how sublethal effects can influence
population dynamics (McPeek and Peckarsky 1998).
Although sublethal effects of environmental contami-
nants have been postulated to influence amphibians
population viability (Boone and Bridges 2003, Todd et
al. 2012), sublethal effects have not been explicitly
incorporated in previous ecotoxicological modeling
studies. The most pervasive sublethal effects of Hg we
observed were reductions in larval and juvenile body
size. Because smaller size at metamorphosis can delay
maturation (Berven 1990, Scott 1994), we incorporated
this sublethal effect by reducing the proportion of
female B. americanus that matured at age three vs. age
four. Somewhat surprisingly, we found that delaying
maturation by up to one year had little effect on adult
population size or extinction probability. When evalu-
ated from a theoretical perspective, however, the
explanation for this result becomes clear. The proximate
result of decreasing maturation probability is a reduc-
tion in the number of breeding females and thus the total
number of eggs produced each year. Functionally, this
reduction in egg production is analogous to reducing
embryonic viability, except that the presence of older
females prevents egg production from dropping below
the threshold at which population declines occur (Fig.
1). A similar result would be expected if sublethal effects
on body size resulted in reduced clutch sizes (Berven
1988), which would also result in a net reduction in
annual egg production. These results suggest that as
with embryonic viability, sublethal effects on body size
or maturation rate should be interpreted with caution,
especially in relatively long-lived species with strong
larval density dependence. However, it is important to
remember that although we saw no effects of Hg or
body size on survival of juvenile toads housed in
terrestrial mesocosms (Todd et al. 2012), these effects
may ultimately have a greater influence on survival
under completely natural conditions. For example, large
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body size may directly reduce desiccation rate (Spight
1968, Wilbur 1980), predation by gape-limited predators
(Vincent et al. 2006), or may indirectly facilitate
dispersal or predator evasion through enhanced loco-
motor performance and stamina (John-Alder and Morin
1990). Given the sensitivity of population dynamics to
limited (e.g., 5%; Fig. 2) additional post-metamorphic
mortality, even minor reductions in survival resulting
from smaller body size may have strong effects on
populations. Although our study is among the first to
explicitly translate sublethal effects of contaminants to
population dynamics, individual-based population mod-
els (e.g., Taylor and Scott 1997, Taylor et al. 2006) may
provide an alternative method for evaluating how more
complex sublethal effects of contaminants influence
amphibian populations.

Although our results suggest that combined exposure
to maternal and dietary Hg strongly affects toad
population dynamics, they also generate optimism that
such effects can be mitigated through environmental
restoration. Because reductions in survival at metamor-
phosis were only evident when individuals were exposed
to high Hg concentrations through both trophic and
maternal pathways (Bergeron et al. 20115), reducing
exposure through either route would alleviate most
population-level effects. Reducing Hg exposure through
larval diet may provide the most realistic target for
remediation because amphibian breeding habitats are
often small, discrete, and can be artificially constructed
for some species (Shulse et al. 2010). Our results suggest
that if Hg contamination can be reduced within breeding
habitats, or if uncontaminated alternative breeding sites
can be created nearby, population-level effects of Hg
might be reduced, even if adults continue to accumulate
Hg in terrestrial habitats and pass it to offspring though
maternal transfer (Bergeron et al. 2010a).

Our highly integrative research on the effects of Hg on
Bufo americanus provides a model for bridging the gap
between individual-level effects of environmental con-
taminants and population dynamics in amphibians.
Because sensitivity of population dynamics to perturba-
tions in stage-specific vital rates are generally similar
among organisms with similar life histories (Heppell et
al. 2000) our results can be used to qualitatively assess
the risks that environmental contaminants pose to other
amphibians with similar life histories, such as many
anurans. However, it is important to recognize that
contaminant effects may vary among species (Cairns
1986). Applying our approach to other contaminants or
species will require systematic experimental evaluation
of effects of contaminants acting at various life stages as
well as comprehensive life-history data from reference
populations with which to inform models (Hopkins and
Rowe 2010). Particularly, our study highlights the
importance of understanding larval density dependence
when interpreting the population-level consequence of
adverse effects on amphibian larvae. Density depen-
dence in larval amphibians is complex, poorly under-
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stood, and likely varies among species and situations
(e.g., habitats, environmental conditions, years). Our
simulation analyses revealed that the strength of larval
density dependence was important in mediating the
effects of Hg on B. americanus population dynamics; at
any given level of Hg exposure, effects on population
size or extinction probability generally increased in
severity with increasing strength of density dependence.
Thus, although few studies have explicitly examined
interactive effects of density and contaminants in
amphibian larvae (but see Boone and Semlitsch 2001,
Rohr et al. 2006), understanding these factors is critical
for evaluating the population-level consequences of
environmental contamination.

Finally, our study has identified several important
avenues for future research. A key area of uncertainty in
our study lies in our understanding of terrestrial
subadult and adult life stages. Although our experimen-
tal evaluation of effects of Hg extended longer than the
timeline of most studies (to 1 year post-metamorphosis;
Todd et al. 2012), we have not evaluated effects of
dietary Hg on survival of adult toads. Yet, our
sensitivity analyses confirmed the importance of adult
survival in amphibian population dynamics (Biek et al.
2002, Vonesh and De la Cruz 2002, Schmidt et al. 2005).
Indeed, when density dependence was compensatory,
incorporating a hypothetical minor reduction in adult
survival on top of other effects was sufficient to raise
extinction probability of a population exposed to Hg
through both maternal transfer and larval diet to nearly
100%. Thus, while larval life stages may be viable targets
for remediation, preservation of sufficient high-quality
adult habitat remains critical (Harper et al. 2008) and
additional experiments examining effects of contami-
nants on terrestrial adult amphibians are needed
(Hopkins and Rowe 2010). Moreover, because reduc-
tions in body size are a common sublethal effect of
contaminants (Boone and Bridges 2003) that may persist
into terrestrial life stages (Todd et al. 2012), future
studies should rigorously evaluate size-specific survival
of amphibians in field (e.g., Schmidt et al. 2012). Finally,
our study provides a habitat-based framework (Akca-
kaya 2000) for incorporating environmental stochastic-
ity into models of population-level responses of
amphibians to ecological or environmental stressors.
This approach could be used to evaluate the interactive
effects of climate change and other stressors and could
be extended to examine the role that contaminated
habitats play in metapopulation or source—sink dynam-
ics resulting from stochastic processes (Akcakaya 2000).
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