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Abstract 

 
Mercury (Hg) is an important environmental contaminant due to its global distribution, 

tendency to bioaccumulate, and toxicity to wildlife.  However, Hg has received little attention in 

amphibians compared to other vertebrates, despite the fact that amphibian population declines 

have been documented worldwide and environmental contaminants are believed to contribute to 

some declines.  During my dissertation research, I used a pluralistic approach which combined 

field studies and manipulative laboratory and mesocosm experiments to examine the 

bioaccumulation and ecological effects of environmentally relevant Hg exposure routes acting at 

various early life stages in amphibians.  By collecting amphibians in the field at the Hg-

contaminated South River, VA, I confirmed that amphibians exhibiting different life histories 

and occupying different ecological niches (Plethodon cinereus, Eurycea bislineata, and Bufo 

americanus) can bioaccumulate sufficient levels of Hg to warrant concern (Chapter 2) and 

female Bufo americanus transfer accumulated Hg to their eggs (Chapter 3).  Maternal transfer of 

contaminants is a parental effect which typically has negative consequences for offspring 

because early development is a critical organizational period in the ontogeny of vertebrates.  

Through laboratory observations and mesocosm experiments, I examined the short and long-term 

effects of maternal contaminant exposure on offspring, and found the negative effects of 

maternal Hg exposure manifested either immediately at the embryonic stage or later during the 

larval stage, depending on the year in which the study was conducted (Chapters 4 and 5).  Lastly, 

using a factorial laboratory experiment, I examined whether the latent effects of maternal transfer 

of contaminants manifests differently depending on the environment in which offspring develop,
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and found both maternal and dietary Hg exposure independently produced negative, but 

different, sublethal effects on larval development.  Most importantly, maternal exposure to Hg 

combined with high dietary Hg exposure later in ontogeny had a lethal effect in larvae (Chapter 

6).  This study is one of  the first to demonstrate that the latent effects of maternally transferred 

contaminants may be exacerbated by further exposure later in ontogeny, findings that may have 

important implications for both wildlife and human health. 
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Chapter 1: Introduction 

Amphibians are the most imperiled group of terrestrial vertebrates on earth, and 

population declines have been documented worldwide.  Over 40% of amphibian species are 

threatened with extinction and amphibian populations are declining more rapidly than either 

birds or mammals (Hoffmann et al., 2010).  Habitat loss and degradation are the greatest threats, 

impacting almost 4,000 species of amphibians.  The next most common threat, impacting nearly 

1,000 amphibian species, is environmental contamination (IUCN, 2011). Other factors that 

influence populations include emerging diseases, invasive species, overexploitation, and global 

climate change (Alford, 2010, Corn, 2000, Stuart et al., 2004).  With several factors contributing 

to declines, individuals may be exposed to multiple anthropogenic stressors over their lifetime, 

making conservation of amphibians difficult to address. 

Amphibians can play a critical role in transferring energy and nutrients through food 

webs and therefore are important components of many aquatic and terrestrial communities 

(Beard et al., 2002, Hopkins, 2007, Wyman, 1998).  As ectotherms, amphibians are very efficient 

at converting ingested energy into biomass (Grayson et al., 2005, Pough, 1980), and as a result, 

can often occur in extremely high densities.  For example, in Virginia, certain species of 

amphibians represent the single most abundant vertebrate in many aquatic and terrestrial 

communities, with densities exceeding 40,000 individuals per hectare in some cases (Jaeger, 

1980).  Due to their abundance and high conversion efficiencies, amphibians often serve as vital 

links for energy and nutrient flow between low and high trophic levels.  These characteristics 

also suggest that amphibians may have high rates of contaminant bioaccumulation compared 

with other animals of similar trophic positions (Unrine et al., 2007).  In addition, the complex 

lifecycles of many amphibians potentially make them important in transferring contaminants 
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from aquatic to terrestrial food chains (Roe et al., 2005, Snodgrass et al., 2003), and place them 

at risk of environmental contaminants in both aquatic and terrestrial habitats. 

Environmental contaminants may have strong impacts on amphibian populations by 

negatively altering their food resources and causing immune dysfunction, infertility, 

developmental malformations, feminization, and endocrine disruption (Corn, 2000).  Early 

ecotoxicological studies focus on concentrations of contaminants in the environment and tissue 

residues rather than their biological effects (Sparling and Lowe, 1996). Accumulation of 

contaminants does not always translate into lethal or even detrimental effects for organisms, but 

contaminant concentrations in biota are powerful measures when combined with a knowledge of 

biological effects that directly affect or have a strong influence on fitness of individuals.  For 

example, pollutant-induced alterations in morphology may be sublethal to larvae, but may 

ultimately decrease the recruitment of individuals to the terrestrial environment (Rowe et al., 

2001).  These biological effects can provide the clearest link between responses in individuals 

and effects at the population and community levels, which are the targets of most conservation 

programs (Hopkins, 2006). Unfortunately, population-level manipulations are generally 

logistically impossible, especially with suitable replication.  Therefore, important individual-

level parameters (i.e., growth, survival, reproduction), known to be important contributors to 

population-level processes, are often measured.  

Although the accumulation of trace elements has been well documented in tissues and 

organs of amphibians (see Linder and Grillitsch, 2000), fewer studies have made the connection 

between tissue concentrations and their potential biological effects.  However, laboratory, 

mesocosm, and field studies of trace element contamination in larvae of several amphibian 

species have documented effects on: survival (James et al., 2005, Lefcort et al., 1998, Rowe et 
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al., 1998, Snodgrass et al., 2005); growth and development by way of developmental 

abnormalities, altering size at metamorphosis, or delaying metamorphosis (Hopkins et al., 2000, 

James et al., 2005, Lefcort et al., 1998, Roe et al., 2006, Snodgrass et al., 2005, Snodgrass et al., 

2004); energy acquisition through oral abnormalities and allocation by increasing maintenance 

costs (Rowe et al., 1996, Rowe et al., 1998); and behavior and performance which may impair 

the ability to detect or evade predators (Hopkins et al., 2000, Lefcort et al., 1998, Raimondo et 

al., 1998).  These sublethal effects can influence survival to metamorphosis which is an 

important component of population viability for many pond-breeding amphibians. The number 

of surviving metamorphs influences the number of individuals recruited to the adult population 

(Beebee et al., 1996, Berven, 1990).  In fact, Rowe et al. (2001) observed complete failure in the 

recruitment of toads (Bufo terretris) from a coal ash contaminated wetland and argued that 

contaminated aquatic systems may act as sinks for amphibian populations. Alteration in age and 

size at metamorphosis due to contaminants can also have important impacts on adult fitness 

because metamorphs that emerge larger or earlier are more likely to reach reproductive maturity 

faster and at a larger size (Semlitsch et al., 1988, Smith, 1987). In addition, a prolonged larval 

period increases the duration of exposure to aqueous contaminants, risk of desiccation in 

ephemeral ponds, and can result in less time to feed and grow in the terrestrial environment prior 

to overwintering (Roe et al., 2006).   

Unfortunately, there is a paucity of information on effects of contaminants on amphibian 

reproduction, an endpoint that directly influences the viability of populations (Hopkins et al. 

2006).  Maternal transfer of contaminants may be an important mechanism of impaired 

reproductive success in amphibians because early development is a critical period in ontogeny 

and adverse effects of maternally-derived contaminants during this sensitive stage have been 
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well documented in other vertebrates.  For example, in many animals, maternal transfer of 

contaminants reduces reproductive success through embryoic mortality and malformations (e.g., 

Di Giulio and Tillitt, 1999).  In amphibians, most of the information regarding the effects of 

contaminants on early development is from aqueous exposure of embryos to contaminants, often 

in environmentally unrealistic concentrations (Linder and Grillitsch, 2000).  To date, only four 

studies have documented maternal transfer of contaminants in amphibians (Hopkins et al., 2006, 

Kadokami et al., 2004, Kotyzova and Sundeman, 1998, Wu et al., 2009).  Kadokami et al. (2004) 

and Wu et al. (2009) demonstrated the occurrence of maternal transfer of organochlorine 

pesticides, dioxins, and PCBs in Rana ornativentri and polybrominated diphenyl ethers (PBDEs) 

in Rana limnocharis, respectively; however, they did not investigate the biological effects of 

maternal transfer.  The other two studies examined the relationship between maternal transfer of 

contaminants and embryonic development or reproductive success.  In aqueous laboratory 

exposures, adult Xenopus laevis (African clawed frogs) maternally transferred cadmium (Cd) to 

their eggs, resulting in a residue-dependent increase in developmental malformations (Kotyzova 

and Sundeman, 1998).  In a field study, Gastrophryne carolinensis (eastern narrow-mouth toads) 

from an industrial site maternally transferred high concentrations of selenium (Se) and strontium 

(Sr) to their eggs, associated with a 19% reduction in offspring viability (Hopkins et al., 2006).  

There are few studies examining the potential for latent effects of maternal exposure to 

contaminants beyond embryonic development in vertebrates; however, there is growing evidence 

that early disruptions in nervous, endocrine, or immune system development due to maternally-

derived contaminants (Guillette et al., 1995) can also have effects that are expressed later in 

ontogeny (e.g., Eisenreich et al., 2009, Nye et al., 2007).  The goal of this dissertation was to 

further examine both the immediate and latent or long-term effects of maternal contaminant 
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exposure in amphibians to assess whether maternal exposure may be a possible contributing 

mechanism leading to amphibian declines. 

 

Study objectives 

Using a pluralistic approach that integrated field surveys and laboratory and mesocosm 

techniques, I investigated the following objectives in order to evaluate the individual and 

interactive effects of mercury (Hg) from maternal and dietary sources on female reproductive 

success and embryonic and larval survival and development: 

1) To determine whether life history strategies and feeding ecologies influence Hg exposure 
and accumulation in amphibians (Chapter 2).  
 

2) To develop nondestructive methods for assessing Hg bioaccumulation in amphibians 
(Chapter 2). 
 

3) To determine whether amphibians maternally transfer Hg to their offspring in a tissue-
residue dependent manner (Chapter 3). 
 

4) To determine whether maternal transfer of Hg negatively impacts reproductive success 
by affecting hatching success and embryonic development in a tissue-residue dependent 
manner (Chapters 4 & 5). 
 

5) To determine whether embryos that successfully hatch from Hg-exposed females 
experience latent effects of maternal transfer later in larval development that decreases 
the number and size of individuals recruited to the local population (Chapters 4 & 5). 
 

6) To determine whether larvae from Hg-exposed females experience additive or synergistic 
negative effects of continued Hg exposure during the larval period through dietary intake 
(Chapter 6). 

To evaluate these objectives, I studied the effects of Hg bioaccumulation and maternal transfer in 

American toads (Bufo americanus) inhabiting the highly Hg-contaminated South River, VA, 

USA. 
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Study species 
 

I chose American toads as a model species because they are ubiquitous throughout much 

of eastern North America (Lannoo, 2005), and they have closely related congeners with similar 

ecologies world-wide.  American toads are not considered to be under threat of extirpation 

(Lannoo, 2005); however, they do undergo fluctuations in population size (Hecnar and 

McLoskey, 1996), and Bufonidae is one of four families to “contribute overwhelmingly to the 

total number of declining [amphibian] species” (Stuart et al., 2004). In addition, American toads 

exhibit the classic complex life cycle typical of many temperate anurans. As adults, they inhabit 

a variety of terrestrial habitats, but they require cover objects with moist microhabitats, an 

abundant supply of insects and other small invertebrates as prey, and shallow bodies of water to 

breed (e.g., ephemeral wetlands, drainage ditches, shallow portions of streams with low flow).  

Larval American toads are omnivorous grazers that consume algae, suspended organic matter, 

detritus, and decomposing animal material (Lannoo, 2005). At the South River, VA, American 

toads occur in sufficient abundance to study maternal transfer and reproductive effects, are easy 

to capture and breed readily in captivity, and produce large clutches of eggs (~6,000 per female), 

allowing large sample sizes for experiments and laboratory analyses. 

 
Mercury   
 

Mercury is an important environmental contaminant due to its global ubiquity, toxicity, 

and tendency to bioaccumulate.  The regulatory and scientific focus on Hg in aquatic ecosystems 

has been motivated largely by the human health risks of consuming contaminated fish, as this is 

the primary route of human exposure to methymercury (MMHg) (Clarkson, 1990, Fitzgerald and 

Clarkson, 1991), a highly toxic and bioaccumulative form of Hg (Fitzgerald et al., 1998).  While 

the study does not include Virginia, Facemire et al. (1995) states that Hg contamination is the 
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most serious environmental contamination threat to fishery and wildlife resources in the 

southeastern United States (AL, AR, FL, GA, KY, LA, MS, NC, SC, and TN).  All 50 states 

have Hg advisories in at least some of their water bodies with 27 states having statewide 

advisories for all freshwater systems and 13 states having statewide advisories in their coastal 

waters (USEPA, 2009b).  In addition, Hg was detected in every fish sample collected from 500 

U.S. lakes in a 2009 U.S. Environmental Protection Agency study.  From these samples, it was 

estimated that nearly 50% of the lakes nationwide contain fish with Hg concentrations above the 

300 ppb health screening value associated with potential human health risks (USEPA, 2009a). 

Natural or anthropogenic sources of mercury loading in aquatic ecosystems can result 

from either atmospheric deposition or point source emissions. Due to anthropogenic activities, 

atmospheric input of Hg has tripled over the past 150 years (Mason et al., 1994).  Atmospheric 

deposition results in widespread distribution of Hg due to long range airborne transport 

(Fitzgerald et al., 1998), and point source emissions are often associated with high contamination 

levels at a localized scale (e.g., within riverine or lacustrine systems).  The majority of Hg 

released into the environment is inorganic, yet the more toxic and bioaccumulative form is 

MMHg (Fitzgerald et al., 1998).  Production of MMHg is primarily a biologically-mediated 

reaction by anaerobic sulfate –reducing bacteria in aquatic sediment (Benoit et al., 1999, Benoit 

et al., 2003). Thus, knowledge of the total Hg (THg) concentration in the environment is 

inadequate to accurately evaluate its toxicity. In fact, in many cases, even knowing both the THg 

and MMHg concentrations in biota is not adequate to predict toxicity because the bioavailability 

and toxicity of Hg depends upon its specific chemical form and other biogeochemical properties 

(e.g., pH, dissolved organic matter, presence of other metals) of the environment.  
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Mercury tends to accumulate in aquatic habitats where it readily bioaccumulates and can 

biomagnify in aquatic food webs, especially as MMHg (Hill et al., 1996, Watras and Bloom, 

1992).  Lower trophic level organisms are important in transferring Hg throughout the food web, 

especially since the greatest bioconcentration of MMHg occurs between water and 

phytoplankton (Lindqvist et al., 1991, Mason et al., 1996).  In fact, MMHg concentrations in fish 

can be six to seven orders of magnitude higher than MMHg concentrations in the surrounding 

surface waters (Bowles et al., 2001). Mercury accumulation in wetlands threatens critical 

breeding and foraging habitats for many fish and wildlife species.  The primary route of Hg 

exposure is through the diet (Hall et al., 1997, Unrine and Jagoe, 2004), and consumption of 

diets with environmentally realistic concentrations of Hg result in a large range of toxic effects in 

fish and wildlife, including behavioral, developmental, neurological, hormonal, and reproductive 

changes (Crump and Trudeau, 2009, Eisler, 2006, Scheuhammer et al., 2007, Tan et al., 2009, 

Weiner and Spry, 1996, Wolfe et al., 1998). Due to the neurotoxic, teratogenic, and endocrine-

disrupting nature of Hg, subtle effects on behavior and reproduction may occur at concentrations 

well below levels associated with overt toxicity and death (Scheuhammer, 1991, Weiner and 

Spry, 1996, Weis, 2009).  Indeed, reproductive success is the demographic parameter expected to 

be most affected by exposure to Hg in fish and birds (Crump and Trudeau, 2009, Scheuhammer 

et al., 2007, Weiner and Spry, 1996).  

The adverse effect of Hg accumulation in amphibians has received little attention 

compared to fish, birds, and mammals (Eisler, 2006, Linder and Grillitsch, 2000, Scheuhammer 

et al., 2007, Wolfe et al., 1998).  Several studies have investigated aqueous Hg toxicity (see 

Linder and Grillitsch, 2000; table 7-6) and Hg bioaccumulation (Bank et al., 2005, Bank et al., 

2007, Bradford et al., 2011, Gerstenberger and Pearson, 2002, Hothem et al., 2010, Ugarte et al., 
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2005, Unrine and Jagoe, 2004, Unrine et al., 2004, Unrine et al., 2005, Weir et al., 2010) in 

amphibians. However, very little is known about the effects of Hg exposure in amphibians 

(Eisler, 2006, Linder and Grillitsch, 2000, Wolfe et al., 1998).  Kanamadi and Saidpur (1991) 

and Punzo (1993) both found significant decreases in ovary weight when adult Rana 

cyanophlyctis and R. heckscheri, respectively, were exposed to aqueous inorganic Hg. Birge et 

al. (2000) also reported impaired gamete function and reduction in early life stages with gonadal 

Hg residues of 0.49 µg g-1 in the South African clawed frog (Xenopus laevis).  However, in one 

recent study, amphibians were found to be sensitive to Hg exposure during the critical periods of 

ontogeny of larval development and metamorphic climax. Unrine and colleagues found adverse 

effects of environmentally realistic dietary Hg exposure on survival, development, and growth of 

southern leopard frog larvae (Rana sphenocephala) (Unrine and Jagoe, 2004, Unrine et al., 

2004).  The results from these studies are more ecologically realistic than previous studies using 

aqueous Hg exposure since dietary Hg is likely the most important exposure route. These data 

indicate that Hg pollution, in concentrations associated solely with atmospheric deposition, has 

the potential to negatively impact amphibian populations by decreasing the number and quality 

of offspring recruited to the terrestrial environment (Unrine et al., 2004).  In addition, maternal 

transfer of Hg in amphibians is a concern since early developmental stages in aquatic biota are 

particularly sensitive to Hg (Birge et al., 2000, Weiner et al., 2003).   

 
Study site 
 

Although Hg is ubiquitous due to long range transport from atmospheric deposition 

(Fitzgerald et al., 1998), point source emissions can result in high localized Hg concentrations.  

For example, my study site encompasses a 30 mile segment of the South River, VA, USA which 

was historically (1929-1950) contaminated with mercuric sulfate used by a plant manufacturing 
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acetate fiber in Waynesboro, VA, USA (Carter, 1977).  The use of Hg was terminated in the 

1950s, but Hg concentrations currently remain high in the river (Southworth et al., 2004).  A Hg 

contamination gradient along the river spans from low concentrations (upstream from the point 

source), presumably attributed to atmospheric deposition and geologic sources, to extremely high 

Hg levels downstream from the source (up to 191 ng/L unfiltered river water; Southworth et al., 

2004).  Previous studies have revealed orders of magnitude differences in biota tissue Hg 

concentrations from several species between the upstream (reference) and downstream 

(contaminated) sites (e.g., fish (Southworth et al., 2004, G.W. Murphy, 2004, Master’s thesis, 

Virginia Polytechnic Institute and State University, Blacksburg, VA, USA), birds (Cristol et al., 

2008), turtles (Bergeron et al., 2007), and bats (Wada et al., 2010)). This continuum of Hg 

contamination makes this site an ideal model ecosystem for my research because it allows 

inferences to be drawn at other Hg contaminated sites that fall within this broad range. 
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Abstract 

Mercury (Hg) is an important environmental contaminant due to its global distribution, 

tendency to bioaccumulate, and toxicity in wildlife.  However, Hg has received little attention in 

amphibians compared to other vertebrates. Amphibians vary widely in life history strategies and 

feeding ecologies which could influence Hg exposure and accumulation.  To determine whether 

species and life stage affects Hg bioaccumulation, we collected adults from three species 

(Plethodon cinereus, Eurycea bislineata, and Bufo americanus) and larvae from the latter two 

species along a contamination gradient on the South River (VA, USA). Total Hg (THg) 

concentrations in the contaminated site were 3.5 to 22 times higher than in the reference site.  

We found differences in THg concentrations in amphibians that were consistent with their 

habitat requirements and feeding preferences.  In general, adults (3453 ± 196 ng/g, dry mass) and 

larvae (2479 ± 171 ng/g) of the most river-associated species, E. bislineata, had the highest THg 

concentrations, followed by B. americanus tadpoles (2132 ± 602 ng/g), while adults of the more 

terrestrial B. americanus (598 ± 117 ng/g) and P. cinereus (583 ± 178 ng/g) had the lowest 

concentrations.  In addition, nondestructive sampling techniques, which are non-existent for 

small amphibians, were developed.  For the salamander species, THg concentrations in tail tissue 

were strongly correlated (r ≥ 0.97) with the remaining carcass.  A strong positive correlation (r = 
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0.92) also existed between blood and whole body THg concentrations in B. americanus.  Our 

results suggest that amphibians and their terrestrial predators may be at risk of Hg exposure in 

this system and that nondestructive methods may be a viable sampling alternative that reduces 

impacts to local populations. 

 

Keywords: Mercury, Bioaccumulation, Amphibian, Nondestructive tissues 

 

Introduction 

Mercury (Hg) is an important environmental contaminant due to its global ubiquity, 

tendency to bioaccumulate, and toxicity in wildlife.   Atmospheric deposition results in 

widespread distribution of Hg due to long range airborne transport [1]. Mercury tends to 

accumulate in wetlands where it readily bioaccumulates and can biomagnify in aquatic food 

webs, especially as methylmercury (MMHg) [2,3].  Mercury accumulation in wetlands threatens 

critical breeding and foraging habitats for many fish and wildlife species.  The primary route of 

Hg exposure is through the diet [4,5], and consumption of diets with environmentally realistic 

concentrations of Hg result in a large range of toxic effects in fish and wildlife, including 

behavioral, developmental, neurological, hormonal, and reproductive changes [6-9].  

Mercury accumulation in amphibians has received little attention compared to fish, birds, 

and mammals [6,9,10].  Amphibians play a critical role in transferring energy and nutrients 

through food webs and therefore are important components of aquatic and terrestrial 

communities [11,12].  As ectotherms, amphibians are efficient at converting ingested energy into 

biomass [13,14] and as a result, can often occur in extremely high densities.  For example, in 

Virginia, certain species of amphibians represent the single most abundant vertebrate in many 
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aquatic and terrestrial communities, exceeding 40,000 individuals per hectare [15].  Due to their 

abundance and high conversion efficiencies, amphibians often serve as vital links for energy and 

nutrient flow between low and high trophic levels.  These characteristics also suggest that 

amphibians may have high rates of contaminant bioaccumulation compared with other animals 

of similar trophic positions.  In addition, the complex lifecycles of many amphibians potentially 

make them important in transferring contaminants from aquatic to terrestrial food chains [16,17], 

especially for Hg since evidence suggests that most Hg accumulated by larvae is retained 

through metamorphosis [4,18].   

Although Hg is ubiquitous due to long range transport from atmospheric deposition [1], 

point source emissions can result in high localized Hg concentrations.  For example, the South 

River, VA, USA was historically (1929-1950) contaminated with mercuric sulfate used by a 

plant manufacturing acetate fiber in Waynesboro, VA, USA [19].  The use of Hg was terminated 

in the 1950s, but Hg concentrations currently remain high in the river [20].  This system contains 

a wide gradient of contamination between locations upstream and downstream from the point 

source.  Previous studies reveal orders of magnitude differences in tissue Hg concentrations from 

several species between the upstream (uncontaminated reference) and downstream 

(contaminated) sites (e.g., fish [20, G.W. Murphy, 2004, Master’s thesis, Virginia Polytechnic 

Institute and State University, Blacksburg, VA, USA], birds [21], turtles [22]).   

The first objective of the present study was to determine whether Hg accumulation and 

risk of Hg exposure differs among amphibian species and stages.  To accomplish this objective 

we collected three species of adult amphibians, Eurycea bislineata cirrigera, Plethodon cinereus, 

and Bufo americanus, which exhibit different life histories and occupy different ecological 

niches within the South River system.  For E. bislineata cirrigera and B. americanus, we also 
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collected larvae since accumulation of contaminants has been shown to differ among life stages 

[16].  The second objective was to determine whether spatial patterns of Hg accumulation in 

these amphibian species were similar to other taxa along the South River.  The final objective 

was to develop nondestructive methods for assessing Hg bioaccumulation in amphibians which 

will be critical for future studies of amphibians on the South River, as well as in other localities 

where Hg contamination is a concern.  To meet our objective, we determined whether Hg 

concentrations in tissues that could be sampled non-lethally were correlated with carcass Hg 

concentrations.  Blood samples were collected from B. americanus, but the small body size of 

the salamander species precluded this technique.  Many salamander species, including E. 

bislineata cirrigera and P. cinereus, exhibit tail autotomy as a natural defensive mechanism to 

prevent capture by predators [23] so we collected and analyzed body and tail tissue separately for 

these species.   

 

Materials and Methods 

Species natural history 

Mercury bioaccumulation patterns observed in amphibians should reflect local conditions 

due to their movement patterns. In general, terrestrial stages of amphibians are not as mobile 

compared to many other vertebrates, and many exhibit high fidelity to breeding and over-

wintering habitats [24].  From several studies, Wells [24] summarizes that routine movement 

during their active season averages less than 10m for terrestrial salamanders and less than 15m 

for anurans. In the present study, B. americanus is likely the most mobile species as females 

have been shown to disperse up to 1 km from their breeding pond [25].   
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The three amphibians studied in the South River are common, widespread species that 

exhibit ecological and life history traits encompassing most of the North American amphibian 

species.  The two salamanders are both from the family Plethodontidae, Eurycea bislineata 

cirrigera (hereafter E. bislineata; Southern two-lined salamander) and Plethodon cinereus (red-

backed salamander) and the anuran, Bufo americanus (American toad) is from the Bufonidae 

family.  Eurycea bislineata inhabit streams from Virginia to the Gulf Coast.  Adults can be found 

beneath rocks and logs along the margins of rocky streams, but also in the forest farther from 

shore.  The larval stage is fully aquatic and lasts 1-3 years. They reside beneath cover objects 

until foraging at night.  Both adults and larvae consume a variety of small invertebrates [23].  

The second salamander species, Plethodon cinereus, inhabits the forest litter environment in 

deciduous, northern conifer, or mixed habitats from North Carolina to the Canadian Maritime 

Provinces and west to Minnesota.  Many individuals remain underground, but when surface 

active, they remain under cover (i.e., logs, rocks, leaf litter) during the day and emerge at night to 

forage.  Plethodon cinereus are top predators within detrital food webs and prey mainly on small 

invertebrates.  Plethodon cinereus bypasses an aquatic larval stage and reproduces through direct 

development [23,26].  Bufo americanus are found throughout eastern North America to the edge 

of the coastal plain.  The terrestrial habitat of adult B. americanus is diverse, but they require 

cover objects with moist microhabitats, abundant supply of insects and other small invertebrates 

as prey, and shallow bodies of water to breed (e.g., ephemeral wetlands, drainage ditches, 

shallow portions of streams with low flow).  Bufo americanus tadpoles are omnivorous grazers 

and will consume algae, suspended organic matter, detritus, and decomposing animal material 

[26].   
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Animal collection 

 Amphibians were collected from multiple sites upstream and downstream of the Hg 

contamination source (river mile [RM] 0) along the South River (Fig. 1) in all available and 

accessible habitats for each species.  Adult and larval E. bislineata were captured by turning 

rocks, logs and leaf litter along banks within 3m of the edge of the water and in shallow margins 

of the river while using a mesh dip net to collect individuals.  Eurycea bislineata were sampled 

at two reference locations, a South River reference site, 5 river miles upstream from the Hg 

source (SR REF; RM -5), and Coyner Springs Park (Parks and Recreation, Waynesboro, VA; CS 

REF), an upstream tributary to the South River. The aquatic portion of the reference subsites are 

separated from contaminated subsites by Rife Loth dam in Waynesboro, VA, USA, upstream 

from the source of contamination.  In the contaminated portion of the South River, eight subsites 

were sampled downstream from the Hg source (RM 2, 5, 9, 11, 13, 16, 20, and 22) and are 

collectively referred to as the contaminated site.  An additional site was sampled approximately 

10 miles after the South River joins the South Fork of the Shenandoah River (SFSR; RM 34) 

(Fig. 1, Table 1).   

Adult P. cinereus were captured by turning rocks and logs in the riparian zone along the 

South River.  The distribution of P. cinereus along the South River was patchy and thus they 

were only successfully collected at SR REF (RM -5) and three subsites within the contaminated 

reach (RM 1, 14, and 20) (Fig. 1, Table 1).  Collection localities ranged from 5 to 30 m from the 

edge of the river. 

Both species of salamanders were captured over a two week period in May 2007.  Upon 

capture, salamanders were given a unique identification code and placed in a Ziploc bag with 

water and/or a wet paper towel.  A Garmin (Olathe, KS USA) hand-held global positioning 
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system (GPS) unit was used to obtain geospatial coordinates for each individual captured.  

Salamanders were transported to the laboratory and held for 48 hrs to void their gut contents and 

then sacrificed using an overdose of buffered tricaine methane sulfonate (MS-222).  Mass, total 

length (TL) and snout-vent length (SVL) were obtained.  To standardize sampling for this study, 

the tail of adult salamanders was removed just posterior to the vent using a sterile blade.  In 

future studies, where salamanders are to be released, tail autonomy could be induced by gently 

restraining the animal by the tail.  Adult bodies and tails and whole body larvae were frozen 

separately until analysis.  

Breeding pairs of B. americanus were captured over 4.5 weeks in March and April 2007 

from breeding ponds located in or near the flood plain of the South River. Ponds were located 

within 30 to 180 m of the river.  Toads were collected from the reference site encompassing two 

subsites on the South River (SR REF; RM -1.7 and -5) and five subsites in the contaminated 

reach (RM 2, 5, 9, 16, and 20) (Fig. 1, Table 1).  Females were given a unique identification code 

and pairs were placed in individual breeding containers with water. Again, geospatial coordinates 

for each pair were acquired. The pairs were transported to the laboratory and their eggs were 

obtained for research on reproductive effects in females (results to be reported elsewhere).  After 

oviposition, the male was released at the site of capture and the female was held for 48 hrs to 

void her gut contents. Mass and SVL were recorded.  Before sacrificing the female with an 

overdose of MS-222, approximately 0.6 ml of blood was withdrawn by cardiac puncture (or 

decapitation after sacrifice) using a 1-ml heparinized syringe. Female toads and blood samples 

were frozen until analysis.   

In May 2007, B. americanus tadpoles were collected from the same ponds where 

breeding pairs were captured.  Approximately 20 tadpoles between Gosner stages 28 and 32 
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(before forelimb emergence) [27] were collected from each subsite.  Tadpoles were held for 48 

hrs to void their gut contents, sacrificed with an overdose of MS-222, weighed, and frozen until 

analysis.  Before analysis, 4-7 tadpoles were pooled to create 3-4 composite samples per site 

(Table 1).  When different developmental stages of tadpoles existed within a site, the stages were 

distributed among composites as equally as possible. 

 

Total mercury analysis 

Adult bodies, larval bodies, and salamander tails were lyophilized and homogenized 

separately and Hg concentrations are reported on a dry wt basis. Whole blood from adult B. 

americanus was homogenized using a vortex mixer and Hg concentrations are reported on a wet 

wt basis.  Whole body percent moisture, calculated from weights before and after lyophilization, 

was similar for all species (adult E. bislineata 73.9 ± 0.5%; larval E. bislineata 76.0 ± 0.3%; P. 

cinereus 75.9 ± 0.4%; B. americanus 77.8 ± 0.4%).  Subsamples (20-150 mg) were analyzed for 

total Hg (THg) content by combustion-amalgamation-cold vapor atomic absorption 

spectrophotometry (DMA 80, Milestone, Monroe, CT USA) according to U.S. Environmental 

Protection Agency (U.S. EPA) method 7473 [28].  For quality assurance, each group of 10 to 15 

samples included a replicate, blank, and standard reference material (SRM; TORT-2 lobster 

hepatopancreas, DOLT-2 dogfish liver [National Research Council of Canada, Ottawa, ON] or 

SRM 966 Toxic Metals in Bovine Blood Level 2 [National Institute of Standards and 

Technology, Gathersburg, MD USA]).  The instrument was calibrated using solid SRMs (TORT-

2 and DORM-2, dogfish muscle [National Research Council of Canada, Ottawa, ON]).  Method 

detection limits (MDLs; 3 times standard deviation of procedural blanks) for samples depended 

on sample mass and were calculated separately for each observation based on sample mass.  
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Method detection limits ranged from 5.80 ng/g to 48.04 ng/g, and all samples had THg 

concentrations that exceeded the limit.  Average relative percent difference (RPD) between 

replicate sample analyses was 3.59 ± 0.51% (n=46; mean ± 1 standard error of the mean 

hereafter).  Mean percent recoveries of THg for the standard reference materials TORT-2, 

DOLT-2, and SRM 966 were 89.66 ± 0.01 % (n =46), 100.99 ± 0.01 % (n =8), and 92.11 ± 0.04 

% (n =8), respectively.   

 

Statistical analyses 

Subsites within the reference and contaminated reaches of the river could not be treated 

independently of one another in our spatial comparisons and are collectively referred to as the 

reference site and contaminated site, respectively.  Since sampling SFSR occurred 10 miles after 

the confluence (RM 34, Fig. 1), it was also treated as a separate site.  In addition, species could 

not be compared statistically because each species occurred at different subsites (Table 1) and 

Hg accumulation patterns may have depended upon which subsites were sampled.   

To compare THg concentrations among reference and contaminated sites and stages 

within each species, the assumptions of analysis of variance (ANOVA) were first tested.  Data 

were log10-transformed to meet ANOVA assumptions or analogous nonparametric tests were 

employed.   For E. bislineata a two-way ANOVA was performed to compare sites and stages 

followed by Tukey’s pairwise comparisons.  A one-way ANOVA was performed for P. cinereus 

to compare sites.  Since transformations failed to meet the assumptions of ANOVA for B. 

americanus data, we performed a Scheirer-Ray-Hare extension of the Kruskal-Wallis test [29] to 

compare sites and stages.  Pearson correlation coefficients were used to assess relationships 

between salamander bodies and tails as well as between B. americanus whole bodies and blood.  
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All analyses were performed with SAS 9.1 (SAS Institute, Cary, NC, USA), and an α value of 

0.05 was used to assess statistical significance. 

 

Results 

Effects of site and stage on mercury accumulation 

A large range in THg concentrations was observed among species and stages (Figs. 2-4), 

with greater concentrations for all species and stages within the South River downstream from 

the source of contamination (Figs. 2A, 3A, and 4A).  Although subsites within the reference and 

contaminated reaches of the South River could not be treated independently of one another in our 

statistical comparisons, Figures 2B, 3B, and 4B illustrate the spatial trends downstream from the 

contamination source.  In the contaminated site, E. bislineata adults and larvae had the highest 

THg concentrations, followed by B. americanus tadpoles, while terrestrial adult B. americanus 

and P. cinereus had the lowest concentrations.   

For E. bislineata, THg concentrations were influenced both by site (F2,96 = 23.42, p < 

0.001) and stage (F1,96 = 410.89, p < 0.001).  No interaction was detected between site and stage 

(p = 0.270), indicating similar patterns between stages at different sites.  Indeed, THg 

concentrations in adult E. bislineata were 1.4 to 2.1-fold higher than larval concentrations at 

each site.  Pairwise comparisons revealed significant differences in THg concentrations (p < 

0.001) between all three sites (Fig. 2A).  Total Hg concentrations in adults and larvae at the 

contaminated site were 15 and 22-fold higher than the reference site and 2.9 and 4.3-fold higher 

than the SFSR site, respectively.  Despite being 34 miles downstream from the original Hg 

source, total Hg concentrations in adult and larval E. bislineata were 5.2 and 5-fold higher in the 

SFSR than the reference site, respectively.   
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Total Hg concentrations were 5.4-fold higher in P. cinereus from the contaminated site 

compared to the reference site (F1,22 = 11.83, p = 0.0023) (Fig. 3A).  Similarly, THg 

concentrations were 3.5 and 4.0-fold higher in adult and larval B. americanus in the 

contaminated site than the reference site, respectively (p < 0.005).  Stage also differed (p < 

0.005) between B. americanus adults and larvae (Fig. 4A), but the influence of stage was 

opposite of that observed in E. bislineata.  Total Hg concentrations in larval toads were 3.2 and 

3.6-fold higher than adults at the reference and contaminated sites, respectively.  No interaction 

was detected between site and stage (p > 0.975) for B. americanus.  

 

Relationships between bodies and non-lethal samples 

There was a strong positive relationship between THg concentrations in salamander 

bodies and tails for both E. bislineata (r = 0.994, p < 0.0001, y = 0.9848x – 0.1191) (Fig. 5a) and 

P. cinereus (r = 0.973, p < 0.0001, y = 0.7825x + 0.3413) (Fig. 5b).  The slope of the regression 

for salamander bodies and tails was significantly steeper for E. bislineata than P. cinereus 

(ANCOVA, p < 0.001).  A strong positive relationship was also found for THg concentrations 

between adult bodies and blood in B. americanus (r = 0.916, p < 0.0001, y = 0.9771x – 0.0422) 

(Fig. 6).  The slopes of all relationships did not differ significantly from 1.0 (t test, p > 0.1 for 

all). 

 

Discussion 

Amphibians inhabiting the contaminated portion of the South River had elevated Hg 

concentrations in their tissues compared to conspecifics from the reference site.  Total Hg 

concentrations were low in the reference site for all species, and THg concentrations for both 
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stages of E. bislineata in the reference site were comparable to concentrations of the closely 

related E. bislineata bislineata found in Shenandoah and Acadia National Parks [30].  In 

contrast, peak whole body THg concentrations in amphibians from the contaminated site were 

the highest reported for amphibians in the literature [6,10].  Adult THg concentrations ranged up 

to 5,785 ng/g in E. bislineata, 3,386 ng/g in P. cinereus, and 2,350 ng/g in B. americanus, and 

approximately 50% (mean range 46-60%) of this was MMHg [31]. Unfortunately, little research 

has focused on the effects of Hg in amphibians, especially through dietary exposure.  However, 

Unrine et al. [32] found adverse effects on development and decreased metamorphic success in 

Rana sphenocephala at much lower THg tissue concentrations (~240 ng/g) compared to the THg 

concentrations found in amphibians from the South River.   On the other hand, several studies 

have focused on Hg concentrations known to affect reproductive success in fish. Beckvar et al. 

[33] used the data from ten studies to create a whole-body tissue threshold-effect level of 1,000 

ng MMHg /g, dry weight (assuming 80% moisture) for juvenile and adult fish based on sublethal 

endpoints (growth, reproduction, development, and behavior).  In our study, 91% of E. bislineata 

adults, 11% of B. americanus adults, and < 1% of P. cinereus adults from the contaminated site 

reached MMHg concentrations above the threshold-effect level for fish [33]. 

 Amphibians are important prey for a variety of organisms along the South River. Many 

organisms such as raccoons, snakes, screech owls, wading birds, turtles, and predatory fish (e.g., 

bass and sunfish) are known to eat various lifestages of these amphibian species [23].  Because 

of their ability to occur in high densities and their high conversion efficiencies, amphibians may 

serve as critical trophic links for energy, nutrient flow, and Hg to predators.  The most well 

studied mammalian species in terms of Hg are the mink and otter which both include amphibians 

as an important component of their diet [34,35].  Several studies on these species indicate that 
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neurotoxicity and death can occur with the consumption of diets containing Hg (as MMHg) ≥ 

1,000 ng/g wet wt [36].  In addition, the U.S. EPA estimates that the lowest observable adverse 

effect level (LOAEL) for mink is 180 ng /g body wt / day or 1100 ng/g wet wt MMHg in the diet 

[37].  Several studies have observed reduced reproductive success and juvenile survival in birds 

with environmentally realistic concentration of Hg in their diet.  The piscivorous common loon 

(Gavia immer), which eats amphibians and fish that eat amphibians [38], had reduced 

reproductive success with diets that contained Hg (as MMHg) > 300 ng/g wet wt [39].  More 

recently, a study by Burgess and Meyer [40] suggests loon productivity decreases by 50% when 

fish THg concentrations in the diet were 210 ng/g wet wt and failed when THg concentrations 

were 410 ng/g wet wt.  Bouton et al. [41] fed captive-raised great egret chicks (Ardea albus), 

another piscivorous species, diets of 500 ng/g wet wt MMHg and found the chicks displayed 

decreased appetite and strength, altered activity and maintenance behavior, and reduced 

motivation to hunt live prey.  The authors suggest that these effects may result in reduced 

juvenile survival in wild birds.  In addition, diets containing MMHg concentrations of 3,000 ng/g 

dry wt in mallard ducks (Anas platyrhynchos) [42] and black ducks (Anas rubripes) [43] 

impaired reproductive success by reducing egg production, hatching success, and embryo and 

duckling survival.  Individual amphibians at the South River with the highest THg 

concentrations, mainly E. bislineata, approach the mink LOAEL and Hg concentrations known 

to affect reproduction in ducks.  However, 80% of adult and 50% of larval E. bislineata 

surpassed the dietary threshold for reproductive success in loons. Thus, the Hg concentrations in 

the present study support the notion that amphibians, as important components of aquatic and 

terrestrial communities, potentially transfer Hg within and between these environments and pose 

significant health risks to their predators. 
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Species and stage differences 

The magnitude of Hg accumulation in amphibians appeared dependent on habitat use and 

feeding behavior.  Within the contaminated portion of the river, we observed that both stages of 

E. bislineata had the highest average THg concentrations in the present study (adults 3,453 ± 196 

ng/g; larvae 2,479 ± 171 ng/g).  Eurycea bislineata is the most river-associated species and 

remains carnivorous throughout its complex lifecycle.  Like E. bislineata, P. cinereus is 

carnivorous throughout its life, but P. cinereus is a direct developer in the terrestrial 

environment.  Both of the more terrestrial species, P. cinereus (583 ± 178 ng/g) and B. 

americanus (598 ± 117 ng/g), had the lowest average THg concentrations in the present study.  

Thus, our results suggest that individuals of these species encounter reduced amounts of 

bioavailable Hg because they may be more closely tied to terrestrial than aquatic food webs.  

Future studies using stable isotopes may allow us to disentangle these relationships and better 

understand ecological risk in relation to amphibian feeding ecology [22]. 

We found interesting ontogenetic changes in Hg accumulation in both species with 

complex lifecycles, but the opposite patterns were observed for E. bislineata and B. americanus 

even though the larval stages of both species had similar THg concentrations at the contaminated 

site (larvae: E. bislineata  2,479 ± 171 ng/g and B. americanus 2,132 ± 602 ng/g).  For E. 

bislineata, adults had higher THg concentrations than larvae at all sites except RM 22.  Since Hg 

accumulates over time and is not well eliminated from the body, older and larger organisms often 

have proportionally higher THg concentrations than younger and smaller conspecifics.  For 

example, THg concentrations often correlate with age, body mass, or length in fish [6,8].  Adult 

E. bislineata were significantly larger than the larvae (p = 0.004) in both the contaminated 

(adults: 0.81 ± 0.03 g, larvae: 0.66 ± 0.04 g) and reference (adults: 0.80 ± 0.06 g, larvae: 0.63 ± 
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0.05 g) site.  Because the older and larger adults had higher Hg concentrations than larvae, adults 

may have simply been exposed to Hg at similar rates but for a longer time.  This is plausible 

because all of the adults we sampled were collected within 3m of the river, where aquatic prey 

can remain a significant portion of their diet [23].  Alternatively, adults could be ingesting larger 

prey or prey at higher trophic levels with higher Hg concentrations, or a larger proportion of the 

more bioavilable Hg form, MMHg.  Again, stable isotopes could provide critical insights into 

whether accumulation differences between stages were attributable to ontogenetic shifts in 

feeding preferences or exposure duration (e.g., [22]).  

The opposite ontogenetic Hg accumulation pattern from E. bislineata was observed in B. 

americanus where the aquatic tadpoles had higher THg concentrations than the terrestrial adults.  

Although tadpoles are omnivorous grazers, this observation is consistent with the literature that 

many pond-breeding larvae are excellent accumulators of trace metals because they are closely 

associated with the benthos [16,44].  While many metals, including some Hg, may be bound to 

the gut epithelium in tadpoles [17,18], evidence suggests that Hg becomes mobilized during 

metamorphic climax and is retained in amphibian tissues after metamorphosis is completed 

[4,18]. After metamorphosis, B. americanus juveniles and adults are highly terrestrial and mobile 

[25].  Thus, the reduced body concentrations of adults are likely caused by a dilution of the Hg 

body pool as they consume prey items from the terrestrial environment.  Alternatively, because 

of their mobility, it is possible that some of the adults we sampled were immigrants from 

surrounding uncontaminated habitats that were only recently exposed to Hg. 
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Spatial differences 

Mercury accumulation in amphibians followed the same spatial pattern as observed in 

birds, fish, and turtles along the South River, which generally increased for several miles 

downstream from the point source before peaking between miles 10 and 20 and decreasing or 

remaining high until the confluence with the South Fork of the Shenandoah River [20,22, G.W. 

Murphy, 2004, Master's thesis].  Although it is not currently known why Hg concentrations peak 

downstream from the source, it is theorized that historical deposition in the cobble bed within the 

river and/or flood plain, coupled with current erosion patterns, may provide a continual and 

dispersed source of Hg loading to the river. This pattern was the strongest for E. bislineata which 

is most closely associated with the river.  The patchy availability of suitable habitat for P. 

cinereus due to deforestation along the South River precludes descriptions of spatial patterns for 

this species.  A notable exception to the pattern was at RM 16, where B. americanus adults and 

larvae had THg concentrations comparable to the reference site.  The breeding pond at RM 16 

was 60 m from the South River, but was elevated above the 100 year flood plain.  In comparison, 

the breeding pond at RM 20 had the highest THg concentrations, was 40 m from the river, and 

within the 2 year flood plain.  These site differences suggest the risk of Hg exposure in pond-

breeding amphibians is strongly influenced by Hg deposition in the South River floodplain from 

flood events.  In addition, our observations suggest that larvae in these breeding ponds may be 

good bioindicators of localized Hg contamination and bioavailability because they are confined 

to natal wetlands and integrate Hg from the aquatic environment. 
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Nondestructive sampling 

Our study illustrates the utility of two nondestructive sampling techniques for 

determining whether amphibians have a history of exposure to Hg.  Total Hg concentrations 

between bodies and tails of both salamanders and between blood and whole body in B. 

americanus were highly correlated.  Importantly, the large range in Hg contamination at the 

South River allows inferences to be drawn at other Hg-contaminated sites that fall within this 

broad range.  

A variety of nondestructive sampling techniques have been developed for reptiles, but not 

for amphibians.  For example, concentrations of metals and metalloids in skin, tails and/or blood 

are predictive of whole-body or target tissue concentrations in snakes and lizards [e.g., 45-47]. In 

contrast, amphibians are typically sacrificed for whole-body contaminant analysis because 

nondestructive techniques have not been developed.  This practice is not conservation- minded 

nor is it convenient for continued sampling at sites over protracted timescales because of the 

impact it could have on local populations.  Cardiac puncture is a recommended method for blood 

collection in anurans [48] and can be used repeatedly on the same individuals [49]. Although tail 

loss in salamander species can decrease fitness through several routes such as reduction in 

courtship success, locomotive performance, growth rate, or reproductive success (reviewed in 

[50]), the tail is regenerated over time.  Thus, the impact of tail sampling on local populations is 

minimized compared to the lethal alternative.  Improved analytical techniques may allow smaller 

quantities of tail tissue to be analyzed and decrease the impact it has on the individuals sampled.   

While the correlations with nondestructive tissues provide a predictive index of Hg 

concentrations at the South River, they should be validated at other Hg contaminated sites for 

these three species and closely related species.  For example, the slopes of the correlations 
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between body and tail differed between the two salamander species indicating one relationship is 

not necessarily predictive for all salamander species.  In addition, blood is often correlated with 

contaminant concentrations in whole body or target organs and is commonly used as a 

nondestructive sampling technique for other vertebrates (e.g., [45,46,51]).  However, blood THg 

concentrations may reflect recent dietary intake while muscle and other tissues represent a more 

consistent integration of Hg intake over time [52].  

 

Conclusions 

A common theory regarding Hg in wildlife is that piscivores and other top predators 

feeding in the aquatic food chain have the greatest risk of Hg exposure and toxicity [6,7].  Our 

study demonstrated that amphibians occupying both aquatic and terrestrial habitats in a 

contaminated site accumulated Hg in concentrations that exceed those of the reference site by up 

to an order of magnitude.  In some cases, Hg concentrations in amphibians exceeded threshold 

concentrations for adverse effects in juvenile and adult fish, indicating amphibians may be at risk 

of Hg exposure and toxicity.  In addition, Hg concentrations in amphibians exceeded dietary 

levels known to cause adverse effects in some mammals and birds, indicating that predators of 

amphibians may also be at risk.  Because the South River has a large range in Hg concentrations, 

it affords the opportunity to quantify threshold concentrations for adverse effects in the field.  

The development of thresholds at this model system may assist in risk assessments and 

management decisions for other Hg-contaminated sites with concentrations within this broad 

range.  In addition, the nondestructive sampling techniques we developed will be most useful if 

they can ultimately be used to predict health risks to individuals, such as adverse reproductive 

effects.   
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Table 2.1: Individual sample sizes for total mercury (THg) analyses in the three amphibian species, Eurycea bislineata (adult and 
larvae), Plethodon cinereus (adult), and Bufo americanus (adult and larvae), at the reference and contaminated subsites of the South 
River (SR) and the South Fork of the Shenandoah River (SFSR) VA, USA.  RM = river mile from contamination source.  
 
 
 E. bislineata  E. bislineata  P. cinereus  B. americanus B. americanus 
Site adult larvae adult adult larvae* 

Reference Subsites      
SR REF 5 5 6 13 7 
CS REF 5 5 - - - 

Reference (totals) 10 10 6 13 7 
Contaminated subsites     

SR RM 1  - - 6 - - 
SR RM 2  5 5 - 1 4 
SR RM 5  5 5 - 12 4 
SR RM 9  5 5 - 12 4 

SR RM 11 1 1 - - - 
SR RM 13 5 5 - - - 
SR RM 14 - - 6 - - 
SR RM 16 5 5 - 4 4 
SR RM 20 5 5 6 6 3 
SR RM 22 5 5 - - - 

South River (totals) 36 36 18 35 19 
South Fork Shenandoah River     

SFSR RM 34 5 4 - - - 

Species Total 51 50 24 48 26 

* composite samples of 4-7 tadpoles each    
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Figure 2.1: Sampling locations of the three amphibian species studied (Ba = Bufo americanus; 
Eb = Eurycea bislineata; Pc = Plethodon cinereus) along the South River (SR), Coyner Springs 
Park (CS), and South Fork of the Shenandoah River (SFSR) of the Shenandoah Valley (VA, 
USA).  Numbers refer to river miles downstream from contamination source (river mile 0).  
Open symbols represent reference sites and closed symbols represent contaminated sites.  Note 
that the South River flows south to north. 
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Figure 2.2: (A) Whole body total mercury (THg) concentrations (ng/g, dry mass; mean ± 1 
standard error [SE]) in adults and larval Eurycea bislineata from the reference (REF) and 
contaminated portion of the South River (SR) and the South Fork of the Shenandoah River 
(SFSR).  (B) Whole body THg (ng/g, dry mass; mean ± 1 SE) in adult and larval E. bislineata at 
the reference and contaminated subsites along SR and SFSR.  Numbers represent river miles 
downstream from the source of contamination (river mile 0).  Lines connecting points are for 
visual presentation and do not reflect connectivity among means.  Symbols are staggered for 
clarity. 
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Figure 2.3: (A) Whole body total mercury (THg) concentrations (ng/g, dry mass; mean ± 1 
standard error [SE]) in adult Plethodon cinereus from the reference (REF) and contaminated 
portion of the South River (SR).  (B) Whole body THg (ng/g, dry mass; mean ± 1 SE) in adult P. 
cinereus at the reference and contaminated subsites along SR.  Numbers represent river miles 
downstream from the source of contamination (river mile 0).  Lines connecting points are for 
visual presentation and do not reflect connectivity between means.   
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Figure 2.4: (A) Whole body total mercury (THg) concentrations (ng/g, dry mass; mean ± 1 
standard error [SE]) in adults and larval (tadpoles; composite samples) Bufo americanus from the 
reference (REF) and contaminated portion of the South River (SR).  (B) Whole body THg (ng/g; 
mean ± 1 SE) in adults and tadpoles B. americanus at the reference and contaminated subsites 
along SR.  Numbers represent river miles downstream from the source of contamination (river 
mile 0).  Lines connecting points are for visual presentation and do not reflect connectivity 
among means.  Symbols are staggered for clarity. 
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Figure 2.5:  Relationship between log body total mercury (THg; ng/g, dry mass) concentrations 
and log tail THg concentrations in (A) adult Eurycea bislineata and (B) adult Plethodon cinereus 
from the reference (REF) and contaminated (SR) portion of the South River (VA, USA). 
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Figure 2.6:  Relationship between log whole body total mercury (THg; ng/g, dry mass) 
concentrations and log blood THg (wet mass) concentrations in adult Bufo americanus from the 
reference (REF) and contaminated (SR) portion of the South River (VA, USA). 
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Abstract 

Amphibian population declines have been documented worldwide and environmental 

contaminants are believed to contribute to some declines.  Maternal transfer of bioaccumulated 

contaminants to offspring may be an important and overlooked mechanism of impaired 

reproductive success that affects amphibian populations. Mercury (Hg) is of particular concern 

due to its ubiquity in the environment, known toxicity to other wildlife, and complex 

relationships with other elements, such as selenium (Se). The objectives of the present study 

were to describe the relationships between total Hg (THg), methlymercury (MMHg), and Se in 

three amphibian species (Plethodon cinereus, Eurycea bislineata cirrigera, and Bufo 

americanus) along a Hg-polluted river and floodplain, and to determine if B. americanus 

maternally transfers Hg and Se to its eggs in a tissue residue-dependent manner.  Total Hg and 

MMHg concentrations in all species spanned two orders of magnitude between the reference and 

contaminated areas while Se concentrations were generally low in all species at both sites.  We 

observed strong positive relationships between THg and MMHg in tissues of all species.  Both 

Hg and Se were maternally transferred from females to eggs in B. americanus, but the 

percentage of the females’ Hg body burden transferred to eggs was low compared to Se.  In 
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addition, Hg concentrations appeared to positively influence the amount of Se transferred from 

female to eggs.  Our study is the first to confirm a correlation between Hg concentrations in 

female carcass and eggs in amphibians and among the first to describe co-transference of Se and 

Hg in an anamniotic vertebrate. The results suggest future work is needed to determine whether 

maternal transfer of Hg has transgenerational implications for amphibian progeny.  

 

Keywords: Amphibians, Mercury, Methylmercury, Selenium, Maternal transfer 

 

Introduction 

Amphibian population declines have been documented worldwide [1] and environmental 

contaminants are believed to contribute to some declines [2].  Several studies have examined the 

impact of trace element concentrations on larval amphibians, and have found effects on survival 

[3-5], growth and development [3-8], energy acquisition and allocation [9,10], and behavior or 

performance [3,7,11].  One trace element that is of particular concern is mercury (Hg), due to its 

ubiquity in the environment and known toxicity to other wildlife.  However, the toxic effects of 

Hg bioaccumulation in amphibians has received little attention compared to fish, birds, and 

mammals [12-15].   In one recent study, Unrine et al. [16] found adverse effects of 

environmentally realistic dietary Hg exposure on survival, development, and growth of 

amphibian larvae.  These data indicate that Hg pollution, in concentrations associated with 

atmospheric deposition only, has the potential to negatively impact amphibian populations and 

suggests the importance of further research in this area.  

Trophic uptake of contaminants throughout ontogeny, ultimately leading to maternal 

transfer of bioaccumulated contaminants to offspring, may be an important mechanism of 
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impaired reproductive success in amphibians.  Maternal transfer of Hg in amphibians is a 

concern since early developmental stages in aquatic biota are particularly sensitive to Hg [17,18].  

In amphibians, most of the information regarding the effects of contaminants on development is 

from aqueous exposure of embryos to contaminants, often in environmentally unrealistic 

concentrations [14].  To date, only three studies have documented maternal transfer of 

contaminants in amphibians [19-21], and two of these examined its relationship to development 

and reproductive success [20,21].  In aqueous laboratory exposures, adult Xenopus laevis 

(African clawed frog) maternally transferred cadmium (Cd) to their eggs, resulting in a residue-

dependent increase in developmental malformations [21].  In a field study, Gastrophryne 

carolinensis (eastern narrow-mouth toad) from an industrial site maternally transferred high 

concentrations of selenium (Se) and strontium (Sr) to their eggs and exhibited a 19% reduction in 

offspring viability [20].  

In the present study, we sought to develop a better understanding of Hg bioaccumulation 

in amphibians by sampling amphibians inhabiting the South River (VA, USA).  The South River 

was historically (1929-1950) contaminated near Waynesboro, VA with mercuric sulfate [22] and 

despite terminating the use of Hg at the manufacturing plant in the 1950s, the Hg concentrations 

remain high in the system [23].  Indeed, the highest whole body total Hg (THg) concentrations in 

amphibians (Eurycea bislineata cirrigera) from the contaminated site [24] were the highest 

reported for amphibians in the literature [13,14].  Our first objective was to describe the 

relationships between THg and methylmercury (MMHg) in three amphibian species (Plethodon 

cinereus, Eurycea bislineata cirrigera, and Bufo americanus) which exhibit different life 

histories and occupy different ecological niches within the South River [24].  Describing the 

speciation of Hg in amphibian tissues is important because the bioavailability and toxicity of Hg 
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depends upon its specific chemical form. The majority of Hg released into the environment is 

inorganic, yet the most toxic and bioaccumulative form is MMHg [25]. Production of MMHg is 

primarily a biologically-mediated reaction by anaerobic sulfate –reducing bacteria in aquatic 

sediment [26,27]. Thus, knowledge of the THg concentration in the environment is inadequate to 

accurately evaluate its toxicity. In fact, in many cases, even knowing both the THg and MMHg 

concentrations in biota is not adequate to predict toxicity because Hg can interact with other 

trace elements in the environment. In particular, Se is known to have protective effects against 

Hg toxicity, possibly by redistributing Hg to less sensitive tissues (e.g., muscle) or assisting in 

sequestration of Hg as Hg-Se in target organs (e.g., liver and kidney) [28].  Thus, our second 

objective was to describe the relationships between Hg (THg and MMHg) and Se in the three 

amphibian species.  Because there has been little research devoted to the maternal transfer of 

contaminants in amphibians, our third and final objective was to determine if B. americanus 

maternally transfers Hg (THg and MMHg) and Se to their eggs in a tissue residue-dependent 

manner.  

 

Materials and Methods 

Three species of amphibians, E. bislineata cirrigera (hereafter E. bislineata; Southern 

two-lined salamander; adults and larvae), P. cinereus (red-backed salamander; adults), and B. 

americanus (American toad; adults) were collected from multiple sampling locations upstream 

and downstream of the Hg contamination source (river mile [RM] 0) along the South River in 

spring 2007 as described in Bergeron et al. ([24]; Fig 1, Table 1).  A subset of the individuals 

(toads) or pooled samples (salamanders) were analyzed for THg, MMHg, and Se (Tables 1 and 

2). 
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Breeding and egg collection in Bufo americanus  

To determine if B. americanus females maternally transfer Hg to their eggs, we generally 

followed the methods of Hopkins et al. [20].  Adult male and female B. americanus were 

collected in amplexus from breeding ponds and transported to the laboratory.  They were placed 

in 8 L plastic bins containing a small amount of dechlorinated tap water and allowed to breed.  

Each bin was slightly slanted to create one end with water while the other end remained dry.  

Breeding pairs were frequently monitored (every 2 to 4 hours) and egg masses were removed 

and enumerated immediately upon completion of oviposition.  If pairs had not oviposted within 

24 hours, they were injected with human chorionic gonadotropin (females 200 IU, males 100 IU) 

to induce egg laying.  Once eggs were counted, a subset from each egg mass was frozen for Hg 

and Se analyses, the males were released at their point of capture, and the females were held for 

48 hrs to void gut contents.  Before sacrificing the females with an overdose of buffered tricaine 

methane sulfonate (MS-222), approximately 0.6 ml of blood was obtained by cardiac puncture 

(or decapitation after sacrifice) using a 1-ml heparinized syringe. Five females from RM 9 were 

the exception (Table 1), where approximately 0.25 ml of blood (< 1 % body wt) was collected. 

Cardiac puncture can be used repeatedly on the same individuals [29] and these females were not 

sacrificed but instead released at their point of capture 24 hrs after the sample was obtained.   

  

Sample preparation and analyses 

Total mercury analysis 

Total Hg analysis for B. americanus whole body, blood, and egg samples was performed 

using combustion-amalgamation-cold vapor atomic absorption spectrometry (DMA 80, 
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Milestone, Monroe, CT, USA) according to U.S. Environmental Protection Agency (U.S. EPA) 

method 7473 [30].  Details of quality control parameters and detection limits for body and blood 

are discussed in Bergeron et al. (this issue). The method detection limit (MDL; 3 times standard 

deviation of procedural blanks) for egg samples was 0.05 ng (n=14). 

 

Mercury speciation analysis 

A subset of samples from Bergeron et al. [24] for all species were analyzed for MMHg 

and reanalyzed for THg (Table 1).  Because of the limited mass of salamander tissue available 

for analyses, 2-3 individuals (excluding tails which were used in THg analyses in Bergeron et al. 

[24]) within a site were pooled to create two composite samples per species per site for MMHg 

(Table 2).  Lyophilized samples of bodies and eggs and whole blood samples (50 – 300 mg) were 

extracted in sealed 15 ml polypropylene centrifuge tubes containing 2 to 8 ml 4.5 M trace metal 

grade HNO3 at 60 ºC overnight.  The resulting digests were centrifuged at x1000 g for 20 min to 

remove any insoluble material.  Aliquots of the supernatants (10 – 100 μl) were then analyzed for 

MMHg content using aqueous phase ethylation with room temperature pre-collection followed 

by gas chromatography and cold vapor atomic fluorescence spectrometry (GC-CVAFS) 

according to the methods of Liang et al. [31] as modified by Hammerschmidt and Sandheinrich 

[32].  Standard reference materials (SRM; TORT-2 [lobster hepatopancreas; National Research 

Council of Canada, Ottawa, ON]), blanks, duplicate samples, and samples spiked with standards 

were processed identically and analyzed simultaneously with the samples.  Mean recoveries of 

MMHg for TORT-2 were 86.97 ± 2.70% (n=35).  The estimated MDL for MMHg was 0.29 

ng/ml and all samples had MMHg concentrations above the MDL.  The average relative percent 
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difference (RPD) between replicate samples analyzed was 12.28 ± 1.99% (n=19).  Spike 

recovery averaged 111.82 ± 4.16% (n=16).   

In order to determine % MMHg, THg concentrations in the MMHg digestates were 

determined using a Sciex Elan DRC Plus inductively coupled plasma mass spectrometer (ICP-

MS; PerkinElmer, Norwalk, CT, USA) according to U.S. EPA method 6020a [33].  Percent 

recoveries of THg in TORT-2 by this method were 107 ± 4.40% (n=12). Average RPD between 

replicate samples was 2.81 ± 1.31% (n=13). The estimated MDL depended on sample mass and 

ranged from 1.16 to 12.69 ng/g.  All samples had THg concentrations that exceeded the MDL.  

Mean spike recovery was 99.07 ± 1.18% (n=13).  

 

Selenium analysis 

Selenium concentrations were determined for all B. americanus samples (body, blood, 

and eggs) and the salamander composite samples analyzed for MMHg with a few exceptions 

(Tables 1 and 2).  Lyophilized samples of bodies and eggs and whole blood samples 

(approximately 300 mg) were digested in 5 ml trace metal grade HNO3 in flouropolymer 

digestion vessels using a microwave digestion system (MARS-5, CEM, Matthews, NC, USA) 

according to U.S. EPA method 3052 [34].  After digestion, the samples were brought to a final 

volume of 15 ml with >18 MΩ deionized water. Analytical method blanks and the SRM TORT-2 

were included in each digestion batch. Selenium analysis was performed on diluted samples 

according to a modification of U.S. EPA method 6020a [33].  The method was modified by 

using an ICPMS equipped with a dynamic reaction cell (DRC).  The DRC parameters were 

optimized to minimize the instrumental detection limit.  The cell was pressurized with 0.4 

ml/min of ultra high purity CH4 and the rejection parameter q (RPq) was set to 0.6.  Intensities 
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were monitored for both m/z=80 and m/z=82 and the net intensities for both masses were within 

10% of each other. Calibration was performed using the method of standard addition.  Mean 

recovery of Se for TORT-2 was 102.62 ± 0.04% (n=17).   The estimated MDL for Se was 1.82 

ng/ml for body and eggs and 0.014 ng/ml for blood. All samples had Se concentrations that 

exceeded the limit.  Average RPD between analytical replicate samples and method replicate 

samples was 4.34 ± 1.03% (n=22) and 10.69 ± 3.38% (n=11), respectively.  Spike recovery 

averaged 114.22 ± 4.40% (n=23).   

 

Statistical analyses 

To compare the analytical techniques for THg (DMA 80 from Bergeron et al. [24] and 

ICP-MS [present study]) used on the same samples, we regressed the THg concentrations against 

one another and compared the slope of the relationship, which was not significantly different 

from one (t test, p > 0.2, n=86). 

Methylmercury and Se in salamander composite samples could not be compared 

statistically between sites due to small sample sizes in the reference site (see Bergeron et al. [24] 

for THg concentrations by site).  Pearson correlation coefficients were used to assess 

relationships between log-transformed concentrations of THg and MMHg in salamander 

samples. The slopes of these relationships were compared using analyses of covariance 

(ANCOVA).   Pearson correlation coefficients were also used to examine the relationships 

between Se and THg or MMHg.   

For B. americanus, Pearson correlation coefficients were used to assess relationships 

between log-transformed concentrations of THg and MMHg among tissue samples (whole body, 

blood, and eggs).  The slopes of these relationships were compared using ANCOVA.  Pearson 
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correlation coefficients were also used to assess several relationships for Se, including between 

Se concentrations in different B. americanus tissues (whole body, eggs, and blood) and between 

Se and THg or MMHg for body, eggs, and blood.  Subsites could not be treated independently of 

one another in our spatial comparisons due to their close proximity and are collectively referred 

to as either the reference or contaminated site for comparisons using analysis of variance 

(ANOVA).  The assumptions of ANOVA were verified to compare Se, THg, and MMHg 

between sites and among body and egg tissues and appropriate transformations were performed 

when needed.   For Se (log-transformed) and MMHg (log-transformed) data, two-way ANOVAs 

were performed to compare site and tissue followed by Tukey’s pairwise comparisons.  Since 

transformations failed to meet the assumptions of ANOVA for THg concentrations, we 

performed a Scheirer-Ray-Hare extension of the Kruskal-Wallis test [35] to compare sites and 

tissues.  Blood concentrations were reported on a wet wt basis.  Since blood (wet) and body and 

eggs (dry) cannot be directly compared to one another, one-way ANOVAs were used to compare 

concentrations of Se (log-transformed), THg (inverse-transformed), and MMHg (inverse-

transformed) in blood between sites.  For percent MMHg, two-way ANOVAs were performed to 

compare among all tissues (body, egg, and blood) and between sites followed by Tukey’s 

pairwise comparisons. 

To further assess whether THg, MMHg, and Se were maternally transferred in B. 

americanus, total pre-ovipositional body burdens were constructed using individual tissue 

(whole body and eggs) concentrations and tissue dry masses following the methods of Hopkins 

et al. [20,36].  The percentages of total pre-ovipositional body burdens deposited in eggs were 

then calculated and compared between sites and metal species using ANOVA followed by 

Tukey’s pairwise comparisons. 
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All analyses were performed with SAS 9.1 (SAS Institute, Cary, NC, USA), and an α 

value of 0.05 was used to assess statistical significance. 

Results 

Mercury speciation 

 Total Hg and MMHg concentrations were positively correlated in the composite body 

samples for the two salamander species (Fig. 1a), E. bislineata (adult: r = 0.99, p < 0.0001, n = 

20 and larvae: r = 0.99, p < 0.0001, n = 19) and P. cinereus (r = 0.93, p < 0.001, n = 8).  The 

slopes of the regressions of THg and MMHg for P. cinereus and E. bislineata adult and larvae 

were similar (ANCOVA, F2,41 = 1.95, p = 0.155).  The average % MMHg for salamanders in the 

contaminated site was 61.2 ± 3.3% for E. bislineata adults, 56.8 ± 2.3% for E. bislineata larvae, 

and 45.7 ± 6.6% for P. cinereus. The small sample sizes at the reference site precluded the 

statistical comparison of % MMHg with the contaminated site (Table 2).  However, overall 

averages of % MMHg in the reference site were similar to the contaminated site, ranging from 

47% for P. cinereus to 62% for E. bislineata larvae.  

For B. americanus, THg and MMHg were positively correlated in whole body (r = 0.93, 

p < 0.0001, n = 26), blood (r = 0.98, p < 0.0001, n = 32), and egg (r = 0.86, p < 0.0001, n = 32) 

samples (Fig. 1b).  The slope of the regressions for the different tissues were significantly 

different from one another (ANCOVA, F2,79 = 4.01,  p = 0.022).   Visual inspection revealed that 

the slope for the relationship between THg and MMHg in eggs was less than that of body and 

blood (Fig 1b).  Mean THg concentrations (Fig. 2A) were 2.9 and 3.5-fold higher for B. 

americanus egg and body tissues, respectively, in the contaminated site compared to the 

reference site (site: H = 5.73, p < 0.025).  Within each site, there were significant differences in 

THg concentrations among body and egg tissues (tissue: H = 55.04, p <0.001), but the pattern 
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was similar at both sites (tissue X site interaction: H = 0.080, p >0.75).  Specifically, THg 

concentrations were up to 11-fold higher in body when compared to egg concentrations.  While 

mean THg blood concentrations were also 3.5-fold higher in the contaminated site compared to 

the reference site, the high variance in the contaminated site resulted in no statistical significance 

between sites (F1,51 = 3.17, p = 0.081, power = 0.42). Likewise, MMHg concentrations (Fig. 2B) 

were 3 to 4-fold higher in the contaminated site compared to the reference site for egg and body 

tissues (site: F1,49 = 6.66, p = 0.013).  Methylmercury concentrations in body tissues were 11.4 

and 13.5-fold higher than egg tissues in the reference site and contaminated site, respectively 

(tissue: F1,49 = 83.85, p < 0.0001; tissue X site: F1,49 = 0.06, p =0.805). Similar to THg, blood 

MMHg concentrations were not significantly different between sites (F1,30 = 1.03, p = 0.318, 

power = 0.17).  Percent MMHg (Fig. 2C) in B. americanus did not differ between the reference 

and contaminated site (site: F1,76 = 0.73, p = 0.396), but did differ among tissues sampled (tissue: 

F2,76 = 24.04, p < 0.0001; tissue X site: F2,76 = 0.68, p = 0.509).  Pairwise comparisons revealed 

significant differences in % MMHg concentrations between all tissues samples (p < 0.002, for 

all); blood had the highest % MMHg and eggs had the lowest where % MMHg averaged 53.3 ± 

2.3% for whole body, 71.4 ± 2.8 % for blood, and 47.8 ± 3.3% for egg samples. 

A significant positive relationship between THg concentrations in whole body and blood 

was reported in Bergeron et al. ([24]; Fig. 6).  Similarly, there was a positive relationship 

between whole body MMHg and blood MMHg in B. americanus (data not shown; r = 0.91, p < 

0.0001, n = 27).  For both THg and MMHg, body and egg concentrations were positively 

correlated (THg; r = 0.90, p < 0.0001, n = 48 and MMHg; r = 0.91, p < 0.0001, n = 21) (Fig. 3A) 

demonstrating that maternal transfer of Hg occurs in B. americanus.  Similar positive 

relationships existed between blood and egg THg (r2 = 0.88, p < 0.0001, n = 53) and MMHg (r2 
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= 0.88, p < 0.0001, n = 26) concentrations (Fig. 3B).  For both of these relationships (egg and 

body, egg and blood) the slopes of the regressions for THg and MMHg were not significantly 

different (ANCOVA, F values < 0.71, p values > 0.40 for both). 

 

Selenium concentrations 

Selenium concentrations were generally low across all species and sites.  In salamanders, 

Se concentrations ranged from 395 – 1,171 ng/g for P. cinereus, 120 – 3,130 ng/g for E. 

bislineata adults, and 1,894 – 3,539 ng/g for E. bislineata larvae.  For E. bislineata (adult and 

larvae) and P. cinereus, no relationships between THg or MMHg and Se in composite samples 

were observed (data not shown; r < 0.33, p > 0.198, for all relationships). 

For B. americanus, Se concentrations in body and egg tissues differed by site, but this 

was dependent on the interaction with tissue (site: F1,97 = 0.01, p = 0.908; tissue: F1,97 = 0.00, p = 

0.959; tissue X site: F1,97 = 14.23, p = 0.0003) (Fig. 4). In the reference site, Se concentrations 

were 25% higher in whole body than eggs.  The reverse pattern was observed in the 

contaminated site where Se concentrations in eggs were 42% higher than whole body.  Blood Se 

concentrations were similar in the contaminated (309.3 ± 18.9 ng/g) and reference site (300.1 ± 

51.8 ng/g; F1,44 = 0.42, p = 0.521).  Unlike Hg, there was no relationship between Se 

concentrations in female body and egg (r = 0.15, p = 0.317, n = 48).  In contrast, there were 

significant positive relationships between Se concentrations in blood and body (r = 0.51, p < 

0.001, n = 46) and blood and eggs (r = 0.43, p = 0.005, n = 48).  Total Hg and Se concentrations 

were negatively correlated with one another in female whole bodies both pre-oviposition (r = 

0.32, p = 0.030, n = 47) and post-ovipostion (r = 0.46, p = 0.001, n = 48).  This relationship was 

also found between MMHg and Se for post-ovipostion females (r = 0.51, p = 0.022, n = 20), but 
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not pre-oviposition females (r = 0.33, p = 0.157, n = 20). There was no relationship between egg 

Se and THg (r = 0.14, p = 0.322, n = 53) or MMHg (r = 0.04, p = 0.864, n = 26), nor was there a 

relationship between blood Se and THg (r = 0.03, p = 0.508, n = 48) or MMHg (r = 0.16, p = 

0.436, n = 28).   

 

Maternal transfer of mercury and selenium 

For B. americanus, the percentage of females’ body burden transferred to her eggs for 

THg, MMHg, and Se differed by site, but this was dependent on the element (site X element: 

F2,108 = 14.83, p < 0.0001) (Fig 5). The interaction was caused by maternal transfer of a greater 

percentage of Se in the females from the contaminated site compared to the reference site (44.3 ± 

1.7% vs. 28.2 ± 3.1%, respectively).  Pairwise comparisons revealed differences between the 

percentage of females’ Se and THg or Se and MMHg body burden transferred to her eggs (p < 

0.0001, for both).  However, there were no differences in the percent of females’ body burden 

transferred between THg (contaminated 4.96 ± 0.47% and reference 5.70 ± 0.70%) and MMHg 

(contaminated 3.39 ± 0.31% and reference 4.88 ± 1.10%; p = 0.184). There was a significant 

positive relationship between the percent of Se body burden lost to eggs at oviposition and the 

whole body THg concentrations in post-oviposition females (r = 0.390, p < 0.007, n = 47; Fig 6).  

However, the reverse was not true; we found no relationship between the percent of Hg body 

burden lost to eggs at oviposition and the whole body Se concentrations in post-oviposition 

females (r = 0.059, p = 0.689, n = 47). 

 

Discussion 

Mercury bioaccumulation and speciation 



66 
 

Compared to birds, mammals, and fish, there is a paucity of data for amphibians 

regarding Hg bioaccumulation [12-15]. The South River is a useful system to investigate Hg 

relationships in amphibians because both THg and MMHg concentrations in all three amphibian 

species form a wide distribution, spanning two orders of magnitude between the lowest and 

highest concentrations at the reference and contaminated site. Concentrations of THg were 

strongly correlated with MMHg in whole bodies for all species, as well as in all tissues sampled 

in B. americanus, suggesting that MMHg concentrations in amphibians can be predicted from 

THg concentrations.  Similar correlations have been observed for carcasses and tissues in other 

organisms (e.g., [37,38]).  While this relationship may hold true at other locations, the slope is 

likely to change due to the differences in THg concentrations in various systems.  For example, 

Bank et al. [39] reported a lower THg concentrations, but higher % MMHg for larval E. 

bislineata bislineata (northern two-lined salamanders: 73-97%) from Acadia National Park, ME, 

USA than were found in larval E. bislineata in the present study (39-73%). For B. americanus, % 

MMHg in blood was the highest (73.3 ± 4.8 %) of the tissues sampled The high % MMHg in 

blood is presumably due to recent dietary uptake and is similar to the % MMHg in blood 

reported for other organisms (e.g., turtles [40] and birds [41]).  

 

Selenium concentrations and relationships with mercury 

Selenium concentrations were generally low among species at the contaminated and 

reference sites.  Unlike Hg, Se is physiologically important to organisms because it is required 

for the synthesis of the essential amino acid selenocysteine; however, there is a narrow range 

between dietary concentrations that are nutritious and those that are toxic [13,42].  The whole 

body concentrations of Se in salamanders from the contaminated site (E. bislineata adults 2,318 
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± 156 ng/g; E. bislineata larvae 2,550 ± 112 ng/g; P. cinereus 935 ± 243 ng/g) and pre-

ovipostion female B. americanus in both the reference (3,860 ± 260 ng/g) and Hg-contaminated 

(3,607 ± 191 ng/g) sites are within or close to the range considered normal background Se 

concentrations for amphibians and reptiles (1,000-3,000 ng/g, dry wt) [43], indicating little 

influence of urbanized areas, such as Waynesboro,VA.  Significant positive relationships were 

observed between Se concentrations in B. americanus blood and whole body and blood and eggs, 

however, the relationships were considerably weaker than for Hg (in all cases, r ≤ 0.51).  

Hopkins et al. [20] described a functional relationship between Se concentrations in female 

amphibian carcasses and their eggs spanning two orders of magnitude.  This relationship was not 

observed in the present study, most likely because we encountered a narrower range in Se 

concentrations.  However, the concentrations of Se for females and eggs in the present study are 

comparable to the values predicted by the functional relationship reported in Hopkins et al. [20].  

In general, the interaction between Hg and Se is believed to be antagonistic with low 

levels of Se in the environment providing some protection against Hg toxicity; however the 

mechanisms for protection are not fully understood [28].  No correlations were observed between 

Hg and Se concentrations in B. americanus blood or eggs.  However, a weak, negative 

relationship was observed between Hg and Se concentrations in female whole bodies both pre- 

and post- oviposition.  This relationship may have been strengthened had we targeted specific 

tissues for analysis because co-sequestration of these elements is known to occur in organs such 

as the liver and kidney (e.g., [28,44]).  
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Maternal transfer of mercury and selenium in Bufo americanus 

Maternal transfer of contaminants may be an important and overlooked mechanism of 

impaired reproductive success in amphibians [20].  While the transfer of Hg from a female to her 

offspring has been confirmed in several fish and bird species (e.g., [37,38,45-47]), it has only 

been examined in one other species of amphibian [19-21].  Our study is the first to describe a 

correlative relationship between female and egg Hg concentrations.  Similar to the functional 

relationships observed for several fish species [32,37,45,48], concentrations of THg and MMHg 

in eggs were positively correlated with the concentrations in the maternal carcass in B. 

americanus (Fig. 3A), clearly indicating that Hg transfer to the eggs is related to Hg exposure of 

the female.  In addition, concentrations of THg and MMHg in eggs were correlated with 

maternal blood concentrations (Fig. 3B).  These relationships suggest that blood can provide 

nondestructive predictions of not only whole body concentrations ([24], Fig. 6) but also egg 

concentrations.  Conversely, Hg concentrations in eggs may be used to estimate female whole 

body Hg concentrations.   

In B. americanus, egg laying does not appear to be a major elimination route for Hg as 

only ~5% of the maternal Hg body burden was transferred to her eggs (Fig. 5).  This is consistent 

with studies involving several fish species [32,37,45,46,49] where generally a small percentage 

(< 10%) of female Hg body burdens is transferred to the eggs.  In contrast, females transferred 

considerably more of their body burden of Se (28-44%) than Hg to their eggs (Fig. 5).  The 

higher transfer of Se compared to Hg is consistent with Hopkins et al. [20] who found that G. 

carolinensis transferred 53-54% of Se in the maternal carcass to the eggs at both Se-

contaminated and reference sites.  These differences in maternal transfer of Hg and Se were 

noteworthy.  Unlike highly lipophilic contaminants like organochlorines, Hg and Se do not 
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partition with tissue lipid, but can be incorporated into amino acids through their affinity for 

sulfhydyl groups and molecular mimicry (Hg) or substitution for sulfur (Se) [50-52].  Se is 

incorporated into egg proteins prior to their transport into the egg, which gives Se an efficient 

route of entry [50]. In addition, Hammerschmidt and Sandheinrich [32] found that the maternal 

diet during oogenesis, and not the maternal body burden remobilized from somatic tissues, was 

the primary source of Hg in fish eggs.  These attributes of Se and Hg may account for the 

differences in the proportion of the female’s body burden passed onto her eggs.      

The present study is among the first to describe co-transference of Se and Hg in an 

anamniotic vertebrate. Interestingly, the percentage of Se maternally transferred by females from 

the Hg-contaminated site was 60% higher than that transferred by females at the reference site. 

These results suggest that the female’s Hg body burden might positively affect the amount of Se 

transferred to her eggs (Fig. 6).  However, the dynamic factors controlling maternal transfer of 

these two elements appear to be influenced by whether Hg or Se is elevated in the environment.  

In a Se-polluted system where environmental concentrations of Hg were low (the opposite 

scenario of the current study), Hopkins et al. [20] suggested that females transferring ≥20 µg/g of 

Se to their eggs transferred very little Hg to their eggs.  In contrast, the Se concentrations were 

orders of magnitude lower in our study system compared to Hopkins et al. [20] and Se in the 

female carcass was not related to the amount of Hg transferred to the eggs.  Heinz and Hoffman 

[47] found a similar interaction between Hg and Se in feeding studies with Anas platyrhynchos 

(Mallard ducks). Adult ducks were fed either equal concentrations of Hg, Se, or Hg and Se.  The 

addition of dietary Se had little effect on accumulation of Hg in eggs and liver, but they found a 

considerable increase in Se concentrations in these tissues when Hg was supplemented.  In 

addition, Prati et al. [53] used Xenopus laevis embryos in Hg toxicity bioassays where no Se was 
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added.  However, they observed the Hg-exposed embryos had a significant increase in Se uptake 

over control embryos.  While the mechanisms of maternal transfer of contaminants are not clear 

[54], elevated Hg at the contaminated site may have facilitated the transfer of a larger percentage 

of Se to B. americanus eggs. This enhanced maternal transfer of Se in the Hg-contaminated site 

may be due to formation of equimolar Hg - Se complexes which bind to proteins in blood [55].  

The toxicological implications of the co-transference of Hg and Se remain unclear, but future 

studies should be designed to examine the interactive effects of these maternally transferred 

elements on developing embryos. 

 

Conclusions 

In the present study, we sought to develop a better understanding of Hg bioaccumulation 

in amphibians by sampling three amphibian species occurring across a broad Hg contamination 

gradient. We demonstrated that amphibians from the South River possess some of the highest 

THg concentrations documented in amphibians to date, but other factors such as the proportion 

of THg that is methylated and whether Se is co-sequestered with Hg can play a role in the 

potential toxic effects of Hg.  For whole body samples of all amphibians in the Hg-contaminated 

and reference site, average percent MMHg ranged from 45 to 61% and Se concentrations were 

within the range considered normal background concentrations.  Few studies have examined the 

maternal transfer of bioaccumulated contaminants to offspring in amphibians.  We observed 

maternal transfer of both Hg and Se in B. americanus, and described the first correlation between 

Hg concentrations in female carcass and eggs in amphibians.  There also appeared to be 

interactions between these two elements that influenced the amount of Se transferred to the egg.  

Even though contaminated sites often contain mixtures of contaminants, little information exists 
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regarding the maternal transfer of both Hg and Se in any organism.  Clearly, additional work is 

needed to understand the interactive dynamics of co-transfer of Se and Hg and whether this 

influences toxicological outcomes.  Together with previous work [20], our results suggest that 

maternal transfer of contaminants in amphibians deserves further study, particularly in 

relationship to reproductive success of adults and the growth and development of offspring. 
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Table 3.1: Individual sample sizes for Bufo americanus whole body, blood, and eggs from the 
reference and contaminated portions of the South River (SR), VA, USA. The first number 
denotes the number of samples analyzed for total mercury (THg; combustion-amalgamation-
cold-vapor atomic absorption spectrophotometry) and selenium (Se). Where sample sizes 
differed for Se, the sample size for Se is indicated in brackets [ ]. Sample sizes for 
methylmercury (MMHg) analyses are denoted in parentheses ( ).  RM = river mile downstream 
from contamination source. 
 

 
Site Body Blood Eggs 

Reference Site 13 (10) 13 (10) 13 (8) 
Contaminated subsites    

SR RM 2  1 (1) 1 (1) 1 (1) 
SR RM 5  12 (5) 12 [11] (5) 12 (4) 
SR RM 9  12 (1) 17 [13] (6) 17 (5) 

SR RM 16 4 (4) 4 (4) 4 (4) 
SR RM 20 6 (6) 6 (6) 6 (4) 

Contaminated sites 
(totals) 35 (17) 40 [35] (22) 40 (18) 

Total Analyzed 48 (27) 53 [48] (32) 53 (26) 
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Table 3.2:  Composite salamander samples for Eurycea bislineata (adult and larvae) and 
Plethodon cinereus (adult) analyzed for total mercury (THg; by inductively coupled plasma mass 
spectrometry [ICP-MS]), methylmercury (MMHg), and selenium (Se) from the reference and 
contaminated portions of the South River (SR), Coyner Spring Park (CS), and the South Fork of 
the Shenandoah River (SFSR), VA, USA.  Sample sizes were the same for all analyses, with 
exceptions for Se denoted parenthetically ( ). RM = river mile downstream from contamination 
source. 
 

 E. bislineata E. bislineata P. cinereus 
Site adult larvae adult 

Reference subsites    
SR REF 2 2 2 
CS REF 2 2 - 

Reference (totals) 4 4 2 
Contaminated subsites    

SR RM 1  - - 2 
SR RM 2  2 2 - 
SR RM 5  2 (1) 1 (0) - 
SR RM 9  2 2 - 

SR RM 11 2 2 - 
SR RM 13 2 2 - 
SR RM 14 - - 2 (1) 
SR RM 16 2 2 - 
SR RM 20 2 2 2 
SR RM 22 2 2 - 

South River (totals) 16 (15) 15 (14) 6 (5) 
South Fork Shenanndoah River   

SFSR RM 34 2 2 - 

Species Total 20 (19) 19 (18) 8 (7) 
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Figure 3.1:  Relationship between log total mercury (THg; ng/g, dry wt) concentrations and log 
methylmercury (MMHg; ng/g, dry wt) concentrations in (A) composite body samples from 
salamanders: adult Eurycea bislineata (r = 0.986, p < 0.0001, y = 0.976x – 0.146, n = 20), larval 
E. bislineata (r = 0.993, p < 0.0001, y = 0.959x – 0.115, n = 19) and adult Plethodon cinereus (r 
= 0.932, p < 0.001, y = 0.797x + 0.185, n = 8) and (B) Bufo americanus: whole body (dry wt; r = 
0.932, p < 0.0001, y = 1.094x – 0.501, n = 26), blood (wet wt; r = 0.984, p < 0.0001, y = 0.928x 
+ 0.022, n = 32), and egg (dry wt; r = 0.860, p < 0.0001, y = 0.786x – 0.091, n = 32) samples in 
the reference and contaminated portion of the South River (VA, USA). 
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Figure 3.2: (A) Total mercury (THg) concentrations (ng/g; mean ± 1 standard error [SE]), (B) 
methylmercury (MMHg; ng/g; mean ± 1 SE), and (C) percent methylmercury (% MMHg; mean 
± 1 SE) in Bufo americanus whole body (dry wt), eggs (dry wt), and blood (wet wt) from the 
reference (REF) and contaminated (SR) portion of the South River, VA, USA.  For THg and 
MMHg, blood concentrations (wet wt) were handled separately from other tissue concentrations 
(dry wt) in statistical models.  See methods for details. 
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Figure 3.3: Relationship of log total mercury (THg; ng/g) and log methylmerury (MMHg; ng/g) 
between (A) whole body and egg concentrations (THg: y = 0.871x - 0.696; MMHg: y = 0.787x - 
0.632) and (B) blood and egg concentrations (THg: y = 0.764x - 0.353; MMHg: y = 0.818x - 
0.781) in Bufo americanus from the reference and contaminated portion of the South River (VA, 
USA). 
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Figure 3.4: Total selenium (Se) concentrations (ng/g; mean ± 1 standard error [SE]) in Bufo 
americanus whole body (dry wt), egg (dry wt), and blood (wet wt) samples from the reference 
(REF) and contaminated (SR) portion of the South River, VA, USA.   Blood concentrations (wet 
wt) were handled separately from other tissue concentrations (dry wt) in statistical models.  See 
methods for details.   
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Figure 3.5: Percent of Bufo americanus maternal body burden (pre-oviposition) transferred to 
eggs for total mercury (THg), methylmercury (MMHg), and selenium (Se) from the reference 
(REF) and contaminated (SR) portion of the South River, VA, USA.   
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Figure 3.6: Relationship between Bufo americanus whole body log total mercury (THg; ng/g) 
concentrations in post-oviposition females and the percent of selenium (Se) concentrations lost to 
eggs between pre- and post-ovipostion (r = 0.390, p < 0.007, n = 47) in the reference (REF) and 
contaminated (SR) portion of the South River (VA, USA). 
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Abstract  

Maternal transfer of environmental contaminants is a disadvantageous parental effect 

which can have long-lasting implications for offspring fitness.  We investigated the effects of 

mercury (Hg) on the reproductive success of female amphibians and the subsequent effects of 

maternal transfer on the development of their offspring.  American toads (Bufo americanus) 

maternally transferred Hg to their eggs, and there was a negative relationship between Hg 

concentrations and the percentage of viable hatchlings produced in clutches.  However, when we 

continued to monitor larvae that successfully hatched, we found 21% greater metamorphic 

success in larvae from Hg-exposed mothers compared to reference larvae.  The negative effect in 

the embryonic stage and positive effect in the larval stage counterbalanced one another, 

ultimately resulting in no difference in predicted terrestrial recruitment, regardless of maternal 

Hg exposure.  Our findings demonstrate that maternal effects on survival manifesting at different 

stages in ontogeny have the potential to produce complicated outcomes.   

 

Keywords: Maternal effects; Amphibian; Mercury; Maternal transfer 
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Introduction 

The condition or physiological state of parents can be affected by the environment, and 

these effects can be transmitted to offspring (usually by the mother) in the form of nutrition, 

hormones, and antibodies (Bernardo, 1996). Parental effects on offspring fitness are highly 

context-dependent and can be positive or negative based on different environmental 

circumstances (Rossiter, 1996).  However, exposure to environmental contaminants is one of the 

most obvious disadvantageous parental effects.  Contaminants may directly affect parental 

health, fertility, or fecundity, but females may also maternally transfer bioaccumulated 

contaminants to developing embryos.  In the majority of circumstances that have been 

investigated, maternal transfer of contaminants is deleterious to offspring due to the effects of 

transferred contaminants on key organizational events that occur early in ontogeny (Russell et 

al., 1999).  For example, rapid declines of North American raptor and piscivorous bird 

populations in the mid-20th century were largely attributed to the pesticide 

dichlorodiphenyltrichloroethane (DDT) and its metabolites which caused eggshell thinning and 

subsequently reduced hatching success (Blus, 1996).  In addition to immediate effects, parental 

effects can have long-term consequences (Lindstrom, 1999).  For instance, alligators maternally 

exposed to endocrine-disrupting chemicals from Lake Apopka, FL experienced low reproductive 

success as a result of reduced hatching success and increased juvenile mortality, along with 

abnormal development of the endocrine and reproductive systems (Guillette et al., 2000). In 

humans, prenatal exposure in females to the synthetic estrogen diethylstilbestrol (DES) increased 

the risk of vaginal clear cell adenocarcinoma, abnormalities of the reproductive tract, and 

infertility (Swan, 2000).  However, unlike the effects of maternal exposure of DDT on hatching 

success in birds, the effects of DES are latent and manifested only at the onset of offspring 
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adolescence, another critical period in ontogeny (Swan, 2000).  These examples highlight the 

range in timing of the expression of deleterious effects that maternal exposure to chemicals can 

have on offspring. 

  Compared to other vertebrate classes, few studies have investigated the effects of 

contaminants on reproduction in amphibians, even though environmental contamination is one of 

several factors suspected of contributing to worldwide amphibian population declines (Corn, 

2000).  In particular, maternal exposure and transfer of contaminants may be important 

mechanisms of impaired reproductive success in amphibians, but most of the information 

regarding the effects of contaminants on amphibian development is from aqueous exposure of 

embryos (Linder and Grillitsch, 2000). In amphibians, developmental processes dominate the 

embryonic stage, however, considerable growth and development continues during the larval 

stage, culminating in metamorphosis.   Only two studies have examined the effects of maternal 

transfer of contaminants on amphibian offspring (Hopkins et al., 2006; Kotyzova and Sundeman, 

1998), and there are few studies of the potential for latent effects of maternal exposure to 

contaminants beyond embryonic development.  Much like DES, it is possible that the effects of 

maternal transfer of contaminants could manifest during critical developmental periods weeks to 

months after hatching (Budischak et al., 2008; Rohr and Palmer, 2005).   

The current study sought to investigate the effects of maternal exposure to mercury (Hg) 

on the reproductive success of female amphibians across a large Hg-contamination gradient and 

the subsequent development of their offspring through metamorphosis at the extremes of this 

gradient. Mercury is an environmental contaminant of global concern due to its ubiquity, 

toxicity, and ability to bioaccumulate in animals, especially as (mono)methylmercury (MMHg) 

(Fitzgerald et al., 1998; Mason et al., 1996). Due to the neurotoxic, teratogenic, and endocrine-
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disrupting nature of Hg, subtle effects on behavior and reproduction may occur at concentrations 

well below levels associated with overt toxicity and death (Scheuhammer, 1991; Weiner and 

Spry, 1996).  Indeed, reproductive success is the demographic parameter expected to be most 

affected by exposure to Hg in fish and birds (Crump and Trudeau, 2009; Scheuhammer et al., 

2007; Weiner and Spry, 1996). Although there is little information about the effects of Hg in 

amphibians, larval development and metamorphic climax are both stages during ontogeny when 

amphibians are known to be sensitive to Hg exposure (Unrine et al., 2004). In a previous study, 

we determined that Bufo americanus (American toads), one of the most common amphibians 

inhabiting the floodplain of the historically Hg-contaminated South River, VA, USA (Carter, 

1977), maternally transferred Hg to their eggs (Bergeron et al., 2010a).  Here, we predicted 

offspring from female B. americanus collected at Hg-contaminated sites would be negatively 

affected by the maternal transfer of Hg through both decreased embryonic viability (i.e., 

decreased hatching success and increased frequency of morphological abnormalities) and 

decreased metamorphic success due to the latent effects of Hg during the larval stage, thus 

decreasing the female’s overall reproductive success. 

 

Material and Methods 

Breeding and egg collection    

We captured amplexing pairs of B. americanus in March and April of 2007 (n = 53) and 

2008 (n = 30) from breeding pools located within 180 m of the South River, along a broad 

contamination gradient upstream (river mile [RM] -1.7 and -5; n = 24) and downstream (RM 2, 

5, 9, 16, and 20; n = 59) of a Hg contamination source (RM 0; see Bergeron et al., 2010b for 

additional information). The South River was historically contaminated with mercuric sulfate 
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used by a manufacturing plant in Waynesboro, VA (Carter, 1977) and an analysis of surface 

water and sediment at the South River and the reference sites confirmed that Hg was the primary 

contaminant while organochlorine pesticides, polycyclic aromatic hydrocarbons, and other trace 

metals, such as cadmium, copper, chromium, lead, selenium, and zinc, were generally low (URS, 

2007). 

 To determine whether Hg maternally transferred to eggs in B. americanus has any  effect 

on reproductive success and development, we followed the methods of Hopkins et al. (2006) and 

Bergeron et al. (2010a). Briefly, amplexing pairs of B. americanus were transported to the 

laboratory where they were allowed to breed in dechlorinated tap water. We recorded mass and 

snout-vent length (SVL) of females after oviposition. In 2007, we held most females for an 

additional 48 hrs to void gut contents, then collected blood and sacrificed them with an overdose 

of buffered tricaine methane sulfonate (MS-222) to examine relationships between Hg in female 

carcasses and blood/eggs (see Bergeron et al., 2010a; 2010b). In a parallel study we determined 

that the percentage of Hg that was methylated (MMHg) in female carcass, blood, and eggs was 

53.3 ± 2.3%, 71.4 ± 2.8%, and 47.8 ± 3.3% (mean ± 1 standard error hereafter), respectively 

(Bergeron et al., 2010a). Thus, in the present study, we report only total Hg (THg) concentrations 

for these tissues.  By establishing mathematical relationships between Hg in female blood and 

carcass in this supporting study (Bergeron et al., 2010a), we were also able to avoid sacrificing 

females in 2008 and instead analyzed blood for Hg analysis.  Females and males were 

individually marked by toe clipping and released at their point of capture.  
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Embryonic developmental assessment  

After determining the clutch size of each female, we allocated subsets from each clutch 

for Hg analyses, hatching and morphological assessments, and mesocosm experiments (2008 

only). To assess hatching and morphological development, subsets of 500 eggs from 52 females 

were allowed to develop to hatching (~ Gosner stage [GS] 20) at 17-20°C in ~3 L of 

dechlorinated tap water.  Hatchlings from each subset were counted to quantify hatching success, 

and then fixed in formalin and stored in 70% ethanol. We classified each hatchling as either 

morphologically “normal” or “abnormal” according to the methods of Bantle et al. (1991) using 

a dissecting microscope. Morphological abnormality classifications included edema or swelling, 

craniofacial malformations, and/or four types of axial malformations (dorsal flexure, lateral 

flexure, wavy tail, and axial shortening).  All morphological assessments were performed blind 

to female identity. Finally, we calculated the overall viability of embryos in each clutch by 

combining hatching success and the frequency of abnormalities (assuming abnormal hatchlings 

were not viable) (Hopkins et al., 2006). 

 

Latent effects on larvae  

To examine latent effects of maternally-derived Hg on larval traits and recruitment (i.e., 

successful metamorphosis) at the extremes of the Hg-contamination gradient, we established 

replicated (n = 12) outdoor aquatic mesocosms in 1,500 L polyethylene stock tanks at Virginia 

Tech in Blacksburg, VA. On February 29, 2008, we filled the mesocosms with approximately 

475 L of well water and 475 L of dechlorinated city water.  No Hg was added to any of the 

mesocosms. To provide nutrients, each mesocosm received 1 kg of air-dried deciduous leaf litter 

(50:50 poplar and oak mix) and 17 g of finely ground Purina Rabbit Chow® (St. Louis, MO, 
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USA). To initiate algal and periphyton growth, we added 2 L of filtered water to each mesocosm 

from two ponds within Montgomery County, VA on three separate dates before March 14, 2008. 

To decrease the variability in initial phytoplankton communities, portions of water were 

repeatedly exchanged among mesocosms prior to the addition of hatchlings. We covered 

mesocosms with black mesh lids to provide shade and exclude predators and competitors.  

After embryos hatched, “normal” hatchlings were added to the mesocosms where they 

remained until the initiation of metamorphic climax.  Because female blood and egg THg 

concentrations are closely correlated (Bergeron et al., 2010a), we used female blood THg to 

initially characterize clutches as either reference (female blood THg concentrations < 250 ng/g, 

wet weight) or maternally Hg-exposed (hereafter, Hg-exposed; female blood concentrations > 

1,000 ng/g, wet weight). These threshold concentrations represented the extremes of the Hg-

contamination gradient as females from the reference sites did not exceed 250 ng/g THg in their 

blood and the upper quartile of blood from females at the South River exceeded 1000 ng/g THg. 

On April 9, 2008 clutches (reference n = 6, Hg-exposed n = 3) within each group were combined 

to homogenize genetic variation to avoid confounding mesocosm effects with clutch effects 

(Boone and James, 2005).  Next, equal densities of 100 hatchlings were added to each randomly 

chosen mesocosm (n = 6 mesocosms/group).  We monitored mesocosms daily and moved 

metamorphosing individuals (≥ GS 42) into the lab to complete metamorphosis. At the time of 

front limb emergence, we placed individuals in separate 500 ml cups with ~20 ml mesocosm 

water and a dry area to climb onto during tail resorption.  We checked each metamorphosing 

tadpole once a day for mortality or completion of tail resorption (GS 46). All surviving 

metamorphosed toads were weighed and measured, euthanized with buffered MS-222, and then 

frozen for subsequent Hg analyses.   



 

95 
 

Estimating terrestrial recruitment   

We estimated overall recruitment to the terrestrial environment as the percent of a clutch 

to metamorphose for the reference and Hg-exposed clutches by using a simple algorithm:  

 

Estimated recruitment (%)    =    clutch size   *   % viable   *   % metamorphic success 

                clutch size 

 

The model incorporates clutch size and associated viability for each female sampled and relies 

on the mean metamorphic success from the two mesocosm groups (Hg-exposed or reference) to 

estimate terrestrial recruitment. We made the following assumptions: 1) hatchlings with 

morphological abnormalities were not viable; 2) the percent viability for the 500 egg subset is 

representative of the entire clutch; 3) the metamorphic success of pooled clutches from reference 

and Hg-exposed mesocosms at the extremes of the Hg-contamination gradient (45.3% and 

54.5%, respectively) is indicative of metamorphic success of individual clutches from reference 

and Hg contaminated sites.  While we fully recognize that this estimate is overly simplistic and 

does not account for individual clutch effects on larval development or important ecological 

factors such as density-dependence and competition, it is a useful first order approximation of 

metamorph production for each female. 

 

Sample preparation and mercury analyses   

We lyophilized and homogenized adult carcasses (2007), eggs (2007 and 2008), and 

metamorphs from the mesocosm experiment (2008) and we report THg concentrations on a dry 

wt basis. Whole blood from each adult B. americanus was homogenized using a vortex mixer 
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and we report THg concentrations in blood on a wet wt basis.  Percent moisture was 77.8 ± 0.4% 

(mean ± 1 standard error of the mean hereafter) for female carcasses, 96.3 ± 0.2% for eggs, and 

87.1 ± 0.1% for metamorphs. We analyzed subsamples (20-150 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 

(U.S. EPA) method 7473 (USEPA, 1998). For quality assurance, each group of 10 to 15 samples 

included a replicate, blank, and standard reference material (SRM; TORT-2 lobster 

hepatopancreas, DOLT-2 dogfish liver, DOLT-3 dogfish liver, DORM-3 fish protein [National 

Research Council of Canada (NRCC), Ottawa, ON] or SRM 966 Toxic Metals in Bovine Blood 

Level 2 [National Institute of Standards and Technology, Gathersburg, MD USA]). We 

calibrated the instrument using solid SRMs (TORT-2 and DORM-2 dogfish muscle [NRCC], or 

DOLT-3 and DORM-3). Method detection limits (MDLs; 3 times the standard deviation of 

procedural blanks) for samples were 0.95 ng, and all samples had THg concentrations that 

exceeded the limit. Average relative percent differences (RPD) between replicate sample 

analyses were 5.98 ± 0.75% (n=75). Mean percent recoveries of THg for the SRMs ranged from 

89.66 ± 0.01 % to 106.87 ± 0.51 %.  

 

Statistical analyses   

We examined the relationship between female, blood, or egg THg concentrations and 

female body size on clutch size using multiple regression analyses. We used linear regression to 

examine the relationship between female body size and THg concentrations in tissues.  We used 

analysis of variance (ANOVA) to test for differences in female body size and clutch size by year. 
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To assess the effects of Hg on embryonic development, we used linear regression to 

describe the relationships between female body THg concentrations (log-transformed) in 2007 

(the only year we sacrificed females) and hatching success, the frequency of abnormalities, or 

viability (all angular-transformed). We used analysis of covariance (ANCOVA) to compare 

relationships between blood or egg THg concentrations (log-transformed) and hatching success, 

the frequency of abnormalities, or viability (all angular-transformed) between years (2007 and 

2008).  Although female body size (SVL) did not influence hatching success or viability, there 

was a weak tendency for it to influence abnormalities (r = 0.243, p = 0.083), where smaller 

females produced more abnormal individuals.  Thus, to correct for body size, we used the 

residuals of SVL and the frequency of abnormalities in the linear regression and ANCOVA 

analyses. 

 To compare development of larvae in mesocosms from reference and Hg-exposed 

females, we used multivariate analysis of variance (MANOVA) with several parameters 

describing traits of recruits to the terrestrial environment.  These endpoints included: SVL and 

condition (mass/SVL3*105) at the completion of metamorphosis (GS 46), days until the 

beginning of metamorphoic climax (GS 42), days to complete metamorphic climax (from GS 42 

to 46), and the percentage of individuals to complete metamorphosis.  Mean responses of each 

mesocosm were used in all statistical analyses.  Lastly, we used linear regression to examine the 

relationship between THg concentrations in eggs and blood and estimated recruitment.  

We performed all analyses with SAS 9.1 (SAS Institute, Cary, NC, USA) and used α = 

0.05 to determine statistical significance. 
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Results 

Effects of mercury on clutch characteristics   

There were no significant effects of female, egg, or blood THg concentrations on clutch 

size (p > 0.244, for all), but female mass and SVL were both positively correlated with clutch 

size (p < 0.0001, for all). Females were larger in 2008 (70.5 ± 2.8 g, 87.17 ± 1.58 mm) than in 

2007 (56.1 ± 2.1 g, 80.38 ± 0.74 mm; F1,80 > 16.68, p < 0.0001, for both), resulting in larger 

clutch sizes in 2008 (mean, SE: 7,495 ± 495) compared to 2007 (6,078 ± 366; F1,80 = 5.28, p = 

0.024). In 2007, there was no relationship between female body THg concentrations and SVL (r2 

= 0.022, p = 0.319, n = 48). However, with both years combined, female SVL was positively 

correlated with blood and egg THg concentrations (r2 = 0.073, p = 0.013, n = 83 and r2 = 0.089, 

p = 0.006, n = 83, respectively), suggesting a trend towards larger females accumulating and 

transferring more Hg to their eggs. 

 

Effects of mercury on embryonic development   

The percentage of embryos that successfully hatched (clutch range: 0.6-100%) decreased 

with increasing THg concentrations. This relationship was best explained by the correlation with 

female body THg concentrations in 2007 (Fig 1a; r2 = 0.472, p < 0.001, n = 23). A strong 

negative relationship was also found between maternal blood THg and hatching success (Fig 1b; 

F1,53 = 13.11, p < 0.001) and between egg THg and hatching success (Fig 1c; F1,53 = 19.27, p < 

0.001).  For blood and eggs, the effect of THg on hatching success was consistent across years (F 

< 0.93, p > 0.339, for all year and THg by year combinations). 

 We assessed the morphology of newly hatched embryos from 52 clutches (n = 20,551 

hatchlings).  Contrary to our predictions, the frequency of abnormalities (clutch range: 0.2 – 
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56%) decreased as THg concentrations increased in female body (Fig 2a; r2 = 0.297, p = 0.013), 

blood (Fig 2b; F1,48 = 7.35, p = 0.009), and eggs (Fig 2c; F1,48 = 9.15, p = 0.004).  For blood and 

eggs, the effect of THg on the frequency of abnormalities was consistent across years (F < 2.10, 

p > 0.154, for all year and THg by year combinations).  Of the total abnormalities observed, 83% 

were axial, 12% were craniofacial, 3.2% were edema, and 4.4% were considered “other” which 

included abnormal gut coiling, reduced tail margins, and no head. 

 The decrease in the frequency of abnormalities with increasing THg concentrations was 

not sufficient to offset the effect of decreased hatching success on overall hatchling viability 

(clutch range: 0.4 – 95%), which decreased with increasing THg concentrations in female body 

(Fig 3a: r2 = 0.292, p = 0.014, n = 20), blood (Fig 3b: F1,48 = 5.55, p = 0.023), and eggs (Fig 3c: 

F1,48 = 6.88, p = 0.012). Again, for blood and eggs, the effect of THg on viability was consistent 

across years (F < 0.37, p > 0.544, for all year and THg by year combinations).          

 

Effects of maternal mercury on larval development   

The mean THg concentrations in the blood of females from the reference and 

contaminated site used in the mesocosm experiment were 181.6 ± 28.0 and 2,122.0 ± 480.4 ng/g, 

respectively.  The corresponding mean THg concentrations in the eggs were 29.8 ± 3.5 and 286.1 

± 38.3 ng/g for the reference and contaminated clutches, respectively.  The overall MANOVA 

model describing metamorphic responses to maternal Hg exposure extremes at the South River 

revealed a significant difference between the Hg-exposed and reference groups (Pillai’s Trace = 

0.80, F5,6 = 4,76, p = 0.042). Component ANOVAs revealed no difference (p > 0.133, for all) 

between the reference and Hg-exposed groups in SVL (mm: 13.8 ± 0.2 and 13.0 ± 0.5), body 

condition (9.0 ± 0.2 and 9.4 ± 0.3), days to the start of metamorphic climax (47.8 ± 0.5 and 49.0 
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± 0.6), and days to complete metamorphic climax (5.2 ± 0.1 and 5.3 ± 0.1), respectively.  

Although the significance of the MANOVA may be attributable to the variance properties of the 

combined endpoints rather than a single strong effect on any single endpoint, the most notable 

difference was a 21% decrease in metamorphic success in the reference group (45.3 ± 3.8%) 

compared to the Hg-exposed group (54.5 ± 2.9%; p = 0.084).  Because individuals were not 

subjected to additional exposure of excessive Hg during larval development, THg concentrations 

(dry weight) in metamorphs were low and did not differ between individuals exposed as embryos 

to reference and high maternal Hg (42.1 ± 2.2 ng/g versus 43.1 ± 2.4 ng/g; F1,10 = 0.09, p = 

0.776). 

We found no significant relationship between the THg in the eggs or maternal blood and 

estimated recruitment (Fig 4; r2 = 0.024, p = 0.273 and r2 = 2.8x10-5, p = 0.970, respectively), 

suggesting that the negative effect of maternal Hg exposure on the embryonic stage was offset by 

enhanced survival during the larval stage, resulting in no effect on the number of juveniles 

entering the terrestrial environment.  

 

Discussion 

Individuals can be directly affected by their environment, but also indirectly affected by 

the environment in which their parents and even their grandparents inhabited (Bernardo, 1996; 

Mousseau and Fox, 1998; Rossiter, 1996). Because these environmental factors can influence 

offspring phenotypes, there are widespread implications for both wildlife and human health.  For 

instance, parental exposure to environmental contaminants or poor nutritional state can have 

negative, transgenerational effects on adult offspring in terms of disease susceptibility and 

reproductive success (Anway and Skinner, 2006; Bateson et al., 2004).  In some cases, there are 
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compensatory mechanisms within an individual to offset the effects of the maternal environment 

either during the embryonic stage or later in development.  For example, in mice, developmental 

exposure to the endocrine-active chemical, bisphenol A (BPA) modified the epigenome via DNA 

methylation. However, maternal nutrient supplementation negated the hypomethylating effect of 

BPA (Dolinoy et al., 2007).  Alternatively, individuals that experience nutritional deficits during 

early development can compensate by accelerating growth in a later stage if conditions improve, 

however this compensatory growth can be associated with long-term costs in the adult stage 

(Metcalfe and Monaghan, 2001). Interestingly, here we demonstrate a counterbalancing effect 

within an amphibian population.  Although we found a negative effect of maternal Hg exposure 

on amphibian reproduction through reduced embryonic viability, the effect was counterbalanced 

by relatively high metamorphic success in surviving larvae from Hg-exposed females at the 

extreme of the Hg-contamination gradient.  Based on a simple model that combines survival 

from these two stages of ontogeny, we observed no net effect of maternal Hg exposure on 

estimated terrestrial recruitment, suggesting the counterbalancing effect could have important 

ecological consequences for the population.  

 Maternal exposure to environmental contaminants can negatively affect reproduction by 

influencing a variety of factors including egg production, embryo viability, and successful 

offspring development.  Maternal Hg exposure did not affect female clutch size in B. 

americanus, even at the elevated concentrations of Hg documented in this study. This stands in 

contrast to other studies that have found impaired ovary development, egg production, and 

spawning success in females of oviparous species exposed to Hg, particularly in fish (reviewed 

in Crump and Trudeau, 2009; Tan et al., 2009).  Alternatively, even though female B. 

americanus only transfer a small proportion (~5%) of their pre-ovipositional Hg body burden to 
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their eggs (Bergeron et al., 2010a), the resulting Hg concentrations in eggs appear to be sufficient 

to decrease hatching success.  Although correlative, this relationship provides compelling 

evidence that female amphibians can maternally transfer a contaminant and influence the 

survival of offspring in the early stages of development.  

 Offspring that successfully hatch may be at a functional disadvantage due to the effect of 

maternal exposure to contaminants on embryonic neurodevelopment or morphology.  Contrary to 

the prevailing body of literature on Hg and many other contaminants (e.g., Weis and Weis, 1991) 

as well as our predictions, we found that the frequency of abnormalities decreased with 

increasing Hg concentrations. Our findings suggest that Hg induces mortality rather than a 

teratogenic effect in amphibian embryos from high Hg clutches. Consequently, we hypothesize 

that a greater proportion of lower quality embryos hatched successfully in clutches from 

reference mothers, resulting in a greater proportion of abnormal hatchlings.  However, the 

decrease in the frequency of abnormalities in high Hg clutches was not sufficient to offset the 

effect of decreased hatching success, and ultimately, overall hatchling viability decreased with 

increasing Hg concentrations.  Interestingly, the strongest correlation between Hg concentrations 

in all the tissues sampled (maternal carcass, maternal blood, and eggs) and the embryonic 

developmental endpoints (hatching success, frequency of abnormalities, and viability) were with 

maternal carcass.  We expected the strongest correlations to be with Hg concentrations in eggs, 

assuming the direct effect of transferred Hg causes the reduction in viability.  The stronger 

relationship between female Hg concentrations and embryonic development suggests that the 

effects of Hg on the female’s reproductive axis or other aspects of her physiology might 

contribute to the observed embryonic effects.  As a result, exposure to Hg could lead to 

suboptimal egg quality or maternal deposition of other hormones (e.g., stress hormones) into the 
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egg.  For example, Verboven et al. (2009) found egg quality in Glaucous Gulls (Larus 

hyperboreus) exposed to persistent organic pollutants may be affected by the direct maternal 

transfer of pollutants to eggs and indirectly through changes in egg size and composition (lipid 

and water content). 

Few studies have investigated the long-term effects of maternal transfer of contaminants 

on offspring development despite the fact that important organizational events often occur early 

in development.  This is one of the first studies in amphibians to examine potential long-term or 

latent effects of maternal contaminant exposure during the larval period.  We found no difference 

in body size or condition, time to metamorphosis, or days to complete tail resorption between the 

metamorphs from reference or Hg-exposed groups.  However, contrary to our predictions, we 

found that larvae from Hg-exposed group actually had greater metamorphic success than larvae 

from reference group.  Based on these observations, we hypothesize that the poorest quality 

embryos in the clutch were eliminated due to elevated maternal Hg exposure and the surviving 

larvae were more robust than larvae from the reference clutches, which were not subjected to 

similar selective pressures.  In our simplified developmental environments (i.e., excluding 

predators and heterospecific competitors), the “selection” by Hg for more robust larvae appears 

to be advantageous.  However, Hg is a neurotoxicant with known effects on behavior and 

performance, even when maternal exposure is the only exposure to Hg.  For example, larval 

Atlantic croaker (Micropogonias undulates) from parents fed MMHg-contaminated diets showed 

reduced performance including altered swimming behavior and startle response (Alvarez et al., 

2006).  Thus, it remains unknown how amphibian larvae maternally-exposed to Hg would 

respond to predators or intense competition. 
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To assess the overall impact of maternal Hg exposure in B. americanus on the number of 

surviving metamorphs, we used a simple model to estimate recruitment to the terrestrial 

environment.  We found that the negative effect of maternal Hg exposure on viability in the 

embryonic stage was counterbalanced by the selection for more robust larvae in the Hg-exposed 

group, resulting in no differences in recruitment across a wide range of Hg concentrations.  This 

counterbalancing effect is a significant finding because it suggests that, assuming all else is 

equal, maternal Hg exposure ultimately has little effect on amphibian juvenile recruitment, which 

can later influence the future reproducing population (Beebee et al., 1996; Berven, 1990). 

However, while juvenile recruitment may be unaffected, we did not investigate the potential 

impact of maternal Hg exposure on the population through changes in genetic variability.  For 

example, the selection for robust larvae in the Hg-exposed group may drive evolution in ways 

that are not adaptive in terms of resistance to natural stressors (e.g., predation or disease) 

(Medina et al., 2007).  In addition, it is possible that the counterbalancing effect may produce 

variable results under natural conditions because we began the larval experiment with equal 

densities of hatchlings in each of the simulated ponds (mesocosms) and did not account for 

known density-dependent interactions in amphibian larvae. For example, in natural conditions, if 

hatching success was reduced in Hg-contaminated ponds, the density of surviving larvae would 

be reduced, releasing them from competitive pressure and potentially increasing their 

metamorphic success beyond that observed in this experiment compared to larvae from reference 

ponds.  Because competition is an important factor influencing metamorphic success of 

amphibians (e.g., Semlitsch and Caldwell, 1982; Wilbur, 1977), demographic population 

modeling (e.g., Vonesh and De la Cruz, 2002) will ultimately be a more informative method to 

estimate recruitment provided that juvenile and adult parameters can be obtained or estimated. 
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 The maternal environment can greatly influence reproductive conditions and both the 

immediate and long-term development of offspring. Our findings shed further insight into the 

effects of maternal contaminant exposure on reproductive success and are among the first to 

correlate contaminant concentrations in the field with deleterious effects (reduced hatchling 

viability) on amphibian reproduction.  In addition, comparatively few studies investigate the 

long-term consequences of maternal transfer of contaminants. Our work demonstrates that 

maternal effects which manifest at different stages in ontogeny have the potential to offset one 

another.  This is of broad importance because it suggests that advantageous or disadvantageous 

parental effects on survival during early life stages may be counterbalanced in a later stage, 

resulting in no net effect on recruitment to the adult population.  However, because maternal 

effects are highly context-dependent, future studies should account for differing environmental 

circumstances.  For example, an important next step will be to incorporate greater environmental 

complexity by determining whether the latent effects of Hg are altered under more 

environmentally realistic situations where individuals are required to compete for resources with 

heterospecifics or avoid predators. In addition, larval amphibians are highly efficient at 

accumulating Hg compared to other life stages (Bergeron et al., 2010b), and exposure to dietary 

Hg alone may have negative effects on larval recruitment (Unrine et al., 2004). Thus, it is 

important to determine whether maternally-derived Hg interacts additively or synergistically 

with larval dietary exposure to negatively impact the number and size of individuals recruited to 

the local population. 
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Abstract 

Maternal transfer of contaminants often results in negative consequences. We examined 

the effects of maternal mercury (Hg) exposure in amphibians and found that negative effects 

manifested either immediately at the embryonic stage or later during the larval stage, providing 

an unexpected demonstration of annual variation in the ontogenetic onset of maternal effects. 

However, the net result was no considerable difference in estimated recruitment in any year.  

 

Keywords: amphibians, latent effects, maternal transfer, mercury  

 

Introduction 

Maternal effects occur when the physiology or behavior of a mother influences the 

phenotype of her offspring. These effects can influence offspring size, performance, and survival 

[1]. Maternal effects can greatly affect offspring during early ontogeny [2], when key 

organizational events shape developmental trajectories [3]. Maternal effects can also manifest at 

later stages of development [4] and may be influenced by environmental factors, having 

widespread implications for both wildlife and human health. For example, poor pre-breeding 

nutritional state in female zebra finches (Taeniopygia guttata) resulted in latent effects on 
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offspring fecundity; upon reaching adulthood, offspring from nutritionally-stressed females had 

lower fecundity compared to offspring from females in a better nutritional state [5]. Similarly, in 

humans, poor nutrition or exposure to environmental contaminants in utero may increase later 

susceptibility as adults to reproductive dysfunction and diseases such as hypertension, coronary 

heart disease, and type II diabetes [6, 7].  

Maternal effects on offspring fitness are highly context-dependent and can be positive or 

negative depending on environmental circumstances [8]. However, the maternal transfer of 

environmental contaminants is a maternal effect which typically has negative consequences for 

offspring because early development is a critical organizational period in the ontogeny of 

vertebrates [e.g., 9]. Latent effects of maternally-derived contaminants are less well known and 

are beyond the scope of most studies to date. However, increasing evidence suggests that 

maternal contaminant exposure can have either latent lethal [e.g., 10] or sublethal [e.g., 11, 12-

15] effects on offspring due to early disruptions in nervous, endocrine, or immune system 

development [16].   

Maternal effects that influence fecundity or survival may ultimately affect population 

dynamics [17].  However, the immediate or latent maternal effects of contaminant transfer on 

demographic characteristics are poorly understood, especially in vertebrates with complex 

lifecycles.  In a recent study, we investigated the effects of maternal transfer of mercury (Hg), an 

environmental contaminant of global concern, on the reproductive success of female amphibians 

and the embryonic development of their offspring in two consecutive years [18]. We found that 

American toads (Bufo americanus) maternally transferred Hg to their eggs, which had a negative 

effect on embryonic development in both years [19]. However, this negative effect was offset by 

relatively high larval survival in embryos of Hg-exposed females at the high end of a Hg-
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contamination gradient [18]. Thus, we observed no net deleterious effect of maternal Hg 

exposure on estimated terrestrial recruitment.  Here, we revisit our results from the two prior 

years, in light of newly collected data on embryonic and larval development, to examine how 

maternal effects that manifest in different life stages interact. These new analyses and newer data 

provide an unexpected demonstration of the annual variation in directionality and timing of the 

maternal effects of Hg. 

 

Materials & Methods 

We captured amplexing pairs of American toads in March and April 2007 (n=53), 2008 

(n=30), and 2009 (n=27) from breeding pools located along the floodplain of the South River, 

VA, USA. Toads were collected across a contamination gradient upstream (reference sites: river 

mile [RM] -1.7 and -5; n=30) and downstream (contaminated sites: RM 2, 5, 9, 16, and 20; 

n=80) from a historic Hg source (RM 0; see Fig 1 in [20]), resulting in a broad range of Hg 

concentrations in females and their eggs. Methods used to determine the effects of maternally 

transferred Hg on toad embryos and larvae are reported in Bergeron et al. [18]. Briefly, once 

eggs were laid under controlled conditions, we determined clutch size and allocated subsets of 

eggs from each clutch for Hg analysis, embryonic development, and larval development 

experiments (larval experiments in 2008 and 2009 only; for details see [14, 18]). Subsets of 500 

eggs were removed from 81 clutches and allowed to hatch to evaluate embryonic development. 

Hatchlings were counted to quantify hatching success and were then individually preserved and 

examined under dissecting microscope for morphological abnormalities.  Finally, we calculated 

overall viability as the product of hatching success and frequency of hatchlings with normal 

gross morphology (assuming abnormal hatchlings were not viable). Embryonic viability was thus 
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the overall percentage of embryos with normal morphology that hatched successfully for each 

clutch (as described in [21]). 

Analyses of embryonic development in 2007 and 2008 were originally provided in 

Bergeron et al. [18]. Here, we include newly collected data from 2009 and use separate analyses 

of covariance (ANCOVA) to test for an effect of egg THg concentrations (log-transformed) on 

hatching success, frequency of abnormalities, and viability (all angular-transformed) among 

years. Although hatching success and overall embryonic viability showed no relationship with 

maternal body size (snout-vent length; SVL), there was a negative relationship between maternal 

body size and the frequency of abnormalities (r = 0.29, p = 0.01). Thus, to correct for body size, 

we used the residuals from the relationship between SVL and the frequency of abnormalities as a 

covariate in the ANCOVA analysis. 

In separate experiments in 2008 and 2009, we examined the latent effects of maternally-

derived Hg on larval survival through the completion of metamorphosis using experimental 

mesocosms (~1000 L of water) where larvae were raised in equal densities (100 larvae per 

mesocosm) [14, 18]. Offspring in the larval experiments were derived from the same clutches 

used in the aforementioned embryonic viability assays. In both years, we selected hatchlings that 

were morphologically normal and introduced them into mesocosms ~4 days post hatch.  Each 

group of 100 larvae was evenly drawn from clutches of either reference or maternally Hg-

exposed mothers from the extremes of the Hg-contamination gradient.  No Hg was added to 

mesocosms.   

Here, we calculated metamorphic recruitment as the product of embryonic viability of 

each clutch and mean larval survival of each maternal treatment (reference or maternally Hg-

exposed) for both 2008 and 2009 to estimate metamorphic recruitment to the terrestrial 
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environment (see [18]).  We used an ANCOVA to compare estimated recruitment between years 

using egg THg concentrations as a covariate. 

 

Results 

 The percentage of embryos that successfully hatched decreased with increasing THg 

concentrations in 2007 and 2008, but not in 2009 (THg: F1,75 = 11.64, p = 0.001; year: F2,75 = 

3.01, p = 0.055; interaction: F2,75 = 4.86, p = 0.010).  Contrary to our predictions, the frequency 

of abnormalities decreased as THg concentrations increased in 2007 and 2008, but there was no 

relationship between THg concentrations and abnormalities in 2009 (THg: F1,70 = 4.64, p = 

0.035; year: F2,70 = 4.44, p =0.015; interaction: F2,70 = 3.34, p = 0.041). The effect of THg 

concentrations in eggs on overall embryonic viability was significant (Fig 1a; F1,70 = 5.43, p = 

0.023). Embryonic viability differed by year (F2,70 = 4.92, p =0.010), but we did not find an 

interaction between THg and year (F2,70 = 1.73, p = 0.185).  The combined effect in 2007 and 

2008, when reduced hatching success from Hg was not completely offset by fewer abnormalities, 

was an overall decrease in embryonic viability as egg THg concentrations increased. However, 

in 2009, embryonic viability was high across the entire gradient of egg THg concentrations.  

Our evaluation of potential latent effects of maternal Hg transfer revealed annual 

differences in larval survival from the mesocosm experiments.  In 2008, the year in which we 

observed a negative effect of Hg on embryonic viability, larval survival was greater in 

maternally-exposed offspring compared to those from reference mothers (Fig 1b).  Conversely, 

in 2009, when embryonic viability was high regardless of Hg concentrations, larval survival was 

lower in maternally-exposed offspring compared to those from reference mothers (Fig 1b).  

Subsequently, we found a significant effect of year on recruitment (Fig 2; F1,49 = 7.27, p < 
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0.001), but no relationship between egg THg concentration and recruitment (F1,49 = 0.45, p = 

0.504).  

 

Discussion 

Maternal effects can act directly on early offspring development and the immediate 

consequences to these offspring are often examined because of the relative ease of shorter-term 

studies at this stage. In some cases, maternal effects are strong in early development but 

subsequently decline [2] or even reverse direction through ontogeny [18, 22].  In other cases, 

maternal effects may be latent, not appearing until sometime later in ontogeny [4].  In the present 

study, the negative effects of maternal Hg exposure were present in all years, but manifested 

either immediately at the embryonic stage or later during the larval stage, depending on the year.  

In 2008, when embryonic viability was negatively affected by maternal Hg, the overall impact on 

estimated terrestrial recruitment was offset by greater larval survival from Hg-exposed mothers. 

In contrast, in 2009, when embryonic viability was high across the gradient of maternal Hg 

concentrations, subsequent survival of larvae from Hg-exposed mothers was lower than in 

reference larvae.  Nevertheless, the net result was ultimately no considerable difference in 

estimated terrestrial recruitment in either of the two years because effects during embryonic and 

larval development offset one another. 

 The expression of a maternal effect can be context-dependent and may vary based on 

environmental circumstances.  For example, the maternal effect of smaller initial body size in the 

amphibian Bombina orientalis resulted in smaller size at metamorphosis and longer larval period 

when reared in a low quality environment (food limited), but had little effect on larval and 

metamorphic traits when reared in a high quality environment (fed ad libitum) [23]. We observed 
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annual variation in the developmental stage most affected by maternal exposure to Hg which 

may have resulted from differing environmental or physiological circumstances between years. 

Specifically, in 2007 and 2008, early embryonic development was negatively affected by 

maternal Hg and larval survival of maternally exposed animals offset this decrease. In contrast, 

in 2009, early embryonic development was unaffected by maternal Hg but reduced larval 

survival of maternally exposed animals offset the earlier lack of effects. This annual variation in 

expression of maternal effects did not stem from differences in Hg because the range in Hg 

concentrations was similar among years (Fig 1a).  Thus, differences in maternal influences may 

be attributable to some other aspect of female and/or egg quality. For example, we found an 

annual difference in female post-oviposition body condition (mass/SVL3; p = 0.026) where 

females in 2009, the year when embryonic viability was high regardless of Hg concentrations, 

were 5 to 8% lower than in 2007 and 2008, respectively.  Additionally, there was a marginally 

significant difference in clutch size among years (LS means corrected for body size, p = 0.057; 

2007: 6,742 ± 320; 2008: 7,452 ± 410; 2009: 6,001 ± 444). The lower body condition and clutch 

size in 2009 suggests that females could have invested more in each of their offspring that year, 

potentially resulting in higher overall embryonic viability and larval survival than in previous 

years. Ultimately, the mechanism for the annual variation in the stage affected by maternal Hg 

exposure remains unclear. However, examining other aspects of egg quality from contaminated 

females, and how it influences offspring quality, is an important area for future research. 

The cumulative impact of a maternal effect on a cohort of individuals [24] or the stage 

affected in organisms with complex lifecycles [25] has the potential to influence population 

dynamics. In our study, the ontogenetic timing of adverse maternal effects at the individual-level 

varied, but certain effects can contribute more to population-level processes than others. For 
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example, Vonesh and De la Cruz [25] modeled the impact of declines in each life stage of two 

amphibian species and found adult densities in both species were more sensitive to changes in 

juvenile survival than to embryonic survival. We found that regardless of which stage was 

affected by maternal Hg exposure, there was little difference in estimated terrestrial recruitment 

across a wide range of Hg concentrations. However, our larval experiments did not account for 

density-dependent interactions in amphibian larvae because they were initiated with equal 

densities of hatchlings in each of the simulated ponds (mesocosms).  Because intraspecific 

competition among larvae is an important factor affecting larval survival in many amphibians 

[26, 27], it is likely that the effects of maternal Hg exposure may be annually exaggerated or 

dampened in the field depending on which life stage is most strongly affected. For example, 

when maternal transfer of Hg affects the embryonic stage only, the density of surviving larvae 

may be reduced, resulting in minor or even positive effects on recruitment due to reduced 

intraspecific competition in the larval stage.   

The influence of maternal effects such as egg size and oviposition site has been widely 

studied in amphibians [28, 29], but our findings further demonstrate the importance of examining 

maternal effects at multiple developmental stages and quantifying inter-annual variation in their 

expression. Although the effect of maternal exposure to contaminants has received little attention 

in amphibians, there is growing evidence that contaminants negatively affect early amphibian 

development [18, 21] and contaminants are implicated as a contributing factor in worldwide 

amphibian declines [30]. However, relating effects on early development to population declines 

remains a major challenge in amphibian conservation [31]. Integrative studies examining the 

immediate and latent effects of maternal contaminant transfer, in the context of ecologically 
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relevant natural factors, such as competition and predation, are necessary to understand how such 

effects translate to population dynamics and long-term viability. 
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Figure 5.2: Relationship between total mercury (THg; ng/g, dry weight) concentrations in eggs 
and overall recruitment.  
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Abstract  

Organisms born into the same contaminated environment as their parents can be exposed 

both maternally and environmentally to contaminants, potentially placing them at greater risk of 

adverse effects than when exposed via either of the two pathways independently. We examined 

whether embryonic exposure to maternally-derived mercury (Hg) interacts with dietary exposure 

to negatively influence larval development in American toads (Bufo americanus). We collected 

eggs from breeding pairs at reference and Hg-contaminated sites and monitored performance, 

development, and survival of larvae fed three experimental Hg diets (total Hg: 0.01, 2.5, and 10 

μg/g). The negative sublethal effects of maternal and/or dietary Hg manifested differently, but 

maternal Hg exposure had a greater overall influence on offspring health than dietary exposure. 

However, the combination of sublethal effects of the two exposure routes interacted with lethal 

consequences; larvae exposed to maternal Hg and high dietary Hg experienced 50% greater 

mortality compared to larvae from reference mothers fed the control diet. This study is the first 

to demonstrate that the latent effects of maternally transferred contaminants may be exacerbated 

by further exposure later in ontogeny, findings that may have important implications for both 

wildlife and human health. 
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Introduction 

Early development is a critical period in ontogeny of vertebrates and adverse effects of 

maternally-derived contaminants during this sensitive stage have been well documented. For 

example, in many animals, maternal transfer of contaminants reduces reproductive success 

through embryo mortality and malformations (e.g., (1)). Due to early disruptions in nervous, 

endocrine, or immune system development (2), there is growing evidence that maternally-

derived contaminants can also have effects that are expressed later in ontogeny. These latent 

adverse effects may be lethal, as in the case of snapping turtles (Chelydra serpentina), where 

maternal transfer of polychlorinated biphenyls (PCBs) reduced survival over the first 14 months 

of life (3). Alternatively, latent effects of maternal transfer of contaminants may be sublethal. 

The effects of maternally-derived contaminants that occur long after hatching or birth are beyond 

the scope of most studies, but these latent adverse effects may have important implications for 

both wildlife and human health.  

The latent effects of maternal transfer of contaminants may manifest differently 

depending on the environment in which offspring develop. Offspring of organisms that forage in 

one location but breed in another, such as migratory birds and many amphibians, may be 

exposed to maternally transferred contaminants, but may or may not be further exposed to 

contaminants after the embryonic stage. For example, migratory white-faced ibis (Plegadis 

chihi) nesting at Carson Lake, NV, USA show reduced reproductive success with elevated egg 

concentrations of dichloro-diphenyldichloroethylene (DDE), but prey on the nesting grounds 

contained little DDE (4). However, prey in wintering habitats had elevated DDE levels, 

suggesting that the main source in offspring was maternal transfer from energy stores gathered at 
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the wintering grounds. Conversely, organisms born into the same contaminated environment as 

their parents can be exposed both maternally and environmentally to contaminants, potentially 

placing them at greater risk of adverse effects than when exposed via the two pathways 

independently.  

There has been little research on the combined effects of multiple exposure routes 

through early development. However, Nye et al. (5) recently investigated the effects of maternal 

and direct exposure to sediments contaminated with polycyclic aromatic hydrocarbons (PAHs) 

from Elizabeth River, VA, USA in larvae of the estuarine fish, Fundulus hereroclitus. The effect 

of maternal exposure on growth and body condition in larvae (14 days post-hatch) was stronger 

than direct larval exposure (5). In another recent study, Eisenreich et al. (3) found a strong 

negative maternal influence of PCBs on survival of juvenile snapping turtles, but dietary PCB 

exposure only reduced metabolic rates. Both studies observed latent effects of maternal 

contaminant transfer, but neither observed interactive effects of the multiple exposure routes. 

Additional studies are needed to evaluate the relative contributions of maternally- and 

environmentally-induced variation in offspring phenotype (6) and to ensure that latent and 

potential interactive effects are not overlooked.   

We investigated the individual and interactive effects of maternally- and trophically- 

derived mercury (Hg) contamination on larval development in the American toad (Bufo 

americanus). Mercury is a contaminant of global concern due to its ubiquity, toxicity, and ability 

to bioaccumulate and biomagnify, especially in the form of (mono)methlymercury (MMHg) (7, 

8). Early life stages can be particularly sensitive to Hg exposure and subtle sublethal effects on 

behavior and reproduction can occur at concentrations much lower than lethal effects due to the 

neurotoxic and endocrine-disrupting nature of Hg (9, 10). Although there is a paucity of 
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information regarding the effects of Hg on amphibians compared to other vertebrates (11), 

amphibian larvae are highly efficient at accumulating elevated concentrations of trace elements, 

including Hg, due to their feeding ecology and ectothermy (12). In a previous study, we 

determined female American toads from a historically Hg-contaminated site maternally 

transferred Hg to their eggs (13), disrupting early development of embryos (14), but the effects 

of maternal transfer of Hg could also manifest during critical developmental periods weeks to 

months after hatching.  In an additional field study, we found that larvae bioaccumulated very 

high concentrations of Hg in ephemeral breeding pools (15), suggesting significant 

environmental exposure occurs after maternal transfer. However, adult American toads have the 

opportunity to oviposit in either contaminated or uncontaminated pools because they are highly 

mobile for amphibians and can travel up to 1 km from their breeding pool (16). Thus, their 

offspring have the potential to experience maternal, environmental (e.g., aqueous or dietary), or 

both routes of exposure. Here, we used field-collected adults and an experimental feeding study 

to test the hypothesis that trophic exposure to Hg during the larval period has a negative effect on 

the development and performance of larvae from Hg-exposed females. 

 

Materials and Methods  

Field collection 
 

On 17 and 18 April 2009, we collected 27 reproductive pairs of American toads from 

breeding pools along the South River (VA, USA) floodplain at three locations (river mile [RM] -

1.7, 9, and 20), upstream and downstream from a Hg contamination source (RM 0; see (15) for 

additional information). An analysis of surface water and sediment at the South River confirmed 

that Hg was the primary contaminant while organochlorine pesticides, polycyclic aromatic 
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hydrocarbons, and other trace metals were generally low (17).  We transported amplexing pairs 

into the laboratory and placed them in a shallow bin with dechlorinated tap water to allow them 

to breed. The next morning, we removed the adult toads from the bins and counted the eggs. We 

froze a small portion of each egg mass (~500 eggs) for subsequent Hg analysis. Following the 

methods of Bergeron et al. (15), we collected ~0.25 mL whole blood from each anesthetized 

mother via cardiocentesis and released them at their capture location within 24 h. 

 

Experimental design 
 

We used a 2 X 3 factorial design to test the individual and interactive effects of 

maternally- and trophically- derived Hg on the larval development of American toads. 

Experimental diets consisted of a dry feed mix spiked with or without Hg (inorganic [HgII] and 

organic [MMHg]; Alfa Aesar), and suspended in an agar-gelatin mixture similar to the diet 

formulated by Unrine and Jagoe (18). The resulting diet was in a semi-solid matrix which 

allowed the larvae to graze naturally while preventing the diet from dissolving. We conducted a 

preliminary study to determine if Hg was leaching from the food to the water and found Hg 

concentrations in the water were below the detection limit of 50 ng/L. The target total Hg (THg) 

concentration for the low Hg treatment was 2.5 µg/g, dry weight (dw) (2.75% MMHg). This 

concentration corresponds to approximately twice the highest measured THg concentrations in 

the guts of larval leopard frogs (Rana sphenocepala) from ephemeral wetlands in southeastern 

USA receiving Hg solely from atmospheric deposition (19). The target THg concentration for the 

high Hg treatment was 10 µg/g, dw (1.05% MMHg). This corresponds to the upper limits of Hg 

concentrations found in periphyton at the Hg-contaminated South River (K.R. Tom, 2008, 

Master’s thesis, The College of William and Mary, VA). Percent MMHg in periphyton is 

generally low (<15 %) (e.g., 18, 20, 21). Thus, we used the equations in Unrine et al. (20) to 
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determine the MMHg concentrations in this study. See SI Materials and Methods for details of 

the experimental diet formulation.  

 To determine which eggs to allocate to our experimental groups from the 27 collected 

clutches, we used the known strong correlation between female blood THg concentrations and 

those of eggs (13). The reference and maternally-Hg exposed (hereafter: Hg-exposed) groups 

included hatchlings from females with blood THg concentrations < 250 and >1,000 ng/g, wet 

weight (ww) and originated from five and six combined clutches, respectively. On 28 April 

2009, at ~4 days post-hatch, we mixed free swimming hatchlings with normal morphology 

across clutches within each maternal Hg group (reference and Hg-exposed) to homogenize 

genetic variation. We then randomly allocated the hatchlings among three diet treatments 

(control, low Hg, and high Hg; n=25/treatment). We placed one larva into each of the 150 4-L 

polypropylene aquaria containing 3 L of dechlorinated tap water. We individually weighed 

larvae every 9 days to document growth and increase food rations accordingly. We fed larvae 6% 

of their body weight per day (wet weight basis), and raised them under a 12L:12D photoperiod. 

At the beginning of the experiment, air temperature was 18ºC and was increased weekly in 0.5ºC 

increments until 20ºC was reached and maintained for the remainder of the study. Every third 

day, we replaced 50% of the water in each aquarium. At this time, we siphoned out accumulated 

feces and uneaten food and provided fresh food.  

After the larvae had fed on the experimental diets for 26 to 28 days (Gosner stages [GS] 

26-30), we conducted a swimming performance test to determine if speed or responsiveness to 

stimuli differed among the six treatment combinations using methods similar to Hopkins et al. 

(22). We tested 50 larvae per day for three consecutive days (23-25 May 2009), ensuring a 
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representative daily sample of each treatment combination. See SI Materials and Methods for 

details of the larval swimming performance experiment.   

We inspected larvae daily for developmental stage and mortality.  As larvae neared 

metamorphosis, they were checked at 12 h intervals for front limb emergence (GS 42), 

completion of tail resorption (GS 46), or mortality. At the time of front limb emergence, larvae 

were removed from aquaria, weighed and measured, and individually placed in 500 mL cups 

with ~20 mL water and a clean unbleached paper towel to allow them to climb out of the water 

following complete tail resorption. The first larva reached metamorphic climax on 15 June 2009 

and the last completed metamorphosis on 22 July 2009. In addition to quantifying the proportion 

of individuals that successfully completed metamorphosis in each treatment, we also measured 

mass and size at metamorphosis (GS 46) and the amount of time to reach metamorphic climax 

(GS 42) and complete metamorphosis (GS 46). Toads surviving through metamorphosis were 

humanely euthanized with buffered tricaine methane sulfonate (MS-222) 24 h after completion 

of metamorphosis and then frozen for analyses of Hg in tissue. 

 

Mercury analyses 

In a previous study (13), percent MMHg of the total Hg burden in female toad blood and 

eggs from the same study site was 71.4 ± 2.8% and 47.8 ± 3.3% (mean ± 1 standard error 

hereafter), respectively. Thus, in the present study, we analyzed only THg for these tissues. We 

homogenized whole blood from each female toad and report THg concentrations of blood on a 

wet weight basis. We lyophilized and homogenized eggs and report THg concentrations of eggs 

on a dry weight basis. Percent moisture of eggs was 95.4 ± 0.2%. We analyzed subsamples (~20 

mg) for THg content by combustion-amalgamation-cold vapor atomic absorption 
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spectrophotometry (Direct Mercury Analyzer 80, Milestone, Monroe, CT, USA). See SI 

Materials and Methods for method details and quality assurance. 

We measured both Hg(II) and MMHg in the experimental diet (n = 3 samples/diet level) 

and metamorphs (n = 3 composite samples/treatment). We lyophilized and homogenized the 

samples and report Hg concentrations on a dry weight basis. Percent moisture of the diet and 

metamorphs was 58.6 ± 0.4% and 90.4 ± 0.3%, respectively.  Samples were then analyzed by 

Quicksilver Scientific (Lafayette, CO). See SI Materials and Methods for method details and 

quality assurance. 

 

Statistical analyses 

We used nonparametric Mann-Whitney U tests to compare blood and egg THg 

concentrations between reference and Hg-exposed females because data were non-normally 

distributed. We used a multivariate analysis of variance (MANOVA) to test for effects of diet, 

maternal Hg exposure, and their interaction on MMHg and Hg(II) concentrations in metamorphs. 

 We used a MANOVA to test the effects of diet, maternal Hg exposure, and their 

interaction on the mass (g) of tadpoles at GS 42 and the time (d) to reach GS 42 (larval duration). 

We log transformed larval duration to normalize the data to meet assumptions for analyses of 

variance. Because several animals died during metamorphosis before reaching GS 46, we used a 

separate MANOVA to test the effects of diet, maternal Hg exposure, and their interaction on the 

mass of tadpoles at GS 46 and days required to complete tail resorption (GS 42-46). We inverse 

transformed mass at GS 46 and log transformed days for tail resorption to normalize data and 

meet statistical assumptions. 
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 Initial iterations of a repeated measures analysis of covariance (ANCOVA) model to test 

for differences in larval swimming performance among treatments revealed that larvae swam 

similarly in all three laps and the main effects did not differ over time (swimming speed: P ≥ 

0.094 for all; responsiveness: P ≥ 0.271 for all). Thus, we used ANCOVA to test for effects of 

maternal and trophic exposure and their interaction on the average of the three laps for the 

performance endpoints of time and responsiveness, using developmental stage and mass as 

covariates. 

We used animals fed control diet from reference mothers to determine expected 

survivorship under optimal conditions. We subsequently examined both metamorphic success 

(i.e., survivorship to GS 46) and survivorship during metamorphic climax (GS 42 to 46) in our 

five experimental crosses using chi-square tests of independence to determine whether the 

observed number of animals surviving in an experimental cross differed from that expected 

under optimal conditions.  Lastly, we used logistic regression to examine the relationship 

between survival and mass of larvae (GS 42) from Hg-exposed and reference mothers. 

 

Results 

Mercury concentrations 

We allocated eggs to maternal experimental groups based on the THg concentrations in 

female blood, and we found a significant difference in the blood THg concentrations of reference 

females (160 ± 18.6 ng/g, ww) compared to Hg-exposed females (2,250 ± 490 ng/g, ww; Z = -

2.74, P=0.006). We later analyzed eggs from each clutch for THg concentrations, and the 

expected significant difference was confirmed between clutches from reference females (20.6 ± 

1.3 ng/g, dw) and Hg-exposed females (149 ± 17.9 ng/g, dw; Z = -2.71, P=0.006). Total Hg 
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concentrations in diets (dw) were 0.010 ± 0.001 μg/g (56.7 ± 5.5% MMHg), 2.50 ± 0.06 μg/g 

(3.19 ± 0.03% MMHg), and 10.1 ± 2.27 μg/g (1.05 ± 0.01% MMHg) for the control, low Hg, 

and high Hg treatments. We found a significant effect of diet on tissue concentrations of Hg in 

metamorphic toads in our overall MANOVA (Fig 1; diet: F4,24=184, P<0.001). However, there 

was no effect of maternal Hg exposure on Hg-tissue concentrations of metamorphs (maternal Hg 

exposure: F2,11=1.39, P=0.29; interaction: F4,24=1.08, P=0.39). Component ANOVAs revealed 

that diet had a significant effect on accumulation of both MMHg (Fig. 1; F2,12=494, P<0.001) 

and Hg(II) (Fig. 1; F2,12=318, P<0.001) in metamorphic toads. As expected, mean percent 

MMHg decreased in metamorphic toads with increasing diet concentration (Fig. 1). Post-hoc 

Tukey’s tests revealed that Hg-tissue concentrations in metamorphs differed among all three 

diets for both MMHg and Hg(II) (P-values <0.001). 

 

Biological responses to maternal and dietary mercury 

Survival was high in larvae until the onset of metamorphic climax (n = 20, 23, 24 for 

larvae from reference mothers fed control, low Hg, and high Hg diet, respectively, and n = 23, 

24, 24 for larvae from Hg-exposed mothers fed control, low Hg, and high Hg diet, respectively).  

Both dietary and maternal Hg exposure significantly affected growth and development of larvae 

until the onset of metamorphic climax but there was no interaction effect in the overall 

MANOVA (GS 42; diet: F4,264=2.97, P=0.02; maternal Hg exposure: F2,131=3.70, P=0.027; 

interaction: F4,264=1.56, P=0.19). Component ANOVAs revealed that diet had a significant effect 

on mass at GS 42 (Fig. 2a; F2,132=5.77, P=0.004) but not on the duration of larval period (Fig. 

S1; F2,132=0.23, P=0.79). Post-hoc Tukey’s tests showed that mass at GS 42 differed 

significantly only between the control diet and high Hg diet (P=0.004). On average, animals fed 
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high Hg diet were 16% smaller than those fed control diet. Maternal Hg exposure also had a 

significant effect on mass at GS 42 (F1,132=5.61, P=0.019) but not on the duration of larval 

period (F1,132=1.34, P=0.25). On average, animals from contaminated mothers were 10% smaller 

at GS 42 than those from reference mothers. 

 Survival decreased during metamorphic climax (n = 12, 11, 13 metamorphs from 

reference mothers fed control, low Hg, and high Hg diet, respectively, and n = 14, 10, 6 

metamorphs from Hg-exposed mothers fed control, low Hg, and high Hg diet, respectively).  

Both dietary and maternal Hg affected toads at the completion of metamorphosis but there was 

no interaction effect in the overall MANOVA (GS 46; diet: F4,120=2.56, P=0.042; maternal Hg 

exposure: F2,59=8.28, P=0.001; interaction: F4,120=1.21, P=0.31). Component ANOVAs revealed 

that diet had a significant effect on mass at GS 46 (Fig. 2b; F2,60=4.27, P=0.018) but not on days 

to complete tail resorption (Fig. 2c; F2,60=1.51, P=0.23). Post-hoc Tukey’s tests showed that 

mass at GS 46 differed significantly only between the control diet and high Hg diet (P=0.016), 

with animals fed high Hg diet being 21% smaller at GS 46 than those fed control diet. In 

contrast, maternal Hg exposure had a significant effect on days for tail resorption (Fig 2c; 

F1,60=15.7, P<0.001) but no effect on mass at GS 46 (Fig 2b; F1,60=0.38, P=0.54). Larvae from 

contaminated mothers took 14% longer to fully resorb their tails than did those from reference 

mothers.  

We found maternal Hg exposure, but not dietary exposure, affected average swimming 

speed of larvae, and we found no evidence of an interaction between these two modes of 

exposure (Fig. 3a; maternal Hg exposure: F1,133=5.86, P=0.017; diet: F2,133=1.61, P=0.203; 

interaction: F2,133=0.769, P=0.465). Larvae from contaminated mothers took 11% longer to 

traverse 1 m than did those from reference mothers, even after correcting for size and 
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developmental stage. Likewise, maternal Hg exposure, but not dietary exposure, affected average 

larval responsiveness, and we found no evidence of an interaction between modes of exposure 

(Fig. 3b; maternal Hg exposure: F1,133=13.9, P<0.001; diet: F2,133=0.432, P=0.650; interaction: 

F2,133=0.835, P=0.436). Larvae from contaminated mothers had to be prompted to swim 34% 

more often than those from reference mothers.  

Whereas both maternal and dietary Hg exposure independently produced sublethal 

effects, the combination of the two exposure routes was lethal. The combination of maternal Hg 

exposure and high Hg diet led to a 50% reduction in metamorphic success (survivorship to GS 

46; Fig. 4a; χ2=5.77, P=0.016) compared to larvae from reference mothers that were raised on 

control diet as an optimal scenario (all other experimental crosses: χ2 values <0.7, P-values 

>0.4). Importantly, larval survival was high in all treatments (ranging from 80-96%) until the 

onset of metamorphic climax. However, during the critical period of metamorphic climax (from 

GS 42 to GS 46), the combination of maternal Hg exposure and high Hg diet led to 125% greater 

mortality (Fig 4b; χ2=12.3, P<0.001) compared to larvae from reference mothers that were raised 

on control diet (all other experimental crosses: χ2 values <0.3, P-values >0.06).  Lastly, mortality 

of small individuals was higher than large individuals from Hg-exposed mothers (P=0.047, 

β=6.87), but not from reference mothers (P=0.20) during metamorphic climax. 

 

Discussion  

Depending on their life history, organisms may be at risk of one or more routes of 

contaminant exposure during early development. Our study is one of the few to investigate the 

individual and interactive effects of maternally- and environmentally- derived contaminants on 

early vertebrate development. Mercury-exposed female American toads transferred ~14 times 
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more Hg to their eggs than reference females, and larvae were efficient at accumulating Hg from 

their diet regardless of maternal origin. The whole-body THg concentrations in metamorphs at 

the completion of metamorphosis were ~800 and ~1,700 ng/g for the low and high diets, 

respectively, which is similar to concentrations found in free-ranging American toad larvae from 

contaminated portions of our study site (~2,100 ng/g at GS 28-32) (15). We found both maternal 

and dietary Hg exposure independently produced negative, but different, sublethal effects on 

larval development.  Most importantly, the latent effects of maternal exposure to Hg combined 

with high dietary Hg exposure later in ontogeny had lethal effects in larvae. 

The transfer of Hg from mother to offspring and resulting effects have been well 

documented in several species (11), but less is known about effects that manifest in offspring 

later in life. We found maternal exposure negatively affected growth, duration of metamorphic 

climax, and swimming performance in American toad larvae.  Larvae from Hg-exposed mothers 

were smaller than larvae from reference mothers at the onset of metamorphic climax. However, 

maternal Hg exposure did not affect mass at the completion of metamorphosis due to the high 

mortality of small individuals from Hg-exposed mothers, but not from reference mothers, during 

metamorphic climax. In addition, maternal Hg exposure increased the duration of metamorphic 

climax, a period of increased vulnerability for immunological (23), energetic (24), and ecological 

(25) reasons, by ~ 1 day compared to larvae from reference mothers which may increase 

mortality risk in natural settings. Unrine et al. (26) also found increased tail resorption time in 

leopard frog larvae fed Hg diets and suggested that Hg may inhibit the thyroid axis, which is 

known to play an important role in metamorphic climax (27). Lastly, swimming performance 

was negatively affected by maternal Hg exposure which could impair foraging efficiency and 

increase predation risk in nature. Mercury is known to affect behavior and performance in fish 
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(28), but only one study has investigated the effects of maternal transfer of Hg on behavior (29). 

Our study is one of the first to investigate the effects of Hg on performance in amphibians (but 

see (30)).  Here, metamorphs from Hg-exposed mothers did not have elevated tissue 

concentrations due to dilution of maternally transferred Hg during growth. In addition, effects of 

maternal Hg-exposure on performance were independent of larval body size and developmental 

stage.  Because Hg is a neurotoxicant and suspected endocrine disruptor (9, 10), the effects we 

observed were likely caused by physiological or neurological changes during embryonic 

development but were detectable during later larval development. 

Dietary exposure alone negatively affected larval size at the onset and completion of 

metamorphic climax, but did not affect any other measured traits. Individuals fed the high Hg 

diet were smaller than those fed the control diet at GS 42 and 46, respectively. Reduced 

amphibian size at metamorphosis is linked to adverse effects on fitness-related traits, including 

survival, body size/age at first reproduction, and fecundity (e.g., 31) . Because of the strong 

influence of size, an important next step will be to determine whether small body size at 

metamorphosis in Hg-exposed individuals affects post-metamorphic growth and survival in the 

terrestrial environment. Interestingly, in a similar study investigating the effects of dietary Hg on 

leopard frog larvae (18, 26), adverse effects on development and decreased survival were 

observed at THg concentrations (236 and 412 ng/g) much lower than the concentrations where 

effects were observed in our study. These differences may be due to differences in sensitivity or 

length of larval period between species.  

We demonstrated that the sublethal, latent effects of maternal Hg exposure interacted 

with the sublethal effects of high dietary Hg exposure to reduce survival in amphibian larvae. 

The combination of maternal and dietary exposure to environmentally relevant Hg 
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concentrations had lethal consequences; larvae experienced a 125% increase in mortality during 

metamorphic climax and a 50% decrease in overall metamorphic success compared to larvae 

from reference mothers fed the control diet. Until the onset of metamorphic climax, larval 

survival in all treatments was high, but metamorphic climax is a critical and sensitive stage in the 

life history of amphibians. Our findings support the hypothesis that metamorphic climax may be 

a period which is sensitive to the remobilization of Hg from tissues into circulation during tail 

resorption (26) due to the extensive morphological, physiological, and behavioral changes that 

occur as animals prepare for the transition to terrestrial life.  Further, timing of mortality can 

have important implications for amphibian population dynamics. In some cases, mortality of 

eggs or larvae can have slight, or even positive effects on amphibian populations because they 

release surviving larvae from the detrimental effects of intraspecific competition (e.g., 32). In our 

study, mortality occurred during metamorphic climax, suggesting larvae in the natural 

environment may suffer from both density-dependent effects of competition and density-

independent effects of contaminant exposure. 

Although immediate effects of the maternal transfer of contaminants on early 

development are well studied, there are fewer investigations into potential latent and long term 

effects, and even fewer on interactions with environmental exposures through ontogeny. We 

found the majority of the significant sublethal effects in amphibians resulted from maternal Hg 

exposure, and the latency of these maternal effects is not surprising due to the effects of 

transferred contaminants on key organizational events that occur early in ontogeny (1).  

However, these negative maternal effects are of great importance to the field of ecotoxicology 

because studies often examine the effects of environmental contaminants using organisms from 

reference sites, ignoring maternal contaminant exposure. Our findings emphasize the importance 
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of investigating environmentally relevant routes of contaminant exposure over multiple early life 

stages because studies based on single routes of exposure or single life stages may underestimate 

the severity of adverse effects, potentially having widespread implications for both wildlife and 

human health (33). Futhermore, future studies investigating a greater number of intermediate 

concentrations of maternal and dietary Hg exposures in amphibians could help to identify the 

lowest exposure concentrations causing interactive effects and potentially aid in identifying the 

route of toxicity. In our study, amphibian larvae were raised individually, but further studies are 

necessary to determine whether embryonic exposure to maternally-derived Hg and/or larval 

dietary exposure have different effects in more complex environments, such as in the presence of 

competitors or predators. Additionally, investigating how different contaminant exposure routes 

impact the terrestrial juvenile stage will ultimately aid in predicting their effects on amphibian 

population dynamics.   
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Figure 6.1: Whole body mercury (Hg) concentrations (ng/g, dry weight; inorganic mercury 
[HgII] and methylmercury [MMHg]) and the percent of the total Hg that is MMHg (% MMHg) 
in American toad metamorphs from the 2 X 3 factorial design of maternal Hg exposure 
(reference [Ref] and Hg-exposed [Hg]) and the three diet treatments (control, low Hg, and high 
Hg). Error bars represent the standard error of the mean. 
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Figure 6.2: Components of the multivariate analysis of variance for American toad larvae from 
the 2 X 3 factorial design of maternal mercury (Hg) exposure (reference females and Hg-exposed 
females) and the three diet treatments (control, low Hg, and high Hg). (A) Mass at Gosner stage 
(GS) 42, front limb emergence (B) Mass at GS 46, completion of metamorphosis, (C) Tail 
resorption time (GS 42 to GS 46). Error bars represent the standard error of the mean. 
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Figure 6.3: Larval swimming performance of American toads from the 2 X 3 factorial design of 
maternal mercury (Hg) exposure (reference females and Hg-exposed females) and the three diet 
treatments (control, low Hg, and high Hg). (A) velocity (m/s) and (B) responsiveness (prods/m). 
Error bars represent the standard error of the mean. 
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Figure 6.4:  (A) Percent of American toads successfully completing metamorphosis and (B) the 
percent of mortalities during metamorphic climax from the 2 X 3 factorial design of maternal 
mercury (Hg) exposure (reference females and Hg-exposed females) and the three diet 
treatments (control, low Hg, and high Hg). Asterisks (*) denote a significant difference from the 
treatment reference females fed control diet.  
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Supporting Information Materials and Methods 

Experimental diet formulation 
 

We attained total mercury (THg) concentrations in the diets by adding mercury (II) 

chloride and methylmercury (II) chloride based on equations in Unrine and Jagoe (1). Briefly, we 

ground and homogenized dry components (vitamin-enriched rabbit pellets [Classic Blend Rabbit 

Food, L/M Animal Farms, Pleasant Plain, OH, USA; 218 g], trout pellets [Aquamax Grower 

600, PMI Nutrition International, Brentwood, MO, USA; 218 g], fish flakes [TetraMin, Tetra, 

Blacksburg, VA, USA; 32 g], and algae powder [SeraMicron, Sera, Abington, PA; 32 g]). We 

added ethanol (95%) with or without Hg to the dry components, homogenized, and dried the 

mixture under a fume hood. Once dry, we combined nanopure water (750 ml), agar (20 g), and 

gelatin (14 g) while stirring and heating the solution to ~70ºC on a hot plate. We poured this 

solution over the dry components, mixed until homogenized, and cooled. We stored 

experimental diets in a -80ºC freezer. We prepared uniform rations by pressing the thawed diet 

out of a syringe and cutting into equal lengths of known masses. The coefficient of variation of 

mass for diet pieces averaged 4.9%. 

 
Larval swimming performance 
 

To assess swimming performance (swimming speed and responsiveness to stimuli), we 

used a 1 m long and 3.6 cm wide polyurethane racetrack with 1 cm demarcations down its 

length, filled with dechlorinated water at a depth of 2 cm. The experiment began by placing an 

individual larva in the racetrack corridor covered with a dark, inverted cup. After a 1 min 

acclimation period, we lifted the cup, and recorded the start time when the larva began forward 

progress. Individuals completed three consecutive trials with a 1 min acclimation period between 

each trial. We defined swimming as any conspicuous tail movement, and when forward motion 
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stopped, we gently prodded larvae by touching their tails with a blunt probe to stimulate 

movement. We recorded all trials with a digital video camera (30 frames/s). After recording, an 

observer blind to treatments viewed and analyzed trials using Adobe® Premiere Pro CS3. To 

determine overall swimming performance, we calculated speed as the time required to swim one 

complete m (m/sec) and responsiveness as number of prods required for the larva to reach 1 m. 

We calculated time to 1 m as net movement and only included portions of the trial during which 

the larva was swimming. 

 
Total mercury analysis 
 

We analyzed samples 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 (U.S. EPA) method 7473 (2).  For quality 

assurance, each group of 10 to 15 samples included a replicate, blank, and standard reference 

material (SRM; DORM-3 fish protein and DOLT-3 or DOLT-4 dogfish liver [National Research 

Council of Canada, Ottawa, ON]). We calibrated the instrument using solid SRMs (DORM-3 

and DOLT-3 or DOLT-4). Method detection limits (MDLs; 3 times standard deviation of 

procedural blanks) for samples were 0.39 ng, and all samples had THg concentrations that 

exceeded the limit. Average relative percent differences (RPD) between replicate sample 

analyses were 7.42 ± 2.74 % (n=11). Mean percent recoveries of THg for the SRMs, DORM-3, 

DOLT-3 and DOLT-4 were 107.82 ± 1.15 % (n=23), 99.66 ± 0.51 % (n=12), and 99.46 ± 0.53 % 

(n=10), respectively.  
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Methlymercury analysis 

We analyzed samples for methlymercury (MMHg) using acidic thiourea leaching and 

Hg-thiourea liquid chromatography coupled to cold vapor atomic fluorescence spectrometry 

(HgTu/LCCVAFS) (3). This method separates monomethyl (CH3Hg+) from mercuric (HgII) 

mercury by the charges on their respective thiourea complexes; online cold-vapor generation 

follows separation with an instrument detection limit of 4 pg/g for MMHg and 7 pg/g HgII (for a 

100 mg sample). For our samples, average RPD between replicate sample analyses were 3.94 ± 

0.69 % for MMHg and 6.26 ± 2.22 % for HgII (n=6). Mean percent recoveries of MMHg and 

HgII for matrix spikes were 92.85 ± 0.58 % and 103.40 ± 2.50 % (n=6), respectively. Also, mean 

percent recoveries for the SRMs, DOLT-3 (n=3) and BCR-463 (tuna fish [Institute for Reference 

Materials and Measurements, Geel, Belgium]) (n=3) were 98.97 ± 4.32 % and 99.00 ± 4.54 % 

for MMHg and 104.43 ± 5.81 % and 101.37 ± 4.46 % for THg.  

 

Supporting Information References 

1. Unrine JM, Jagoe CH (2004) Dietary mercury exposure and bioaccumulation in southern 

leopard frog (Rana sphenocephala) larvae. Environ Toxicol Chem 23(12):2956-2963. 

2. USEPA (1998) Method 7473: Mercury in solids and solutions by thermal decomposition, 

amalgamation, and atomic absorption spectrometry.  (Washington, D.C., USA), pp 1-15. 

3. Shade CW (2008) Automated simultaneous analysis of monomethyl and mercuric Hg in 

biotic samples by Hg-thiourea complex liquid chromatography following acidic thiourea 

leaching. Environ Sci Technol 42(17):6604-6610. 
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Figure 6.S1: Larval duration (days from the beginning of experiment to GS 42, front limb 
emergence) in American toad larvae from the 2 X 3 factorial design of maternal mercury (Hg) 
exposure (reference females and Hg-exposed females) and the three diet treatments (control, low 
Hg, and high Hg).  
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Chapter 7: Conclusions and Future Directions 

 

Amphibian declines have been documented worldwide and have been touted as the 

Earth’s sixth mass extinction (Wake and Vredenburg, 2008).  Environmental contamination 

ranks second only to habitat loss and degradation as the most common risk to amphibian 

populations (IUCN, 2011).  Since the early 1990s, when the problem of global amphibian 

declines was initially recognized, there has been an increase in the number of studies of 

amphibians and contaminants (Sparling et al., 2010).  However, studies on the ecological effects 

of contaminants in amphibians have focused primarily on organic pollutants (e.g., pesticides, 

herbicides, and fungicides) and there has been comparatively little research on the ecological 

effects of metals (Hopkins and Rowe, 2010).  While modern synthetic chemicals are often 

formulated to target specific organisms and degrade in the environment, metal contamination is 

often the widespread result of human industrial activity and metals usually do not readily 

degrade in the environment (Hopkins and Rowe, 2010).  These factors can result in risk of 

chronic metal exposure in wildlife. One such metal of concern is mercury (Hg) due to its 

ubiquity, toxicity, and ability to bioaccumulate and biomagnify in food webs.  However, the 

toxic effects of Hg bioaccumulation in amphibians has received little attention compared to fish, 

birds, and mammals (Scheuhammer et al., 2007). 

During my dissertation research, I used a pluralistic approach which combined field 

studies and manipulative laboratory and mesocosm experiments to examine the bioaccumulation 

and ecological effects of environmentally relevant Hg exposure routes acting at various early life 

stages in amphibians. By collecting amphibians in the field at the Hg-contaminated South River, 

VA, I confirmed that amphibians can bioaccumulate sufficient levels of Hg to warrant concern 
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(Chapter 2) and females maternally transfer accumulated Hg to their eggs (Chapter 3).  Through 

laboratory observations and mesocosm experiments, I examined the short and long-term effects 

of maternal contaminant exposure on offspring, and found the negative effects of maternal Hg 

exposure manifested either immediately at the embryonic stage or later during the larval stage, 

depending on the year in which the study was conducted (Chapters 4 and 5).  Lastly, using a 

factorial laboratory experiment, I examined whether the latent effects of maternal transfer of 

contaminants manifests differently depending on the environment in which offspring develop, 

and found both maternal and dietary Hg exposure independently produced negative, but 

different, sublethal effects on larval development. Most importantly, maternal exposure to Hg 

combined with high dietary Hg exposure later in ontogeny had a lethal effect in larvae (Chapter 

6).   

 

Important implications from this research 

Although ecological research often focuses on effects of aqueous or dietary exposure to a 

contaminant, the maternal effects of contamination represent an additional important route for 

toxicological effects in organisms. However, there are few studies which account for parental 

exposure in their design, despite the fact that maternal transfer of contaminants can have 

negative effects on vertebrate embryonic development.  In fact, many researchers go to great 

lengths to find “clean” or “pristine” sites to obtain their study species and then apply their 

treatments.  I observed adverse lethal and sublethal effects of maternal Hg exposure throughout 

early amphibian development.  This research, along with other recent studies (e.g., Eisenreich et 

al., 2009, Nye et al., 2007) which find strong effects of maternal contaminant exposure compared 

to dietary or direct environmental exposure, stresses the importance of considering parental 
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conditions to prevent potentially underestimating contaminant effects.  Conversely, another 

important option to consider is that maternal exposure to Hg could convey increased resistance to 

Hg pollution as observed in some wild fish populations (Crump and Trudeau, 2009).  In addition, 

few studies focus on the latent or long-term effects of contaminant exposure early in 

development and how this exposure may interact with exposure pathways later in life.  In 

amphibians, I found maternal Hg exposure interacted with high dietary exposure during the 

larval phase to have a lethal effect in late-stage larvae. This research supports the growing 

literature in fish, wildlife, and humans on the long-term importance and broad implications of 

maternal effects, especially the maternal transfer of contaminants.   

 A major challenge in environmental toxicology and conservation is making the 

connection between laboratory findings and effects observed in wild populations.  For 

amphibians, the complex life cycles of many species raise unique, context-dependent challenges 

regarding contamination in aquatic verses terrestrial habitats. Despite these challenges, I was 

able to gain environmentally realistic information regarding the effects of Hg on amphibians by 

using a varied approach.  Through a combination of field and laboratory approaches, I was able 

to explore the linkages between Hg body burdens and effects at environmentally realistic Hg 

concentrations and influences on individual fitness through multiple life stages.  This holistic 

perspective resulted in data that could be used to model the effects of Hg on amphibian 

populations.  In future research, pluralistic and interdisciplinary approaches similar to the ones 

used in this dissertation will be required to solve the multifaceted conservation problems facing 

amphibians. 
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Recent directions using this research as a foundation 

There is great need for future research in amphibian ecotoxicology concentrating on the 

terrestrial life stages of amphibian development.  Most studies on amphibians and contaminants 

have focused solely on the aquatic portion of the amphibian life cycle because embryos and 

larvae are easily maintained and manipulated in the laboratory, and it is often assumed that 

sublethal effects observed in larvae persist to affect survival and reproduction in the terrestrial 

stages (Todd et al., In press).  The embryonic and larval stages are important considering the 

developmental changes occurring during this time period, and studies often find that early life-

stages are most sensitive to contaminants.  However, studies that concentrate solely on the 

aquatic life stages may overlook latent effects of contaminants that appear later in ontogeny after 

previous exposure (e.g., Budischak et al., 2008, Rohr and Palmer, 2005).  In addition, 

amphibians, like many organisms, have evolved life history tactics with large variability in 

survival of early life-stages.  For these species, survival in the juvenile or adult stage, may be 

most important to population dynamics and viability (Biek et al., 2002, Schmidt et al., 2005, 

Vonesh and De la Cruz, 2002), but few ecotoxicological studies with amphibians have extended 

into the terrestrial stage (but see Boone, 2005).  My dissertation research laid the foundation for a 

terrestrial enclosure study (Todd et al., In press) examining whether maternal or dietary Hg 

exposure in larval American toads had any adverse effects in the terrestrial environment 

following metamorphosis or the onset of latent effects not previously observed. Todd et al. (In 

press) found the size difference at metamorphosis in animals exposed to maternal Hg exposure 

persisted for one year in the terrestrial environment indicating that adverse effects of Hg 

observed in larval amphibians may persist to affect later terrestrial life stages. However, no novel 

adverse effects developed during a year of growth in an uncontaminated terrestrial environment 
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and no overall differences in survival to one year of age were observed.  These results reiterate 

the importance of maternal Hg exposure and the need to consider the maternal effects of 

maternal contaminant exposure in amphibian ecotoxicology. 

Additionally, a major challenge in amphibian conservation is relating adverse effects 

observed at individual life stages to population dynamics and viability (Beebee and Griffiths, 

2005). Like this dissertation research, most ecotoxicological risk assessments measure effects on 

individual organisms (e.g., growth, survival, or reproductive output) at single life stages, but the 

ultimate goal of these assessments is generally to maintain viable populations (Kramer et al., 

2011). A key issue regarding the lack of studies is that conducting replicated experiments at the 

population level is generally not logistically feasible. However, developing mechanistic linkages 

across multiple levels of biological organization (from the molecular level to ecosystem level) 

would allow us to comprehensively understand how organisms are affected by environmental 

contaminants.  Recently, Willson et al. (In review) used a demographic population model to 

investigate the effects of Hg acting throughout the ontogeny of American toads on their 

population dynamics by synthesizing the field, laboratory, mesocosm, and terrestrial enclosure 

studies from my dissertation research (Chapters 3-6) and studies conducted by Todd et al. 

(2011a, In press, 2011b).  To our knowledge, this is the first study to model individual-level 

effects of contaminants detected experimentally to amphibian population dynamics.  Model 

simulation and sensitivity analyses demonstrated that exposure to Hg through maternal transfer 

or larval diet, alone, had minor effects on population viability (population size and extinction 

probability).  However, the elevated mortality at metamorphic climax observed in individuals 

exposed to Hg both maternally and trophically results in reduced adult population size and 

increased extinction risk.  These results suggest that the timing of effects may have important 
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consequences for population dynamics and further emphasizes the importance studying the post-

metamorphic life stages in amphibians. 

 

Future directions 

There are many important questions that remain unanswered and potential future 

directions for research regarding the accumulation, maternal transfer, and adverse effects of Hg 

in amphibians to be resolved in other systems.  One important question that may inform the 

potential effectiveness of remediation efforts because it could span multiple environments (i.e., 

aquatic versus terrestrial) includes whether females transfer Hg from their body burden stores or 

from recent dietary uptake while provisioning their eggs. Hammerschmidt and Sandheinrich 

(2005) found that the maternal diet of adult fathead minnows (Pimephales promelas), and not the 

adult body burden, was the principle source of Hg in fish eggs. However, the maternal source 

may vary depending on species even within a vertebrate class. For example, the pattern of 

accumulation and maternal transfer may differ for wood frogs (Rana sylvatica) that lay their eggs 

very soon after coming out of hibernation compared to green frogs (Rana clamitans) that lay 

their eggs much later in the season.  Experimentally, this could be investigated using a diet study 

by feeding adults different stable isotopes of Hg before and after overwintering and observing 

which isotope is transferred to their eggs, however, the feasibility of this may be low as wild 

amphibians may not readily breed and produce eggs in captivity.  

We also know very little about species sensitivity differences to Hg toxicity among 

amphibians. For example, whole-body Hg concentrations in larval wood frogs exceeded those 

associated with increased mortality, malformation, and/or delayed development in American 

toads (this study) and southern leopard frogs, Rana sphenocephala (Unrine et al., 2004), 
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however no adverse effects of Hg on development, survival, performance, or whole-body thyroid 

hormone concentrations were observed in wood frogs (Wada et al., 2011).  I hypothesized that 

the effects observed from the maternal transfer of Hg in American toads may be conservative 

compared to other species, but we did observe negative effects of maternal transfer in the 

embryonic and larval stages. However, while Hg concentrations were higher in the eggs of 

spotted salamanders (Ambystoma maculatum), there was no observed negative effects of 

maternal transfer in spotted salamanders (Bergeron and Hopkins, unpublished data).  This was 

surprising because spotted salamanders have a longer lifespan so they can accumulate more Hg 

and have a much longer embryonic period allowing the transferred Hg potentially more time to 

disrupt embryonic development. The limited data available for Hg effects on amphibian species 

suggest there may be large interspecies variation in Hg sensitivity that needs further research 

attention. 

In general, the importance of maternal effects on offspring health and development has 

received considerably more attention recently (Mousseau et al., 2009), but we still know very 

little about how potential paternal effects may affect offspring. In my research, I examined the 

effects of maternal transfer of Hg on female reproductive success and the subsequent 

development of their offspring, ignoring any effects of contaminant exposure on males.  

Disruption of testicular function has been observed in fish exposed to environmentally relevant 

concentrations of Hg (Crump and Trudeau, 2009), but the question of whether contaminant 

exposure affects male reproductive success and their offspring remains largely unexplored in fish 

and wildlife. There is evidence to suggest that contaminant exposure in males deserves further 

research attention.  For example, Marteinson et al. (2010, 2011) found adult male American 

kestrels (Falco sparverius) exposed embryonically to environmentally relevant polybrominated 
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diphenylethers (PBDEs) affected their reproductive physiology and behavior which lead to 

decreased reproductive success when paired with unexposed females.  In amphibians, 

experimental crosses with contaminated females and males paired with reference females and 

males may help disentangle negative maternal versus paternal effects due to contaminant 

exposure. 

Few studies of maternal effects in vertebrates have followed offspring over time or 

through critical life history transitions, especially under varied ecological or environmental 

conditions typical of natural habitats.  Thus, another area of research that warrants further 

attention is the effect of biotic and abiotic factors on the toxicity of Hg.  For example, in a 

companion study, Todd et al. (2011a) fed amphibian larvae raised communally greater food 

rationing (9% of body mass per day) than those raised individually (6% of body mass per day) in 

Chapter 6, and found larvae feed greater amounts of food attained larger sizes and accumulated 

more Hg.  However, only a marginal effect of diet on survival was observed compared to the 

study in Chapter 6 where significantly increased mortality was observed in the interaction of 

maternally exposed larvae fed high dietary Hg.  This greater food rationing may have masked 

some of the physiological deficits that were evident with more restrictive rationing. An 

experiment that examined differing levels of ration size and con-specific competition would 

further inform whether these factors affect Hg toxicity. In addition to food availability and 

competitors, the effects of predators (but see Todd et al., 2011b) and other factors that affect 

timing of development (i.e., temperature) on Hg toxicity require more attention. 

For conserving species, it is important to determine how Hg affects populations, but it is 

also important to examine processes within the individual level of organization to gain a better 

understanding of the mechanisms of Hg toxicity.  Historically, research on the health-effects of 
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Hg has focused on neurological outcomes of exposure, but recent research has explored the 

effects of Hg on the endocrine system (Tan et al., 2009).  Weiner and Spry (1996) concluded that 

reduced reproductive success was the most plausible effect of Hg on wild-fish populations at 

current exposure levels in aquatic ecosystems, but the mechanistic effects of Hg on reproduction 

remain unclear (Crump and Trudeau, 2009).  Whether the mechanisms of toxicity are similar for 

amphibians and fish or other wildlife is unknown.  An important question to explore in in all of 

these animals is how maternal transfer of Hg may affect the development of sensitive 

physiological systems such as the nervous, immune, and especially endocrine system since Hg is 

a suspected endocrine disrupter.   

 

This research lends further support that the maternal environment can greatly influence 

reproductive conditions and both the immediate and long-term development of offspring. 

Amphibians are excellent model organisms for examining developmental effects of contaminants 

in vertebrates and are valuable in investigating the growing number of contaminants of concern 

with potential reproductive effects in fish, wildlife, and humans.  I observed that maternal 

transfer of the environmental contaminant, Hg, interacting with later environmental exposure 

may be one mechanism of impaired reproductive success contributing to worldwide amphibian 

population declines.  While I found negative sublethal effects of Hg from both maternal and 

dietary exposure separately, it was only the combination of the two exposure routes that 

produced drastic lethal effects.  This is important information when considering conservation 

efforts of biphasic organisms like amphibians.  Negative effects on individuals and potentially 

the population could be mitigated by restoring one habitat (e.g., terrestrial or aquatic) and 

eliminating one route of exposure.  Because amphibians are important components of many 
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terrestrial and aquatic ecosystems, it is important to continue investigating the negative impacts 

of contaminants on amphibian declines. A future research priority should be to investigate 

whether environmentally realistic concentrations of other persistent, bioaccumulative 

contaminants produce similar results singularly and in environmentally relevant combinations.   
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