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Abstract
Globally, human activities have resulted in rapid environmental changes that present 
unique challenges for wildlife. However, investigations of local adaptation in response 
to simultaneous exposure to multiple anthropogenic selection pressures are rare and 
often generate conflicting results. We used an in situ reciprocal transplant design 
within a quantitative genetic framework to examine how adaptive evolution and phe-
notypic plasticity contribute to the persistence of an amphibian population inhabiting 
an environment characterized by high levels of multiple toxic trace elements. We 
found evidence of phenotypic divergence that is largely consistent with local ad-
aptation to an environment contaminated with multiple chemical stressors, tied to 
potential trade- offs in the absence of contaminants. Specifically, the population de-
rived from the contaminated environment had a reduced risk of mortality and greater 
larval growth and in the contaminated environment, relative to offspring from the 
naïve population. Further, while survival in the uncontaminated environment was not 
compromised in offspring from the contaminant- exposed population, they did show 
delayed development and reduced growth rates over larval development, relative to 
the naïve population. We found no evidence of reduced additive genetic variation in 
the contaminant- exposed population, suggesting long- term selection in a novel envi-
ronment has not reduced the evolutionary potential of that population. We also saw 
little evidence that past selection in the ASH environment had reduced trait plasticity 
in the resident population. Maternal effects were prominent in early development, 
but we did not detect any trends suggesting these effects were associated with the 
maternal transfer of toxic trace elements. Our results demonstrate the potential for 
adaptation to multiple contaminants in a wild amphibian population, which may have 
facilitated long- term persistence in a heavily impacted environment.
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1  | INTRODUC TION

Human- induced environmental change has modified ecosystems on 
a global scale and presents challenges for the persistence of wildlife 
populations (Vitousek et al., 1997). Specifically, habitat degrada-
tion can create novel, stressful environments beyond the range of 
conditions to which many organisms are adapted (Sih et al., 2011). 
When faced with novel stressors, populations can decline and go 
locally extinct if fitness is severely reduced (Butchart et al., 2010). 
Alternatively, organisms can respond by migrating to more favorable 
habitats or improving their fitness in the environment via local adap-
tation or phenotypic plasticity. These responses are not mutually ex-
clusive, and current theories offer conflicting predictions about how 
interactions among them could influence the evolutionary process 
(Ghalambor et al., 2007; Levis & Pfennig, 2016). Specifically, adap-
tive plasticity is predicted to either hinder (Ancel, 2000; Price et al., 
2003) or facilitate (Chevin et al., 2010; Lande, 2009; Waddington, 
1953; West- Eberhard, 2003) local adaptation.

One of the most pervasive contributors to human- induced envi-
ronmental change is the chemical contamination of habitats (Nelson, 
2005). Laboratory studies suggest that chemical stressors can neg-
atively affect traits associated with survival and fitness (Carey & 
Bryant, 1995; Egea- Serrano et al., 2012). Evolutionary responses to 
chemically contaminated environments can facilitate the persistence 
of populations by reducing the fitness costs typically incurred when 
local conditions differ from those historically experienced (Meyer 
& Di Giulio, 2003). Specifically, if selection for tolerance to chem-
ical contaminants leads to local adaptation, we would expect the 
selected population to have greater fitness under those conditions 
than a naïve population (Hereford, 2009; Kawecki & Ebert, 2004). 
However, such adaptation is often associated with life history trade- 
offs (Futuyma & Moreno, 1988; Stearns, 1992) that can have implica-
tions for long- term population viability. For example, in the absence 
of the chemical stressor, populations that have evolved tolerance 
to those stressors can coincide with reductions in fitness (Shirley 
& Sibly, 1999; Xie & Klerks, 2004) and fitness- related traits, includ-
ing resistance to infection (Hua et al., 2017), growth (Shirley & Sibly, 
1999), and development (Xie & Klerks, 2004). Thus, while popula-
tions may adapt to chemical contaminants, the costs incurred could 
negatively affect their long- term viability.

Genetic adaptation to novel environments is contingent on 
sufficient genetic variation in the traits under selection. A number 
of studies have reported extensive within-  and among- population 
variation in susceptibility to environmental contaminants, which 
suggests there is genetic variation in contaminant tolerance in wild 
populations (Barata et al., 2002; Bridges & Semlitsch, 2000; Flynn 
et al., 2015, 2019; Lance et al., 2012, 2013; Metts et al., 2012; 
Piola & Johnston, 2006). However, few studies have determined 
whether this variation is heritable, a product of maternal effects, 
and/or a result of phenotypic plasticity or epigenetic responses 
to chemical stressors (but see Bridges & Semlitsch, 2011; Klerks 
& Levinton, 1989; Klerks & Moreau, 2001; Posthuma et al., 1993; 
Räsänen et al., 2003; Roelofs et al., 2006; Semlitsch et al., 2000). 

Further, when heritability is measured, it is often in the context of 
laboratory studies under artificial conditions that do not reflect the 
complex environments experienced by wild populations (reviewed 
in Weigensberg & Roff, 1996). Incorporating reciprocal transplant 
and quantitative genetic approaches in wild populations under field 
conditions is necessary to provide more realistic estimates of phe-
notypic and genetic variation in chemical tolerance and life history 
traits, as well as potential trade- offs associated with tolerance.

In addition to genetic adaptation, phenotypic plasticity may allow 
populations to persist in the presence of novel environments. Plasticity 
can allow individuals to produce a different phenotype in response to 
environmental conditions (West- Eberhard, 2003). Plastic responses to 
environmental variables such as predators (Freeman & Byers, 2006), 
changing temperatures (Walsh et al., 2014) and contaminants (Hua 
et al., 2013) are widespread. In some cases, exposure to stressors, 
such as pesticides or metals, early in development, induces a plastic 
phenotype that has increased tolerance to that stressor later in life 
(Herkovits & Pérez- Coll, 2007; Hua et al., 2013; Lauren & McDonald, 
1987; Tate- Boldt & Kolok, 2008). If the new phenotype improves fit-
ness in the novel environment, then plasticity can provide an initial res-
cue before genetic adaptation and evolutionary rescue (Bell & Collins, 
2008; Chevin et al., 2010). Plasticity may also facilitate local adaptation 
if a broader array of phenotypes are produced for selection to act on, 
especially if maladaptive phenotypes result and are selected against 
(Ghalambor et al., 2007, 2015). However, there remains uncertainty 
over the role of phenotypic plasticity in facilitating genetic adapta-
tion (Ghalambor et al., 2007) and there may be costs and life history 
trade- offs associated with plasticity (Agrawal et al., 2002; Gervasi & 
Foufopoulos, 2008; Relyea, 2002).

Amphibians are an ideal system to assess the relative importance 
of adaptation and plasticity in response to anthropogenic stressors. 
Substantial theoretical (Werner, 1986; Wilbur & Collins, 1973) and em-
pirical (Berven, 1990; Smith- Gill & Berven, 1979) work has examined 
how larval amphibians alter their growth and/or development rates in 
response to local conditions. Amphibians are also susceptible to a num-
ber of factors associated with human- induced environmental change, 
in part due to their unique physiological constraints, limited dispersal 
capability, and high site fidelity (Blaustein et al., 1994). Because many 
amphibians rely on aquatic habitats for larval development and repro-
duction, habitat degradation resulting from chemical contamination is 
of particular concern. Trace element (TE) contaminants, including met-
als and metalloids, are especially common in aquatic environments and 
can lead to multi- generational exposure because, as elements, they do 
not degrade (Linder & Grillitsch, 2000). Exposure to elevated TEs in 
aquatic environments is associated with a broad range of detrimen-
tal effects (Flynn et al., 2015; Hopkins et al., 1999; Lance et al., 2013; 
Metts et al., 2012; Peles, 2013; Rowe et al., 2001; Snodgrass et al., 
2004), but despite these immediate negative impacts on fitness, some 
populations continue to thrive in the presence of these persistent 
stressors (Weis & Weis, 1989).

Here, we focused on an environment impacted by coal fly ash 
(hereafter “coal ash”), a globally pervasive source of TEs. Coal ash is 
often stored in surface impoundments (USEPA, 2010), which also 
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serve as permanent sources of freshwater that are attractive to wild-
life. Wildlife exposed to the ash in these impoundments can experi-
ence reductions in reproduction, survival, and development (Metts 
et al., 2012; Raimondo et al., 1998; Rowe et al., 2001). Given the sus-
ceptibility of amphibian larvae to environmentally relevant levels of 
TEs and the substantial variation in TE tolerance within and among 
populations (Flynn et al., 2019), environmental exposure to coal ash 
could effectively select for TE tolerance. We used a quantitative ge-
netic breeding design in an embryonic common garden study followed 
by a larval reciprocal transplant study. We characterized patterns of 
phenotypic plasticity between a population inhabiting a coal ash dis-
posal site with a nearby population inhabiting an environment without 
a history of contamination to (i) assess evidence of local adaptation 
and life history trade- offs associated with a coal ash- contaminated en-
vironment and (ii) estimate quantitative genetic variation in life history 
traits and their plasticity to make inferences about past selection and 
to assess the future evolutionary potential of the population. Given the 
widespread within- population variation in amphibian tolerance to TEs 
(Flynn et al., 2015, 2019; Lance et al., 2012, 2013) and the fact TEs can 
negatively impact survival and fitness- related traits, we predicted that 
a population subjected to toxic levels of TEs for decades would exhibit 
elevated fitness in that environment relative to a nearby population 
without a history of exposure. We also expected that key life history 
traits in the population resident in this contaminated environment 
would not be as negatively impacted by the chemical stressors as the 
TE naïve population. Lastly, we predicted that this adaptive divergence 
would be associated with trade- offs in the absence of toxic TEs and 
with reduced genetic variation in life history traits due to stabilizing or 
directional selection for tolerance.

2  | METHODS

2.1 | Study species

Southern toads (Anaxyrus terrestris, Bonnaterre) are widely dis-
tributed across the southeastern United States and can be one of 
the most abundant anuran species in wetlands within their range 
(Bennett et al., 1980). Anaxyrus terrestris are indiscriminate breeders, 
using a variety of ephemeral, permanent, natural, and constructed 
aquatic habitats (Gibbons & Semlitsch, 1991; Hopkins et al., 1997; 
Wright & Wright, 1949), and they remain common in areas even in 
the face of severe habitat destruction and urbanization (Bartlett 
& Bartlett, 1999). They can live up to ten years (Ashton & Ashton, 
1988) and reach sexual maturity in 2– 3 years (D. Scott, personal 
communication).

2.2 | Study populations and sites

The study sites consisted of a coal ash disposal site (ASH) and a 
large (>10 acre) temporary wetland, considered the reference site 
(REF), located ~3.0 km from ASH. Both sites are located on the 

United States’ Department of Energy Savannah River Site in Aiken 
County, South Carolina. The ponds at the ASH site were created in 
the 1950s to manage waste from a nearby coal- fired power plant 
(USEPA, 2007). While A. terrestris use these basins for reproduction, 
a relatively low number of metamorphosed individuals are generally 
observed at the site (Rowe et al., 2001). The water chemistry at the 
ASH site differs from natural wetlands (including REF), having ex-
ceedingly high specific conductance, more basic pH (Table S1), and 
low levels of dissolved organic carbon (Rowe et al., 2001). The water, 
sediment, and biofilms at the ASH site also contain highly elevated 
levels of numerous TEs, including arsenic, nickel, and selenium (see 
Table S2; Roe et al., 2005).

Adult A. terrestris living in and around the ASH site (i.e. the ASH 
population) have elevated levels of many TEs, relative to reference 
populations (Table S3; Text S1; Hopkins et al., 1999; Metts et al., 
2012), which can be transferred maternally to offspring (Flynn et al., 
2019; Hopkins et al., 2006). Adults did not differ in size between 
populations (Figure S3; Text S1). We assume that there is little to no 
mixing between animals from REF and ASH (i.e. independent pop-
ulations) based on estimates that ~99% of individuals reside within 
1 km of their breeding site (Semlitsch, 2008).

2.3 | Artificial fertilization design and methods

We captured adult toads at drift fences at both sites as they were mi-
grating to breed between 3/31/14 and 4/10/14. We recorded mass 
and snout- vent length (SVL) for all adults, which were used to calcu-
late body condition indices for each animal. Adults from each pop-
ulation were bred using artificial fertilization methods to produce 
full- sibling/half- sibling families (see Text S2 for detailed methods). 
We used a buffered 4% MS- 222 solution to euthanize males and fe-
males, prior to removing testes and immediately after oviposition, 
respectively. The overall breeding design consisted of 32 sires and 
eight dams per site, divided into four breeding blocks consisting of 
8 sires and two dams each (Figure S1). Breeding within each block 
was fully crossed, which resulted in 16 full- sibling families per block, 
64 full- sibling families per population, and 128 families total. Of 
these families, four crosses from the REF population did not produce 
any viable offspring (see Table S4). This breeding design maximized 
the power to estimate sire effects but limited statistical power to 
estimate dam effects. We preserved a subset of ten eggs from each 
female (except for one female from the REF population due to low 
reproductive output) to take scaled photographs to determine mean 
egg size for each clutch using the program ImageJ (Schneider et al., 
2012).

2.4 | Embryonic common garden study

We reared embryos in the University of Georgia's Savannah River 
Ecology Laboratory's Animal Care Facility before deploying larvae 
to the field. We removed any obviously dead or nondeveloping 
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embryos 24- h postfertilization and then assigned the remain-
ing embryos to two treatments two days postfertilization (ASH: 
4/17/15 and REF: 4/20/15). Treatments consisted of water col-
lected from either the REF or the ASH pond. We used a full 
factorial design that included two source populations × 64 fami-
lies (generated from eight dams and 32 sires from each popula-
tion) × two water treatments × three replicates, for a potential 
of 768 experimental units. However, some crosses did not pro-
duce enough viable offspring to fill any or all of the replicates for 
a given treatment (see Table S4), which resulted in a total of 727 
experimental units. Each replicate corresponded to a shelving unit 
in our climate- controlled Animal Care Facility. Previous research 
in this room has shown that the temperature is consistent verti-
cally but can vary slightly based on distance from the door/HVAC 
unit. Each family- treatment combination was represented once in 
each block. There were too few successfully fertilized eggs from 
some clutch × treatment combinations to fill any or all of the rep-
licates (see Table S4A). We reared groups of embryos (range: 8– 
60) in 0.5- L plastic containers containing 400 ml of water sourced 
from either the REF or ASH sites. By five days postfertilization, 
all embryos had reached Gosner stage 25, (GS25; Gosner, 1960), 
at which time we assessed survivorship before pooling all repli-
cates within a family × treatment and haphazardly sampling ten 
larvae (in some cases fewer when survivorship was low for a fam-
ily × treatment group) to determine mean size (i.e. total length) 
at GS25 for each family × treatment combination in ImageJ from 
scaled photographs. Water samples were taken from a subset of 
experimental units at the start and end of the embryonic study 
to quantify major cations and TEs in the test solutions (Table S5).

2.5 | Larval reciprocal transplant study

Subsets of six larvae (fewer in some cases due to differential fertiliza-
tion success and mortality; see Table S4B) from each family × rear-
ing solution combination from the embryo trial were carried through 
to the field portion of the study. We individually reared these larvae 
to metamorphosis in situ in field enclosures at the site (ASH or REF) 
corresponding to the rearing solution they experienced in embryonic 
development (e.g., individuals reared through embryonic develop-
ment in water collected from the REF environment were continued 
on in the REF environment in the field). We designed the enclosures 
to allow individual rearing of larvae and regular exchange of water 
(see Figure S2 for details). The general design consisted of a 26.5- L 
plastic bin (58 × 41 × 15 cm) into which six smaller 1- L plastic contain-
ers (14.5 × 14.5 × 11.5 cm) were nested. We removed the centers 
of lids and container bottoms of both the small and large contain-
ers and replaced them with nonmetal screen to keep larvae in and 
exclude predators, while allowing for exchange of water, suspended 
sediments, and air with the surrounding environment. The enclosures 
were deployed two weeks prior to the start of the field trial to allow 
the interior of the containers to be colonized with resident algae and 
biofilms to provide a food source for developing larvae.

Field enclosures were grouped into six spatial blocks in each en-
vironment, where one larva from each family (i.e. one replicate) was 
represented in each block. We used a random number generator to 
assign families to containers within each block. Due to low fertil-
ization and survivorship to the larval stage in several families from 
the REF population and an experimental error, offspring from two 
breeding blocks were not used in the field study. This resulted in an 
unbalanced design for the field portion of the study, with 64 families 
represented from the ASH population and 32 from REF. Combined 
with the variable numbers of offspring produced among crosses, the 
total number of larvae used in each population × site combination 
was 184 and 166 for the REF population in REF and ASH sites (350 
total), respectively, and 383 and 345 for the ASH population in REF 
and ASH sites (728 total), respectively.

We transferred larvae to field enclosures two days after all 
surviving larvae reached GS 25 (ASH: 4/25/14, REF: 4/28/14). We 
measured all individuals for early larval size (total length), early lar-
val growth, time to metamorphosis (days), size at metamorphosis 
(SVL and mass), mean growth rate (mg/day), and mortality. Initially, 
we made observations three times per week at which time we ex-
changed water by gently lifting each enclosure up until only ~1 cm 
of water remained and setting it back down. After the first larvae 
began developing visible rear legs, we began checking enclosures 
daily. We also took scaled photos of individual larvae after seven 
days in the field (ASH: 5/2/14, REF: 5/5/14) and again at 21 days (i.e. 
14 days later; ASH: 5/16/14, REF: 5/19/14) to determine early size 
and growth using ImageJ. Individuals were determined to have meta-
morphosed upon the emergence of at least one forelimb (GS42). All 
metamorphic individuals were brought back to the laboratory and 
maintained at 23℃ (±1.5℃) in 0.5- L plastic containers with an un-
bleached paper towel dampened with water from the individual's 
field container. When mortality was observed, the individuals were 
removed and not replaced.

We terminated the field study on 08/07/14 (101st and 104th day 
in the field for REF and ASH populations, respectively) when only 
eight larvae remained unmetamorphosed and had shown no signs of 
further development for several weeks.

Water temperature was recorded hourly using sealed tempera-
ture loggers placed in the bottom of every other field enclosure to 
obtain a temperature profile for every spatial block within each en-
vironment (Figure S5). On 5/2/14 and 6/9/14, we measured pH and 
specific conductance (μS/cm) in two randomly selected bins and the 
surrounding water for a subset of spatial blocks (YSI Pro Plus Quatro 
Field Cable). At the same time, we collected two 14 ml water samples 
at ~4 cm below the water surface (one inside and one outside the 
bins), in every other spatial block, for subsequent analyses of total 
levels of major elements and TEs (Table S6).

2.6 | Metamorphic toad processing protocol

After metamorphic individuals were returned to the laboratory, 
we observed them daily to monitor tail resorption. Two days after 
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individuals reached GS46 (GS46 was determined as <1.0 mm of tail 
remaining), animals were gently blotted dry before being weighed 
(±0.01 mg) and measured for SVL to the nearest 0.5 mm using a 
ruler. We euthanized individuals within 2 min of initial handling by 
immersion in a 4% solution of MS- 222.

2.7 | Sample prep and elemental analysis

To prepare water samples collected in the laboratory and field for 
analysis, we added 140 μl of trace metal- grade nitric acid (HNO3) to 
the 14 ml of each sample in trace element- free certified 15 ml conical 
tubes (VWR®) to yield a final concentration of 1% HNO3. Acidified 
samples were run on an inductively coupled plasma mass spectrom-
eter (ICP- MS, Nexion 300X ICP- MS; Perkin Elmer) for TE (aluminum 
[Al], arsenic [As], barium [Ba], beryllium [Be], cadmium [Cd], cobalt 
[Co], copper [Cu], nickel [Ni], tin [Sb], selenium [Se], strontium [Sr], 
thorium [Th], uranium [U], vanadium [V], and zinc [Zn]) and major 
cations (sodium [Na], calcium [Ca], magnesium [Mg], and potas-
sium [K]).

We prepared liver samples collected from parental toads by 
freeze drying and weighing to the nearest 0.01 mg before digesting 
in tubes with 300 μl HNO3 placed on a heat block at 80℃ for 2 h. 
We also digested reference standards (TORT- 3, National Research 
Council Canada) and blanks for quality control and determination of 
minimum detection limits. Digested samples were diluted with ultra-
pure water before analyzing on ICP- MS (3.33% HNO3 final sample 
concentration). Due to small dry masses associated with the tissue 
samples, only a subset of elements was analyzed.

2.8 | Statistical and quantitative genetic analyses

All statistical analyses were carried out in R (R Core Development 
Team, 2013). We examined differences in water quality (pH, conduc-
tivity, Na, Ca, Mg, and K) and measured TE concentrations between 
environments and among spatial blocks within environments using 
MANOVAs followed by univariate ANOVAs. We also performed 
principal component analysis (PCA; prcomp in stats package; R Core 
Development Team, 2013) with scaling, centering, and varimax ro-
tation to provide a more comprehensive analysis of differences in 
water chemistry within and between rearing environments (Figure 
S4; Table S7).

2.9 | Characterizing effects of population and 
environment on phenotype

We assessed differences in embryonic survival and larval and meta-
morphic traits between populations and rearing environments by 
fitting generalized linear mixed models. Each model included fixed 
effects for population of origin (hereafter “population”), rearing en-
vironment (hereafter “environment”), and their interaction.

Embryonic survival was modeled as a bivariate response of suc-
cesses and failures using a bivariate distribution (family = “multino-
mial2”) in the R package MCMCglmm using weak, noninformative 
parameter expanded priors (Hadfield, 2010, 2019; Text S3). The 
random effects structure included terms for sire, dam, sire x dam, 
and experimental unit. We also included the initial number of viable 
embryos in each experimental unit at the start of the study as a co-
variate, given that it differed among families and experimental units 
due to variation in fertilization success and can influence early sur-
vival (Lance et al., 2013). Initially, mean embryo size for each clutch 
was also included as a covariate but removed from final models as it 
was not significant (pMCMC = 0.310) and did not improve model fit.

When testing for phenotypic differences in larval and metamor-
phic traits, the random effect structure included within- environment 
spatial block and environment- specific terms for sire, dam, and 
sire × dam (glmer in lme4 package; Bates et al., 2015; Text S3). We 
did not include water temperature in our models as we determined 
spatial block was a significant predictor of temperature and there-
fore opted to use block alone as it accounted for spatial differences 
in temperature within environment as well as other microenviron-
mental differences. Continuous response variables were visually 
inspected to confirm data followed an approximately Gaussian dis-
tribution. Larval mortality was modeled as a binary response 
(1 = died prior to metamorphosis, 0 = survived to metamorphosis or 
end of study) using a binomial (logit- link) distribution. Significance of 
fixed effects was determined using Wald- χ2 tests with Type III error 
(car package: ANOVA; Fox & Weisberg, 2011), and pairwise com-
parisons of means were performed using estimated marginal means 
(emmeans package).

We also used Cox's proportional hazard models to test how 
probability of larval mortality varied with population and rearing 
environment. These semi- parametric analyses incorporate a binary 
value for the event (i.e. 0 = survived, 1 = died) and the time to the 
event (i.e. death). First, we examined the overall effects of popu-
lation, environment, and their interaction on mortality risk with a 
model including fixed effects for rearing environment, population of 
origin, and their interaction and spatial block within environment as a 
clustering term. Individuals that survived to the end of the study but 
had not metamorphosed (n = 8) were included as censored obser-
vations. The initial model indicated that hazards deviated substan-
tially from the assumption of proportionality (i.e. varied between 
environments and over time) based on inspection of survival curves, 
Schoenfeld residual plots, and the corresponding goodness- of- fit 
tests (Schoenfeld, 1982; Therneau, 2021; Therneau et al., 2021). 
To mitigate this issue, we split the dataset into two time intervals 
(days 0– 30 and days 31– end of study) based on the above observa-
tions and the need to retain sufficient data for model convergence in 
both intervals. This resulted in two initial models (one for each time 
interval) that better met the proportional hazards assumption (i.e. 
based on Schoenfeld residual plots and associated tests). We also 
examined how the splitting the data at other time points affected 
the results. Briefly, models using splits at 21, 35, and 45 days pro-
duced qualitatively similar results as the day 30 split, with hazard 
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estimates that differ by less than 10%. To test how the probability of 
mortality differed between populations within a given environment, 
we subdivided the data by environment and time interval. Each of 
these subsequent models included population as a fixed effect and 
spatial block as a clustering term. This approach generates hazard 
ratios associated with probability of mortality for a given population 
in a given environment that have a convenient direct interpretation. 
Significant hazard ratios <1 show that the probability of mortality 
is reduced for the ASH population relative to the REF population 
or environment, while those >1 show probability mortality was el-
evated for the ASH population, relative to the REF population. For 
example, a hazard ratio of 0.5 associated with the population term in 
the model would suggest that the probability of mortality of the ASH 
population in that environment was half that of the REF population.

2.10 | Estimating quantitative genetic parameters

To assess quantitative genetic parameters associated with 
population- specific responses of traits in each of the environ-
ments, we conducted additional analyses modeling embryonic, 
larval, and metamorphic traits. Specifically, for each population, 
we fit separate generalized linear mixed models in a Bayesian 
framework using Markov Chain Monte Carlo sampling in the R 
package MCMCglmm (Hadfield, 2010). For continuous traits, we 
used weakly informative priors with inverse- Gamma distributions 
(see Text S3) and optimized each model to ensure adequate mix-
ing and negligible autocorrelation (Hadfield, 2019). Larval mortal-
ity models were fit using probit distribution (family = “threshold”), 
while embryonic survival was modeled as a bivariate trait of dead 
and surviving embryos (family = “multinomial2”). We included 
initial number of viable embryos as a covariate in embryonic sur-
vival models as it improved precision of variance estimates and 
improved model mixing. These models included only the intercept 
as a fixed effect, with a random effects structure including sire, 
dam, sire × dam, and spatial block (Text S3). We estimated causal 
variance components as follows:

Additive genetic (VA), maternal (VM), and nonadditive genetic 
(VD) contributions to total phenotypic variance of traits were 

population-  and rearing environment- specific, with total phenotypic 
variation (VP) expressed as the sum of variances for all random ef-
fects in a given model, including residual variance. We calculated the 
proportion of phenotypic variance explained by each quantitative 
genetic component by dividing VA, VM, and VD by VP, yielding es-
timates of narrow- sense heritability (h2), nongenetic maternal, and 
nonadditive genetic contributions, respectively. These parameters 
were also estimated for the plasticity of traits using the random 
terms for the interactions of rearing environment with sire, dam, and 
sire × dam. The heritability of plasticity, h2

pl
, was calculated following 

the approach of Becker (1964) and Scheiner and Lyman (1989):

where �2
SXE

 is the variance associated with sire (S) between environ-
ments (E). Estimates of maternal and nonadditive genetic contribu-
tions to between environment plasticity were similarly determined 
by substituting (dam × environment –  sire × environment) and 4 
(sire × dam × environment), respectively into the numerator. All 
credible intervals for Bayesian analyses are given as 95% highest 
posterior density intervals (HPDI). We used the MCMC- derived 
slopes and p- values from model “environment” terms (i.e. β- 
estimates) to determine statistical significance, direction, and slope 
of the plastic response of traits to rearing environment.

3  | RESULTS

3.1 | Water quality and chemistry

The aquatic environments at the two sites differed markedly in 
their water chemistries (MANOVA: F1,24 = 7266.2, p < 0.001), but 
there was little variation among spatial blocks within environment 
(MANOVA: F4,24 = 1.2, p = 0.268). Water pH, specific conduct-
ance, Ca, Na, K, and Mg were always greater in ASH than REF, 
and there was relatively little within- environment variation (Figure 
S4; Table S1 for full account). Similarly, TE levels in ASH were ei-
ther greater than or not different from REF, with the exception 
of Zn (Table S2). Principal components analysis revealed the two 
environments differed most along PC1, which was associated with 
pH, conductivity, As, Ba, Ni, Se, and Sr (see Figure S4; Table S7). 
Temperature profiles differed among environments with ASH 
being consistently warmer and having less daily fluctuation in tem-
perature than REF (Figure S5).

3.2 | Phenotypic plasticity and 
population divergence

We quantified phenotypic divergence between populations in the 
following key amphibian life history traits over the course of em-
bryonic and larval development: embryo size, embryo survival, early 
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larval growth, time to and size at metamorphosis, growth rate over 
larval development, and probability of larval mortality. The effects 
of rearing environment, population of origin, and their interaction 
varied by trait, but overall suggest local adaptation of populations to 
their natal aquatic environments as detailed below.

Embryo size differed significantly between populations 
(F1,149 = 184.41, p < 0.001), such that embryos from ASH dams 
were larger than those from REF (Figure S6), even after account-
ing for variation in dam size (dam size: F1,149 = 3.78, p = 0.054). 
Survival through embryonic development was not influenced by 
water source (p = 0.857), population of origin (p = 0.426), or their 
interaction (p = 0.503; Figure S7). Initial number of embryos in 
experimental units had a significant positive effect on survival 
(p = 0.024), but mean embryo size did not. Size at GS25 was af-
fected by rearing solution (Wald- χ2 = 24.51, p < 0.001), but not 
by population of origin (Wald- χ2 = 0.96, p = 0.327, Figure S7). 
However, there was a significant population by rearing solution 
interaction (Wald- χ2 = 23.95, p < 0.001) such that larvae from the 
ASH population were of similar size in both solutions, but REF lar-
vae were larger in the ASH solution. This suggests the effects of 
rearing solution on size at GS25 are dependent on population of 
origin.

Survival through larval development in the REF environment 
was high and nearly identical for both populations (75.5% for REF 
vs. 75.1% for ASH). In the ASH environment, survival to metamor-
phosis was significantly reduced for both populations (57% for 
REF vs. 66% for ASH), although the difference in survival between 
populations was not statistically significant when only consider-
ing mortality. Using Cox proportional hazard models incorporating 
not only mortality, but when mortality occurred, we found that 
risk of mortality was not affected by population or rearing envi-
ronment during the first 30 days of development, but over the 
remaining 74 days, a significant population × environment inter-
action suggested the mortality risk of the ASH population in the 
ASH environment was lower than expected based on main effects 
of population and environment (hazard ratio = 0.13, p = 0.033; 
Figure 1). Therefore, we split the dataset by rearing environment 
for each time interval for further analysis. These models showed 
the risk of mortality did not differ between populations in either 
environment during the first time interval (i.e. days 0– 30). When 
examining the second time interval (i.e. days 31– 104), the risk of 
mortality only differed in the ASH environment, where the ASH 
population was 30% less likely to experience mortality than the 
REF population (hazard ratio = 0.31, p < 0.001).

The effect of rearing environment on early larval growth (i.e. 
change in size between days 7 and 21) was dependent on popula-
tion of origin (Wald- χ2 = 31.85, p < 0.001). While REF larvae grew 
similarly in both environments, individuals from the ASH population 
displayed considerable plasticity (Figure 2a). Specifically, ASH lar-
vae grew more rapidly in the ASH environment and less rapidly in 
the REF environment, relative to individuals from the REF popula-
tion. Initially, larvae from both populations were larger in the ASH 
environment than REF (day 7: Wald- χ2 = 40.54, p < 0.001; day 21: 

Wald- χ2 = 8.71, p = 0.003, Figure 2b). However, ASH larvae reared 
in the ASH environment were smaller than REF larvae reared in ASH 
at day 7 (p = 0.036; Figure 2b) but had caught up in size by the end 
of this period (day 21: p = 0.531; Figure 2c).

Being reared in the ASH environment delayed development 
for both populations (Wald- χ2 = 8.89, p = 0.003). However, in the 
REF environment, the REF population developed more rapidly than 
did the ASH population (p = 0.030; Figure 2d), with the slopes of 
reaction norms trending toward being significantly different be-
tween populations (Wald- χ2 = 3.33, p = 0.068). Size at metamor-
phosis (SVL) did not differ by population of origin (Wald- χ2 = 0.12, 
p = 0.727) or rearing environment (Wald- χ2 = 0.09, p = 0.768), and 
there was no evidence of a population by environment interaction 
(Wald- χ2 = 0.004, p = 0.947, Figure 2e). Though not reported, we 
ran models using mass at metamorphosis as the response variable, 
which generated similar results.

Growth rate over the entire developmental period (mg/day) 
was significantly greater in the REF population (Wald- χ2 = 6.37, 
p = 0.011) and the REF environment (Wald- χ2 = 5.40, p = 0.020, 
Figure 2f). Keeping in line with observed differences in time to meta-
morphosis, pairwise comparisons showed that the growth rate of the 
REF population was significantly greater than the ASH population 
only when reared in the REF environment (Figure 2f).

3.3 | Quantitative genetic variation in life history 
traits and their plasticity

Additive genetic, maternal, and nonadditive genetic effects 
are reported in Table 1 (see Table S8 for raw variances). Most 
traits showed low to moderate heritability; however, heritabil-
ity estimates for survival through embryonic development and 

F I G U R E  1   Survival curves describing the cumulative probability 
of mortality over the course of the study. In the REF environment 
(solid lines), both populations had a similar probability of mortality. 
The ASH environment (dashed lines) increased the probability of 
mortality; however, the extent of this increase was dependent 
on the population of origin and interval of time over which 
observations were made

https://en.wikipedia.org/wiki/Chi_(letter)
https://en.wikipedia.org/wiki/Chi_(letter)
https://en.wikipedia.org/wiki/Chi_(letter)
https://en.wikipedia.org/wiki/Chi_(letter)
https://en.wikipedia.org/wiki/Chi_(letter)
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probability of metamorphosis were negligible (i.e. low estimates 
with credible intervals including zero; Table 1; see Table S8 raw 
variances). Across traits, estimates of nonadditive genetic vari-
ance were generally similar to those for heritability (Table 1). By 
contrast, maternal effects not overlapping zero were only detect-
able in traits tied to embryonic development, namely embryonic 
survival and size at GS25 (Table 1).

There was no evidence additive genetic, maternal, or nonaddi-
tive genetic variance differed between populations and rearing en-
vironments, although the credible intervals associated with these 
estimates were large (Table 1). For most traits, heritability estimates 
were similar among populations and rearing environments. However, 
for early larval growth, the heritability estimates were nearly twice 
as high for the REF population reared in the ASH environment com-
pared to other estimates (Table 1). Meanwhile, for time to metamor-
phosis, the heritability estimate for the ASH population in the ASH 
environment was less than half that of other estimates (Table 1).

We also estimated the contributions of additive genetic varia-
tion to phenotypic plasticity to examine the potential for the evo-
lution of reaction norms and assess whether there was evidence of 
erosion of genetic variation in plasticity. Additive genetic variation 
and heritability for plasticity (h2

pl
) in our analysis are reflected by 

variation in the slopes of reaction norms among genotypes (i.e. 
cross- environmental means by sire; Figure S8). Estimates of h2

pl
 

were low but significant for all traits except embryonic survival 
and metamorphic probability (Table 2). Estimates of h2

pl
 were gen-

erally similar between populations, although for time to metamor-
phosis the estimate for the ASH population was ~50% of that for 
the REF population (Table 2).

4  | DISCUSSION

Southern toad populations, differing in their history of exposure 
to coal ash, diverged in key life history traits when reared in the 
presence or absence of contaminants. Overall, our results dem-
onstrate phenotypic divergence that is consistent with adaptation 
to a coal ash- contaminated environment. Offspring from the ASH 
population were 30% less likely to die and experienced more rapid 
larval growth in the contaminated environment relative to the REF 
population. These observations align with those across a number 
of taxa, where populations residing in environments impacted by 
contaminants show greater survival in presence of related chemi-
cal stressors relative to populations naïve to those stressors 

F I G U R E  2   Plots of larval (a– c) and metamorphic (d– f) trait means for REF (black) and ASH (gray) populations in each environment. 
Panel a shows growth over 14 days of early larval development (i.e. day 21– day 7). Panels b and c are total larval length at 7 and 21 days of 
development, respectively. Panels d– f show time required to reach metamorphosis (ttm), snout- vent length at metamorphosis (SVL), and 
growth rate over entire larval period (i.e. mass at metamorphosis/time to metamorphosis), respectively. Asterisks and accompanying letters 
in bottom right of panels denote significant population (P), environment (E), and population × environment effects. Error bars denote 95%- CI
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(Hangartner et al., 2012; Hua et al., 2013; Klerks & Levinton, 1989; 
Roelofs et al., 2009; Xie & Klerks, 2004). While the fitness (i.e. 
survival) of both populations was greatest in the uncontaminated 
reference environment, in the coal ash- contaminated environment, 
the resident population had greater fitness than the naïve popula-
tion, which is consistent with local adaptation to an environmen-
tal stressor (Hereford, 2009; Kawecki & Ebert, 2004). Because our 
study was conducted under natural field conditions, where environ-
mental factors other than the presence of coal ash varied between 
environments, we cannot definitively isolate the effect of TE toler-
ance from other effects associated with a contaminated environ-
ment. Future laboratory studies isolating the response of organisms 
to TEs could elucidate these effects and provide insight into the 
specific mechanisms underlying adaptive responses to TE contami-
nants, common in human- impacted environments. We also note 
that our use of only two populations, where population “type” is not 
replicated, limits our ability to make strong conclusions regarding 

the repeatability of our results across other impacted populations. 
A more robust, landscape- level approach incorporating more popu-
lations in the future will be needed to ascertain the potential for 
evolution to facilitate local adaptation to habitats impacted by mul-
tiple contaminants.

To our knowledge, adaptive responses of amphibians to chemical 
stressors have only been investigated for a few chemical stressors: 
pH (Hangartner et al., 2012), pesticides (Hua et al., 2013), and NaCl 
(Albecker & McCoy, 2017, 2019; Brady, 2012; Gomez- Mestre & 
Tejedo, 2003). Each of these studies found populations sourced from 
environments long impacted by contaminants to be more tolerant to 
those stressors than naïve populations. However, only two of these 
studies were conducted under field conditions (Brady, 2012; Gomez- 
Mestre & Tejedo, 2003) and one other designed to allow estimation 
of additive genetic and maternal contributions to the observed phe-
notypic variation (Hangartner et al., 2012). Our study adds to these 
results, being the first to document phenotypic divergence between 

TA B L E  1   Proportion of phenotypic variance explained by causal variance components for embryonic and larval traits. Estimates obtained 
from population and environment- specific posterior- mean estimates (95% HPDI). Initial number of embryos present in each experimental 
unit was included as a covariate in models of embryonic survival. For early larval growth, the response variable was the difference in total 
length of larvae between days 7 and 21 of the field study. Growth rate was analyzed using mass at metamorphosis as the response variable 
with time to metamorphosis as a covariate

Pop. Env.

Embryo survival Length (GS25)

h2 mat dom h2 mat dom

REF REF 0.11 (0.00– 0.49) 0.38 (0.06– 0.76) 0.06 (0.00– 0.32) 0.56 (0.23– 1.0) 0.23 (0.00– 0.61) 0.49 (0.21– 0.85)

ASH 0.06 (0.00– 0.81) 0.45 (0.15– 0.81) 0.05 (0.00– 0.25) 0.48 (0.18– 0.93) 0.32 (0.01– 0.70) 0.38 (0.15– 0.72)

ASH REF 0.05 (0.00– 0.25) 0.51 (0.21– 0.82) 0.05 (0.00– 0.25) 0.44 (0.16– 0.86) 0.35 (0.05– 0.71) 0.33 (0.13– 0.59)

ASH 0.08 (0.00– 0.39) 0.42 (0.14– 0.76) 0.04 (0.00– 0.20) 0.42 (0.17– 0.76) 0.28 (0.01– 0.63) 0.36 (0.15– 0.62)

Pop. Env.

Early growth (mm/day) ttm

h2 mat dom h2 mat dom

REF REF 0.13 (0.02– 0.43) 0.06 (0.00– 0.40) 0.27 (0.04– 0.78) 0.29 (0.07– 0.74) 0.12 (0.00– 0.64) 0.28 (0.07– 0.65)

ASH 0.23 (0.04– 0.72) 0.06 (0.00– 0.47) 0.48 (0.06– 1.26) 0.27 (0.03– 0.89) 0.06 (0.00– 0.51) 0.24 (0.02– 0.82)

ASH REF 0.10 (0.01– 0.31) 0.08 (0.00– 0.29) 0.17 (0.00– 0.50) 0.31 (0.10– 0.67) 0.03 (0.00– 0.23) 0.30 (0.10– 0.63)

ASH 0.13 (0.04– 0.32) 0.04 (0.00– 0.20) 0.16 (0.04– 0.37) 0.11 (0.02– 0.32) 0.02 (0.00– 0.14) 0.17 (0.03– 0.48)

Pop. Env.

svl Growth rate (mg/day)

h2 mat dom h2 mat dom

REF REF 0.44 (0.08– 1.0) 0.24 (0.00– 0.80) 0.34 (0.07– 0.76) 0.48 (0.07– 1.2) 0.35 (0.00– 0.88) 0.32 (0.05– 0.74)

ASH 0.44 (0.08– 1.1) 0.24 (0.00– 0.81) 0.37 (0.07– 0.83) 0.49 (0.08– 1.2) 0.29 (0.00– 0.85) 0.38 (0.07– 0.88)

ASH REF 0.35 (0.12– 0.68) 0.10 (0.00– 0.39) 0.34 (0.13– 0.63) 0.41 (0.13– 0.83) 0.21 (0.00– 0.58) 0.30 (0.10– 0.59)

ASH 0.40 (0.15– 0.77) 0.09 (0.00– 0.37) 0.51 (0.20– 0.91) 0.40 (0.13– 0.79) 0.17 (0.00– 0.50) 0.34 (0.11– 0.64)

Pop. Env.

Probability of mortality

h2 mat dom

REF REF 0.20 (0.00– 0.96) 0.04 (0.00– 0.60) 0.20 (0.00– 0.85)

ASH 0.17 (0.00– 0.69) 0.04 (0.00– 0.52) 0.23 (0.00– 0.92)

ASH REF 0.14 (0.00– 0.37) 0.03 (0.00– 0.21) 0.30 (0.00– 0.87)

ASH 0.17 (0.00– 0.67) 0.03 (0.00– 0.27) 0.14 (0.00– 0.58)

Note: h2 = additive genetic variance = VA/VP, mat = maternal variance = VM/VP, dom = nonadditive genetic variance = VD/VP, ttm = developmental 
time in day to metamorphosis, svl = snout- vent length of metamorphic toads.



2048  |     FLYNN et aL.

amphibian populations that is consistent with local adaptation to 
multiple chemical stressors under field conditions.

We saw no evidence that elevated tolerance to coal ash carried 
a direct fitness cost in the absence of those stressors (i.e. no differ-
ences in survival), but it was associated with delays in larval growth 
and development in the uncontaminated environment. Therefore, 
elevated tolerance in the ASH population appears to be associated 
with potentially costly delays in larval development under reference 
conditions, which may reduce viability of coal ash- adapted popula-
tions in adjacent habitats (Awkerman & Raimondo, 2018), given the 
negative association between time to metamorphosis and survival 
(Scott, 1994). Further, given our study only followed individuals up 
to metamorphosis and did not measure all possible relevant end-
points, there remains the potential for unmeasured fitness costs, 
including those on fecundity.

4.1 | Phenotypic plasticity: impact of development 
in a contaminated environment

Overall, there was little plasticity in size at metamorphosis, such that 
individuals from both populations emerged at similar sizes, regard-
less of population, rearing environment, or length of larval develop-
ment. Larval development was significantly delayed in the presence 
of coal ash, with no difference in size at metamorphosis, which trans-
lated into an overall decrease in growth rate (mg/day). Larval growth 

and development rates are closely tied to fitness, as quickly develop-
ing and growing larvae reduce their risk of mortality associated with 
predation (Travis et al., 1985) and desiccation as aquatic habitats dry 
(Travis & Trexler, 1986). In addition, for amphibians, survival to first 
reproduction is tied to time to and size at the metamorphic tran-
sition (Scott, 1994; Smith, 1987). While metamorphosing at larger 
sizes generally conveys greater probability of survival in terrestrial 
life stages, optimal size at the transition also depends on conditions 
in the aquatic environment (Werner, 1986; Wilbur & Collins, 1973). 
When conditions are optimal for growth and survival, prolonging 
aquatic development to metamorphose at a larger size will maxi-
mize fitness, but if conditions are poor (e.g. high mortality risk or low 
growth) fitness may be maximized by developing rapidly and meta-
morphosing at a smaller size (Werner, 1986). Given that exposure to 
coal ash significantly increases the risk of mortality for developing 
amphibian larvae, we would predict adaptive plasticity would result 
in metamorphosis occurring at the minimum size in order to shorten 
the larval period. Instead, we saw extended larval periods with no 
change in size at metamorphosis. This suggests that the stressors 
in the ASH environment reduced growth rates, which translated 
into delays in reaching the minimum size at which metamorpho-
sis can occur, based on mean sizes at metamorphosis in our study 
(mass = 0.04 g, SVL = 8.3 mm) being at or below those reported 
in other studies (mass = 0.06– 0.11 g, SVL = 8.6– 10.9 mm; Beck & 
Congdon, 2000; Rumrill et al., 2016; Stark et al., 2015). Delayed 
development in the ASH environment is in line with previous work 

TA B L E  2   Reaction norm slopes (β) and accompanying narrow- sense heritability (h2
pl
) MCMC- estimates obtained from population- specific 

plasticity models (see Methods: statistical and quantitative genetic analyses). β- estimates were obtained from population- specific environment 
terms and given as trait values in the ASH environment relative to REF. Errors are reported as 95% HPDI, bolded β- estimates are those for 
which slope of reaction norms was significantly different from zero

Trait Pop. N β- estimate h2
pl

Embryo survival REF 303 0.00 (−0.33 to 0.34) 0.03 (0.00– 0.14)

ASH 381 −0.11 (−0.39 to 0.20) 0.02 (0.00– 0.10)

Length (GS25) REF 894 0.01 (−0.02 to 0.03) 0.25 (0.10– 0.45)

ASH 1280 0.00 (−0.02 to 0.02) 0.23 (0.10– 0.40)

Length (7d) REF 313 0.07 (0.01– 0.13) 0.21 (0.05– 0.47)

ASH 681 0.04 (0.01– 0.08) 0.21 (0.09– 0.38)

Length (21d) REF 273 0.05 (−0.02 to 0.11) 0.20 (0.05– 0.45)

ASH 557 0.06 (0.02– 0.11) 0.19 (0.09– 0.34)

Early growth (mm) REF 273 0.05 (−0.02 to 0.12) 0.20 (0.05– 0.46)

ASH 557 0.06 (0.02– 0.11) 0.19 (0.09– 0.35)

ttm REF 234 0.15 (0.01– 0.30) 0.19 (0.04– 0.51)

ASH 515 0.11 (0.00– 0.21) 0.10 (0.03– 0.21)

svl REF 228 0.00 (−0.05 to 0.06) 0.23 (0.04– 0.52)

ASH 497 0.00 (−0.03 to 0.03) 0.23 (0.11– 0.41)

Growth rate (mg/day) REF 384 −0.06 (−0.21 to 0.05) 0.14 (0.02– 0.42)

ASH 768 −0.04 (−0.17 to 0.07) 0.09 (0.02– 0.26)

Probability of mortality REF 384 0.78 (−0.15 to 1.7) 0.04 (0.00– 0.15)

ASH 768 0.41 (−0.30 to 1.2) 0.02 (0.00– 0.09)

Note: ttm = developmental time in days to metamorphosis, svl = snout- vent length of metamorphic toads.
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suggesting exposure to high levels of the TEs in coal ash can disrupt 
the function of the hypothalamus- pituitary- thyroid axis in amphib-
ians, which is critical to the regulation of metamorphosis (Hopkins, 
Mendonça et al., 1999).

4.2 | Population divergence consistent with 
local adaptation

Fitness in the uncontaminated REF environment was similar for both 
populations and always greater than fitness in the ASH environment. 
However, differences in mortality risk between populations in the 
ASH environment suggest the ASH population is better adapted 
to those conditions, characterized by multiple chemical stressors. 
Although we saw no differences in time to metamorphosis or size 
at metamorphosis between populations when reared in the ASH 
environment, offspring from the ASH population experienced ~1/3 
the risk of mortality in that environment, relative to naïve REF off-
spring. This observation, where fitness of the population resident 
in the ASH environment is greater than that of the naïve popula-
tion, is consistent with a hypothesis that the ASH population has 
adapted to the elevated levels of trace elements in the ASH environ-
ment (Hereford, 2009; Kawecki & Ebert, 2004). We note that while 
the effects on mortality using linear mixed models considering only 
whether mortality occurred or not (i.e. not the timing of mortality) 
were in similar in direction and magnitude as hazard models, they 
were not statistically significant. While the timing of mortality is less 
important than whether mortality occurs or not, being able to sur-
vive longer does provide evidence that the ASH population is more 
tolerant to the chemical stressors in the ASH environment. Further, 
the increased tolerance of the ASH population to coal ash stressors 
may come with costs as the ASH population developed and grew 
more slowly than did the REF population when reared in the REF 
environment. Because larval growth and development can be cor-
related with fitness, the reduced performance of the ASH popula-
tion in the absence of contaminants could represent potential fitness 
costs associated with adaptation to a human- impacted environment. 
Fitness- related costs in the absence of chemical stressors appear 
to be a common consequence of adaptation to chemical stressors 
(Agra et al., 2011; Groeters et al., 1994; Shirley & Sibly, 1999; Xie 
& Klerks, 2004). However, few studies have examined these conse-
quences in populations adapted under field— rather than laboratory 
selection regimes (Agra et al., 2011; Räsänen et al., 2008). While we 
did not directly examine the physiological responses of these popu-
lations to the two environments here, mechanisms of tolerance to 
TE stressors in aquatic organisms are well characterized and include 
upregulation of Na+/K+ ATPases and metallothioneins (Webster & 
Bury, 2013). Given that genetic assimilation (i.e. constitutive expres-
sion) of pathways associated with tolerance to TE stressors has been 
observed in populations adapted to elevated TEs in the environ-
ment (Roelofs et al., 2006, 2009), it is plausible that the TE- tolerant 
ASH population has been selected for such constitutive expres-
sion (e.g. ATPases, metallothionein). Because metal detoxification 

is energetically costly, constitutive expression of these pathways 
would necessarily allocate resources away from growth and devel-
opment and may partially explain the trade- offs observed in the ab-
sence of CCW stressors.

4.3 | Quantitative genetic variation in life history 
traits and their plasticity

Adaptation to anthropogenic stressors requires sufficient additive 
genetic variation on which selection can act. However, sustained di-
rectional or stabilizing selection is also expected to reduce additive 
genetic variation if the selection pressure is strong enough. Given 
the constructed ASH environment has been in place for over sixty 
years (>20 generations assuming conservative estimate of 3 years to 
first reproduction) and the toxic TEs present there do not degrade, 
we predicted the sustained contaminant- induced mortality in that 
environment would reduce genetic variation in the traits we meas-
ured. We found low to moderate heritability for most of the traits 
examined, and heritability did not differ substantially among popula-
tion × environment- specific estimates. Thus, our results suggest the 
observed adaptive divergence was not accompanied by substantial 
erosion of additive genetic variation. We did observe differences 
in environment- specific heritability estimates for some life history 
traits, although confidence intervals around estimates overlapped. 
Specifically, heritability was greater for time to metamorphosis for 
the ASH population in the REF environment and early growth and 
size at day 21 for the REF population in the ASH environment. The 
latter could suggest latent genetic variation revealed by exposure to 
a novel stressor (i.e. coal ash), consistent with ideas about the role of 
plasticity in adaptation (Ghalambor et al., 2007, 2015).

Quantitative genetic variation in the plasticity of traits was gen-
erally similar to that for environment- specific trait estimates. While 
differences in mean trait values may be indicative of past selection, 
plasticity provides more insight into the potential for coping with cur-
rent environmental variation. Embryonic and larval mortality were 
the only traits with estimates of heritability and h2

pl
 that were not 

significantly different from zero, which agrees with the expectation 
that additive genetic variation for traits most closely tied to fitness 
(i.e. survival) is low compared to other life history traits (Falconer 
& Mackay, 1996; Roff, 2002). While uncertainty around estimates 
was large, the heritability estimate for time to metamorphosis for 
the ASH population in the ASH environment was reduced relative 
to the REF environment or the REF population in either estimate. 
These observations could indicate selection in the ASH environment 
has reduced additive genetic variation in time to metamorphosis, a 
trait that is impacted by coal ash contamination and thus may be 
under selection for tolerance. Similarly, h2

pl
 for this trait was lower 

in the ASH population relative to REF, which suggests that the ASH 
population may have a reduced capacity for future evolution of plas-
ticity, relative to the REF population. Generally, there was no strong 
evidence that past selection in the ASH environment has reduced 
trait plasticity in the ASH population. Though reaction norms for 
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some traits differed between populations (i.e. early growth and size 
at day 21), there was little evidence h2

pl
 was reduced for any traits in 

the ASH population, with the exception of time to metamorphosis.
Overall, our results suggest that the observed divergence be-

tween populations was not accompanied by significant erosion of 
genetic variation. It is possible that the strength of coal ash- induced 
selection may be modest relative to the immigration, mutation, and 
recombination that maintain genetic variation. Adaptive tolerance to 
chemical stressors, including TEs found in coal ash, can be associ-
ated with few genes of large effect (Macnair, 1991; Shirley & Sibly, 
1999) rather than many genes of small effect, as typically assumed 
by Quantitative genetic theory (Lande, 1982). However, the lack of 
evidence of genetic erosion is more congruent with selection acting 
on many genes of small effect.

Our study lacked the statistical power to detect minor differ-
ences in additive genetic variation, especially when coupled with the 
extensive environmental variation inherent to in situ field studies. 
However, rearing offspring from natural populations in the field pro-
vided a unique opportunity to obtain more realistic estimates of her-
itability and nongenetic maternal effects, as laboratory studies tend 
to inflate those estimates and reduce phenotypic variation (Falconer 
& Mackay, 1996). Additive genetic variation is crucial to maintaining 
the evolutionary potential of populations necessary for response 
to future environmental change. Thus, identifying reduced survival 
costs to an anthropogenic selection pressure without reduction in 
standing genetic variation is of importance for conservation man-
agers seeking to maintain viable populations and understand the 
consequences of human- induced environmental change in natural 
populations.

While there was extensive additive genetic variation for a num-
ber of fitness- related traits, we found very limited evidence of 
maternal effects. In fact, the only maternal effect estimates not 
overlapping zero were embryonic survival and size at GS25, with 
a trend that maternal effects decreased with developmental time 
and became undetectable by the initiation of the field portion of 
the study. This pattern is consistent with other studies that have 
found maternal effects to dominate early in development, but dis-
sipate as development progresses (Cruz & Ibarra, 1997; Montalvo 
& Shaw, 1994). Further, embryonic survival was the only trait for 
which maternal effects surpassed genetic effects. In addition to nu-
trients, hormones, mRNAs, and other molecules (reviewed in Toth, 
2015), female amphibians can transfer TEs to their eggs, which can 
correlate with reduced reproductive success (Metts et al., 2013) and 
increased malformations (Hopkins et al., 2006). Our results sup-
port the notion that nongenetic maternal effects can significantly 
contribute to offspring survival. However, because the magnitude 
of maternal effects for both populations was comparable, the bulk 
of these maternal effects appear to be unrelated to the maternal 
transfer of contaminants. To our knowledge, only three other stud-
ies have investigated the effects of parental exposure to coal ash 
on the survival and performance of embryonic and larval amphib-
ians (Hopkins et al., 2006; Metts et al., 2012, 2013), and only one 
of these assessed offspring performance under both reference and 

coal ash- contaminated conditions (Metts et al., 2012). In contrast to 
these previous studies, we did not find evidence of reduced embry-
onic survival (Hopkins et al., 2006; Metts et al., 2013) or reduced 
survival to or size at metamorphosis (Metts et al., 2012) in offspring 
from ASH dams compared to REF dams. However, we did observe 
similar patterns where offspring derived from the ASH population 
had delayed development and growth rate relative to the REF pop-
ulation in the absence of coal ash stressors (Metts et al., 2012). Our 
results suggest that the observed divergence in larval and metamor-
phic traits between populations reflects genetic divergence rather 
than differences due to maternal transfer of contaminants.

4.4 | Conclusions

Our study provides further evidence that natural populations may 
be able to adapt to human- impacted environments, characterized 
by multiple chemical stressors, and that such adaptation could be 
costly. By incorporating an evolutionary perspective, we found 
evidence that an amphibian population residing in an anthropo-
genically degraded habitat has diverged phenotypically from a 
population in an uncontaminated habitat and that that divergence 
may come at some cost in uncontaminated environments. The 
ASH population experienced a reduced risk of mortality in their 
natal rearing environment impacted by environmental contami-
nants, compared to the naïve REF population. Importantly, this po-
tentially adaptive tolerance could be costly in the absence of coal 
ash- associated stressors, which could negatively impact the aver-
age fitness in populations in nearby, uncontaminated wetlands if 
ASH juveniles disperse to them.

Given the severity and extent of anthropogenically impacted 
environments is expected to increase in the future, assessing how 
populations cope with such changes is crucial for understanding 
the conservation implications of past and continued environmental 
changes. As a group, amphibians are a globally imperiled taxon, but 
some species appear able to successfully cope and persist in the face 
of major environmental perturbations. Our results, coupled with pre-
vious studies (e.g. Metts et al., 2012; Rowe et al., 2001), have doc-
umented that the unique aquatic environment associated with coal 
ash disposal sites could act as a selection pressure on A. terrestris. 
Specifically, these results suggest that a population has responded 
adaptively to partially ameliorate fitness reductions associated with 
this environmental change, but at some cost in other environments. 
These costs suggest that ultimately the persistence of populations in 
contaminated environments may depend not only on the potential 
for local adaptation, but also on the costs of tolerance and the spatial 
and temporal variation in the presence of contaminants.

ACKNOWLEDG EMENTS
We would like to thank the two anonymous reviewers whose feed-
back greatly improved the manuscript, as well as Max Lambert, Rich 
Shefferson, Gene Rhodes, and the Hoverman laboratory for provid-
ing feedback on earlier versions of the manuscript, and Rochelle 



     |  2051FLYNN et aL.

Beasley, Austin Coleman, Cara Love, Caitlin Rumrill, David Scott, Phil 
Vogrinc, and Nicole White, and for their assistance in the field and 
laboratory. We also want to thank Angela Lindel and John Seaman 
for their expertise and assistance in quantifying major and trace ele-
ments in water and tissue samples. This research was partially sup-
ported by the U. S. Department of Energy under Award Numbers 
DOE #DE- EM0004391 to the University of Georgia Research 
Foundation, the National Nuclear Security Administration (Grant no: 
1021RR267432), and the University of Georgia’s Odum School of 
Ecology Small Grants for Graduate Research program. Animals were 
collected under SCDNR permit #G- 09- 03 following IACUC proce-
dures (AUP A2009 10- 175- Y2- A0) from the University of Georgia.

CONFLIC TS OF INTERE S T
The authors declare no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
Data will be archived at the University of Georgia's, Savannah River 
Ecology Laboratory repository, following the acceptance of this 
paper for publication and available from the corresponding author 
upon reasonable request.

ORCID
R. Wesley Flynn  https://orcid.org/0000-0001-8368-3238 

R E FE R E N C E S
Agra, A. R., Soares, A. M. V. M., & Barata, C. (2011). Life- history conse-

quences of adaptation to pollution. “Daphnia longispina clones histor-
ically exposed to copper”. Ecotoxicology, 20(3), 552– 562. https://doi.
org/10.1007/s1064 6- 011- 0621- 5

Agrawal, A. A., Conner, J. K., Johnson, M. T. J., & Wallsgrove, R. (2002). 
Ecological genetics of an induced plant defense against herbivores: 
Additive genetic variance and costs of phenotypic plasticity. Evolution, 
56(11), 2206– 2213. https://doi.org/10.1111/j.0014- 3820.2002.
tb001 45.x

Albecker, M. A., & McCoy, M. W. (2017). Adaptive responses to salinity 
stress across multiple life stages in anuran amphibians. Frontiers in 
Zoology, 14(1), 1– 16. https://doi.org/10.1186/s1298 3- 017- 0222- 0

Albecker, M. A., & McCoy, M. W. (2019). Local adaptation for en-
hanced salt tolerance reduces non- adaptive plasticity caused by 
osmotic stress. Evolution, 73(9), 1941– 1957. https://doi.org/10.1111/
evo.13798

Ancel, L. W. (2000). Undermining the Baldwin expediting effect: Does 
phenotypic plasticity accelerate evolution? Theoretical Population 
Biology, 58(4), 307– 319. https://doi.org/10.1006/tpbi.2000.1484

Ashton, R., & Ashton, P. (1988). Handbook of reptiles and amphibians of 
Florida. Part three: The amphibians. Windward Publishing Co.

Awkerman, J. A., & Raimondo, S. (2018). Simulated developmental and 
reproductive impacts on amphibian populations and implications for 
assessing long- term effects. Ecotoxicology and Environmental Safety, 
149, 233– 240. https://doi.org/10.1016/j.ecoenv.2017.11.047

Barata, C., Baird, D. J., Mitchell, S. E., & Soares, A. M. V. M. (2002). 
Among-  and within- population variability in tolerance to cad-
mium stress in natural populations of Daphnia magna: Implications 
for ecological risk assessment. Environmental Toxicology and 
Chemistry, 21(5), 1058– 1064. https://doi.org/10.1897/1551- 
5028(2002)021<1058:AAWPV I>2.0.CO;2

Bartlett, R. D., & Bartlett, P. P. (1999). A field guide to Florida reptiles and 
amphibians. Gulf Coast Publishing Company.

Bates, D., Machler, M., Bolker, B. M., & Walker, S. (2015). Fitting linear 
mixed- effects models using lme4. Journal of Statistical Software, 
67(1), 1– 48.

Beck, C. W., & Congdon, J. D. (2000). Effects of age and size at metamor-
phosis on performance and metabolic rates of Southern toad, Bufo 
terrestris, metamorphs. Functional Ecology, 14(1), 32– 38. https://doi.
org/10.1046/j.1365- 2435.2000.00386.x

Becker, W. A. (1964). Heritability of a response to an environmental 
change in chickens. Genetics, 50, 783– 788. https://doi.org/10.1093/
genet ics/50.5.783

Bell, G., & Collins, S. (2008). Adaptation, extinction, and global 
change. Evolutionary Applications, 1(1), 3– 16. https://doi.
org/10.1111/j.1752- 4571.2007.00011.x

Bennett, S. H., Gibbons, J. W., & Glanville, J. (1980). Terrestrial activity, 
abundance, and diversity of amphibians in differently managed for-
est types. The American Midland Naturalist, 103(2), 412– 416. https://
doi.org/10.2307/2424645

Berven, K. A. (1990). Factors affecting population fluctuations in larval 
and adult stages of the wood frog (Rana sylvatica). Ecology, 71(4), 
1599– 1608. https://doi.org/10.2307/1938295

Blaustein, A. R., Wake, D. B., & Sousa, W. P. (1994). Amphibian declines: 
Judging stability, persistence, and susceptibility of populations 
to local and global extinctions. Conservation Biology, 8(1), 60– 71. 
https://doi.org/10.1046/j.1523- 1739.1994.08010 060.x

Brady, S. P. (2012). Road to evolution? Local adaptation to road adjacency 
in an amphibian (Ambystoma maculatum). Scientific Reports, 2, 235. 
https://doi.org/10.1038/srep0 0235

Bridges, C. M., & Semlitsch, R. D. (2000). Variation in pesticide tolerance 
of tadpoles among and within species of Ranidae and patterns of am-
phibian decline. Conservation Biology, 14(5), 1490– 1499. https://doi.
org/10.1046/j.1523- 1739.2000.99343.x

Bridges, C. M., & Semlitsch, R. D. (2011). Genetic variation in insecti-
cide tolerance in a population of southern leopard frogs (Rana 
sphenocephala): Implications for amphibian conservation. Copeia, 
2001(1), 7– 13.

Butchart, S. H. M., Walpole, M., Collen, B., van Strien, A., Scharlemann, 
J. P. W., Almond, R. E. A., Baillie, J. E. M., Bomhard, B., Brown, 
C., Bruno, J., Carpenter, K. E., Carr, G. M., Chanson, J., Chenery, 
A. M., Csirke, J., Davidson, N. C., Dentener, F., Foster, M., Galli, 
A., … Watson, R. (2010). Global biodiversity: Indicators of recent 
declines. Science, 328, 1164– 1169. https://doi.org/10.1126/scien 
ce.1187512

Carey, C., & Bryant, C. J. (1995). Possible interrelations among environ-
mental toxicants, amphibian development, and decline of amphibian 
populations. Environmental Health Perspectives, 103(Suppl. 4), 13– 17. 
https://doi.org/10.2307/3432406

Chevin, L. M., Lande, R., & Mace, G. M. (2010). Adaptation, plasticity, 
and extinction in a changing environment: Towards a predictive 
theory. PLoS Biology, 8(4), e1000357. https://doi.org/10.1371/journ 
al.pbio.1000357

Cruz, P., & Ibarra, A. M. (1997). Larval growth and survival of two ca-
tarina scallop (Argopecten circularis, Sowerby, 1835) populations 
and their reciprocal crosses. Journal of Experimental Marine Biology 
and Ecology, 212(1), 95– 110. https://doi.org/10.1016/S0022 
- 0981(96)02742 - 6

Egea- Serrano, A., Relyea, R. A., Tejedo, M., & Torralva, M. (2012). 
Understanding of the impact of chemicals on amphibians: A meta- 
analytic review. Ecology and Evolution, 2(7), 1382– 1397. https://doi.
org/10.1002/ece3.249

Falconer, D., & Mackay, T. F. (1996). Introduction to quantitative genetics 
(4th ed.). Pearson Education Ltd.

Flynn, R. W., Love, C. N., Coleman, A., & Lance, S. L. (2019). Variation 
in metal tolerance associated with population exposure history in 
Southern toads (Anaxyrus terrestris). Aquatic Toxicology, 207, 163– 
169. https://doi.org/10.1016/j.aquat ox.2018.12.009

https://orcid.org/0000-0001-8368-3238
https://orcid.org/0000-0001-8368-3238
https://doi.org/10.1007/s10646-011-0621-5
https://doi.org/10.1007/s10646-011-0621-5
https://doi.org/10.1111/j.0014-3820.2002.tb00145.x
https://doi.org/10.1111/j.0014-3820.2002.tb00145.x
https://doi.org/10.1186/s12983-017-0222-0
https://doi.org/10.1111/evo.13798
https://doi.org/10.1111/evo.13798
https://doi.org/10.1006/tpbi.2000.1484
https://doi.org/10.1016/j.ecoenv.2017.11.047
https://doi.org/10.1897/1551-5028(2002)021%3C1058:AAWPVI%3E2.0.CO;2
https://doi.org/10.1897/1551-5028(2002)021%3C1058:AAWPVI%3E2.0.CO;2
https://doi.org/10.1046/j.1365-2435.2000.00386.x
https://doi.org/10.1046/j.1365-2435.2000.00386.x
https://doi.org/10.1093/genetics/50.5.783
https://doi.org/10.1093/genetics/50.5.783
https://doi.org/10.1111/j.1752-4571.2007.00011.x
https://doi.org/10.1111/j.1752-4571.2007.00011.x
https://doi.org/10.2307/2424645
https://doi.org/10.2307/2424645
https://doi.org/10.2307/1938295
https://doi.org/10.1046/j.1523-1739.1994.08010060.x
https://doi.org/10.1038/srep00235
https://doi.org/10.1046/j.1523-1739.2000.99343.x
https://doi.org/10.1046/j.1523-1739.2000.99343.x
https://doi.org/10.1126/science.1187512
https://doi.org/10.1126/science.1187512
https://doi.org/10.2307/3432406
https://doi.org/10.1371/journal.pbio.1000357
https://doi.org/10.1371/journal.pbio.1000357
https://doi.org/10.1016/S0022-0981(96)02742-6
https://doi.org/10.1016/S0022-0981(96)02742-6
https://doi.org/10.1002/ece3.249
https://doi.org/10.1002/ece3.249
https://doi.org/10.1016/j.aquatox.2018.12.009


2052  |     FLYNN et aL.

Flynn, R. W., Scott, D. E., Kuhne, W., Soteropoulos, D., & Lance, S. L. 
(2015). Lethal and sublethal measures of chronic copper toxic-
ity in the eastern narrowmouth toad, Gastrophryne carolinensis. 
Environmental Toxicology and Chemistry, 34(3), 575– 582. https://doi.
org/10.1002/etc.2835

Fox, J., & Weisberg, S. (2011). An R companion to applied regression (2nd 
ed.). Sage.

Freeman, A. S., & Byers, J. E. (2006). Divergent induced responses to an 
invasive predator in marine mussel populations. Science, 313(5788), 
831– 833. https://doi.org/10.1126/scien ce.1125485

Futuyma, D. J., & Moreno, G. (1988). The evolution of ecological spe-
cialization. Annual Reviews in Ecology and Systematics, 19(1), 207– 233. 
https://doi.org/10.1146/annur ev.es.19.110188.001231

Gervasi, S. S., & Foufopoulos, J. (2008). Costs of plasticity: Responses to 
desiccation decrease post- metamorphic immune function in a pond- 
breeding amphibian. Functional Ecology, 22(1), 100– 108. https://doi.
org/10.1111/j.1365- 2435.2007.01340.x

Ghalambor, C. K., Hoke, K. L., Ruell, E. W., Fischer, E. K., Reznick, D. N., 
& Hughes, K. A. (2015). Non- adaptive plasticity potentiates rapid 
adaptive evolution of gene expression in nature. Nature, 525(7569), 
372– 375. https://doi.org/10.1038/natur e15256

Ghalambor, C. K., McKay, J. K., Carroll, S. P., & Reznick, D. N. (2007). 
Adaptive versus non- adaptive phenotypic plasticity and the potential 
for contemporary adaptation in new environments. Functional Ecology, 
21(3), 394– 407. https://doi.org/10.1111/j.1365- 2435.2007.01283.x

Gibbons, J. W., & Semlitsch, R. D. (1991). Guide to the reptiles and amphib-
ians of the Savannah River site. University of Georgia Press.

Gomez- Mestre, I., & Tejedo, M. (2003). Local adaptation of an anuran 
amphibian to osmotically stressful environments. Evolution, 57(8), 
1889. https://doi.org/10.1554/03- 093

Gosner, K. L. (1960). A simplified table for staging anuran embryos and 
larvae with notes on identification. Herpetologica, 16(3), 183– 190.

Groeters, F. R., Tabashnik, B. E., Finson, N., & Johnson, M. W. (1994). 
Fitness costs of resistance to Bacillus thuringiensis in the diamond-
back moth (Plutella xylostella). Evolution, 48(1), 197– 201. https://doi.
org/10.2307/2410015

Hadfield, J. D. (2010). MCMC methods for multi- response generalized 
linear mixed models: The MCMCglmm R package. Journal of Statistical 
Software, 33(2), 1– 22. https://doi.org/10.1002/ana.22635

Hadfield, J. D. (2019). MCMCglmm Course Notes. https://cran.r- proje 
ct.org/web/packa ges/MCMCg lmm/vigne ttes/ Cours eNotes.pdf

Hangartner, S., Laurila, A., & Räsänen, K. (2012). Adaptive divergence in 
moor frog (Rana arvalis) populations along an acidification gradient: 
Inferences from Q(ST)- F(ST) correlations. Evolution, 66(3), 867– 881. 
https://doi.org/10.1111/j.1558- 5646.2011.01472.x

Hereford, J. (2009). A quantitative survey of local adaptation and fitness 
trade- offs. The American Naturalist, 173(5), 579– 588. https://doi.
org/10.1086/597611

Herkovits, J., & Pérez- Coll, C. S. (2007). Acclimation to low level expo-
sure of copper in Bufo arenarum embryos: Linkage of effects to tissue 
residues. International Journal of Environmental Research and Public 
Health, 4(2), 166– 172. https://doi.org/10.3390/ijerp h2007 040012

Hopkins, W. A., DuRant, S. E., Staub, B. P., Rowe, C. L., & Jackson, B. 
P. (2006). Reproduction, embryonic development, and maternal 
transfer of contaminants in the amphibian Gastrophryne carolinen-
sis. Environmental Health Perspectives, 114(5), 661– 666. https://doi.
org/10.1289/ehp.8457

Hopkins, W. A., Mendonça, M. T., & Congdon, J. D. (1997). Increased 
circulating levels of testosterone and corticosterone in southern 
toads, Bufo terrestris exposed to coal combustion waste. General and 
Comparative Endocrinology, 108, 237– 246. https://doi.org/10.1006/
gcen.1997.6969

Hopkins, W. A., Mendonça, M. T., & Congdon, J. D. (1999). Responsiveness 
of the hypothalamo- pituitary- interrenal axis in an amphibian (Bufo ter-
restris) exposed to coal combustion wastes. Comparative Biochemistry 

and Physiology, Part C, 122, 191– 196. https://doi.org/10.1016/S0742 
- 8413(98)10104 - 4

Hopkins, W. A., Rowe, C. L., & Congdon, J. D. (1999). Elevated 
trace element concentrations and standard metabolic rate in 
banded water snakes (Nerodia fasciata) exposed to coal com-
bustion wastes. Environmental Toxicology and Chemistry, 18(6), 
1258– 1263.

Hua, J., Morehouse, N. I., & Relyea, R. A. (2013). Pesticide tolerance in 
amphibians: Induced tolerance in susceptible populations, constitu-
tive tolerance in tolerant populations. Evolutionary Applications, 6(7), 
1028– 1040. https://doi.org/10.1111/eva.12083

Hua, J., Wuerthner, V. P., Jones, D. K., Mattes, B., Cothran, R. D., Relyea, 
R. A., & Hoverman, J. T. (2017). Evolved pesticide tolerance influences 
susceptibility to parasites in amphibians. Evolutionary Applications, 
10, 802– 812. https://doi.org/10.1111/eva.12500

Kawecki, T. J., & Ebert, D. (2004). Conceptual issues in local 
adaptation. Ecology Letters, 7, 1225– 1241. https://doi.
org/10.1111/j.1461- 0248.2004.00684.x

Klerks, P. L., & Levinton, J. S. (1989). Rapid evolution of metal resistance 
in a benthic oligochaete inhabiting a metal- polluted site. Biological 
Bulletin, 176, 135– 141. https://doi.org/10.2307/1541580

Klerks, P. L., & Moreau, C. J. (2001). Heritability of resistance to indi-
vidual contaminants and to contaminant mixtures in the sheeps-
head minnow (Cyprinodon variegatus). Environmental Toxicology 
and Chemistry, 20(8), 1746. https://doi.org/10.1897/1551- 
5028(2001)020<1746:horti c>2.0.co;2

Lance, S. L., Erickson, M. R., Flynn, R. W., Mills, G. L., Tuberville, T. D., 
& Scott, D. E. (2012). Effects of chronic copper exposure on devel-
opment and survival in the southern leopard frog (Lithobates [Rana] 
sphenocephalus). Environmental Toxicology and Chemistry, 31(7), 1587– 
1594. https://doi.org/10.1002/etc.1849

Lance, S. L. S. L., Flynn, R. W., Erickson, M. R., & Scott, D. E. (2013). 
Within-  and among- population level differences in response to 
chronic copper exposure in southern toads, Anaxyrus terrestris. 
Environmental Pollution, 177, 135– 142. https://doi.org/10.1016/j.
envpol.2013.02.009

Lande, R. (1982). A quantitative genetic theory of life history evolution. 
Ecology, 63(3), 607– 615. https://doi.org/10.2307/1936778

Lande, R. (2009). Adaptation to an extraordinary environment by 
evolution of phenotypic plasticity and genetic assimilation. 
Journal of Evolutionary Biology, 22(7), 1435– 1446. https://doi.
org/10.1111/j.1420- 9101.2009.01754.x

Lauren, D. J., & McDonald, D. G. (1987). Acclimation to copper by rain-
bow trout, Salmo gairdneri: Physiology. Canadian Journal of Fisheries 
and Aquatic Sciences, 44(1), 99– 104.

Levis, N. A., & Pfennig, D. W. (2016). Evaluating “plasticity- first” evo-
lution in nature: Key criteria and empirical approaches. Trends in 
Ecology and Evolution, 31(7), 563– 574. https://doi.org/10.1016/j.
tree.2016.03.012

Linder, G., & Grillitsch, B. (2000). Ecotoxicology of metals. In D. W. 
Sparling, G. Linder, & C. A. Bishop (Eds.), Ecotoxicology of amphibians 
and reptiles (pp. 325– 408). Society of Environmental Toxicology and 
Chemistry.

Macnair, M. R. (1991). Why the evolution of resistance to anthropogenic 
toxins normally involves major gene changes: the limits of natural se-
lection. Genetica, 84(3), 213– 219.

Metts, B. S., Buhlmann, K. A., Scott, D. E., Tuberville, T. D., & Hopkins, W. 
A. (2012). Interactive effects of maternal and environmental expo-
sure to coal combustion wastes decrease survival of larval southern 
toads (Bufo terrestris). Environmental Pollution, 164, 211– 218. https://
doi.org/10.1016/j.envpol.2012.01.042

Metts, B. S., Buhlmann, K. A., Tuberville, T. D., Scott, D. E., & Hopkins, 
W. A. (2013). Maternal transfer of contaminants and reduced 
reproductive success of southern toads (Bufo [Anaxyrus] terres-
tris) exposed to coal combustion waste. Environmental Science & 

https://doi.org/10.1002/etc.2835
https://doi.org/10.1002/etc.2835
https://doi.org/10.1126/science.1125485
https://doi.org/10.1146/annurev.es.19.110188.001231
https://doi.org/10.1111/j.1365-2435.2007.01340.x
https://doi.org/10.1111/j.1365-2435.2007.01340.x
https://doi.org/10.1038/nature15256
https://doi.org/10.1111/j.1365-2435.2007.01283.x
https://doi.org/10.1554/03-093
https://doi.org/10.2307/2410015
https://doi.org/10.2307/2410015
https://doi.org/10.1002/ana.22635
https://cran.r-project.org/web/packages/MCMCglmm/vignettes/
https://cran.r-project.org/web/packages/MCMCglmm/vignettes/
http://CourseNotes.pdf
https://doi.org/10.1111/j.1558-5646.2011.01472.x
https://doi.org/10.1086/597611
https://doi.org/10.1086/597611
https://doi.org/10.3390/ijerph2007040012
https://doi.org/10.1289/ehp.8457
https://doi.org/10.1289/ehp.8457
https://doi.org/10.1006/gcen.1997.6969
https://doi.org/10.1006/gcen.1997.6969
https://doi.org/10.1016/S0742-8413(98)10104-4
https://doi.org/10.1016/S0742-8413(98)10104-4
https://doi.org/10.1111/eva.12083
https://doi.org/10.1111/eva.12500
https://doi.org/10.1111/j.1461-0248.2004.00684.x
https://doi.org/10.1111/j.1461-0248.2004.00684.x
https://doi.org/10.2307/1541580
https://doi.org/10.1897/1551-5028(2001)020%3C1746:hortic%3E2.0.co;2
https://doi.org/10.1897/1551-5028(2001)020%3C1746:hortic%3E2.0.co;2
https://doi.org/10.1002/etc.1849
https://doi.org/10.1016/j.envpol.2013.02.009
https://doi.org/10.1016/j.envpol.2013.02.009
https://doi.org/10.2307/1936778
https://doi.org/10.1111/j.1420-9101.2009.01754.x
https://doi.org/10.1111/j.1420-9101.2009.01754.x
https://doi.org/10.1016/j.tree.2016.03.012
https://doi.org/10.1016/j.tree.2016.03.012
https://doi.org/10.1016/j.envpol.2012.01.042
https://doi.org/10.1016/j.envpol.2012.01.042


     |  2053FLYNN et aL.

Technology, 47(6), 2846– 2853. https://doi.org/10.1021/es303 
989u

Meyer, J. N., & Di Giulio, R. T. (2003). Heritable adaptation and fit-
ness costs in killifish (Fundulus heteroclitus) inhabiting a polluted 
estuary. Ecological Applications, 13(2), 490– 503. https://doi.
org/10.1890/1051- 0761(2003)013[0490:HAAFC I]2.0.CO;2

Montalvo, A. M., & Shaw, R. G. (1994). Quantitative genetics of sequen-
tial life- history and juvenile traits in the partially selfing perennial, 
Aquilegia caerulea. Evolution, 48(3), 828– 841.

Nelson, G. (2005). Drivers of ecosystem change: Summary chapter. In R. 
Hassan, R. Scholes, & N. Ash (Eds.), Ecosystems and human well- being: 
Current state and trends (Vol. 1, pp. 73– 76). Island Press.

Peles, J. D. (2013). Effects of chronic aluminum and copper exposure 
on growth and development of wood frog (Rana sylvatica) larvae. 
Aquatic Toxicology, 140– 141, 242– 248. https://doi.org/10.1016/j.
aquat ox.2013.06.009

Piola, R. F., & Johnston, E. L. (2006). Differential tolerance to met-
als among populations of the introduced bryozoan Bugula neritina. 
Marine Biology, 148(5), 997– 1010. https://doi.org/10.1007/s0022 
7- 005- 0156- 5

Posthuma, L., Hogervorst, R. F., Joosse, E. N. G., & van Straalen, N. M. 
(1993). Genetic variation and covariation for characteristics associ-
ated with cadmium tolerance in natural populations of the springtail 
Orchesella cincta (L.). Evolution, 47(2), 619– 631.

Price, T. D., Qvarnström, A., & Irwin, D. E. (2003). The role of pheno-
typic plasticity in driving genetic evolution. Proceedings of the Royal 
Society B: Biological Sciences, 270(1523), 1433– 1440. https://doi.
org/10.1098/rspb.2003.2372

R Core Development Team. (2013). R: A language and environment for sta-
tistical computing. R Core Development Team.

Raimondo, S. M., Rowe, C. L., & Congdon, J. D. (1998). Exposure to coal 
ash impacts swimming performance and predator avoidance in larval 
bullfrogs (Rana catesbeiana). Journal of Herpetology, 32, 289. https://
doi.org/10.2307/1565313

Räsänen, K., Laurila, A., & Merilä, J. (2003). Geographic variation in acid 
stress tolerance of the moor frog, Rana arvalis. I. Local adaptation. 
Evolution, 57(2), 352– 362.

Räsänen, K., Söderman, F., Laurila, A., & Merilä, J. (2008). Geographic 
variation in maternal investment: Acidity affects egg size and fe-
cundity in Rana arvalis. Ecology, 89(9), 2553– 2562. https://doi.
org/10.1890/07- 0168.1

Relyea, R. A. (2002). Costs of phenotypic plasticity. American Naturalist, 
159(3), 272– 282. https://doi.org/10.1086/338540

Roe, J. H., Hopkins, W. A., & Jackson, B. P. (2005). Species-  and stage- 
specific differences in trace element tissue concentrations in am-
phibians: Implications for the disposal of coal- combustion wastes. 
Environmental Pollution, 136(2), 353– 363. https://doi.org/10.1016/j.
envpol.2004.11.019

Roelofs, D., Janssens, T. K. S., Timmermans, M. J. T. N., Nota, B., MariËn, 
J., Bochdanovits, Z., Ylstra, B., & Van Straalen, N. M. (2009). Adaptive 
differences in gene expression associated with heavy metal toler-
ance in the soil arthropod Orchesella cincta. Molecular Ecology, 18(15), 
3227– 3239. https://doi.org/10.1111/j.1365- 294X.2009.04261.x

Roelofs, D., Overhein, L., de Boer, M. E., Janssens, T. K. S., & van Straalen, 
N. M. (2006). Additive genetic variation of transcriptional regula-
tion: Metallothionein expression in the soil insect Orchesella cincta. 
Heredity, 96(1), 85– 92. https://doi.org/10.1038/sj.hdy.6800756

Roff, D. A. (2002). Life history evolution. Sinauer Associates.
Rowe, C. L., Hopkins, W. A., & Coffman, V. R. (2001). Failed recruitment 

of southern toads (Bufo terrestris) in a trace element- contaminated 
breeding habitat: Direct and indirect effects that may lead to a 
local population sink. Archives of Environmental Contamination and 
Toxicology, 405, 399– 406.

Rumrill, C. T., Scott, D. E., & Lance, S. L. (2016). Effects of metal and 
predator stressors in larval southern toads (Anaxyrus terrestris). 

Ecotoxicology, 25(6), 1278– 1286. https://doi.org/10.1007/s1064 
6- 016- 1681- 3

Scheiner, S. M., & Lyman, R. F. (1989). The genetics of phenotypic plas-
ticity I. Heritability. Journal of Evolutionary Biology, 2(2), 95– 107. 
https://doi.org/10.1046/j.1420- 9101.1989.20200 95.x

Schneider, C. A., Rasband, W. S., & Eliceiri, K. W. (2012). NIH Image to 
ImageJ: 25 years of image analysis. Nature Methods, 9, 671– 675. 
https://doi.org/10.1038/nmeth.2089

Schoenfeld, D. (1982). Partial residuals for the proportional hazards re-
gression model. Biometrika, 69(1), 239– 241. https://doi.org/10.1093/
biome t/69.1.239

Scott, D. E. (1994). The effect of larval density on adult demographic 
traits in Ambystoma opacum. Ecology, 75(5), 1383– 1396. https://doi.
org/10.2307/1937462

Semlitsch, R. D. (2008). Differentiating migration and dispersal processes 
for pond- breeding amphibians. Journal of Wildlife Management, 72(1), 
260– 267. https://doi.org/10.2193/2007- 082

Semlitsch, R. D., Bridges, C. M., & Welch, A. M. (2000). Genetic variation 
and a fitness tradeoff in the tolerance of gray treefrog (Hyla versi-
color) tadpoles to the insecticide carbaryl. Oecologia, 125(2), 179– 
185. https://doi.org/10.1007/s0044 20000443

Shirley, M. D. F., & Sibly, R. M. (1999). Genetic basis of a between- 
environment trade- off involving resistance to cadmium in 
Drosophila melanogaster. Evolution, 53(3), 826. https://doi.
org/10.2307/2640722

Sih, A., Ferrari, M. C. O., & Harris, D. J. (2011). Evolution and be-
havioural responses to human- induced rapid environmental 
change. Evolutionary Applications, 4(2), 367– 387. https://doi.
org/10.1111/j.1752- 4571.2010.00166.x

Smith, D. C. (1987). Adult recruitment in chorus frogs: Effects of size 
and date at metamorphosis. Ecology, 68(2), 344– 350. https://doi.
org/10.2307/1939265

Smith- Gill, S. J., & Berven, K. A. (1979). Predicting amphibian meta-
morphosis. The American Naturalist, 113(4), 563– 585. https://doi.
org/10.1086/283413

Snodgrass, J. W., Hopkins, W. A., Broughton, J., Gwinn, D., Baionno, J. 
A., & Burger, J. (2004). Species- specific responses of developing an-
urans to coal combustion wastes. Aquatic Toxicology, 66, 171– 182. 
https://doi.org/10.1016/j.aquat ox.2003.09.002

Stark, K., Scott, D. E., Tsyusko, O., Coughlin, D. P., & Hinton, T. G. (2015). 
Multi- level effects of low dose rate ionizing radiation on southern 
toad, Anaxyrus [Bufo] terrestris. PLoS One, 10(4), 1– 13. https://doi.
org/10.1371/journ al.pone.0125327

Stearns, S. C. (1992). The evolution of life histories. Oxford University 
Press.

Tate- Boldt, E. K., & Kolok, A. S. (2008). Copper acclimation in juvenile 
fathead minnows: Is a cycle of branchial damage and repair neces-
sary? Aquatic Toxicology, 87(1), 13– 18. https://doi.org/10.1016/j.
aquat ox.2008.01.001

Therneau, T. M. (2021). A Package for Survival Analysis in R. R package 
version 3.2- 11. https://CRAN.R- proje ct.org/packa ge=survival

Therneau, T. M., Crowson, C., & Atkinson, E. (2021). Using Time 
Dependent Covariates and Time Dependent Coefficients in the Cox 
Model. https://cran.r- proje ct.org/web/packa ges/survi val/vigne ttes/
timed ep.pdf

Toth, M. (2015). Mechanisms of non- genetic inheritance and psychiat-
ric disorders. Neuropsychopharmacology, 40(1), 129– 140. https://doi.
org/10.1038/npp.2014.127

Travis, J., Keen, W. H., & Juilianna, J. (1985). The role of relative body size 
in a predator- prey relationship between dragonfly naiads and larval 
anurans. Oikos, 45(1), 59– 65. https://doi.org/10.2307/3565222

Travis, J., & Trexler, J. C. (1986). Interactions among factors affecting 
growth, development and survival in experimental populations of 
Bufo terrestris (Anura: Bufonidae). Oecologia, 69(1), 110– 116. https://
doi.org/10.1007/BF003 99045

https://doi.org/10.1021/es303989u
https://doi.org/10.1021/es303989u
https://doi.org/10.1890/1051-0761(2003)013%5B0490:HAAFCI%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(2003)013%5B0490:HAAFCI%5D2.0.CO;2
https://doi.org/10.1016/j.aquatox.2013.06.009
https://doi.org/10.1016/j.aquatox.2013.06.009
https://doi.org/10.1007/s00227-005-0156-5
https://doi.org/10.1007/s00227-005-0156-5
https://doi.org/10.1098/rspb.2003.2372
https://doi.org/10.1098/rspb.2003.2372
https://doi.org/10.2307/1565313
https://doi.org/10.2307/1565313
https://doi.org/10.1890/07-0168.1
https://doi.org/10.1890/07-0168.1
https://doi.org/10.1086/338540
https://doi.org/10.1016/j.envpol.2004.11.019
https://doi.org/10.1016/j.envpol.2004.11.019
https://doi.org/10.1111/j.1365-294X.2009.04261.x
https://doi.org/10.1038/sj.hdy.6800756
https://doi.org/10.1007/s10646-016-1681-3
https://doi.org/10.1007/s10646-016-1681-3
https://doi.org/10.1046/j.1420-9101.1989.2020095.x
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1093/biomet/69.1.239
https://doi.org/10.1093/biomet/69.1.239
https://doi.org/10.2307/1937462
https://doi.org/10.2307/1937462
https://doi.org/10.2193/2007-082
https://doi.org/10.1007/s004420000443
https://doi.org/10.2307/2640722
https://doi.org/10.2307/2640722
https://doi.org/10.1111/j.1752-4571.2010.00166.x
https://doi.org/10.1111/j.1752-4571.2010.00166.x
https://doi.org/10.2307/1939265
https://doi.org/10.2307/1939265
https://doi.org/10.1086/283413
https://doi.org/10.1086/283413
https://doi.org/10.1016/j.aquatox.2003.09.002
https://doi.org/10.1371/journal.pone.0125327
https://doi.org/10.1371/journal.pone.0125327
https://doi.org/10.1016/j.aquatox.2008.01.001
https://doi.org/10.1016/j.aquatox.2008.01.001
https://CRAN.R-project.org/package=survival
https://cran.r-project.org/web/packages/survival/vignettes/timedep.pdf
https://cran.r-project.org/web/packages/survival/vignettes/timedep.pdf
https://doi.org/10.1038/npp.2014.127
https://doi.org/10.1038/npp.2014.127
https://doi.org/10.2307/3565222
https://doi.org/10.1007/BF00399045
https://doi.org/10.1007/BF00399045


2054  |     FLYNN et aL.

Uren Webster, T. M., Bury, N., van Aerle, R., & Santos, E. M. (2013). 
Global transcriptome profiling reveals molecular mechanisms of 
metal tolerance in a chronically exposed wild population of brown 
trout. Environmental Science and Technology, 47, 8869– 8877. https://
doi.org/10.1021/es401 380p

US EPA. (2007). Coal combustion waste damage case assessments. US EPA.
US EPA. (2010). Human and ecological risk assessment of coal combustion 

wastes, DRAFT. US EPA.
Vitousek, P. M., Mooney, H. A., Lubchenco, J., & Melillo, J. M. (1997). 

Human domination of earth’s ecosystems. Science, 277(5325), 494– 
499. https://doi.org/10.1126/scien ce.277.5325.494

Waddington, H. C. (1953). Genetic assimilation of an acquired character. 
Evolution, 7, 118– 126. https://doi.org/10.1111/j.1558- 5646.1953.
tb000 70.x

Walsh, M. R., Whittington, D., & Funkhouser, C. (2014). Thermal trans-
generational plasticity in natural populations of Daphnia. Integrative 
and Comparative Biology, 54(5), 822– 829. https://doi.org/10.1093/
icb/icu078

Weigensberg, I., & Roff, D. A. (1996). Natural heritabilities: Can they be 
reliably estimated in the laboratory? Evolution, 50(6), 2149. https://
doi.org/10.2307/2410686

Weis, J. S., & Weis, P. (1989). Tolerance and stress in a polluted envi-
ronment. BioScience, 39(2), 89– 95. https://doi.org/10.2307/1310907

Werner, E. E. (1986). Amphibian metamorphosis: Growth rate, predation 
risk, and the optimal size at transformation. The American Naturalist, 
128(3), 319– 341. https://doi.org/10.1086/521238

West- Eberhard, M. J. (2003). Developmental plasticity and evolution. 
Oxford University Press.

Wilbur, H. M., & Collins, J. P. (1973). Ecological aspects of amphib-
ian metamorphosis. Science, 182(4119), 1305– 1314. https://doi.
org/10.1126/scien ce.182.4119.1305

Wright, A. H., & Wright, A. A. (1949). Handbook of frogs and toads of the 
United States and Canada (3rd ed.). Comstock Publishing Associates.

Xie, L., & Klerks, P. L. (2004). Fitness cost of resistance to cadmium in 
the least killifish (Heterandria formosa). Environmental Toxicology and 
Chemistry, 23(6), 1499– 1503. https://doi.org/10.1897/03- 96

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Flynn, R. W., Welch, A. M., & Lance, S. 
L. (2021). Divergence in heritable life history traits suggests 
potential for local adaptation and trade- offs associated with a 
coal ash disposal site. Evolutionary Applications, 14, 2039– 2054. 
https://doi.org/10.1111/eva.13256

https://doi.org/10.1021/es401380p
https://doi.org/10.1021/es401380p
https://doi.org/10.1126/science.277.5325.494
https://doi.org/10.1111/j.1558-5646.1953.tb00070.x
https://doi.org/10.1111/j.1558-5646.1953.tb00070.x
https://doi.org/10.1093/icb/icu078
https://doi.org/10.1093/icb/icu078
https://doi.org/10.2307/2410686
https://doi.org/10.2307/2410686
https://doi.org/10.2307/1310907
https://doi.org/10.1086/521238
https://doi.org/10.1126/science.182.4119.1305
https://doi.org/10.1126/science.182.4119.1305
https://doi.org/10.1897/03-96
https://doi.org/10.1111/eva.13256

