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a b s t r a c t

We conducted a mesocosm study to assess the individual and interactive effects of previous maternal
exposure and larval exposure to trace element-laden sediments on southern toads (Bufo terrestris).
Previous maternal exposure to coal combustion wastes (CCW) reduced larval survival to metamorphosis
up to 57% compared to larvae of unexposed females. Larvae reared on CCW accumulated significant
concentrations of trace elements resulting in extended larval periods, reduced growth rates, and reduced
mass at metamorphosis. However, the effects were dependent on age of sediments, suggesting the
effects of contaminants from CCW may be partially ameliorated over time through the reduced
bioavailability of trace elements in aged CCW. Most importantly, maternal exposure to contaminants
coupled with larval exposure to fresh CCW interacted to reduce survival to metamorphosis by 85%
compared to reference conditions. Our study yields further evidence that disposal of CCW in aquatic
basins potentially creates ecological traps for some amphibian populations.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Environmental contamination is thought to be one of the
greatest contributors to worldwide amphibian population declines
(Collins and Storfer, 2003; Hoffmann et al., 2010; Stuart et al., 2004).
Environmental contaminants come from many sources, but coal
fired power plants are one of the largest producers of contaminated
solid wastes in the U.S. (USDOE, 2005). Coal combustion wastes
(CCW) contain high concentrations of trace elements (e.g., arsenic
(As), mercury (Hg), selenium (Se)) and are often disposed of in open
aquatic settling basins (Rowe et al., 2002). Amphibians and other
wildlife using these basins can accumulate elevated concentrations
of trace elements, resulting in adverse effects on survival, growth,
development, behavior, performance, and recruitment (Hopkins
et al., 2000, 2006; Raimondo and Rowe, 1998; Rowe et al., 1996).
Taken together these studies suggest that CCW contaminated
wetlands may serve as ecological traps to amphibian populations
(Roe et al., 2006; Rowe and Hopkins, 2003; Snodgrass et al., 2003,
2004; Snodgrass and Hopkins, 2005).

Themajority of research investigating the effects of contaminants
on amphibians has focused on environmental exposure (i.e., sedi-
ment, soil, andwater) or trophic uptake (Linder andGrillitsch, 2000),
All rights reserved.
but other routes of exposure have gained recent attention. Although
environmental exposure to contaminants often elicits adverse
effects, parental factors such as maternal transfer of contaminants
may also negatively affect reproduction and development (Hopkins
et al., 2006). Previous studies have demonstrated that adult
amphibians can accumulate contaminants and transfer them to their
eggs (Kadokami et al., 2004; Bergeronet al., 2010), ultimately leading
to reduced hatching success and offspring viability (Kotyzova and
Sundeman, 1998; Hopkins et al., 2006; Bergeron et al., 2011a). In
addition, the consequences of previous maternal exposure may
become apparent later in development of surviving offspring
(i.e., long term and/or latent effects; Bergeron et al., 2011b). For
example, larvae of female American toads (Bufo (Anaxyrus) ameri-
canus; hereafter Bufo) exposed to Hg grew more slowly as embryos
and were smaller at metamorphosis than larvae from unexposed
females (Bergeron et al., 2011b). Further, amphibians born into the
same environment as their parents can be exposed to contaminants
ofmaternal origin and from the environment,making it important to
identify interactions between maternal and environmental or die-
tary exposure (Bergeron et al., 2011b). For instance, maternal Hg
exposure in B. americanus had a greater influence on offspring health
than larval dietary exposure. However, the two routes of exposure
acted synergistically, reducing survival by 50% compared to refer-
ence larvae (Bergeron et al., 2011b).

The objectives of our study were to assess the individual and
interactive effects of previous maternal exposure and subsequent
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environmental (i.e., sediment) exposure to trace elements on
survival, growth, and performance of larval southern toads (Bufo
terrestris). We also sought to determine whether reduced avail-
ability of trace elements in aged surface sediments would mitigate
the effects on amphibians. We conducted a factorial mesocosm
experiment designed to simulate conditions in 1) a CCW settling
basin, 2) a natural wetland contaminated with CCW that has
undergone natural succession for over 35 years, and 3) an uncon-
taminated reference wetland. We hypothesized that maternal and
environmental exposure to trace elements would each indepen-
dently prolong the larval period and decrease survival, growth rate,
size, and performance of metamorphs. Furthermore, we predicted
that the interaction of maternal and environmental exposure
would exacerbate the individual effects of contaminants on
larvae. Because the availability of trace elements in contaminated
wetlands may decrease over time, due to downward leaching from
surface sediments and other biogeochemical processes (Sandhu
et al., 1993), we hypothesized that the effects of contaminants
would be less pronounced in larvae reared on wetland sediments
contaminated with ash deposited more than 35 years ago
compared to sediments from an active ash settling basin.

2. Materials and methods

2.1. Study species

Bufo terrestris is a common anuran in the southeastern U.S. that like many other
amphibians, has a complex life cycle consisting of aquatic larvae and terrestrial
adults. Their home range extends up to 1.6 km from wetlands during the non-
breeding season (Bogert, 1947) and adults migrate in the spring and summer to
aquatic breeding sites (Jensen, 2008). Females lay 2500 to 4000 eggs which hatch in
2e4 days. Larvae grazemostly on aquatic vegetation and algae, exhibit rapid growth,
and have a relatively short larval period (30e55 days; Jensen, 2008). After meta-
morphosis juveniles move on to land and migrate across the landscape. Once they
mature, most individuals return to breed in their natal wetland, while others
disperse to neighboring wetlands (Breden, 1987; Berven, 1990). Thus, adults may
inhabit and breed in both contaminated and uncontaminated wetlands occurring
within a few square kilometers of one another.

2.2. Study sites

We collected adult B. terrestris from three locations on the Savannah River Site
near Aiken, SC, USA: the D-area ash basin, the ash plume wetland, and a reference
site (Ellenton Bay, a nearby uncontaminated Carolina bay wetland). The two
contaminated sites (ash basin and ash plume wetland) are associated with a coal
powered steam generation facility, which includes a disposal area where sluiced
CCWs are discharged into a series of open settling basins. Sediments in this basin are
comprised entirely of CCWs that are enriched with trace elements (Rowe et al.,
2002; Hopkins et al., 2006) and extremely low in organic matter (Hopkins et al.,
2004). The second contaminated site is the ash plume wetland, a natural wetland
in the Savannah River floodplain that was contaminated when CCWs were dis-
charged into it during the 1950’s to early 1970’s (Roe et al., 2005). Since the cessation
of CCW discharge into the floodplain, vegetational succession has occurred in the
ash plume wetland, and possible attenuation of trace elements in the sediments
(Sandhu et al., 1993) could create an environment that is less contaminated than the
active ash basins. Coal combustion wastes in the ash plume sediments extend to
a depth of 2.7 m and cover approximately 40 ha, 30% of which is occasionally
inundated when the Savannah River floods into its surrounding floodplain. A thin
layer (w2.5 cm) of organic material covers the CCW and the ash plume wetland is
vegetated with a mixed floodplain flora community (Roe et al., 2005). The reference
site, Ellenton Bay, is a 10-ha natural Carolina bay wetland with no known historical
contamination, located approximately 3 km from the D-area facility (Sharitz, 2003;
Sharitz and Gibbons,1982). All three sites are surrounded bymixed pine-hardwoods
and open field habitats.

2.3. Experimental design and data collection

In February 2009, we created outdoor mesocosms using polyethylene cattle
tanks (1.85 m diameter, 1480 L volume). We randomly assigned each mesocosm
two treatment components, sediment type and female origin, yielding a 3�3
completely randomized design replicated four times (n ¼ 36 mesocosms). We filled
mesocosms to a depth of 5 cm with 93 L of sediment from either the ash basin, ash
plume wetland, or commercially available river sand. To simulate the low organic
content of CCW, we used river sand as reference sediments instead of sediments
from a natural wetland, which are typically high in organic content (Sharitz and
Gibbons, 1982). The initial conductivity of water containing CCWs can be quite
high, thus to help desalinate the water, we filled each mesocosm with 500 L of well
water, drained each mesocosm, and refilled them with 1000 L of well water. To
provide nutrients to the system, we added 1.5 kg of dry leaf litter from an
uncontaminated source to each mesocosm. We inoculated each mesocosm with
10 L of pond water collected from a nearby unpolluted wetland to establish
phytoplankton populations.

At the beginning of the study we collected sediment and water samples from
each mesocosm for elemental analysis. We collected sediments using a modified
60 mL syringe inserted with backpressure into the sediment at six locations, one at
each of the cardinal directions near the mesocosm periphery and two near the
center. We homogenized the six subsamples (w15mL/sample) from eachmesocosm
into a single sample (90 mL) and froze them for subsequent elemental analyses. We
collected water samples from 15 to 20 cm beneath the surface near the center of the
mesocosm using a clean 250 mL plastic bottle. We then acidified water samples to
2% acidity with ultra high pure nitric acid until elemental analyses were performed.
We also monitored environmental conditions in each mesocosm weekly by
measuring water temperature, specific conductance, dissolved oxygen, pH,
and oxidation-reduction potential (ORP) using a YSI 556 MPS handheld probe
(YSI Environmental Inc., Yellow Springs, OH).

To quantify periphyton abundance, we suspended a 12.7 � 17.8 cm plastic plate
in each mesocosm on 15 April 2009. On 19 June 2009, we removed the plates,
scraped both sides with a razor blade, and rinsed the material with deionized water.
We dried each periphyton sample at 60 �C and then combusted them at 500 �C for
24 h. We measured periphyton dry mass to the nearest 0.1 mg before and after
combustion and used the difference between the two as our estimate of organic
content in periphyton.

We collected adult B. terrestris on 28e29 March 2009 from breeding congre-
gations at the ash basin, ash plume, and reference site wetlands. We transported
toads to the labwherewemeasured snout-vent length (SVL, mm) and weighed (mg)
each female. We injected males and females with human chorionic gonadotropin
(males 100, females 250 IU), and placed the breeding pairs in plastic containers with
well water. Thirty-six females (12 from each site) deposited eggs. After pairs bred,
we released males at their location of capture. We kept females in plastic containers
in the lab for an additional 48 h to allow them to void their gut contents. We then
euthanized females by immersion in buffered tricaine methanesulfonate (MS-222)
and freeze-dried the carcasses for subsequent elemental analysis.

We transferred a subsample of 120e150 eggs from each female to a 19 L floating
plastic container with screen sides and placed it in the mesocosm to which that
female had been assigned. Clutches were not mixed; this approach allowed us to
track offspring of individual females and subsequently evaluate female trace
element profiles relative to the success of their young. After hatching in the flow-
through container, 100 free-swimming larvae were transferred from the embry-
onic container into the mesocosm for the remainder of the larval period. We
monitored larvae in mesocosms for evidence of initiation of metamorphosis (Gosner
stage 42), at which time we set two minnow traps in each mesocosm to capture
metamorphosing individuals. We collected metamorphs and transferred them to
the laboratory where they were kept at 23 �C on moist paper towels in plastic
containers. After complete tail resorption (typically 2e4 days) we weighed and
measured each metamorph. In addition, we assessed performance on a subset of 30
metamorphs from each mesocosm by measuring hopping speed (distance covered
in the first 30 s of a trial; Walton,1988) and endurance (total distance covered before
no longer responding to ten consecutive proddings) on a 3 m linear track (Beck and
Congdon, 2000). In mesocosms that produced fewer than 30 metamorphs we
measured performance of all metamorphs from that mesocosm. After performance
tests, we euthanized metamorphs, pooled them by mesocosm into samples large
enough for elemental analysis (w800 mg wet weight), and freeze-dried them for
elemental analyses.

2.4. Sample preparation and element analysis

We individually digested a subsample (w250 mg) of each homogenized female
carcass, each sample of pooled metamorphs, and mesocosm sediment samples in
10 mL of trace metal grade nitric acid (70% HNO3) using microwave digestion
(MarsExpress, CEM Corp., Matthews, NC). After HNO3 digestion, we brought tissue
samples to a final volume of 15 mL and sediment samples to a final volume of 50 mL
with 18 MU deionized water. Acidified water samples from mesocosms were not
digested or diluted prior to analysis. We determined elemental concentrations of As,
Hg, Se, strontium (Sr), cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), nickel
(Ni), vanadium (V), and zinc (Zn) in tissue, sediment, and water samples using
inductively coupled plasma mass spectrometry (Perkin Elmer, Norwalk, CT). For
quality control, we included certified reference material in each analysis (TORT-2
and LUTS; National Research Council of Canada, Ottawa, Canada). Mean percent
recoveries for elements in certified reference material ranged from 84 to 95%.
Minimum detection limits in water samples were: As, 0.08; Cd, 0.12; Cr, 0.02; Cu,
0.08; Ni, 0.10; Pb, 0.07; Se, 0.88; Sr, 3.92; V, 0.15; Zn, 0.56 mg/L. Detection limits in
sediment and tissue samples were: As, 0.40; Cd, 0.27; Cr, 0.36; Cu, 0.39; Hg, 0.23; Ni,
0.39; Pb, 1.31; Se, 1.70; Sr, 2.86; V, 0.17; Zn, 2.35 mg/kg.
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2.5. Statistical analyses

We performed statistical analyses using SAS 9.1 (SAS Institute, Cary, NC). We
examined the assumptions of homogeneity of variance and normality, and where
deviations from these assumptions were found, we performed log or angular
transformations to better meet the assumptions. For each mesocosm, we calculated
percent survival to metamorphosis, average days to metamorphosis, mass, SVL,
growth rate, hopping speed, endurance, and trace element composition of meta-
morphs. We used mesocosm-specific mean values as the unit of replication for all
dependent variables in the models. In all statistical comparisons, we accepted
statistical significance at a ¼ 0.05 and we present data as mean � 1 standard error
(SE). When multivariate models were significant, we used individual ANOVAs
followed by Bonferroni corrected pair-wise comparisons to identify differences
among treatment groups.

To determine differences in the weekly mesocosm water chemistry parameters
(e.g., temperature, dissolved oxygen), we used repeated measures MANOVA with
sediment type as the independent variable and time as the repeated measure. We
compared dry mass and organic content of periphyton among mesocosms using
ANOVA with sediment type as the independent variable.

We compared trace element concentrations in metamorphs, sediments, and
water among treatments (sediment type and female origin), using individual
MANOVAs. To ensure that the trace element profiles of females from each study site
were comparable across the three sediment treatments to which they were
assigned, we first used individual MANOVAs for comparisons within each site. After
confirming that trace element profiles of females within each site were equivalent,
we then compared trace element concentrations in females among sites using
MANOVA. For statistical comparisons, we assigned trace element concentrations
below the instrument’s detection limit (BDL) a value of half the minimum detection
limit. However, if more than 10% of the samples from a treatment were BDL for
a given element, we excluded that treatment from analysis of that element.

We compared percent survival to metamorphosis among mesocosm treatments
using ANOVA. To better quantify the latent effect of previous maternal exposure on
survival, we compared survival of larvae from the three female exposure groups that
were raised only on reference sediments using contrast statements. To quantify the
effects of environmental exposure on larval survival, we compared survival of larvae
from each female group reared on their source sediment to survival when reared on
the other two sediment types. Because survival within a mesocosm can influence
density, which affects amphibian growth rate, size, and larval period (Travis, 1983;
Wilbur, 1997) we initially compared SVL, mass, growth rate, and days to meta-
morphosis among treatments using MANCOVA with survival as the covariate (e.g.,
Parris and Semlitsch, 1998). However, because survival was influenced by the
treatments, making it an inappropriate covariate (Cochran, 1957), and because
survival was not significant in the multivariate or individual models, we removed
survival from the model in the final analysis. Because size at metamorphosis can
influence performance, we compared hopping speed and endurance of metamorphs
among treatments using MANCOVA with SVL as the covariate.
3. Results

3.1. Water quality

Water quality changed over time and was dependent on sedi-
ment type (time: Pillai’s trace ¼ 0.99, F4, 318 ¼ 131,635, p < 0.001;
sediment: F2, 321 ¼ 11.15, p < 0.001; time � sediment: Pillai’s
trace ¼ 0.92, F8, 638 ¼ 68.06, p < 0.001). Briefly, water temperature,
Table 1
Elemental composition of post-ovipositional female Bufo terrestris collected 28e29 M
morphosed offspring reared in mesocosms containing sediments from reference and con

Element Females (mg/g)

Reference Ash plume Ash basin

As BDL BDL BDL
Cd BDL BDL BDL
Cr A3.95 � 0.32 A2.65 � 0.11 A4.24 � 0.23
Cu A12.79 � 0.58 B26.23 � 1.29 A12.97 � 0.53
Hg A0.24 � 0.01 A0.22 � 0.01 A0.3 � 0.01
Ni A2.42 � 0.16 A2.16 � 0.10 A3.48 � 0.17
Pb A0.94 � 0.04 BDL B0.51 � 0.04
Se A1.62 � 0.03 B4.1 � 0.19 C9.41 � 1.27
Sr A72.04 � 1.42 B200.07 � 7.26 B162.33 � 12.7
V A0.17 � 0.01 A0.27 � 0.03 C0.96 � 0.11
Zn A90.73 � 1.35 A92.04 � 1.64 A98.56 � 2.24

a Significant differences indicated by varying letters.
pH, and specific conductance increased in all mesocosms as
summer progressed. We observed differences among mesocosm
treatments for specific conductance (F2, 321¼840.98, p< 0.001) and
dissolved oxygen (F2, 321¼17.0, p< 0.001), but not temperature, pH,
or ORP (temp: F2, 321 ¼ 0.08, p ¼ 0.92; pH: F2, 321 ¼ 0.99, p ¼ 0.37;
ORP: F2, 321 ¼1.29, p ¼ 0.28). Overall mean specific conductance in
reference (48.3 � 0.6 uS/cm) mesocosms was significantly lower
than ash plume (57.1 � 0.4 uS/cm), which was significantly lower
than ash basin mesocosms (93.2 � 0.8 uS/cm). Similarly, overall
mean dissolved oxygen was significantly lower in reference
compared to ash plume and ash basin mesocosms (reference:
62.2 � 0.18%, ash plume: 68.8 � 0.13%, ash basin: 75.3 � 0.12%).

Periphyton dry mass was similar between ash plume
(62.1 � 3.9 mg) and reference (52.5 � 2.9 mg) mesocosms, but was
significantly reduced in the ash basin (25.9 � 3.3 mg) mesocosms
(dry mass: F2, 33 ¼ 5.33, p ¼ 0.01). In contrast, percent organic
material in periphytonwas similar between ash plume (30.1�0.7%)
and ash basin (23.2� 0.4%) mesocosms, but was significantly lower
in referencemesocosms (11.1�0.3%; percent organic: F2, 33¼ 35.20,
p < 0.001).

3.2. Elemental concentrations in females

The females within each site that were allocated among the
three sediment treatments had similar whole body trace element
concentrations (in all three cases: p > 0.77). However, as expected,
we detected significant differences in elemental concentrations in
adult females among sites (Pillai’s trace ¼ 1.33, F18, 52 ¼ 5.74,
p < 0.001). Specifically, female concentrations of Cu, Pb, Se, and Sr
were significantly different among sites (in all cases: F2, 33 > 5.45,
p < 0.01; Table 1). Female Se and Sr concentrations were 2e4 times
higher in ash basin and ash plume wetland females compared with
reference females (Table 1). Copper concentrations in ash plume
females were two times that of reference and ash basin females
(Table 1). Although Pb concentrations were generally low in all
females, concentrations in reference females were 46% higher than
ash basin females, and also elevated compared to ash plume
females, which had Pb levels below detection limits (Table 1).

3.3. Elemental concentrations in mesocosm sediment

Elemental concentrations differed significantly among the
sediments placed in mesocosms (Pillai’s trace¼ 1.33, F22,48 ¼ 35.39,
p < 0.001). Concentrations of As, Cr, Cu, Ni, and Zn in sediments
were similar between the ash basin and ash plume wetland mes-
ocosms, but were significantly higher compared to reference
sediments (in all cases: F2, 33 > 45.96, p< 0.001; Table 2). Sediment
arch 2009 from reference and CCW-contaminated sites, and their recently meta-
taminated sites. Data presented are meansa � 1 SE. BDL ¼ below detection limit.

Metamorphs (mg/g)

Reference Ash plume Ash basin
A0.47 � 0.07 B3.37 � 0.02 C7.44 � 0.12
BDL BDL BDL
A1.65 � 0.02 A1.40 � 0.02 A2.16 � 0.08
A5.54 � 0.01 A6.18 � 0.01 A13.13 � 0.03
BDL BDL BDL
A0.43 � 0.04 A0.34 � 0.02 A0.46 � 0.02
BDL BDL 0.17 � 0.08
A2.44 � 0.13 B8.07 � 0.06 C60.75 � 0.07

1 A18.62 � 0.04 B94.63 � 0.02 C274.86 � 0.05
A0.41 � 0.14 A0.25 � 0.04 B2.15 � 0.13
A240.54 � 0.23 A113.72 � 0.09 B377.47 � 0.42



Table 2
Elemental concentrations of water and sediment from mesocosms. Data presented are meansa � 1 SE. BDL ¼ below detection limit.

Element Water (mg/L) Sediment (mg/g)

Reference Ash plume Ash basin Referenceb Ash plume Ash basin

As A0.52 � 0.04 B1.76 � 0.06 C6.98 � 0.22 A1.58 � 0.06 B50.05 � 1.34 B44.15 � 1.08
Cd BDL BDL BDL A0.93 � 0.01 B1.21 � 0.01 C1.11 � 0.01
Cr A0.27 � 0.01 A0.37 � 0.01 A0.49 � 0.04 A1.13 � 0.32 B23.09 � 0.37 B30.58 � 0.36
Cu A1.65 � 0.09 B0.99 � 0.03 B0.83 � 0.04 A0.12 � 0.02 B42.51 � 0.49 B69.63 � 0.66
Hg BDL BDL BDL A0.14 � 0.01 B0.32 � 0.01 C0.66 � 0.01
Ni BDL A0.65 � 0.03 A0.58 � 0.01 A0.18 � 0.02 B24.75 � 0.38 B39.94 � 0.39
Pb A0.15 � 0.01 A0.1 � 0.01 BDL A0.76 � 0.03 B15.87 � 0.22 C29.69 � 0.20
Se BDL BDL 7.22 � 0.27 A0.45 � 0.05 B5.37 � 0.15 C21.18 � 0.14
Sr A6.97 � 0.13 B22.01 � 0.98 C170.64 � 3.29 A1.24 � 0.04 B176.88 � 3.46 C285.32 � 5.67
V A0.29 � 0.01 B0.54 � 0.02 C5.24 � 0.12 A3.41 � 0.70 B65.56 � 0.80 C118.69 � 0.93
Zn A8.15 � 0.46 A8.55 � 0.28 B14.69 � 0.62 A1.56 � 0.20 B31.16 � 0.47 B39.64 � 0.27

a Significant differences indicated by varying letters.
b Reference sediments were uncontaminated river sand.

Fig. 1. Percentage of Bufo terrestris larvae that survived to metamorphosis after
exposure to sediments from either a reference site (reference), a natural wetland
contaminated with coal combustions wastes (ash plume), or a coal ash settling basin
(ash basin) in experimental mesocosms. Data are presented as means � 1 SE.
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concentrations of Cd, Hg, Pb, Se, Sr, and V were significantly
different among all three sediment types (in all cases: F2,
33 > 109.38, p < 0.001; Table 2), with levels in ash basin sediments
being generally higher than ash plume sediments, which in
turn exceeded reference sediment concentrations. Sediment Hg
concentrations were 2e4 times higher in both contaminated
treatments compared with the reference mesocosms. Selenium
was 47 times higher in the ash basin sediments and 12 times higher
in the ash plume compared with the reference sediments (Table 2).
Concentrations of As, Cr, Pb, V, and Zn were 20e40 times higher,
and Ni, Sr, and Cu concentrations were more than 136 times higher
in ash basin and ash plume sediments compared with reference
sediments (Table 2).

3.4. Elemental concentrations in mesocosm water

Elemental concentrations in mesocosm water differed signifi-
cantly among the sediment treatments (Pillai’s trace ¼ 1.92, F18,
52 ¼ 67.81, p< 0.001). Concentrations that were BDL were excluded
from statistical models (Table 2). Chromium concentrations in
water samples were similar among sediment treatments. However,
water concentrations of As, Sr, and V were 13e24 times higher in
ash basin mesocosms and 2e3 times higher in ash plume meso-
cosms compared to reference mesocosms (Table 2). Water
concentrations of Zn were nearly two times higher in ash basin
mesocosms compared with ash plume and reference mesocosms
(Table 2). Copper concentrations in mesocosmwater were 40e50%
higher in reference mesocosms compared with ash plume and ash
basin (Table 2).

3.5. Elemental concentrations in metamorphs

Elemental concentrations in metamorphs were dependent on
sediment type (Pillai’s trace ¼ 1.77, F22, 34 ¼ 12.06, p < 0.001), but
not female origin (Pillai’s trace ¼ 0.87, F22, 34 ¼ 1.19, p ¼ 0.32) or
their interaction (sediment*female interaction; Pillai’s trace ¼ 1.68,
F44, 76 ¼ 1.26, p ¼ 0.19). Specifically, concentrations of As, Se, Sr, V,
and Zn in recent metamorphs differed significantly among sedi-
ment types (in all cases: F2, 26 > 7.12, p < 0.003; Table 1).
Concentrations of As, Se, and Sr in metamorphs were 15e25 times
higher in ash basin and 3e5 times higher in ash plume than
reference (Table 1). Vanadium concentrations in ash basin meta-
morphs were 5 times higher than reference, and Zn concentrations
were 57% higher in ash basin compared to reference metamorphs
(Table 1). However, V and Zn concentrations were similar between
ash plume and reference metamorphs. Although Cu concentrations
in metamorphs reared in ash basin mesocosms were twice as high
as those reared in ash plume and reference mesocosms, the
differences were not statistically different (F2, 26 ¼ 2.52, p ¼ 0.10;
Table 1).
3.6. Effects on larvae

Bufo terrestris larvae began to metamorphose on 4 May 2009
and continued until 22 June (36e77 day larval period). We
observed a significant interaction between sediment type and
female origin on survival to metamorphosis (sediment*female:
F4, 27 ¼ 2.90, p ¼ 0.04; sediment: F2, 27 ¼ 4.78, p ¼ 0.02, female
origin: F2, 27 ¼ 1.18, p ¼ 0.32). Survival to metamorphosis was
dramatically reduced in larvae of ash basin and ash plume females
compared to those of reference females, but the effect was
dependent on sediment type during the larval period (Fig. 1).
Survival to metamorphosis was highest in reference larvae reared
on reference sediments and lowest in ash basin larvae reared on ash
basin sediments. Survival of larvae from ash basin females reared
on reference sediments was reduced by 34%, compared to reference
larvae reared on reference sediments (F1, 27 ¼ 2.29, p ¼ 0.14; Fig. 1).
Similarly, survival of larvae from ash plume females reared on
reference sediments was reduced by 57% compared to reference
larvae reared on reference sediments (F1, 27 ¼ 6.23, p ¼ 0.02; Fig. 1).
When reference larvae were reared on ash basin and ash plume
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Fig. 3. Mass (mg) of recently metamorphosed Bufo terrestris exposed in experimental
mesocosms to sediments from either a reference site (reference), a natural wetland
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sediments, survival was reduced by 42e60% compared to reference
larvae reared on reference sediments (ash basin: F1, 27 ¼ 3.50,
p ¼ 0.07, ash plume: F1, 27 ¼ 6.43, p ¼ 0.02; Fig. 1). Additionally,
survival of larvae with mothers originating from the ash plume
reared on ash plume sediments was similar when reared on
reference sediments (F1, 27 ¼ 1.73, p ¼ 0.20; Fig. 1), but was reduced
by 65% when reared on ash basin sediments (F1, 27 ¼ 6.44, p ¼ 0.02;
Fig. 1). Survival of larvae from ash basin females increased by 427%
when reared on ash plume sediments (F1, 27¼ 6.47, p¼ 0.02; Fig. 1),
and by 373% when reared on reference sediments (F1, 27 ¼ 4.39,
p ¼ 0.05; Fig. 1).

Larval exposure to contaminated sediments had sublethal
effects on metamorphs (sediment: Pillai’s trace¼ 0.78, F8, 46 ¼ 3.86,
p ¼ 0.001; female origin: Pillai’s trace ¼ 0.35, F8, 46 ¼ 1.25, p ¼ 0.29;
sediment*female: Pillai’s trace ¼ 0.41, F16, 104 ¼ 0.74, p ¼ 0.75).
Larval period length differed significantly among mesocosm sedi-
ment types (F2, 26 ¼ 20.13, p < 0.001, Fig. 2). After accounting for
female origin, larval period duration on ash basin sediments was
27e40% longer than on the other two sediment types (Fig. 2). Mass
of metamorphs reared on reference and ash plume sediments was
significantly greater (30%) than metamorphs reared on ash basin
sediments (female: F2, 26 ¼ 0.05, p ¼ 0.96, sediment: F2, 26 ¼ 5.84,
p ¼ 0.01, sediment*female: F4, 26 ¼ 0.73, p ¼ 0.58; Fig. 3). However,
metamorph body length was statistically similar among treatments
(female: F2, 26 ¼ 0.14, p ¼ 0.87, sediment: F2, 26 ¼ 3.0, p ¼ 0.07,
sediment*female: F4, 26 ¼ 0.54, p ¼ 0.71). After accounting for
female origin, growth rate of larvae reared on ash basin sediments
was significantly reduced by an average of 0.4 mg/day compared to
those reared on reference and ash plume sediments (female:
F2, 26 ¼ 0.83, p ¼ 0.45; sediment: F2, 26 ¼ 13.96, p < 0.001; sed-
iment*female: F4, 26 ¼ 0.84, p ¼ 0.51; Fig. 4).

After accounting for body length, performance of metamorphs
was similar among treatments (sediment: Pillai’s trace ¼ 0.33,
F4, 50 ¼ 2.45, p ¼ 0.06; female: Pillai’s trace ¼ 0.02, F4, 50 ¼ 0.13,
p¼0.97; sediment*female: Pillai’s trace¼ 0.36, F8, 50¼1.36,p¼ 0.24;
covariate (SVL): Pillai’s trace ¼ 0.71, F2, 24 ¼ 29.68, p < 0.001).
Although not statistically significant, overall average hopping
speed of metamorphs exposed to ash plume sediments was 15e17%
greater than those exposed to ash basin and reference sediments
(sediment: F2, 25 ¼ 3.48, p ¼ 0.05; female: F2, 25 ¼ 0.05, p ¼ 0.95;
sediment*female: F4, 25 ¼ 1.90, p ¼ 0.14; covariate (SVL):
F1, 25¼ 52.67, p< 0.001; Fig. 5). Similarly, endurance of metamorphs
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Fig. 2. Number of days to metamorphosis of Bufo terrestris larvae exposed in experi-
mental mesocosms to sediments from either a reference site (reference), a natural
wetland contaminated with coal combustions wastes (ash plume), or a coal ash
settling basin (ash basin). Data are presented as means � 1 SE.
exposed to ash plume sediments was 18e22% greater than those
exposed to the other sediments (sediment: F2, 25 ¼ 4.03, p ¼ 0.05;
female: F2, 25 ¼ 0.095, p ¼ 0.91; sediment*female: F4, 25 ¼ 1.62,
p ¼ 0.20; covariate (SVL): F1, 25 ¼ 57.77, p < 0.001; Fig. 6).
4. Discussion

Our study is the first to document a latent effect of previous
maternal exposure to CCW in amphibians. Larval exposure to CCW
contaminated sediments reduced survival to metamorphosis, but
also had sublethal effects on survivors. Moreover, previous
maternal exposure and larval exposure to CCWs interacted to
substantially reduce survival to metamorphosis. Taken together,
our results suggest that CCW disposal basins may be ecological
traps that contribute to amphibian population declines.

Comparison of concentrations of As, Se, Sr, V, and Zn in meta-
morphs fromour factorial experiment revealed that bioaccumulation
during early development was primarily attributable to larvae
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Fig. 4. Growth rate (mg/day) of Bufo terrestris larvae exposed in experimental meso-
cosms to sediments from either a reference site (reference), a natural wetland
contaminated with coal combustions wastes (ash plume), or a coal ash settling basin
(ash basin). Data are presented as means � 1 SE.
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grazing contaminated sediments and not from maternal exposure.
Tissue concentrations in our study were consistent with previous
mesocosm experiments and other research conducted at our field
sites. For instance,mole salamanders (Ambystoma talpoideum) reared
to metamorphosis inmesocosms containing sediments from the ash
basin had mean Se and Sr concentrations of 35 and 250 mg/g (Roe
et al., 2006), while male B. terrestris had mean concentrations of 17
and 387 mg/g, respectively (Hopkins et al., 1998). Adult B. terrestris
and southern leopard frogs (Rana (Lithobates) sphenocephala)
collected from the ash plume wetland had Se and Sr concentrations
of 7 and 325 mg/g (Roe et al., 2005), and B. terrestrismetamorphs had
mean concentrations of 46 and 225 mg/g, respectively (Roe et al.,
2005). Collectively these studies demonstrate the propensity of
amphibians to accumulate trace elements as a result of exposure to
CCW,making subsequent transfer of contaminants to terrestrial food
webs likely (Snodgrass et al., 2003; Unrine et al., 2007).

We documented a latent effect of previous maternal exposure
to CCW on larval survival to metamorphosis. Specifically, when
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Fig. 6. Endurance (cm) of recently metamorphosed Bufo terrestris after larval exposure
to sediments from either a reference site (reference), a natural wetland contaminated
with coal combustions wastes (ash plume), or a coal ash settling basin (ash basin) in
experimental mesocosms. Data are presented as LS means (corrected for SVL) � 1 SE.
B. terrestris larvae of ash basin and ash plume females were reared
on reference sediments, maternal exposure to contaminants
reduced survival to metamorphosis by 34e57% compared to larvae
from reference females raised on reference sediments. In other
vertebrate groups, maternal exposure to contaminants can also
reduce post-hatching survival of offspring. For example, maternal
exposure of snapping turtles (Chelydra serpentina) to poly-
chlorinated biphenyls (PCBs) reduced survival of their offspring
during the first 14 months of life (Eisenreich et al., 2009). Our
findings highlight the importance of tracking the effects of
maternal exposure to contaminants beyond embryonic develop-
ment because important responses maymanifest later in ontogeny.

Larval exposure to contaminated sediments also reduced
survival to metamorphosis. In our study, survival was highest in
reference larvae reared on reference sediments, but exposure of
reference larvae to ash basin and ash plume sediments reduced
their survival by 42 and 60%, respectively. Larvae of ash plume
females reared on ash basin sediments experienced a 65% reduction
in survival to metamorphosis compared to those reared on ash
plume sediments. In contrast, larvae of ash basin females reared on
reference or ash plume sediments had improved survival compared
to those reared on ash basin sediments, demonstrating that the
combined effect of maternal and environmental exposure to trace
elements was much greater than maternal exposure alone.
Together, our results suggest that female toads from uncontami-
nated sites that are attracted to CCW contaminated wetlands to
breed can experience a reduction in reproductive success. In
contrast, females from ash basins that migrate to less contaminated
wetlands to breed may experience improved reproductive success
relative to their success when breeding in ash basins.

Our study demonstrated an interaction between previous
maternal exposure and subsequent larval environmental exposure
to CCW contaminated sediments, resulting in very low recruitment.
The combination of maternal exposure and larval exposure to fresh
CCW reduced survival to metamorphosis by 85% relative to refer-
ence conditions. In a laboratory study, Bergeron et al. (2011b) found
that in B. americanus previous maternal Hg exposure and larval
dietary Hg exposure acted synergistically to reduce survival by 50%
compared to reference larvae. In combination, these two studies
suggest that the interaction of these two common exposure routes
warrant further attention because such dramatic reductions in
recruitment could ultimately contribute to amphibian population
declines. In addition, because of their high abundance (Burton and
Likens, 1975a), diverse roles in food webs (consumers, predators,
and prey), and importance for the transfer of energy and nutrients
through food webs and across the landscape (Beard et al.,
2002; Burton and Likens, 1975b; Gibbons et al., 2006; Ranvestel
et al., 2004; Regester et al., 2006; Wyman, 1998), reductions in
amphibian recruitment in populations associated with contami-
nated wetlands may have important ecological ramifications
(Rowe et al., 2001).

We found sublethal effects (e.g., size and time to meta-
morphosis) on larvae exposed to sediments with the highest levels
of contaminants. We found that ash basin sediments prolonged the
larval period by 11e15 days compared to reference and ash plume
sediments, respectively. Considering the hot and dry conditions
that cause annual pond drying in the southeastern U.S., a two week
extension of larval development could limit the number of indi-
viduals reaching metamorphosis and reduce the frequency of years
with successful recruitment (Pechmann et al., 1989). For example,
previous work has shown that exposure to CCW resulted in large
numbers of A. talpoideum extending their larval period and failing
to metamorphose before ponds completely dried (Roe et al., 2006).
In our study, larvae reared in mesocosms containing ash
basin sediments also grew more slowly and were 30% smaller at
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metamorphosis than those reared in ash plume or reference mes-
ocosms. Such a considerable reduction in size may negatively
influence survival and future reproduction of individuals meta-
morphosing from ash basins (Berven and Gill, 1983). For instance,
Semlitsch et al. (1988) found that size at metamorphosis can
influence reproductive success of A. talpoideum, although this
pattern has not been confirmed for B. terrestris (Beck and Congdon,
1999, 2000). Taken together, the sublethal effects on growth and
developmentmay further reduce amphibian recruitment from sites
contaminated with CCWs under unpredictable environmental
conditions (Rowe and Hopkins, 2003).

The reduced size and extended larval periods we observed in
larvae reared on ash basin sediments may partially be attributable
to lower resource abundance (periphyton biomass) in ash basin
mesocosms compared to reference and ash plume mesocosms. The
decrease in food resources (i.e., periphyton biomass) we observed
in the ash basin mesocosms over the duration of the experiment is
consistent with our observations of slower growth, reducedmass at
metamorphosis, and prolonged development of larval toads.
Similarly, higher resource abundance in ash plumemesocosmsmay
explain the increased growth rate and size of larvae reared on ash
plume sediments. Two recent studies suggest that resource abun-
dance may influence the effects of exposure to contaminants on
anuran larvae. For instance, under low resource abundance condi-
tions, previous maternal Hg exposure and larval dietary Hg expo-
sure each negatively affected offspring health, but together acted
synergistically to cause high mortality (Bergeron et al., 2011b).
However, under higher resource abundance conditions, maternal
Hg exposure negatively affected offspring, but no effect of dietary
exposure was found (Todd et al., 2011).

Our use of river sand low in organic content as reference sedi-
ments may have resulted in conservative estimates of the negative
effects exposure to contaminants can have on larval growth and
size. In our study, periphyton from ash basin and ash plume mes-
ocosms contained greater proportions of organic content than
reference mesocosms. Thus, the growth rate and size of larvae in
reference mesocosms were likely lower than larvae from natural
uncontaminated wetlands where resources are considerably
more abundant due to increased nutrient availability. Thus, differ-
ences in growth and size between reference and ash plume larvae
would likely be greater (Figs. 2e4) if natural wetland sediments
were used.

We predicted reduced bioavailability of contaminants in aged
ash would ameliorate the effects of CCW exposure on larval
amphibians. After 35 years of natural succession, the ash plume
area has become revegetated. Elemental concentrations in the
sediments were presumably reduced by plant uptake and seques-
tration, flood events that transported dissolved elements offsite,
and other biogeochemical processes that lead to attenuation and/or
downward migration of elements in the sediments (Sandhu et al.,
1993). Indeed, most trace element concentrations in sediments
were lower in ash plume mesocosms compared to ash basin mes-
ocosms. As a result, many of the trace element concentrations
bioaccumulated by metamorphs reared on ash plume sediments
were lower than those of metamorphs raised on ash basin sedi-
ments. In addition, larval period length, mass, and growth ratewere
negatively influenced by ash basin sediments but not by ash plume
sediments. Moreover, survival of larvae from ash basin and ash
plume females was similar when reared on reference and ash
plume sediments, but was significantly reduced when reared on
ash basin sediments. Still, survival to metamorphosis was signifi-
cantly reduced in reference larvae reared in the ash plume meso-
cosms compared to reference conditions, suggesting that sediment
aging alone does not entirely alleviate the health risks associated
with CCW.
5. Conclusions

Our study demonstrated that larval exposure to CCW contami-
nated sediments had sublethal and lethal effects, and previous
maternal exposure to CCWs significantly reduced survival to
metamorphosis. The maternal exposure effects on offspring health
we observed are particularly important because they occurred
during larval development, long after the embryonic period which
has been the predominant focus of most studies on maternal
transfer. Our findings suggest that longitudinal studies are needed
to fully appreciate the influence of maternal transfer on repro-
ductive success and offspring viability. Importantly, we also
demonstrated that the interaction of previous maternal exposure
and subsequent larval exposure reduced survival tometamorphosis
up to 85% relative to reference conditions. Such a dramatic reduc-
tion in recruitment may ultimately result in local amphibian pop-
ulation declines, and suggests that CCW contaminated basins and
wetlands may be ecological traps for amphibians.
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