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Omnivorous amphibian larvae can be efficient accumulators of trace elements.

Abstract

Despite the influence that amphibians have on the flow of energy and nutrients in ecological systems, the role that amphibians play in trans-
porting contaminants through food webs has received very little attention. This study was undertaken to investigate bioaccumulation of trace
elements in amphibians relative to other small aquatic organisms in a contaminated wetland. We collected bullfrog larvae (Rana catesbeiana)
along with three other species of small vertebrates and four species of invertebrates from a site contaminated with a wide array of trace elements
and analyzed them for trace element concentrations and stable nitrogen and carbon isotope composition. We found that amphibian larvae accu-
mulated the highest concentrations of most trace elements, possibly due to their feeding ecology. These results suggest that omnivorous amphibian
larvae can serve as a critical link for trace element trophic transfer. Their propensity to accumulate trace elements may have important implications
for amphibian health in contaminated environments and should be further investigated.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Amphibians are critical components of aquatic and terrestrial
ecosystems. Frogs and salamanders can exceed average terres-
trial and aquatic densities of 40,000 individuals/hectare (Stewart
and Woolbright, 1996; Harris et al., 1988; Jaeger, 1980),
often representing the single most abundant vertebrate in
natural systems. A recent study indicates that a single 10 ha
isolated wetland produced >360,000 metamorphic amphib-
ians (>1400 kg of biomass) in 1 year (Gibbons et al., 2006),
suggesting that energy and nutrient subsidies may be greater
than previously realized in some habitats. Such high abundance,
coupled with the voracious appetites of many amphibian species
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E-mail address: unrine @srel.edu (J.M. Unrine).
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(Taylor et al., 1988) and their high conversion efficiency (Burton
and Likens, 1975; Grayson et al., 2005), enables amphibians to
have a profound influence on the flow of energy and key nutri-
ents through food webs. For example, experimental exclusion
of anurans in a subtropical forest reduced concentrations of dis-
solved organic carbon and nitrogen, as well as Ca, Fe, Mg, Mn, P,
K, and Zn by 60—100% in leaf wash (throughfall) and reduced K
and P availability in decomposing leaf litter by 12—14% (Beard
etal., 2002). Salamander predation on leaf litter fragmenters can
reduce leaf litter decomposition rates by as much as 17%, poten-
tially altering forest carbon dynamics (Wyman, 1998). Amphib-
ians can also subsidize aquatic and terrestrial habitats with
substantial quantities of energy and nutrients as they move
across habitat boundaries (Seale, 1980; Regester et al., 20006).
Despite the influence that amphibians have on the flow of
energy and nutrients in ecological systems, the role that
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amphibians play in transporting environmental contaminants
through food webs has received little attention. A propensity
to bioaccumulate contaminants may enhance their risk of ex-
periencing deleterious effects. Anuran larvae are often omniv-
orous, ingesting everything from sediment and phytoplankton
to conspecifics and carrion (Hoff et al., 1999). Thus, it is pos-
sible that the feeding habits of some anuran larvae expose
them to a wide variety of contaminants, some of which may
not be available to more narrow dietary specialists. That an-
uran larvae can accumulate high concentrations of contami-
nants when only polluted sediments are present (Snodgrass
et al., 2004) also suggests that they may be critical in trans-
forming contaminants from less bioavailable forms to those
that are bioavailable to higher trophic level consumers such
as fish, birds, and reptiles. Finally, the complex life cycles of
many amphibians may make them important for transferring
contaminants from aquatic to terrestrial food chains (Roe
et al., 2005), and vice versa (Hopkins et al., 2006).

The current study was undertaken to determine whether
amphibians can bioaccumulate trace elements to a greater
extent than other organisms in a trace-element contaminated
ecosystem. Some amphibians are known to accumulate high
concentrations of metalloids and organic contaminants in their
tissues (Sparling, 2000; Hopkins et al., 2006; Roe et al., 2006),
but how their accumulation relates to bioaccumulation in other
organisms from the same community has seldom been evalu-
ated (Phaneuf et al., 1995). To accomplish our objective, we
sampled bullfrog larvae (Rana catesbeiana) along with three
other species of small vertebrates and four species of inverte-
brates from a site contaminated with a wide array of trace ele-
ments. Because trophic position can in some cases influence
contaminant accumulation in aquatic organisms (Fagerstrom,
1991; Cabana and Rasmussen, 1994; Kiriluk et al., 1995;
Jarman et al.,, 1996; Pokarzhevskii and vanStraalen, 1996;
Reinfelder et al., 1998), abundant animal species were selected
for comparison that represent a wide range of trophic niches
(Table 1). To further understand the relative trophic position
of each species, we analyzed the stable isotopes of carbon
(as 6"°C) and nitrogen (as 6'°N) in dried tissue samples. Little
trophic isotopic fractionation of C occurs (<19,,) during

Table 1
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assimilation of foods, making 613C values useful in attributing
various C sources to organisms where such C sources differ in
their carbon isotope ratios due to differences in carbon fixation
pathways (DeNiro and Epstein, 1978). On the other hand, N
isotopes are more fractionated during amino acid and protein
metabolism, leading to an increase in 6'°N values of 1—5%,
in each successive trophic level (Minagawa and Wada, 1984;
Vander Zanden and Rasmussen, 2001; Post, 2002). This makes
0'°N useful as an indicator of trophic level (Cabana and
Rasmussen, 1994). Stable isotope ratios in consumers provide
temporally and spatially integrated information about their diet.
Therefore, isotope analysis can often compliment traditional
techniques, such as stomach content analyses, which only
provide data on foraging activity that are specific to a location
and point in time.

2. Materials and methods
2.1. Site description and sampling

The study site was a 2 ha drainage swamp located near the D-area power
and steam generation facility on the U.S. Department of Energy’s Savannah
River Site (SRS) on the upper coastal plain of South Carolina (33.1°N,
81.3°W). The SRS is a 778 km? area established in the early 1950s by the
United States Atomic Energy Commission for the production of nuclear mate-
rials. The D-area power plant disposes of sluiced ash from a coal-fired power
plant into a series of settling basins, which eventually drain into a swamp
(the study site) and then into Beaver Dam Creek, a tributary of the Savannah
River. The swamp is a shallow basin (generally <0.5 m) characterized by
a deeper central channel (<1.5m) leading from the inflow to the outflow,
and larger, shallow, and generally more stagnant peripheral areas that are dom-
inated by emergent macrophytes. The small spatial extent of the swamp (2 ha),
and the fact that the swamp has one small inlet and one small outlet acted as
restrictions for migration of biota and minimized potential influences of spatial
heterogeneity and movement of organisms on contaminant accumulation and
stable isotope values. Continual input of ash particles and frequent re-suspension
of sediment following inclement weather result in a thick coating of ash/sedi-
ment particles on submerged surfaces.

Bullfrog larvae (R. catesbeiana), snails (Helisoma trivolvis), clams (Cor-
bicula fluminea), odonate larvae (Tramea sp. and Erythemis sp.), eastern mos-
quitofish (Gambusia holbrooki), juvenile spotted sunfish (Lepomis punctatus),
and juvenile largemouth bass (Micropterus salmoides) were collected by hand
or in minnow traps from random locations throughout the swamp during Sep-
tember and October, 2002. The size of the bullfrog larvae indicated that they

Summary of species collected for analysis of trace element concentrations and stable isotope ratios for nitrogen and carbon from a drainage swamp contaminated
by coal combustion waste from a coal-fired power plant on the U.S. Department of Energy Savannah River Site near Aiken SC USA

b

Species Common name Trophic n Body mass Standard length References for
classification® (mean £ SD; g dry mass) (mean £ SD; mm) trophic classification

Heliosoma trivolvis Marsh ramshorn Herbivore 55(3) 0.01 +0.006 Lombardo and Cooke (2002)

Corbicula fluminea Asian clam Herbivore 243)  0.02£0.006 19+3 Hakenkamp et al. (2001)
(detritivore)

Lepomis punctatus Spotted sunfish Carnivore 15 1.47 +0.395 5345 Lattimore and

(juvenile) (omnivore) Gibbons (1976)

Gambusia holbrooki Eastern mosquitofish Omnivore 12 0.24 +0.048 37+2 Garcia-Berthou (1999)

Rana catesbeiana Bullfrog tadpole Omnivore 16 0.27 +£0.265 Hoft et al. (1999)

Tramea sp. Saddlebags dragonfly nymph Carnivore 122(5) 0.024+0.017 Westfall (1984)

Erythemis sp. Pondhawk dragonfly nymph  Carnivore 62(5) 0.03+0.014 Westfall (1984)

Micropterus salmoides Largemouth bass (juvenile)  Carnivore 16 0.72 £ 0.349 54+£8 Carlander (1977)

# Occasional minor component of trophic classification shown in parentheses.

" Number of organisms collected, when individuals were pooled for analyses number of pooled samples shown in parentheses.
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were most likely <1-year-old and they had not yet developed hindlimbs
(Table 1.). The organisms were held in dechlorinated tap water for 48 h to
clear their gut contents (Burger and Snodgrass, 1998). They were then sacri-
ficed, weighed and stored at —70 °C until preparation and analysis. Only
soft tissues were retained for snails and clams. Grab samples of sediment
and water were also obtained from random locations in the swamp and stored
at —4 °C until preparation and analysis. The number of replicates, size, general
trophic classification, and references for trophic classification for the organ-
isms are given in Table 1. Some organisms (i.e. snails, clams, and odonate lar-
vae) were too small for individual trace element analyses and were therefore
pooled. These animals were first weighed and grouped into pooled samples
of similar size (Table 1) so that potential allometric effects on contaminant
accumulation and stable isotope values could be accounted for. A sufficient
number of animals for both stable isotope and trace element analysis within
each size class were then pooled. Odonate larvae were divided into five size
classes while clams and snails were divided into three size classes. All organ-
isms were lyophilized and finely pulverized using a cryogenic mill. For two of
the fish species (L. punctatus and M. salmoides), only juveniles were captured
because the size of adult fish would preclude meaningful comparisons to small
amphibian larvae.

2.2. Trace element analyses

Sediment and tissue samples were either digested in trace metal grade
HNO; using a MARS-5 microwave digestion system (CEM, Matthews, NC,
USA) or trace metal grade HNO; and ACS grade 30% H,O, in an MDS-
2000 microwave digestion system (CEM, Matthews, NC, USA). Analytical
method blanks and standard reference materials (SRMs) were included in
each digestion batch. Trace element (Fe, Mn, V, As, Se, Zn, Hg, Cd, Cu,
Pb) analyses were performed using a Perkin—Elmer Sciex Elan DRC Plus in-
ductively coupled plasma mass spectrometer (ICP-MS; Norwalk, CT, USA)
operating in standard mode. Method detection limits (MDLs) for dry samples
depended on sample mass and were calculated separately for each observation
based on the dry mass of sample analyzed. Average MDLs ranged from
0.015pgg " dry mass for mercury (Hg) to 8.06 ugg ' dry mass for iron
(Fe). Tissue trace element concentrations generally exceeded detection limits
with the exception of three observations for (As) in M. salmoides. The calcu-
lated concentrations for these observations were replaced with one half of the
detection limit of each observation for statistical purposes. The analytical er-
ror expressed as relative percent difference (RPD) for independent analyses of
replicate dilutions of a subsample ranged from 2.9% for Fe to 11.4% for As.
The sub-sampling variation expressed as RPD between replicate subsamples
ranged from 31% for Pb to 7.4% for Fe. Mean recovery of trace elements
for the reference material TORT-2 (lobster hepatopancreas; National Research
Council of Canada, Ottawa, ON, Canada) were in good agreement with the
certified values and ranged from 77% for Fe to 120% for Pb. Mean analytical
spike recovery at approximately 2—5x the unspiked sample concentration
ranged from 77% for Hg to 101% for Pb (n = 10).

2.3. Stable isotope analyses

Lyophilized and ground tissue samples of approximately 2—7 mg were
weighed to the nearest micrograms into pre-cleaned tin capsules. Small muscle
samples were taken from fish and bullfrog larvae and subsamples of homoge-
nized, pooled whole organisms were used for other organisms. We previously
determined that variances in stable isotope ratios among pooled samples of in-
vertebrates from the swamp were not significantly different from variances
among individuals and that stable isotope ratios in whole fish were equivalent
to stable isotope ratios in muscle. Lipids are depleted in '*C relative to proteins
and carbohydrates (DeNiro and Epstein, 1977), so lipids were pre-extracted
from animal samples using a 2:1 chloroform:methanol mixture for 24 h to
avoid complications arising from differences in lipid content among or within
species. Stable isotope ratios were then determined using an elemental ana-
lyzer (Carlo Erba NC2500 Elemental Analyzer, Milan, Italy) coupled to a con-
tinuous flow isotope ratio mass spectrometer (Finnigan Delta™* XL, San Jose,
CA, USA). Stable isotope ratios are reported in per mill units (9,,) using ¢ no-
tation (6X = [(Rample/Rstandara) — 1110%), where X ="°C or '°N and R = the

ratio of *C/*2C or PN/"N (Fry, 1991). Values were calibrated to the internal
standards AIR and V-PDB through an external working standard, DORM-2
(dogfish muscle; National Research Council of Canada, Ottawa, ON, Canada),
which has an assigned 6'*C of —16.949%, and a 6'°N value of 14.01%,. Isotopic
compositions were reproducible to & 0.19, (£ 1 standard deviation) for both
6'3C and 6"N values.

We applied a two source mixing model as described by Post (2002) in
order to estimate trophic positions. This model requires that the 6'°N values
for basal resources (6'°Ny,..) be known or estimated from ¢'°N values of pri-
mary consumers and that these basal resources have distinct 6'C values. Two
end-member primary consumers (i.e. primary consumers with the most ex-
treme 6'>C values) are used in the model to estimate 6'°Np,.. for each of
two primary carbon sources. In lentic systems, snails and bivalves can be
used as end-member primary consumers in a two source mixing model
(Post, 2002). The trophic levels of other consumers, which may feed from
food webs based on each of the two basal resources, are calculated as: trophic
position = A + (6" Neonsumer — [0 Npase1& + 6" Npase2(1 — a)1/A,,, where a is
the proportion of N in the consumer derived from the base of food web one,
A is the trophic position of the organisms used to estimate 6" Npae and A,
is the increase in 6'°N per trophic level, for which we used 3.4%, (Post,
2002). Assuming that movement of N and C through the food web is similar,
oa= (6]3Ccon>umer - 513Cbase2)/(6]3cbasel - 613Cbase2)~ When the number of
important basal resources (n) is >2, isotope ratios from a minimum of n — 1
elements are required to resolve the system (Peterson and Fry, 1987; Post,
2002). Therefore, an assumption that is required by this model is that only
two primary carbon sources are present because use of a single isotope ratio
(6"C) in the model cannot provide a unique solution when there are more
than two possible carbon sources. In addition to using 6'>C to fit a two source
mixing model for estimating trophic positions, we interpreted the variation in
6'3C within a species to determine how broadly they fed from different basal
resources or food webs based on these resources. Species that feed from mul-
tiple food webs having basal resources with different 6'*C values would be ex-
pected to have higher variation in their 6'>C values than organisms feeding on
single food webs with only one important basal resource.

2.4. Statistical analyses

Analysis of variance (ANOVA) was used to test for significant variation in
stable isotope values and trace element concentrations. Trace element concen-
trations and stable isotope values tended not to be normally distributed and the
variances were unequal among species, so the data were rank-transformed to
better satisfy the assumptions of ANOVA. Post hoc multiple comparisons
were made using the Student—Neuman—Keuls (SNK) procedure.

The multivariate statistical approach used here is similar to that used in
a previous study of trace elements in R. catesbeiana larvae exposed to coal
ash (Snodgrass et al., 2003) although a few modifications were made. Prelim-
inary analyses of the data indicated that co-linearity existed among concen-
trations of many trace elements which made it possible to reduce the
dimensionality of the data set using principal components analysis (PCA).
Principal components analysis identifies a few orthogonal axes in multivariate
distributions that summarize the majority of variation in the data set and ex-
presses these axes as linear combinations of the original variables (Everitt
and Dunn, 2001). Dry mass was included with trace element concentrations
in the PCA to control for potential confounding allometric relationships be-
tween body mass and trace element concentrations. First, a matrix of Pearson’s
correlation coefficients with associated significance tests was constructed for
trace element concentrations and body mass. Principal components axes
were computed from the correlation matrix. We retained principal component
axes with eigenvalues greater than one for further analyses. A varimax rotation
was applied to the PCA axes to facilitate their interpretation. We then inter-
preted the principal components by examining loading of each variable on
the rotated axes using factor analysis. Variation in PCA scores was then com-
pared among species using analysis of variance (ANOVA). Principal compo-
nent scores were rank-transformed to satisfy homoscedasticity assumptions
for ANOVA. Post hoc multiple range tests were performed using the SNK pro-
cedure. All statistical analyses were performed using SAS version 9.00 (SAS
Institute, Cary, NC USA).
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3. Results
3.1. Trace element concentrations

Significant variation in trace element concentrations was ob-
served among species for every element (p < 0.05; Fig. 1). A
high degree of co-linearity was observed in the data set as evi-
denced by Pearson’s correlation matrix (Table 2). A Scree plot
of the principal components (PC) computed from the Pearson’s
correlation matrix suggested that the first three PCs should be
retained for further analyses since they had eigenvalues greater
than one and explained a cumulative 90% of the variation in the
data set. The first principal component (PC I) explained 56% of
the variation in the data set (Table 3). Factor analysis revealed
that this axis was positively related to V, Mn, Fe, Zn, As, Se,
and Pb concentrations. The second axis (PC II) explained
20% of the variation in the data set and had a strong positive
relationship with Cu and Cd concentrations (Table 2). The third
axis (PC III) explained 14% of the variation in the data set
and was positively related to Hg concentrations and body
mass (Table 3).

Significant differences in mean PC scores were observed
among species for each PC axis (Fig. 2). The bullfrog (R. cates-
beiana) and the snail (H. trivolvis) had the highest average
scores for PC I (Fig. 2A; F779=26.30, p < 0.001). The clam
(C. fluminea) had the highest average scores for PC II
(Fig. 2B; F770=39.68, p <0.001), with R. catesbeiana and
the two dragonfly species having the next highest scores. The
scores for PC IIl varied greatly among species (Fig. 2C;
F770=22.88, p <0.001). Principal component III scores were
highinR. catesbeiana and C. fluminea but much lower in the pri-
mary consumer H. trivolvis. The scores increased from the drag-
onfly larvae (Erythemis sp. and Tramea sp.) to the mosquitofish
(G. holbrooki), largemouth bass (M. salmoides) and spotted sun-
fish (L. punctatus).

To explain the PC groupings of the elements based on their
physicochemical properties, a plot of ionization potential versus
ionic charge density was constructed and it revealed that the
principal components axes were qualitatively related to ionic/
covalent bonding tendencies of the elements (Fig. 3). The ele-
ments associated with PC I tended to be in the borderline region
between ‘“‘hard” (class A) ions, which have a tendency to form
bonds of more ionic character and have greater affinity for O
bearing ligands, and “‘soft” (class B) ions, which have a ten-
dency to form bonds of more covalent character and have
greater affinity for S and N bearing ligands (Frausto da Silva
and Williams, 2001). The elements associated with PC II had
more of a class B tendency. Mercury was the only PC III ele-
ment and it is well within the class B region. Arsenic and Se
were not included in this analysis because they readily hydro-
lyze to form oxyanions in oxic surface waters rather than
cations.

Trace element concentrations in water averaged 7.0 & 0.44
V), 66.6+4.76 (Fe), 7.6 +0.42 (Cu), 15.0£1.77 (As),
25+£0.23 (Se), 59+3.42 (Mn), 0.78 £0.062 (Cd), and
2.3+0.24 (Pb) ugL~"'. Aqueous Zn and Hg concentrations
were below their MDLs. Sediment concentrations averaged

63.8+7.69 (V), 5309+£979.1 (Fe), 231.9+62.18 (Cu),
249.5 4 34.06 (Zn), 100.6 & 18.25 (Mn), 79.2 + 14.45 (As),
16.6+1.95 (Se), 8.4+ 1.68 (Cd), 0.234+0.029 (Hg) and
22.242.63 (Pb) pgg ' dry mass.

3.2. Stable isotope values

Significant variation in 6'*C values existed among species
(F772,=12.28, p <0.001), ranging from —20.09,, to —27.5%,
(Fig. 4). Body mass generally had no relationship with 6'°C
value (p > 0.107), except for R. catesbeiana (p =0.037,
r* =0.22); however, this relationship was heavily influenced
by one very large individual. In the absence of this individual,
no significant relationship existed (p = 0.173). R. catesbeiana
had a mean 6'°C value of —24.6%,. Significant variation in
6N values also existed among species (F;7,=116.61,
p < 0.001). The range of 8'°N values among individual samples
was 1.79, (in H. trivolvis) to 11.59,, (in L. punctatus). Species
mean 6'°N values in animals ranged from 1.9%, for H. trivolvis
to 10.1%, for L. punctatus (Fig. 4). Rana catesbeiana had a mean
6 N value of 4.5%,. Based upon an assumption of an average
increase 3.4, in 6"°N per trophic level (Post, 2002), our sample
ranged over three trophic levels; this generally agrees with
trophic classifications provided in the literature (Table 1). No
significant linear relationship between body mass and 6'°N
was observed in any species (p > 0.07 in all cases).

4. Discussion

Principal components analysis of these multivariate data in-
dicated that amphibian larvae may be highly susceptible to
trace element bioaccumulation relative to other small aquatic
organisms in this swamp. R. catesbeiana accumulated higher
concentrations of most PC I elements (V, Mn, Fe, Zn, As,
Se and Pb) than any other species, including small aquatic
predators. The single exception to this being Mn where H. triv-
olvis had the highest mean concentration and R. catesbeiana
had the second highest mean concentration. In addition, R. cat-
esbeiana consistently accumulated concentrations of elements
loading on PC II (Cd and Cu) and PC III (Hg) that were
greater than or equal to those accumulated by higher trophic
level organisms in the community. Only C. fluminea surpassed
R. catesbeiana in accumulating any of these elements. With
the exception of Hg, the only trace element that consistently
biomagnifies, lower trophic level organisms (R. catesbeiana,
H. trivolvis, and C. fluminea) accumulated higher concentra-
tions of trace elements than higher trophic level organisms
(L. punctatus, G. holbrooki, Tramea sp., Erythemis sp. and
M. salmoides). This suggests that the relatively low trophic
status of R. catesbeiana partially contributed to their propen-
sity to bioaccumulate trace elements.

Although the PC I trace elements bioaccumulated to the
greatest extent in R. catesbeiana larvae, not all of the accumu-
lated elements may be assimilated into tissues and/or com-
pletely retained through metamorphosis. Snodgrass et al. (2003)
demonstrated that concentrations of some trace elements,
namely V, As, Al, Cr, Cu and Ni can decrease significantly
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Fig. 1. Trace element concentrations in Corbicula fluminea, Rana catesbeiana, Helisoma trivolvis, Tramea sp., Erythemis sp., Gambusia holbrooki, Lepomis punc-
tatus, and Micropterus salmoides collected from a coal ash impacted swamp on the U.S. Department of Energy Savannah River Site near Aiken, SC, USA. The
species are indicated in the graphs by their generic name. Error bars represent standard errors of the means and significantly different means are indicated by
different letters above the bars. The species are arranged according to their trophic classifications with trophic status increasing from left to right.
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Pearson’s correlation matrix for trace element concentrations in whole bodies of aquatic organisms from a swamp contaminated by coal combustion in South
Carolina, USA

Mass A% Mn Fe Cu Zn As Se Cd Hg
A% —0.19
Mn —0.46 0.60
Fe —0.22 0.89 0.62
Cu —0.37 0.11 —0.04 0.09
Zn —0.28 0.73 0.44 0.85 0.18
As —0.41 0.90 0.66 0.89 0.37 0.75
Se —0.21 0.66 0.25 0.74 0.28 0.73 0.71
Cd —0.31 0.02 —0.07 0.02 0.97 0.11 0.28 0.21
Hg 0.35 0.31 —0.03 0.37 0.14 0.46 0.27 0.27 0.16
Pb —0.30 0.79 0.62 0.94 0.15 0.83 0.88 0.67 0.07 0.35

Correlation coefficients shown in bold are significantly different from zero (p < 0.05).

through metamorphosis in R. catesbeiana larvae. They hypoth-
esized that these elements may be bound to exterior cell surfa-
ces of the gut epithelium in tadpoles and are lost as these cells
are shed during metamorphosis when the gut is remodeled. In
contrast, some potentially toxic elements such as Cd, Ag, Se
and Sr were retained through metamorphosis. In another study,
Snodgrass et al. (2005) observed decreases of Cd, Cu, Fe, Sr,
and V concentrations through metamorphosis in Rana clami-
tans larvae while Zn, As, and Se were retained in terrestrial
metamorphs. Mercury was not included in either of these stud-
ies. However, evidence from a controlled feeding study and
a field study of Rana sphenocephala suggests that little Hg
is lost through metamorphosis (Unrine and Jagoe, 2004;
Unrine et al., 2005). Furthermore, some studies have demon-
strated that although a large fraction of trace elements may
be associated with the gut coil, concentrations in carcasses
with gut removed still have concentrations that are high
compared to other organisms (Unrine et al., 2005; Hall and
Mulhern, 1984). Differential elimination and retention of trace
elements through metamorphosis has important implications

Table 3

Loading of trace elements on the first three principal component axes from
a principal component analysis (PCA) of trace element concentrations in
aquatic biota from a swamp contaminated by coal combustion waste on the
U.S. Department of Energy Savannah River Site in South Carolina, USA

Variable

Rotated PC axis

I I 11
Mass —-0.26 —0.35 0.79
v 0.91
Mn 0.65 —0.54
Fe 0.98
Cu 0.98
Zn 0.89
As 0.92
Se 0.77
Cd 0.98
Hg 0.41 0.77
Pb 0.94
% of variance 56 20 14

Axes were rotated using a varimax rotation to aid in interpretation. Only load-
ings >0.25 or <—0.25 are shown for clarity and the heaviest loading for
a given element is shown in bold. Percent of variance in the data set summa-
rized by each of the axes is also given.

for their potential effects on juvenile life stages, as well as
contaminant transport from the aquatic to terrestrial environ-
ment. However, organisms preying on the larval stages would
be exposed at a minimum to the pre-metamorphic concentra-
tions presented in this study, highlighting the importance of
amphibian larvae in trophic transfer and bioavailability within
the aquatic community. That Hg and Se are retained through
metamorphosis has important implications for the terrestrial
environment and for amphibian health as these elements can
be efficiently transmitted through food webs and have been
documented to cause wide spread adverse effects in wildlife
(Ohlendorf, 2003; Wiener et al., 2003).

We hypothesize that R. catesbeiana and H. trivolvis accumu-
lated such high concentrations of PC I elements (Fe, Mn, Pb, V,
Zn, As and Se) because both species graze periphyton, detritus,
and other biotic and abiotic materials from submerged surfaces
(or procedurally defined aufwuchs sensu Newman et al., 1985;
Newman, 1989 hereafter referred to as aufwuchs). Previous
studies in this coal ash contaminated wetland have shown that
high concentrations of trace elements are associated with Fe
and Mn oxides which can comprise a major fraction of the abi-
otic material in aufwuchs (Newman et al., 1985; Newman,
1989). The cations Pb2+, VO%*, and Zn>* can bind to hydrous
Mn oxides as these oxides would be expected to have a net neg-
ative surface charge at circumneutral pH due to their low pH of
zero charge (pH,pc; 1.5—5.6) while the oxyanions As and Se
could be associated with Fe oxides which would be expected
to have a net positive surface charge under these conditions be-
cause of their relatively high pH,,. values (6.5—8.7) (Newman
etal., 1985). Furthermore, cations such as Pb>* and Cu®* canbe
bound directly to Fe oxides by inner sphere mechanisms, which
can occur below the pH,,,. (Templeton et al., 2003; Peacock and
Sherman, 2005). If R. catesbeiana is able to liberate and assim-
ilate metals bound to ingested mineral particles, this may par-
tially explain why R. catesbeiana accumulated concentrations
of the PC I elements far exceeding those of other organisms.
The fact that the elements loaded on each of the principal
components could be grouped according to chemical bonding
tendencies (Fig. 3) supports the contention that the physico-
chemical properties of the elements played an important role
in their patterns of bioaccumulation among species. For exam-
ple the PC I elements had the most “Class A” character of the
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elements analyzed and would therefore be preferentially bound
to the O bearing ligands found on the metal oxide surfaces to
which R. catesbeiana would be exposed through grazing on sed-
iment and aufuwchs. The observed difference in accumulation
between the two grazers (R. catesbeiana and H. trivolvis) likely
relates to differences in their foraging ecology. Although both
species graze aufwuchs, R. catesbeiana larvae also directly in-
gest sediments, which have high trace element concentrations
and can concentrate trace elements from the PC I grouping
due to the presence of Fe and Mn oxides. H. trivolvis tend not
to rely on detritus from sediment as a food resource (Table 1),
which is supported in this study by the relatively narrow range
of 6"3C values for H. trivolvis, which are much higher than those
of the sediment.

R. catesbeiana had concentrations of the PC II elements
(Cd and Cu) that were greater than or equal to all other organ-
isms besides C. fluminea. C. fluminea may have accumulated
such high concentrations of Cd and Cu because of physiolog-
ical mechanisms specific to this species. For example, extreme
accumulation of Cu in C. fluminea has been observed previ-
ously and was related to extremely slow elimination processes
(Croteau et al., 2004).

Mercury concentrations (PC III) in R. catesbeiana larvae
were as high as those in the predatory fish L. punctatus and
M. salmoides. Although Hg is the only metal known to consis-
tently biomagnify (Wiener et al., 2003), speciation of Hg must
be taken into consideration because, while methylmercury
(MMHg) concentrations tend to increase with trophic level, in-
organic mercury (Hg (I)) concentrations show the opposite
pattern (Hill et al., 1996; Houserova et al., 2007). A recent
study (Unrine et al., 2005) demonstrated that Hg concentra-
tions in R. sphenocephala tadpoles are comparable to higher
trophic level fish in isolated wetlands contaminated by atmo-
spheric Hg deposition because of elevated concentrations of
Hg (II) in the tadpoles’ diet. Thus, bioaccumulation of high con-
centrations of Hg in amphibian larvae may be consistent among
species and habitat types. Mercury in aufwuchs and in larval
anuran gut contents from these habitats is primarily Hg (II),
and although total Hg concentrations decrease through trophic
transfer from aufwuchs to larvae, the relative % MMHg increases
(Unrine and Jagoe, 2004; Unrine et al., 2005). Thus, anuran
larvae may also help to enrich MMHg content, thereby enhancing
Hg bioavailability and trophic transfer in wetlands.

Bioaccumulated Hg concentrations in R. sphenocephala
larvae from isolated wetlands contaminated by atmospheric
deposition of Hg can often exceed concentrations at which

Fig. 2. Comparison of mean principal components (PC) scores for aquatic or-
ganisms collected from a coal ash impacted swamp on the U.S. Department of
Energy Savannah River Site near Aiken, SC, USA. Data are presented for Cor-
bicula fluminea, Rana catesbeiana, Helisoma trivolvis, Tramea sp., Erythemis
sp., Gambusia holbrooki, Lepomis punctatus, and Micropterus salmoides. The
species are indicated in the graphs by their generic name. Error bars represent
standard errors of the means and significantly different means are indicated by
different letters above the bars. Panel A shows PC I scores which is associated
with V, Mn, Fe, Zn, As, Se and Pb concentrations, panel B shows PC II scores
which are related to Cd and Cu concentrations and panel C shows PC III scores
which are related to Hg concentrations and dry body mass.
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Fig. 3. Second ionization potential versus ionic charge density for elements an-
alyzed in aquatic organisms collected from a coal ash impacted swamp on the
U.S. Department of Energy Savannah River Site near Aiken, SC, USA. Group-
ings that are circled are based on a factor analysis of principal components
scores computed from a Pearson’s correlation matrix of trace element concen-
trations in the aquatic organisms.

adverse effects have been observed in the larvae fed diets con-
taining realistic combinations of Hg species (Unrine et al.,
2004; Unrine et al., 2005). This highlights the need to consider
amphibians as a potential target receptor of Hg in aquatic en-
vironments, despite their relatively low trophic status. Accu-
mulation of trace elements has also been associated with
adverse effects of coal ash in amphibian larvae including mal-
formations (Burger and Snodgrass, 2000; Hopkins et al.,
2000), endocrine disruption (Hopkins et al., 1997), decreased
swimming performance (Raimondo et al., 1998), elevated met-
abolic rates due to increased maintenance costs (Rowe et al.,
1998) and altered growth and development (Snodgrass et al.,
2004). Some or all of these adverse effects can translate to
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Fig. 4. Relationship between 6'>C and 6'°N for aquatic organisms collected
from a coal ash impacted swamp on the U.S. Department of Energy Savannah
River Site near Aiken, SC, USA. Error bars indicate standard deviations. The
dotted line shows the baseline 6'°N values predicted from a two source mixing
model derived from 6'*C and 6'°N values of the snail Helisoma trivolvis and
the clam Corbicula fluminea. Stable isotope values are expressed in per mil
units.

the population level and ultimately lead to failed recruitment
creating a population sink in coal ash polluted habitats
(Rowe et al., 2001).

We have shown that amphibian larvae in this impacted wet-
land tend to accumulate relatively high concentrations of
a great number of elements. This observation suggests that
amphibians may serve as a critical link in biotransferance of
these elements within aquatic communities and that some of
these elements (e.g., Se and Hg) may also be transported by
metamorphic amphibians to terrestrial communities. Past stud-
ies support this contention. For example, banded water snakes
(Nerodia fasciata) experimentally reared on a diet of fish col-
lected from the D-area coal ash polluted wetland bioaccumu-
lated concentrations of trace elements that were only a fraction
of those actually observed in N. fasciata collected from the field.
Rana catesbeiana and other anuran larvae were a component
of the snakes’ diet in the field and some of these larvae accu-
mulate trace element concentrations three to five times higher
than fish at the same site. Further, snakes from the field site
with elevated tissue residues also had elevated metabolic rates
while the snakes fed only fish in the laboratory did not exhibit
this response, illustrating the potential toxicological significa-
nce of selecting amphibians as prey (Hopkins, 2006). Althou-
gh, Rana catesbeiana larvae may not be palatable to all
potential predators, there is no reason to assume that high con-
centrations observed in this species are unique among amphib-
ians. Elevated concentrations of trace elements have also been
observed in more palatable species exposed to coal ash such as
R. sphenocephala and R. clamitans (Snodgrass et al., 2004;
Roe et al., 2005) and Hg in R. sphenocephala from isolated
wetlands (Unrine et al., 2005).

Although trace element accumulation in amphibian larvae
can vary among species within aquatic systems and within spe-
cies among aquatic systems (Sparling and Lowe, 1995), to our
knowledge few studies have explicitly compared accumulation
in an amphibian species to other small aquatic organisms. A
few studies that have made such comparisons are summarized
by Hall and Mulhern, 1984. Several authors have concluded
that various anuran amphibian species tended to accumulate
concentrations of many trace elements that were relatively
higher than other aquatic organisms in polluted habitats and at-
tributed this to the tendency of anuran larvae to feed on fine
sediments (Brungs, 1963; Jennett et al., 1977).

Stable isotope analysis revealed that more than two C sour-
ces likely existed within the swamp, precluding the use of
a two-element stable isotope approach to estimate trophic po-
sitions. This was easily observed when a two source mixing
model was applied to the data. The regression line connecting
C. fluminea and H. trivolvis in Fig. 4 illustrates how 0Ny ase at
trophic level one varies as a function of 6'>C according to the
two source mixing model. In the present study, the two source
mixing model calculates trophic levels for R. catesbeiana and
Tramea sp. which are less than one (primary consumers are de-
fined as trophic level one). This is obviously a paradoxical re-
sult given that R. catesbeiana are omnivores and Tramea sp. are
carnivores. Further, Erythemis sp. fell on the baseline, but it is
known that these odonate larvae are also carnivores (Table 1).
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The most plausible explanation for this result is that more than
two important basal resources exist in the swamp for food webs
that exist there. It is difficult or impossible to differentiate
among more than two important basal resources using only
0'>C. The relative contribution of these resources to the
6" Ny values of each food web must be known to estimate
trophic levels of consumers.

Another complicating factor may involve input of inorganic
N from the Savannah River, the water source for the power
plant waste disposal system. The 6'°N values of the N pool
may vary seasonally and annually due to fluctuations in N in-
puts from sewage and fertilizers used in agricultural operations
as well as the 6'°N values of those sources. Given that the spe-
cies collected have different residence times in the swamp,
they may have been integrating these fluctuating 6'°N values
over different time scales, resulting in considerable variation
in 6'°N values among species at a given trophic level.

Although stable isotope analysis using only C and N isotopes
and a two source mixing model could not provide reliable esti-
mates of trophic position using 6'°N, 6'*C values did provide
valuable information regarding primary consumers. The results
indicate that R. catesbeiana larvae were feeding very broadly
from basal resources while the other lower trophic level con-
sumers (C. fluminea and H. trivolvis) fed relatively narrowly
from the ecosystem. This is evidenced in that R. catesbeiana
had 6'>C values that nearly spanned the range of those observed
in the ecosystem while C. fluminea and H. trivolvis had rela-
tively narrow ranges of 6'°C values. The results also suggest
that C. fluminea may function primarily as detritivores (Haken-
kamp and Palmer, 1999; Hakenkamp et al., 2001), while snails
primarily fed on submerged macrophytes and algae, which tend
to have less negative 6'°N values similar to those observed in
snails (J. Unrine, unpublished data). Indeed, our 613C values
are consistent with gut contents of tadpoles indicating that
they feed on a diverse array of ecosystem components including
but not limited to sediment, bacteria, protists, fungi, algae and
plants (both living and dead), small multicellular animals, verte-
brate tissue (including heterospecific and conspecific larvae and
eggs) and fecal material (Hoff et al., 1999). It is possible that this
breadth of dietary preferences predisposes the R. catesbeiana in
this swamp to accumulation of a wide variety of trace elements
that concentrate in various basal resources. Species such as H.
trivolvis and C. fluminea that feed more narrowly from the avail-
able resources only accumulated the highest concentrations of
one or two elements.

In summary, our study suggests that omnivorous amphibian
larvae can efficiently bioaccumulate trace elements relative to
other small aquatic organisms in a trace-element contaminated
wetland, perhaps placing these larvae at elevated risk of toxic-
ity. This finding is significant and merits further investigation in
light of concerns regarding global decline of amphibian popu-
lations for which contaminants have been hypothesized as a po-
tential contributing factor (Corn, 2000; Houlahan et al., 2000).
Combined with the observation that considerable biomass of
amphibians can be produced in and exported from wetlands
(Gibbons et al., 2006), we suggest that amphibians may play
an important role in cycling of trace elements in this swamp,

including transport from the aquatic to the terrestrial environ-
ment and conversion of elements to more bioavailable forms.
These processes have important implications for both aquatic
and terrestrial predators that prey on amphibians in trace-
element contaminated wetlands. Further studies are warranted
to determine if our observations are consistent in other amphib-
ian species and in other polluted aquatic ecosystems.
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