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Growth and Developmental Effects of Coal Combustion
Residues on Southern Leopard Frog (Rana sphenocephala)
Tadpoles Exposed throughout Metamorphosis

John D. Peterson’, Vikki A. Peterson’, and Mary T. Mendonga®

The effects of aquatic deposition of coal combustion residues (CCRs) on amphibian life histories have been the
focus of many recent studies. In summer 2005, we raised larval Southern Leopard Frogs, Rana sphenocephala, on
either sand or CCR substrate (approximately 1 cm deep within plastic bins) and documented effects of sediment
type on oral disc condition, as well as time to, mass at, and total body length at key developmental stages,
including metamorphosis (Gosner stages [GS] 37, 42, and 46). We found no significant difference in mortality
between the two treatments and mortality was relatively low (eight of 48 in the control group and four of 48 in
the CCR group). Ninety percent of exposed tadpoles displayed oral disc abnormalities, while no control
individuals displayed abnormalities. Tadpoles raised on CCR-contaminated sediment had decreased develop-
mental rates and weighed significantly less at all developmental stages, on average, when compared to controls.
The CCR treatment group was also significantly shorter in length than controls at the completion of
metamorphosis (GS 46). Collectively, these findings are the most severe sub-lethal effects noted for any
amphibian exposed to CCRs to date. More research is needed to understand how these long term effects may
contribute to the dynamics of local amphibian populations.

residues (CCRs), have become a major pollutant

due to the increased use of energy derived from coal
burning power plants worldwide (Hopkins et al., 1999). In
fact, in 2004, half of the electricity in the United States was
generated from coal (United States Department of Energy,
2007). Total production of CCRs tripled from 35.6 million
tons in 1970 to 111 million tons in 2004 (United States
Geological Survey, 2005). Roughly one-third of CCRs are
disposed of in aquatic settling basins (Electric Power
Research Institute, 1997). Several studies have found that
CCRs contain elevated concentrations of approximately 20
trace elements, several of which (e.g., Se, As, Cd) are high
enough to be of toxicological concern (Hopkins et al., 1998;
Rowe et al., 2002).

Previous research has shown that CCRs pose major threats
to wildlife and their natural environments (for a review, see
Rowe et al., 2002). While chronic exposure to CCR-
contaminated environments is not always lethal, it has
been suggested that they have detrimental effects on
behavior, development, morphology, and physiology in
anurans (Hopkins et al., 1998, 2000). In two previous studies
on the hormonal effects of chronic exposure to CCR-
contaminated areas, adult male Southern Toads (Bufo
terrestris) at the Savannah River Site, South Carolina
exhibited altered calling behavior and significant increases
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in blood corticosterone compared to controls (Hopkins et
al., 1997, 1999).

Detrimental effects due to CCRs can be manifested early
in development, and have impacts later in life. Several
studies have documented that American Bullfrog (Rana
catesbeiana) tadpoles raised in a CCR-contaminated envi-
ronment display significantly more oral and axial malfor-
mations which decreased grazing ability, growth, and
swimming speed compared to controls (Rowe et al., 1996,
1998; Hopkins et al., 2000). In a recent study, Snodgrass et
al. (2004) reported that chronic exposure to CCRs decreased
time to and mass at key developmental stages in Green Frogs
(R. clamitans) and Wood Frogs (R. sylvatica). Rana clamitans
also experienced decreased survival and metamorphic
success. Both R. clamitans and R. sylvatica exposed to CCR-
contaminated substrates accumulated trace elements.

The majority of studies conducted on tadpoles exposed to
CCRs suggest that species with relatively long larval periods
typically display more pronounced detrimental effects (e.g.,
increased time to complete metamorphosis, decreased mass,
decreased length, and increased trace element accumula-
tion), although high mortality rates have sometimes been
observed in rapidly developing species (Rowe et al., 2001).
The Southern Leopard Frog, R. sphenocephala, has a relatively
long developmental period in the laboratory compared to
other anurans, and they have been suggested to accumulate
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more trace elements than R. catesbeiana (Burger and
Snodgrass, 2001). We exposed Southern Leopard Frog
tadpoles to sediment containing CCRs to determine the
effect of CCRs on oral disc condition, body size (mass and
length), and time to several key developmental stages,
including metamorphosis.

MATERIALS AND METHODS

Collection and animal care—In April 2005 we purchased R.
sphenocephala egg masses from a commercial supplier. As
tadpoles hatched, they were raised communally in four
plastic bins with 8 L of dechlorinated and aerated tap water
until Gosner stage 25 (GS 25; Gosner, 1960) when they had
fully internalized their external gills and their oral discs were
fully developed. During this time period, approximately half
of the water in the communal bins was replaced with fresh,
dechlorinated and aerated tap water each day. All tadpoles
reached GS 25 within a two-day period.

When all tadpoles had reached GS 25, individuals were
randomly chosen and placed into one of two treatments,
control (n = 48) or CCRs (n = 48). Tadpoles in the control
treatment group were housed in plastic bins (one tadpole
per bin) with clean sand substrate and 8 L of dechlorinated
and aerated tap water. Tadpoles in the CCR treatment group
were housed in individual plastic bins with CCR substrate
collected from a filled basin within the D-area disposal
system on the Savannah River Site, South Carolina.
Numerous studies have documented that sediment and
organisms collected from this specific site contain elevated
levels of approximately 20 trace elements (e.g., As, Cd, Cu,
Fe, Hg, Mn, Mo, Ni, Pb, Se, Sr, V, and Zn; reviewed in Rowe
et al., 2002; and more recently in Peterson et al., 2007). The
CCR-contaminated substrate was added to each bin to a
depth of approximately 1 cm (dry mass = 700 g) before
water was added. Sediment was given several days to settle
before the experiment began.

All tadpoles were fed a diet of ground trout chow (125 g;
Aquamax Grower 600, PMI Nutrition International, Brent-
wood, MO), ground rabbit chow (125 g; Classic Blend Rabbit
Food, L/M Animal Farms, Pleasant Plain, OH), agar (20 g;
Becton, Dickinson and Company, Sparks, MD), gelatin
(14 g; Sigma Chemical Company, St. Louis, MO), and water
(1 L). Ingredients were heated to combine, cooled on a
cookie sheet, and frozen until use. The first day tadpoles
were exposed to their respective substrate, each tadpole was
given a small cube of food (approximately 2 X 2 mm).
Tadpoles were fed every other day for the length of the
experiment. If any individual ate all of the food given within
a two-day period, then food amounts were increased for all
the tadpoles. Approximately half the water in each bin was
replaced with fresh dechlorinated and aerated tap water
once a week until algae began to form in the bins, when
water changes were increased to twice a week. Great caution
was taken during water changes to minimize disruption of
the tadpoles and sediment. A small cup was skimmed slowly
across the surface of the water during water removal and
clean water was ‘“rained” into each container from an
identical empty container with approximately 100 2 mm
diameter holes drilled in the bottom. Very little sediment
was agitated when using these methods. A random sub-
sample of bins from each treatment was monitored weekly
for water quality. Variables used to assess water quality
included alkalinity (120-180 ppm), ammonia (0-0.25 ppm),
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nitrate (0-20 ppm), nitrite (0-0.5 ppm), pH (6.8-7.2),
hardness (50-100 ppm), and temperature. If any variable
was outside ““normal” values provided above then half the
water in all bins was changed. Temperature was maintained
at a constant 25°C for the first eight weeks of the experiment
and at 28°C for the completion of the experiment.

Measurement.—At 50 days post exposure, all tadpoles were
weighed to determine initial larval mass. All other measures
were recorded as each individual reached a specific devel-
opmental stage. When each individual began hind limb toe
differentiation (GS 37), forelimb emergence (GS 42), and
complete tail resorption (GS 46), we determined its mass and
the number of days it took each individual to reach the
given stage from day 1 of exposure to substrate. Each
individual was weighed using an electronic scale with an
accuracy of 0.001 g. No individuals were injured during
weighing. Oral disc condition was only assessed at GS 37
because the oral disc begins normal atrophy during the later
stages of development. During the experiment, ten individ-
uals from each treatment were sacrificed with MS-222 at
each developmental stage for a concurrent experiment. We
only assessed oral disc condition and total body length in
these individuals immediately following euthanasia, be-
cause these methods are potentially harmful to tadpoles.
Total body length was determined with calipers with an
accuracy of 0.01 mm.

Oral disc condition was given a severity score based on
how many of the keratinized structures (i.e., tooth rows and
jaws) in the oral disc were visible. If an individual had all of
the structures, it was given a score of one. Individuals with
no apparent anterior tooth rows were given a score of two,
individuals with no anterior tooth rows and less than 50% of
their anterior jaw were given a score of three, and
individuals with no anterior or posterior tooth rows and
no anterior jaw were given a score of four. All natural
fatalities were documented throughout development in
order to determine survival and metamorphic success
within treatments.

Statistical analyses.—Treatments were compared with repeat-
ed measures ANOVAs for time to and mass at key stages of
development. Oral disc condition and mortality were
compared between treatments with Fisher’s exact tests.
Total body lengths were compared between treatments via
individual ANOVAs for each stage (i.e., GS 37, 42, 46),
because different groups of tadpoles were measured at each
stage. We used StatView for Windows (SAS Institute, version
5.0.1) for all statistical analyses.

RESULTS

During the course of the experiment, eight of 48 control
tadpoles and four of 48 tadpoles exposed to CCRs died.
Thus, the percent mortality did not differ statistically
between the two treatments (P = 0.35). Although there
was no difference in mortality between the treatment
groups, differences in oral disc condition, time to stages,
mass at stages, and total body length at stages were
observed.

Oral disc condition—When control and CCR-exposed tad-
poles were sampled at stage 37, significantly more (P <
0.001) tadpoles exposed to CCRs displayed abnormal oral
morphology than controls (i.e., 9/10 vs. 0/10). One CCR-
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Fig. 1. Mean masses *1 standard error of Rana sphenocephala
tadpoles exposed to control (n = 10) or CCR-contaminated (n = 6)
substrate at 50 days post exposure (DPE), early hind limb toe
differentiation (GS 37), forelimb emergence (GS 42), and completion
of metamorphosis (GS 46). Treatments are significantly different
(repeated measures ANOVA; P = 0.007, F = 10.063).

treated tadpole was lacking its anterior tooth rows, five were
lacking their anterior tooth rows and at least half of their
anterior jaw, and three were lacking all anterior and
posterior tooth rows and their anterior jaw.

Body size—On average, CCR-exposed tadpoles weighed
significantly less than control tadpoles throughout devel-
opment (Fig. 1; P = 0.007, F = 10.06). These individuals’
average initial larval mass (50 days post exposure to
substrate) was 47% less than the controls’ average weight.
This difference decreased to 29% at the completion of
metamorphosis. Tadpoles exposed to CCRs were also 12%
shorter in length than control tadpoles at the completion of
metamorphosis (Fig. 2; P = 0.003, F = 12.86); however,
there was no statistical difference in length between groups
at hind limb toe differentiation (GS 37) and forelimb
emergence (GS 42).

Time—Tadpoles exposed to CCR-contaminated substrates
took significantly longer to reach hind limb toe differenti-
ation (GS 37), fore limb emergence (GS 42), and complete
tail resorption (GS 46; P = 0.024, F = 6.45; Fig. 3). On
average, the CCR-treated tadpoles took 31 days longer than
the control to complete metamorphosis. We also found a
significant time by treatment effect (P = 0.05, F = 3.33).

DISCUSSION

Our findings suggest that R. sphenocephala morphology,
growth, and development are negatively affected by expo-
sure to CCRs. When compared to previous research, our
results indicate that CCRs have more impact on develop-
ment of this species than all other amphibian species
studied to date (Rowe et al., 1996, 1998; Snodgrass et al.,
2004). Collectively, these findings suggest aquatic disposal
of CCRs may be more problematic for amphibians than
previously thought.

Experimental exposure of tadpoles to CCRs resulted in a
high frequency of oral abnormalities (90%). The abnormal-
ities we observed were more severe than those noted in
American Bullfrog (R. catesbeiana) tadpoles from CCR-
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Fig. 2. Mean total body lengths *1 standard error of Rana
sphenocephala tadpoles exposed to control (n = 10) or CCR-
contaminated (n = 6) substrate at the completion of metamorphosis
(GS 46). Treatments are significantly different (ANOVA; P = 0.003, F
= 12.864).

contaminated wetlands on the Savannah River Site, South
Carolina (Rowe et al., 1996, 1998). Exposed R. catesbeiana
tadpoles were generally missing teeth in all tooth rows and,
on average, had 90% fewer teeth in anterior tooth row #1
and 40% fewer teeth in posterior tooth row #2 than
reference tadpoles (Rowe et al., 1996). Of the individuals
in our study, 80% (8/10) were missing all of their anterior
tooth rows and at least 50% of their anterior jaw. The most
severe cases in our study were lacking all tooth rows and the
entire anterior jaw (30%, 3/10). Thus, our data suggest that
R. sphenocephala displays more severe oral abnormalities
than R. catesbeiana, which is the only other species of
tadpole in which CCR related oral abnormalities have been
described to date. Our findings are also the first laboratory
CCR exposure to describe oral abnormalities in tadpoles,
suggesting that CCR exposure was the only factor that could
have contributed to the oral abnormalities.
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Fig. 3. Mean times +1 standard error to early hind limb toe
differentiation (GS 37), forelimb emergence (GS 42), and completion
of metamorphosis (GS 46) post exposure to control (n = 10) or CCR-
contaminated (n = 6) substrate for larval Rana sphenocephala.
Treatments are significantly different (repeated measures ANOVA; P =
0.024, F = 6.451).
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On average, Rana sphenocephala exposed to CCRs weighed
significantly less than control tadpoles at all metamorphic
stages and were shorter in length at the completion of
metamorphosis. Similar results have been observed in other
species exposed to CCRs. Snodgrass et al. (2004) observed
that R. clamitans and R. sylvatica raised on CCRs in the
laboratory weighed 10 and 39% less than controls at the
completion of metamorphosis, respectively. In our study,
newly metamorphosed R. sphenocephala (GS 46) raised on
CCRs weighed 29% less than controls, on average. However,
during initial larval growth (50 days post exposure to
substrate), CCR exposed tadpoles weighed 47% less than
controls.

Amphibians that are smaller at the completion of
metamorphosis may be smaller at first reproduction and,
therefore, suffer decreased reproductive success. For exam-
ple, R. sylvatica and Pseudacris triseriata that were smaller at
completion of metamorphosis were also smaller at first
reproduction (Berven and Gill, 1983; Smith, 1987). Breeding
success in many amphibians is determined by factors in
which a larger body size in males is more favorable than a
smaller body size (e.g., call characteristics and male-male
competition; Wells, 1979; Arak, 1983; Sullivan, 1983; Olson
et al., 1986; Klump and Gerhardt, 1987; Sullivan, 1992). This
body size effect is even stronger in females. Several studies
have documented that larger females lay larger clutches and
larger eggs than smaller females (Salthe, 1969; Howard,
1978; Kaplan and Salthe, 1979; Cummins, 1986; Semlitsch,
1987; Bush et al., 1996). If R. sphenocephala exposed to CCRs
in their natural environment exhibit smaller body size, as in
the current study, they may also experience lowered
reproductive success. Future experiments should investigate
whether these long term effects do indeed occur and how
exposure to CCRs early in life may negatively affect lifetime
reproductive success.

In the current study, exposure to CCRs resulted in a
significant lengthening of time (days) to reach each key
stage of metamorphosis, when compared to control indi-
viduals. When compared to other literature, these responses
are, again, more pronounced than those documented in
other species. Snodgrass et al. (2004) observed the larval
period of R. clamitans and R. sylvatica to be 10 and 11%
longer, respectively, for individuals exposed to CCRs than
control tadpoles; whereas, we found the larval period of R.
sphenocephala to be 25% longer than controls. This suggests
that, on average, these individuals spend 31 more days in
the aquatic environment. This may prolong exposure to
CCR-contaminated substrate and aquatic predators, and
create a size disadvantage when compared to tadpoles that
did not develop on a CCR-contaminated substrate. These
effects may be more pronounced in R. sphenocephala that
hatch during the fall breeding season because of limited
time and resources before winter. Previous studies suggest
that individuals that take longer to complete metamorpho-
sis may be smaller at time of first reproduction and may
experience delayed maturity (Smith, 1987; Semlitsch et al.,
1988; Berven, 1990).

Numerous studies to date have documented negative
effects of CCRs on amphibians that surround aquatic
retention basins. Our data suggest that R. sphenocephala
appears to be especially susceptible to these environments,
and prolonged exposure results in metamorphic character-
istics that may be detrimental to reproductive success. In the
U.S. one-third of CCRs are disposed of in aquatic settling
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basins (Electric Power Research Institute, 1997); however,
this percentage may be higher in less developed countries.
Given the detrimental impacts aquatic disposal of CCRs can
have on amphibians, we suggest that this practice be
reevaluated and altered to prevent exposure of amphibians
to CCR contaminated areas.

ACKNOWLEDGMENTS

We thank W. Hopkins for the use of his laboratory
equipment for this study. We also thank A. Weaver, A.
Moore, and M. and K. Holley for assistance with animal care.
We thank M. Grilliot, K. Huggins, P. Kahn, C. Okekpe, and
C. Smith for critically reading the manuscript. All research
was conducted according to Auburn University Institutional
Animal Care and Use Committee protocol PRN 2005-0833.

LITERATURE CITED

Arak, P. A. 1983. Sexual selection by male-male competi-
tion in Natterjack Toad choruses. Nature 306:261-262.
Berven, K. A. 1990. Factors affecting population fluctua-
tions in larval and adult stages of the Wood Frog (Rana

sylvatica). Ecology 71:1599-1608.

Berven, K. A., and D. E. Gill. 1983. Interpreting geographic
variation in life-history traits. American Zoologist
23:85-97.

Burger, J., and J. Snodgrass. 2001. Metal levels in Southern
Leopard Frogs from the Savannah River Site: location and
body compartment effects. Environmental Research
Section A 86:157-166.

Bush, S. L., M. L. Dyson, and T. R. Halliday. 1996. Selective
phonotaxis by males in the Majorcan Midwife Toad.
Proceedings of the Royal Society of London B
263:913-917.

Cummins, C. P. 1986. Temporal and spatial variation in egg
size and fecundity in Rana temporaria. The Journal of
Animal Ecology 55:303-316.

Elecric Power Research Institute. 1997. Coal combustion
by-products and low-volume wastes comanagement sur-
vey. EPRI TR-108369. http://www.epriweb.com/public/
TR-108369.pdf.

Gosner, K. L. 1960. A simplified table for staging anuran
embryos and larvae with notes on identification. Herpe-
tologica 16:183-190.

Hopkins, W. A,, J. Congdon, and J. K. Ray. 2000. Incidence
and impact of axial malformations in larval Bullfrogs
(Rana catesbeiana) developing in sites polluted by a coal-
burning power plant. Environmental Toxicology and
Chemistry 19:862-868.

Hopkins, W. A., M. T. Mendonca, and J. D. Congdon.
1997. Increased circulation levels of testosterone and
corticosterone in Southern Toads, Bufo terrestris, exposed
to coal combustion waste. General and Comparative
Endocrinology 108:237-246.

Hopkins, W. A., M. T. Mendonga, and J. D. Congdon.
1999. Responsiveness of the hypothalmo-pituitary-inter-
renal axis in an amphibian (Bufo terrestris) exposed to coal
combustion wastes. Comparative Biochemistry and Phys-
iology Part C 122:191-196.

Hopkins, W. A., M. T. Mendonca, C. L. Rowe, and J. D.
Congdon. 1998. Elevated trace element concentrations in
Southern Toads, Bufo terrestris, exposed to coal combus-
tion waste. Archives of Environmental Contamination
and Toxicology 35:325-329.



Peterson et al.—Effects of CCRs on tadpoles

Howard, R. D. 1978. The influence of male-defended
oviposition sites on early embryo mortality in Bullfrogs.
Ecology 59:789-798.

Kaplan, R. H., and S. N. Salthe. 1979. The allometry of
reproduction: an empirical view in salamanders. American
Naturalist 113:671-6809.

Klump, G. M., and H. C. Gerhardt. 1987. Use of non-
arbitrary acoustic criteria in mate choice by female Gray
Tree Frogs. Nature 326:286-288.

Olson, D. H., A. R. Blaustein, and R. K. O’Hara. 1986.
Mating pattern variability among western toad (Bufo
boreas) populations. Oecologia 70:351-356.

Peterson, J. D., M. B. Wood, W. A. Hopkins, J. M. Unrine,
and M. T. Mendonca. 2007. Prevalence of Batrachochy-
trium dendrobatidis in American Bullfrog and Southern
Leopard Frog larvae from wetlands on the Savannah River
Site, South Carolina. Journal of Wildlife Diseases
43:450-460.

Rowe, C. L., W. A. Hopkins, and V. R. Coffman. 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 Toxicolo-
gy 40:399-405.

Rowe, C. L., W. A. Hopkins, and J. D. Congdon. 2002.
Ecotoxicological implications of aquatic disposal of coal
combustion residues in the United States: a review.
Environmental Monitoring and Assessment 80:207-276.

Rowe, C. L., O. M. Kinney, and J. D. Congdon. 1998. Oral
deformities in tadpoles of the Bullfrog (Rana catesbeiana)
caused by conditions in a polluted habitat. Copeia
1998:244-246.

Rowe, C. L., O. M. Kinney, A. P. Fiori, and J. D. Congdon.
1996. Oral deformities in tadpoles (Rana catesbeiana)

503

associated with coal ash deposition: effects on grazing
ability and growth. Freshwater Biology 36:723-730.

Salthe, S. N. 1969. Reproductive modes and the numbers
and sizes of ova in the urodeles. American Midland
Naturalist 81:467-490.

Semlitsch, R. D. 1987. Density-dependent growth and
fecundity in the paedomorphic salamander Ambystoma
talpoideum. Ecology 68:1003-1008.

Semlitsch, R. D., D. E. Scott, and J. H. K. Pechmann. 1988.
Time and size at metamorphosis related to adult fitness in
Ambystoma talpoideum. Ecology 69:184-192.

Smith, D. C. 1987. Adult recruitment in Chorus Frogs:
effects of size and date at metamorphosis. Ecology
68:344-350.

Snodgrass, J. W., W. A. Hopkins, J. Broughton, D. Gwinn,
J. A. Baionno, and J. Burger. 2004. Species-specific
responses of developing anurans to coal combustion
wastes. Aquatic Toxicology 66:171-182.

Sullivan, B. K. 1983. Sexual selection in the great plains
toad (Bufo cognatus). Behaviour 84:258-264.

Sullivan, B. K. 1992. Sexual selection and calling behavior
in the American toad (Bufo americanus). Copeia 1992:1-7.

United States Department of Energy. 2007. State Energy
Consumption, Price, and Expenditure Estimates (SEDS).
Section 6: Electricity. http://www.eia.doe.gov/emeu/
states/_seds_tech_notes.html.

United States Geological Survey. 2005. Coal combustion
products statistics. In: Historical Statistics for Mineral and
Material Commodities in the United States. U.S. Geolog-
ical Survey Data Series 140. T. D. Kelly and G. R. Matos
(comp.). http://pubs.usgs.gov/ds/2005/140/.

Wells, K. D. 1979. Reproductive behavior and male mating
success in a neotropical toad, Bufo typhonius. Biotropica
11:301-307.



