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Abstract. Coal combustion wastes are enriched in a number ofvater are often required for the disposal of coal combustion
potentially toxic compounds and may pose risks to biota exwastes, thus landfills and settling basins containing coal ash are
posed to the wastes. Slider turtleSrgchemys scripfaare  invariably located adjacent to aquatic habitats, including lakes,
common inhabitants of coal ash settling basins in South Carorivers, and streams. Furthermore, because coal ash contains
lina, USA, where they feed on contaminated prey items andigh levels of potentially toxic trace elements, containment and
accumulate high levels of potentially toxic compounds in theirdisposal procedures can be environmentally problematic. Im-
tissues. Furthermore, female sliders sometimes nest in contarpacts on ecosystems include contamination of soils, surface
inated spill piles and thus may expose embryos to contaminate@ater, and groundwater; reductions in plant establishment and
soils. We examined two potential pathways by which fenTale growth; and accumulation of potentially toxic trace elements
scripta may influence the survivorship and quality of their throughout the food chain (Carlson and Adriano 1993).
offspring in a contaminated habitat: (1) nesting in contaminated Elevated levels of heavy metals and other trace elements
soil and (2) maternal transfer of pollutants. Eggs were collectedound in coal ash are a source of risk to the biota associated
from turtles captured in coal ash—polluted or unpolluted siteswith disposal facilities. Benthic invertebrates inhabiting coal
individual clutches were incubated in both ash-contaminatedsh settling basins accumulate high levels of As, Cd, Cr, and Se
and uncontaminated soil in outdoor, artificial nests. IncubationCherryet al. 1979; Guthrie and Cherry 1979; McCloskey and
in contaminated soil was associated with reduced embryo suNewman 1995) and represent primary vectors of contaminant
vivorship. Adult females from the polluted site accumulatedtransfer to vertebrate organisms (Lemly and Smith 1987). Re-
high levels of As, Cd, Cr, and Se in their tissues, yet Se was theent studies have linked coal ash exposure with morphological
only element transferred maternally to hatchlings at relativelyand physiological anomalies in amphibians (Rastel. 1996,
high levels. Hatchlings from polluted-site females exhibited1998; Hopkinset al. 1997, 1998, 1999a; Raimondet al.
reduced Q consumption rates compared to hatchlings from1998). Furthermore, fish exposed to coal ash waste accumulate
reference sites. Relatively high levels of Se transferred tqBessert al. 1996) and subsequently transfer high levels of Se
hatchlings by females at the ash-polluted site might contributeo offspring, with detrimental effects on embryo survivorship
to the observed differences in hatchling physiology. and development (Gillespie and Baumann 1986).

Turtles are a major faunal component of many freshwater
ecosystems, particularly those of the southeastern United States
(Congdoret al. 1985). Because turtles occupy middle to upper-

Coal combustion remains the primary source of electrical enl€V€! positions in the food web and have long lifespans, they

ergy in the United States (US EPA 1997), and global relianceé®™® excellent organisms for contaminant monitoring (Bisbbp
on coal continues to increase (US DOE 1995). More than g@!- 1991, 1995; Strugeet al. 1993). Female snapping turtles
million tons of coal ash, the primary solid waste product from exposed to organic pollutants in their diet have been shown to

coal combustion, is produced annually in the United States (Ugransfer substantial levels to eggs, with deleterious effects on

EPA 1997), and more than 70% of combustion facilities man-£Mbryo development (Bishagt al. 1991, 1995; Strugeet al.

age their wastes on site (US EPA 1988). Large volumes oft993). Because polychlorinated biphenyls (PCBs) and other
organic contaminants are maternally transferred to eggs in

relative proportion to the levels at which adult females are
exposed, turtle eggs provide a useful biological monitoring tool
(Bishopet al. 1991, 1995; Strugest al. 1993). Levels of heavy
metals and other trace elements have been examined in eggs of
Reprint requestsReprints Department, SREL, Drawer E, Aiken, SC the sea turtleCaretta caretta(Stoneburneet al. 1980) and the
29802 freshwater turtleTrachemys scripta(Burger and Gibbons
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1998). However, relationships between levels of inorganiccollectively): the Old Jackson Canal Swamp and Snipes Pond, an

contaminants in female turtles and those maternally transferrednpolluted site near Couchton, SC. Turtles were x-radiographed to

to offspring have not previously been established. determine the presence of shelled eggs (Gibbons and Greene 1979;
Slider turtles T. scriptd are common inhabitants of coal ash Hinton et al. 1997). Because turtle embryos (within eggs) experience

settling basins on the Savannah River Site near Aiken SOoreovipositional arrest during late gastrulae in the oviducts, and further

Preliminary field investigations indicated that adult females atd|fferent|at|on ceases until the eggs are laid (Ewert 1985), we were

. . . able to standardize the beginning of the incubation period by holding
the site accumulated high levels of many trace elements in thelg\ajes in outdoor enclosures for a maximum of 5 days prior to the

tissues and also nested in contaminated coal ash spill pilegquction of oviposition. On May 28, 1995, gravid females were

Spill piles are characterized by unvegetated, loose soil innduced to oviposit via injections of synthetic oxytocin (Ewert and

open-canopy areas, with substrate characteristics similar tbegler 1978).

preferred turtle nesting sites. We subsequently questioned: (1) We obtained 18 eggs (four clutches) from females inhabiting site
whether adult females inhabiting the coal ash—polluted sitéASH and 18 eggs (six clutches) from females inhabiting REF sites.
transfer trace elements to offspring, and whether or not suck99s from each clutch were assigned to one of two treatments:
contamination affects hatchling survivorship or qualigyg |ncuk_)at|on in ash-contaminated soil (ASI—_| soil) or |nc_ubat|on in soil

indicators of reduced quality may include small body size obtained from an unpolluted reference site (REF soil). On May 29,

morphological abnormalities, or altered metabolic rates); an, 995, eggs were distributed among three replicate artificial nests and
P g ! >~ Allowed to incubate under field conditions. Nests were divided in half

@) yvhether embryos, that QGvelolp in coal ash—polluted soi y a 30-cm-tall piece of tin flashing buried to a depth of about 27 cm.
exhibit reduced survivorship or incorporate trace elementgn one half of the nest, ASH soil was filled to a depth of approxi-
from contaminated soil. We therefore conducted an experimenhately 12 cm; on the other half of the nest, REF soil filled to the same
to simultaneously examine maternal transfer of inorganic poldepth. Two samples of each treatment soil were taken for trace element
lutants to offspring, the viability of. scriptaeggs developing analysis. Artificial nests were completely surrounded by a minimum of
in coal ash, and whether eggs uptake trace elements from0 cm of treatment soil on each side. ASH soil was dark-gray com-
contaminated soil and incorporate them into embryonic tissueBared to the light-beige color of REF soil, composed predominantly of
during development. sgn_d. Therefore, to expose eggs from both substra_te treat_ments to
similar thermal conditions, all nests were covered with a thin layer
(approximately 1 cm) of sand from an unpolluted site. Nests were
5%
Materials and Methods g)r(lgllgszdplrr;g:g)erz(approxmately #)rof 2.5 X 5 cm welded wire to
After day 50 of incubation, nests were checked weekly for indica-
tions that hatchling development was nearly complege €xfoliation
of eggshell mineral layers). Such indications were apparent on August
) ) o ) ) 4, 1995, and all eggs were excavated and taken to the laboratory. Eggs
On the Savannah River Site, basins in D-area receive sluiced fly asjere placed on wet paper towels in plastic containers at approximately
from a coal-burning steam plant that has been in operation since 19520°c_ \When hatchlings emerged from eggs, we measured hatchling
The slurry is channeled through two settling basins (approximately 2Quet mass and plastron and carapace length. Hatchlings were examined
ha total area), then drainage water moves through a swamp (approxsr external developmental and morphological abnormalities, includ-
imately 2 ha) that drains into Beaver Dam Creek, a tributary of thejng anomalous scute patterns and malformations of the eyes, jaws, feet,
nearby €1 km) Savannah River. Because water and sediments in thﬁmbs, and bridge.
settling basins and drainage swamp are enriched in trace elements,|_|atch|ings were held for 5 days at 25°C in an environmental
aquatic and terrestrial organisms inhabiting these areas are chronicaly,smper with a 12:12 h light:dark cycle, and then metabolic ratgs (O
exposed to high levels of potentially toxic compounds (R@t@l.  consumption) were determined for each individual at 25°C using a
1996, 1998; Hopkingt al. 1998, 1999b; Raimondet al. 1998). Micro-Oxymax closed-system respirometer (Columbus Instruments,
Columbus, OH). Next, we warmed hatchlings at a constant rate over a
period of 24 h to 30°C, held them for an additional 4 days at 30°C, and
Field-Collected Females and Selected Prey Items determined their metabolic rates at 30°C. Oxygen consumption rates
(ml/h) of individual turtles were recorded at 1-h intervals for-0 h.
Adult femaleT. scriptawere collected from Aiken County, SC, using A zinc-air cell battery that consumed a known quantity of oxygen was

baited hoop traps. Females were collected during 1993 @) and run in conjunction with each group of hatchlings as a reference

1994 (n= 1) from the D-area ash basins on the Savannah River Sitétandard_' . . .
(hereafter referred to as site “ASH"), and during 1993 only<(r8) Following metabolic measurements, hatchlings were killed by freez-

from the Old Jackson Canal swamp, an unpolluted reference site neJf9- Carcasses were lyophilized for 96 to 120 h, then ground with a

Jackson, SC (“REF”). Turtles were killed by freezing, then thawed tissue homogenizer. Dried homogenates were digested and analyzed
' ' ‘for As, Cd, Cr, Cu, and Se using ICP-MS.

and gut contents were examined to identify major food items. Liver
samples were removed, lyophilized, and homogenized for trace ele-

ments analysis. Levels of As, Cd, Cr, Cu, and 5g/¢ dry mass) were

determined by ICP-MS at the Soil and Crop Sciences Division of thep 514 Analysis
University of Georgia. Samples of major prey items were also col-

lected from each site and analyzed for trace elements (as above).

Site Description

To determine differences in trace element levels among adult females,
prey items, and hatchlings, trace element data were log transformed
. . and compared using one-way ANOVA. We compared hatchlings
Hatchling Experiment between two treatments: (1) Incubation Substrate treatment, which
consisted of incubation in ASH or REF soil, and (2) Maternal Resi-
In the spring of 1995, we collected female scripta(n = 10) with dence treatment, which consisted of ASH or REF maternal capture
baited hoop traps from ASH and two reference sites (REF siteslocation. Because measures of hatchling body size were highly corre-
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lated, we compared plastron length, carapace length, and body masslobdy Se levels was due to maternal residence effects, a signif-
hatchlings among treatm_ents_usi_ng MANOVA. ‘Analysis of survival jcant portion of the remaining variance (6.3%) was due to
data were conducted using likelihood ratio chi-squaBg {ests on  jndividual females within sites (nested ANOVA, = 5.44,

counts of surviving and nonsurviving embryos. Metabolic rates ofp < 0.05). Despite differences in hatchling whole-body Se
hatchlings from the two treatments were compared using ANCOVA|q, 615 ‘however, no significant differences were found in levels
with body mass used as a covariate. All statistical tests were performeg ’ '

using SAS 6.10 for Windows (Sas Institute, 1994). Because of IowOf other trace elements (As, Cd, Cr, and Cu) between hatch-

sample sizes, statistical power to detect differences was quite lowNgs from ASOH and REOF females (Table 3). _
Thus, only the most substantial effects would be judged statistically At both 25°C and 30°C, metabolic rates of hatchlings from

significant. Levels of significance were setoat= 0.05. ASH females were reduced in comparison to those of hatch-
lings from REF females. Mass-specific, @onsumption rates
for hatchlings from ASH and REF females were 0.630.007

Results and 0.044+ 0.011, respectively, at 25°C, and 0.0610.007
and 0.073% 0.012, respectively, at 30°C. Metabolic rates of
hatchlings from ASH and REF females were significantly

Adult Females different at 30°C (F,, = 7.78, p= 0.01), but not at 25°C

. L  (Fi = 2.76, p= 0.11).
Concentrations of As, Cd, Cr, and Se were significantly higher ™

in adult femaleT. scriptafrom site ASH compared to those

from REF sites (Table 1). Gut contents of adult female

scripta from ASH included Asiatic clamsQorbicula flumi-  Discussion
neg, crayfish Procambarus acutys and small amounts of

unclassified vegetation. Adult females from REF containedremaleT. scriptafrom the ash-polluted site had elevated levels
food items |nclud|r_lg crayfish, aquatic _msects, and varyinggf As, Cd, Cr, and Se, compared to females from a reference
amounts of vegetation. Clams and crayfish sampled from ASHyqpyjation (Table 1). Stomachs of turtles from ASH contained
contained high levels of many trace elements compared t@yge quantities of Asiatic clams and crayfish, prey items found
those from REF (Table 1). to contain substantial trace element levels (Table 1). Through
trophic transfer, elevated trace element levels in prey items are
) likely responsible for the high levels of trace elements found in
Incubation Substrate Treatment adult ash basin turtles. For example, the primary pathways by
which Se is transferred from sediments into food chains is
Trace element concentrations of incubation substrate samplggptake by bottom-dwelling invertebrates, detrital-feeding or-
are summarized in Table 1. Mean levels of As, Cr, Cu, and Sgjanisms, and rooted plants (Lemly and Smith 1987). Biomag-
were substantially higher in ASH soil than in REF soil. nification of Se, at rates of up to four orders of magnitude from
Incubation period and physical characteristics of hatchlingsyater concentrations to top-level predator whole-body concen-
incubated in ASH soil were similar to those of hatchlings trations, occurs among producers (algae and plants), lower
incubated in REF soil (Table 2). However, survivorship of consumers (invertebrates and forage fish), and top-level con-
embryos incubated in ASH soil was significantly reduced com-sumers (vertebrates; Lemly and Smith 1987).
pared to that of embryos incubated in REF sGil 4.98, p< Female turtles that inhabited the contaminated site and ac-
0.05; Table 2). No differences in hatchling whole-body tracecumulated trace elements transferred Se to their offspring.
element levels were found between those incubated in ASH/ariation in maternal transfer of Se among individual females
soil and those incubated in REF soil (Table 3). may have resulted from differences in dietary composition or
differences in period of residency at the ASH site. Despite
elevated levels of As, Cd, and Cr in adult females inhabiting
Maternal Residence Treatment the coal ash basins, however, we found that the levels of these
elements transferred to hatchlings were similar to both the
Egg and hatchling characteristics of females obtained fromevels found in hatchlings from reference sites, and to the levels
ASH were similar to those obtained from females from REFreported in egg contents and eggshell§ oscriptafrom other
(Table 2). Incubation period was also similar between hatchunpolluted sites (Burger and Gibbons 1998). Similarly, studies
lings from ASH and REF females (Table 2). Embryo survivor- of birds have described little direct maternal transfer of As
ship of eggs from ASH females was not significantly different (Blus et al. 1977), Cd (Sell 1975; Hulset al. 1980; Maedgen
from that of REF femalesq = 0.53, p> 0.05; Table 2). Eggs et al. 1982; Reid and Hacker 1982; Ohlendorf and Harrison
that did not hatch exhibited decomposition to such an exteni986; Scheuhammer 1987), and Cr (Anderbnial. 1972) to
that we were unable to determine the degree of embryo devekggs.
opment and whether or not abnormalities had occurred. One Maternal transfer of Se to offspring is widespread among
hatchling from a REF female was found to have anomalousertebrate taxa, having been documented in fish (Gillespie and
vertebral scutes; no other developmental abnormalities werBaumann 1986; Hermanugt al. 1992), birds (Ort and Lat-
found among hatchlings from either ASH or REF females. shaw 1978; Magat and Sell 1979; Ohlendetfal. 1986), and
Levels of Se in hatchlings derived from ASH females (re-mammals (Hansson and Jacobsson, 1966; Underwood, 1977).
gardless of incubation substrate type) were significantly higheAlthough Se is considered an essential micronutrient, it pro-
than those found in hatchlings from REF females (Table 3)duces toxic effects at levels only moderately higher than those
Although the majority of variance (90.8%) in hatchling whole- required for animal nutrition (Ganther 1974). Levels of Se
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Table 1. Concentrations of trace elemenisg(g dry mass) in wild-caught female scripta their prey items, and incubation substrate sam-
ples from ash-contaminated (ASH) and reference (REF) sites (values are mg8is)

Element
Location n As Cd Cr Cu Se
Adult females ASH 4 9.56- 2.42 3.57+ 1.46 6.19+ 1.39 102.23+ 44.86 37.18+ 10.92
(livers) REF 3 0.26+ 0.08 0.17+ 0.08 1.16+ 0.31 52.73+2.12 3.41+ 0.72
F;5=52.98 Fi5=19.12 Fi5=22.41 F;5= 0.61 F15=37.94
p = 0.0008 p= 0.007 p= 0.005 p= 0.47 p= 0.002
Prey items
Asiatic clams ASH 12 13.22 1.48 4.02+ 0.60 5.63+ 1.16 64.87+ 6.49 8.69+ 0.22
(tissue only) REF 10* 3.85 0.29 1.39+ 0.12 2.71+ 0.46 55.61+ 0.85 2.01+0.21
Fioo=86.14  F 0= 4477 F,1 = 353 Fp1 = 0.52 F1 0= 93.50
p < 0.0001 p< 0.0001 p= 0.09 p= 0.49 p< 0.0001
Crayfish ASH 3 8.71 0.80 2.78+ 0.44 2.46+ 0.40 158.52+ 8.19 14.92+ 0.93
(whole-body) REF 3 0.99 0.31 0.02+ 0.01 1.59+ 0.32 46.42+ 8.87 1.50+ 0.14
Fi 4= 4477 Fi 4= 37299 F,4=3.03 Fi4=43.91 F,, = 407.09
p < 0.0001 p< 0.0001 p= 0.16 p= 0.0027 p< 0.0001
Incubation ASH 2 25.0& 0.35 0.04+ 0.001 6.92+ 0.50 10.57+ 0.35 2.56+ 0.05
Substrate REF 2 0.93 0.01 0.03+ 0.001 0.05+ 0.02 2.23+0.11 0.20+ 0.001

* n = 3 reference individuals each for which Cr and Cu data were available.

Table 2. Egg and hatchling characteristics of hatchlings incubated in soil from ash-contaminated (ASH) and unpolluted (REF) sites, and of
hatchlings fromT. scriptafemales residing in ash-polluted (ASH) and unpolluted (REF) sites (values are clutch meéas&; N = number
of clutches, n= number of eggs or hatchlings)

Egg Characteristics

Hatchling Characteristics

Width Length Wet Mass Days to Plastron Carapace Wet Mass
N/n (mm) (mm) 9) N/n  Hatching Length (mm) Length (mm) (g)
Incubation substrate
ASH 5/18 22.79+0.24 37.10+ 0.43 11.23+0.20 4/10 80.20- 0.74 27.94+ 0.45 30.34+ 0.58 8.20+ 0.41
REF 5/18 22.95-0.27 37.27+0.33 11.48+0.18 5/16 79.50- 0.39 28.23+ 0.45 30.36+ 0.42 8.02+ 0.23
p = 0.67 p= 0.76 p= 0.36 p= 0.37 p= 0.66 p= 0.97 p= 0.68
Maternal residence
ASH 4/18 23.19+ 0.56 36.50+ 1.12 11.16+ 0.57 4/14 79.42-0.28 28.09+ 0.67 30.51+ 0.61 8.02+ 0.53
REF 6/18 22.06: 0.26 37.31*+0.54 11.31+0.26 5/12 80.52-0.79 27.82+0.59 29.69*+ 0.61 7.77+ 0.38
p=0.14 p=0.13 p= 0.79 p= 0.30 p= 0.77 p= 0.39 p=0.71

transferred to hatchling. scriptaduring our study were com-

and G, consumption rate in hatchling turtles is interesting

parable to values maternally transferred by some waterfowgjiven responses of a number of other organisms to exposure to
species inhabiting irrigation ponds of central California ash basin sediments. For example, exposure of tadpRbasa(
(Ohlendorfet al. 1986). Incidences of embryo mortality and catesbeiangato ash basin sediment increased metabolic main-
deformities were correlated with levels of maternal Se transfetenance costs by 30-175% depending on temperature condi-
(Ohlendorfet al. 1986). Similarly in mammals, exposure of tions and exposure duration (Rove¢ al. 1998). Similar re-
adult females to high Se levels has been associated with desponses have been determined for banded watersnakes
velopmental abnormalities in sheep embryos (Hunter 1957fNerodia fasciataHopkinset al. 1999b) and freshwater shrimp
(Palaemonetes paludosuRowe 1998) exposed to coal ash. It
We failed to detect morphological abnormalities associatedseems probable that the increase i @nsumption rates
with high levels of Se in hatchlings from females inhabiting the observed in such organisms is a response to elevated levels of
ash-polluted site. However, hatchlings from ASH site femalessome element, or suite of elements, other than Se.

and teratogenic effects in humans (Robertson 1970).

exhibited reduced ©consumption rates compared to hatch

Incubation of T. scriptaembryos in ash-polluted soil was

lings from reference sites. We know of no other data for anyassociated with an increased risk of embryo mortality. Al-

ectothermic organism associating metabolic depression witthough the nature of our experiment precludes assigning caus-
elevated levels of Se (nor of any studies examining such ative factors, one possible explanation for the observed mor-
relationship). However, in mammals, excess Se may result itality is the pozzolanicity of coal fly ashi.¢. it exhibits
electrocardiographic changes and decreased blood presswement-like characteristics under certain physical conditions;
(Heinrich and MacCannon 1961) and reduced growth andCarlson and Adriano 1993). Also, the fine particulate nature of
shortening of life-span (Glovest al. 1979). coal fly ash (Capp 1978) may have prevented adequate gas
The negative relationship between Se whole-body burdemxchange across the eggshell and eggshell membranes. Re-
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Table 3. Effects of incubation substrate type and maternal residence site (A@kh basin; REF unpolluted) on whole-body concentra-
tion (g/g dry mass) of trace elements in hatchlifigscripta(values are clutch means 1 SE; n= 3 clutches per site, 2 hatchlings per
clutch)

Element
As Cd Cr Cu Se
Incubation substrate
ASH 0.46+ 0.07 0.03*= 0.003 1.05+ 0.21 5.14+ 0.60 4.45+ 1.49
REF 0.45+ 0.07 0.03* 0.004 0.75+ 0.10 4,86+ 0.35 456+ 1.43
F, 4= 0.00 F, 4= 0.36 F,=118 F,,=0.11 F, 4= 0.08
p = 0.95 p= 0.57 p= 0.31 p= 0.75 p=0.78
Maternal residence
ASH 0.49+ 0.03 0.03+ 0.005 0.98+ 0.24 5.58+ 0.71 7.36+ 1.52
REF 0.43+ 0.04 0.03* 0.006 0.85+ 0.02 4.42+ 0.15 1.63+ 0.13
F,4= 153 F; 4= 0.46 Fi 4= 0.06 F;4=3.09 F, 4= 34.50
p=0.28 p= 0.54 p= 0.81 p= 0.15 p= 0.004
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and trace element contamination of developing offspring. We

had predicted that elements dissolved in water may enter the

egg via pores in the calcareous shell and become absorbed

through shell membranes. Flexible-shelled turtle eggs hav&eferences

been shown to absorb a considerable amount of water during

development (Packard and Packard 1980; Packard 1991). Thanderlini VC, Connors PG, Risebrough RW, Martin JH (1972) Con-
the eggshells and eggshell membraned .oécriptaeggs pro- centrations of heavy metals in some Antarctic and North Ameri-
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T. scriptado not represent useful bioindicators of many of the cherry DS, Larrick SR, Guthrie RK, Davis EM, Sherberger FF (1979)
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useful bioindicators of Se contamination. stressed drainage system. J Fish Res Board Canada 36:1089—-1096
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