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Abstract. We compared the levels of arsenic, cadmium,
chromium, lead, manganese, mercury, and selenium in the
blood, kidney, liver, muscle, and skin of northern water
snakes (Nerodia sipedon) collected from the upper reach of
East Fork Poplar Creek (EFPC) within the United States
Department of Energy�s (USDOE�s) Y-12 National Security
Complex with concentrations in tissues of northern water
snakes from a reference reach of the Little River downstream
from the Great Smoky Mountains National Park in East
Tennessee. Our objectives were to determine whether con-
centrations of these metals were higher in tissues of water
snakes collected from EFPC compared with the reference site
and if northern water snakes were suitable bioindicators of
metal contamination. Except for chromium, metal levels were
significantly higher in tissues (kidney, liver, muscle, and
skin) of EFPC northern water snakes compared with those in
tissues of snakes from the reference site. Although female
northern water snakes were significantly larger than male
snakes, their tissues did not contain significantly higher metal
concentrations compared with those from male snakes, pos-
sibly because of maternal transfer of metals to eggs. This
study was the first to examine the accumulation of contam-
inants resulting from the operations of the USDOE�s Oak
Ridge Reservation in snakes.

Reptiles are rarely included in studies of environmental con-
tamination and ecological risk assessments. Gibbons et al.
(2000) called attention to the ongoing global decrease of
reptiles and listed six significant threats to reptiles, one of

which is environmental pollution. Compared with the other
classes of vertebrates, much less is known about the accu-
mulation and effects of environmental contaminants in rep-
tiles, specifically squamates (lizards and snakes) (Campbell
and Campbell 2000, 2001, 2002; Hopkins 2000). Because
water snakes are mid- to top-level predators, they are sus-
ceptible to the accumulation of persistent pollutants and may
be useful environmental indicators of contamination (Bauerle
et al. 1975; Stafford et al. 1976; Burger 1992). In the limited
number of environmental contamination studies available for
snakes, aquatic snakes are the most studied group (Campbell
and Campbell 2001). Because they are an important trophic
link to terrestrial and aquatic carnivores, aquatic snakes can
provide vital insight as to how contaminants move through and
affect communities (Hopkins et al. 1999).
The United States Department of Energy�s (USDOE�s)

approximately 14,000-ha (approximately 35,000-acre) Oak
Ridge Reservation (ORR) in East Tennessee was placed on the
National Priorities List as a Superfund site in 1989 and con-
tains three facilities: (1) Oak Ridge National Laboratory
(ORNL); (2) East Tennessee Technology Park, formerly the K-
25 Site; and (3) the Y-12 National Security Complex (Y-12),
formerly the Y-12 Plant (Campbell et al. 1998). An estimated
75 to 150 tons of elemental mercury were released into East
Fork Poplar Creek (EFPC) as a result of regular discharges,
spills, and accidents associated with the lithium-isotope sepa-
ration process used in the production of thermonuclear fusion
weapons at Y-12 during the mid-1950s and early 1960s
(Campbell et al. 1998). Although the primary mercury releases
from Y-12 stopped in 1963, mercury continues to be released
into EFPC from secondary sources such as contaminated
buildings, equipment, and soils (USDOE 1995). The current
release of mercury into EFPC averages approximately 20 g/d,
which is down from 100 g/d in 1985 (USDOE 1995). Mercury
releases continue to be decreased as a result of decontamina-
tion and decommissioning activities, the decrease of mercury
in plant effluent, and the remediation of areas where mercury
was used (USDOE 1995).
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Because the accumulation of contaminants resulting from
the operation and spills from the ORR have not been studied in
squamate reptiles, we compared levels of metals (arsenic,
cadmium, chromium, lead, manganese, mercury, and sele-
nium) in northern water snakes (Nerodia sipedon) living in
EFPC with levels in northern water snakes from a reference
site. We tested the following hypotheses: (1) no intersite dif-
ferences would exist in metal concentrations, and (2) metal
levels would not be related to the sex or size of the snakes.
Based on the literature and previous studies on northern water
snakes in East Tennessee (Andreadis 1998), we expected fe-
male to be much larger than male snakes.

Materials and Methods

Northern water snakes were collected from two locations in East
Tennessee (Figure 1). Adult northern water snakes were collected by
hand or in modified minnow traps (Casazza et al. 2000) between May
7 and June 24, 2002. Twenty northern water snakes (10 females and
10 males) were collected from the uppermost 2.5 km of EFPC inside
Y-12 (Figure 1). The reference site was a reach of the Little River
downstream from Great Smoky Mountains National Park between the
Picnic Area and Perry�s Mill (Figure 1), where a large population of
northern water snakes was known to occur (Andreadis 1998). Twenty-
seven northern water snakes (11 females and 16 males) were collected
from the Little River reference site.
In conjunction with the collection of northern water snakes, 20

Central stonerollers (Campostoma anomalum) were collected from
each site by backpack electroshocking or nighttime dip netting.
Central stonerollers were determined to be the main prey of northern
water snakes inhabiting upper EFPC. Details regarding Central
stoneroller collection, analyses, and results are presented in a previous
publication (Burger et al. 2005a).

On collection, each snake was anesthetized by placing its head in a
small ziplock bag containing a cotton ball saturated with isoflurane
and then sexed, weighed, and measured. Between 0.5 and 3 ml of
blood was collected from the heart using a 25-gauge heparinized
syringe while the snakes were under anesthesia. Water snakes were
then euthanized with Beuthanasia (Schering-Plough Animal Health).
Snakes and blood samples were frozen and shipped to the Environ-
mental and Occupational Health Sciences Institute (EOHSI), Rutgers
University, for dissection and metals analysis, respectively.
At EOHSI, skin samples were cleaned using a triple rinse, first by

gently swirling in a beaker of deionized water, then in a beaker of
acetone, and finally in deionized water. Tissues were digested in
ultrex ultrapure nitric acid in a microwave (MD 2000 CEM) using a
digestion protocol of three stages of 10 minutes each under 50, 100,
and 150 pounds/in.2 (3.5, 7.0, and 10.6 kg/cm2) at 70x power. Di-
gested samples were subsequently diluted in deionized water. Mer-
cury was analyzed by cold-vapor atomic absorption, and all other
metals (arsenic, cadmium, chromium, lead, manganese, and selenium)
were analyzed by graphite furnace atomic absorption. All tissue metal
levels were expressed in parts per billion (ppb; ng/g on wet weight).
Detection limits were 0.2 ppb for arsenic, 0.1 ppb for cadmium, 1.0
ppb for chromium, 2.0 ppb for lead, 1.0 ppb for manganese, 2.0 ppb
for mercury, and 0.5 ppb for selenium.
All specimens were run in batches that included blanks, a standard

calibration curve, and spiked specimens. The accepted recoveries for
spikes ranged from 85% to 105%. The coefficient of variation on
replicate samples ranged from 3% to 7%. Further quality control in-
cluded periodic blind analysis of an aliquot from a large sample of
known concentration and blind runs of duplicate samples during the
analysis for each metal (acceptable criterion € 15%).
The data were analyzed using SPSS software (Release 11.5.0;

SPSS, Chicago, IL). To meet the assumptions of multiple analysis of
variance (MANOVA) and analysis of variance (ANOVA), all metal
levels data were log transformed. To determine the effects of organ
(blood, kidney, liver, muscle, skin), sex (female, male), and site
(EFPC, Little River) on metal concentrations, data were first cast into

Fig. 1. Location of two sites in East
Tennessee where northern water
snakes (N. sipedon) were collected
for metals analysis from May
through June 2002.
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a three-way MANOVA using organ, sex, site, and their interaction as
factors (p = 0.05). Significant effects and interactions were further
explored with one-way ANOVAs and multiple comparisons tests
(p = 0.05).

Results

Northern water snakes ranged in size from 44.5 to 80 mm
snout-vent length and 53 to 417.5 g in weight (Table 1). As
was expected, females were significantly larger and heavier
than male snakes. There were no significant intersite differ-
ences in size for either females or male snakes.
The MANOVA indicated that site (F = 14.7, df = 206,

p < 0.000), sex (F = 3.5, df = 206, p < 0.001), and organ
(F = 18.6, df = 836, p < 0.000) were significant effects. In
addition, the site–sex interaction (F = 3.1, df = 206, p <
0.004), the site–organ interaction (F = 3.4, df = 836, p <
0.000), and the sex–organ interaction (F = 1.8, df = 836, p <
0.007) were also significant effects. The interaction of site,
sex, and organ was not a significant effect (F = 0.87, df = 836,
p < 0.660).
Overall, mean arsenic, cadmium, and selenium concentra-

tions were highest in liver and kidney tissues than all other
water snake tissues (Table 2 and Figure 2). Compared with
other tissues, levels of chromium and lead were highest in
water snake skin. Average manganese levels were highest in
muscle, followed by skin, of northern water snakes from both
sites and of both sexes (Table 2 and Figure 2). Concentrations
of mercury were highest in livers of northern water snakes
from both study sites followed by kidney tissue for EFPC
snakes and muscle tissue for Little River snakes (Table 2).
Mercury levels were also highest in liver tissue for all males
and females (Figure 2).
Arsenic levels in the liver and skin were significantly higher

in water snakes from EFPC compared with those from the
Little River reference site (Table 2). For cadmium, levels in
kidney and liver from EFPC snakes were significantly higher
than those from Little River snakes. Chromium concentrations
in kidney and muscle of snakes from the Little River were
significantly higher compared with levels in tissues of water

snakes from EFPC (Table 2). For lead, levels in kidney, liver,
and skin from EFPC water snakes were significantly higher
than concentrations in tissues of snakes from the Little River
reference site. Manganese levels in liver and skin from water
snakes collected from EFPC were significantly higher than
concentrations in liver and skin from the Little River snakes.
Mercury concentrations in kidney and liver from EFPC snakes
were significantly higher compared with levels in tissues of
Little River water snakes (Table 2). However, muscle mercury
levels were significantly higher in northern water snakes from
the Little River compared with snakes from EFPC. Levels of
selenium in kidney, liver, and muscle tissue of water snakes
from EFPC were significantly higher than those in tissues of
snakes collected from the Little River.
Despite the significant sex-related differences in size,

overall there were few sex-related differences in tissue metal
levels (Figure 2). Blood from male northern water snakes
collected from two sites in East Tennessee had significantly
higher levels of cadmium compared with blood from female
snakes. Mercury concentrations in muscle tissue of male
snakes from both sites were significantly higher than levels in
female northern water snake muscle.

Discussion

This study examined the accumulation of metals in northern
water snakes from a Superfund site and a reference site in East
Tennessee. Recent controlled laboratory studies have demon-
strated that prey items can be an important source of metal
exposure for aquatic snakes (Hopkins et al. 2001, 2002, 2004).
A comparison of average metal levels in liver tissue from
water snakes from both sites (Table 2) with average metal
concentrations in whole Central stonerollers collected from
both sites (Table 3) indicated that cadmium, mercury, and
selenium levels in water snake livers were up to six times
higher than concentrations found in Central stonerollers. Mean
arsenic and lead levels in water snake livers and Central
stonerollers were similar, whereas manganese concentrations
in snake livers were much lower than levels found in Central

Table 1. Total weights and SVLs of female and male northern water snakes (N. sipedon) collected from EFPC and the Little River, East
Tennessee, for metals analysis May through June 2002

Total Weight (g) SVL (mm)

Location N Mean (SE) Range Mean (SE) Range

Female snakes
East Fork Poplar Creek 10 281 (39) 53–417.5 68(4) 44.5–80
Little River 11 194 (33) 65–464 62(2) 47–78
F (p) 2.98 (0.10) 1.67 (0.21)
Male snakes
East Fork Poplar Creek 10 112(8) 74–146 54(1) 47.5–59.5
Little River 16 98 (4) 75–138.5 53(1) 47–60
F (p) 2.87 (0.10) 0.16 (0.69)
All female snakes 21 235 (26) 53–464 65(2) 44.5–80
All male snakes 26 103 (4) 74–146 53(1) 47–60
F (p) 30 (0.0001) 29 (0.0001)

EFPC = East Fork Poplar Creek.
SVL = Snout–vent length.
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Fig. 2. Mean metal concentrations (ppb, wet weight) by sex in
tissues of northern water snakes (N. sipedon) collected from East
Tennessee (two sites combined: female snakes N = 21 and male
snakes N = 26) from May through June 2002. Error bars represent the
SE, and an asterisk indicates significant differences in female and
male tissue levels.
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stonerollers. Northern water snakes appear to be accumulating
cadmium, mercury, and selenium as a result of consuming
Central stonerollers.
Although Central stonerollers are not the exclusive food

source for northern water snakes in the Little River (Andreadis
1998), they are themain, if not only, food source forwater snakes
in uppermostEFPC.Central stonerollers are the only fish species
found in upper EFPC and they occur there in unusually large
numbers. Because concentrations of six of seven metals (except
for arsenic) in Central stonerollers collected from upper EFPC
were significantly higher than those found in stonerollers from
the Little River (Burger et al. 2005a), and levels of six of seven
metals (except for chromium) in livers of northern water snakes

from EFPC were significantly higher than concentrations in
livers of Little River snakes, we can assume that the stonerollers
in EFPCwere a significant source ofmetal exposure for northern
water snakes. However, controlled laboratory studies, similar to
those conducted by Hopkins et al. (2001, 2002, 2004), are nee-
ded to confirm these relationships. The ORNL�s Biological
Monitoring and Abatement Program has been monitoring mer-
cury levels in fish and water collected from EFPC since 1985
(www.esd.ornl.gov/BMAP/efpc.htm). Although levels of mer-
cury have decreased in Central stonerollers and water from up-
per EFPC in recent years, concentrations in fish remain high
compared with uncontaminated reference streams, similar to
what was observed in our investigation (Burger et al. 2005a).

Table 2. Mean (SE) and range of metal concentrations (ppb, wet weight) by site in tissues of northern water snakes (N. sipedon) collected in East
Tennessee from May through June 2002

EFPC (N = 20) Little River (N = 27)

Metal Mean (SE) Range Mean (SE) Range F (p)

Arsenic
Blood 10.1 (1.3) 2.8–27 18.4 (3.0) 1.1–76 NS
Kidney 51.3 (10.3) 6.8–167 66.9 (16.6) 1–400 NS
Liver 171 (58.0) 0.424–1,151 36.9 (7.1) 0.98–178 6.05 (0.018)
Muscle 37.9 (8.4) 7.2–112 32.8 (8.7) 1.5–190 NS
Skin 36.9 (4.4) 14–84 32.3 (6.9) 0.15–140 4.86 (0.033)
Cadmium
Blood 4.17 (0.67) 0.01–11 9.5 (3.5) 0.01–94 NS
Kidney 45.3 (8.3) 3.7–177 27.3 (3.9) 1.8–81.6 4.39 (0.042)
Liver 118 (17.4) 5.9–247 41.1 (6.5) 5.9–123 11.32 (0.002)
Muscle 16.2 (3.1) 0.44–54 14.3 (3.4) 0.30–96 NS
Skin 26.1 (4.3) 3.3–62.3 14.9 (1.9) 3.9–48 4.03 (0.051)
Chromium
Blood 13.1 (3.6) 0.98–74 13.1 (3.9) 0.04–91 NS
Kidney 31.4 (11.2) 0.04–230 84.3 (24.8) 2.37–654 8.68 (0.005)
Liver 27.3 (8.6) 0.04–130 53.0 (24.9) 0.17–696 NS
Muscle 46.4 (15.1) 0.04–270 55.5 (7.2) 6.8–151 5.12(0.003)
Skin 105 (23.9) 0.04–367 93.2 (13.4) 14.6–294 NS
Lead
Blood 41.8 (5.8) 12–137 55.1 (9.9) 16–252 NS
Kidney 92.1 (9.4) 31–173 38.4 (5.3) 0.08–118 10.15 (0.003)
Liver 50.4 (5.4) 15–109 26.0 (4.2) 0.08–91.3 9.46 (0.004)
Muscle 60.2 (8.1) 9.7–118 58.5 (16.9) 0.08–418 NS
Skin 161 (26.5) 22–398 61.9 (9.5) 4.8–190 12.95 (0.001)
Manganese
Blood 155 (27.1) 39–546 120 (14.5) 26–385 NS
Kidney 1,000 (173) 53–3,729 628 (55.2) 201–1,178 NS
Liver 1,703 (150) 630–3,098 1,008 (93.6) 252–2,116 15.08 (0.000)
Muscle 4,560 (724) 982–14,602 4,473 (526) 1,107–13,649 NS
Skin 3,557 (573) 350–8,553 1,134 (117) 258–2,467 20.56 (0.000)
Mercury
Blood 372 (46.1) 141–816 436 (64.8) 9.8–1,420 NS
Kidney 1,121 (173) 209–3,505 382 (32.7) 42.5–784 27.54 (0.000)
Liver 1,403 (214) 220–3,795 750 (76.2) 90–1,615 8.15 (0.006)
Muscle 582 (47.4) 51.5–1,015 741 (49.3) 224–1,630 4.24 (0.045)
Skin 500 (45.4) 50.5–902 365 (32.2) 90.5–917 NS
Selenium
Blood 1,097 (96.5) 561–2,279 1,085 (71.3) 370–1,899 NS
Kidney 1,921 (120) 586–2,797 1,217 (117) 245–3,227 15.64 (0.000)
Liver 2,503 (189) 688–5,004 1,305 (101) 440–2,587 29.79 (0.000)
Muscle 898 (75.3) 317–1,528 554 (77.8) 188–2,330 15.22 (0.000)
Skin 942 (85.7) 88–1,535 848 (95.6) 236–2,498 NS

EFPC = East Fork Poplar Creek.
NS = Not significantly different.
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Consistent with results found in other investigations in
reptiles (Linder and Grillitsch 2000; Rainwater et al. 2005),
mercury levels were highest in northern water snake liver
tissue (Table 2). In a previous publication, we demonstrated
that blood and skin were suitable nondestructive indicators of
mercury levels in aquatic snakes because mercury levels in
blood and skin of northern water snakes collected from two
locations in East Tennessee were significantly correlated with
liver, kidney, and muscle tissue levels (Burger et al. 2005b).
Arsenic and cadmium concentrations were highest in livers of
water snakes from EFPC compared with the other tissues
examined (Table 2), similar to what was observed in a con-
trolled laboratory study on banded water snakes (N. fasciata)
(Hopkins et al. 2002). Although selenium levels in our field
investigation were highest in water snake livers (Table 2),
concentrations of selenium were highest in kidneys in banded
water and brown house snakes (Lamprophis fuliginosus) in
controlled laboratory studies (Hopkins et al. 2002, 2004). As
indicated by our results, northern water snakes can sequester
chromium, lead, and manganese in their skin; depuration of
these metals through frequent shedding of skin may signifi-
cantly decrease body burdens of these contaminants (Burger
1992). The source of chromium contributing to the high
chromium levels in kidney and muscle tissue of Little River
snakes, compared with concentrations in EFPC water snake
kidney and muscle tissue, is unknown. Few studies have
examined the effects of metal accumulation on snakes
(Campbell and Campbell 2001), and toxicity thresholds cur-
rently do not exist for reptiles (Hopkins et al. 2005). Mercury
concentrations ranging from 1,000 to 13,700 ppb in livers of
water birds (ducks and herons) have been associated with
decreases in reproductive fitness, effects on growth and
behavior, and mortality (Zillioux et al. 1993; Wolfe et al.
1998); levels of mercury in livers of northern water snakes
from EFPC were within this range (Table 2). Concentrations
of arsenic, cadmium, and selenium in liver tissue of water
snakes from EFPC were many times lower than those found in
livers of banded water snakes that were associated with in-
creased standard metabolic rates and increased allocations of
energy to maintenance (less energy available for growth,
reproduction, and storage) (Hopkins et al. 1999). Selenium
concentrations in livers of northern water snakes collected
from EFPC were within the range of levels known to be
reproductively toxic to both fish and birds (Lemly 1996; Heinz
1996).
Although female northern water snakes were significantly

larger than male snakes, significantly higher metal concen-
trations were not found in tissues of female snakes compared

with those of male snakes (Figure 2). Ohlendorf et al. (1988)
did not find a significant correlation between selenium con-
centration and size of gopher snakes (Pituophis melanoleucus).
Mercury levels in all tissues examined increased with body
size in both female and male cottonmouths (Agkistrodon
piscivorous) in a recent study conducted by Rainwater et al.
(2005). Male cottonmouths, which were significantly larger
than female snakes, exhibited higher mercury concentrations
than female snakes in both liver and kidney. Sex-specific
differences in metal accumulation occurred in a controlled
laboratory study on juvenile banded water snakes (Hopkins
et al. 2002). Differences in metal accumulation in female and
male snakes could occur because of sex-based differences in
food preference, body size, or elimination during reproduction
(e.g., female snakes transferring the metals to their eggs)
(Burger 1992; Hopkins et al. 2002, 2004).
The results of our investigation indicate that EFPC is con-

taminated by metals other than mercury. Northern water
snakes and Central stonerollers inhabiting upper EFPC may
have adapted with time to living in the metal-contaminated
environment and may be unaffected by the chronic exposure.
During our investigation, the water snake population appeared
to be extremely dense, healthy, and thriving, possibly because
of the large amount of artificial rock habitat along the stream
banks and the boundless supply of Central stonerollers. Many
juvenile snakes of all size classes were trapped in EFPC (be-
cause we were interested in only adult snakes, all juveniles
were released). However, we did observe unusual feeding
behavior of northern snakes in EFPC. Instead of feeding in the
open at night, which is typical for northern water snakes and
what we observed for northern water snakes in the Little River,
water snakes in EFPC fed openly during the mid-morning
(which meant snakes had to be trapped instead of hand-cap-
tured at night). This could be related to the extremely dense
population of stonerollers (being seen was not an issue) or the
fact that the upper reach of the creek is fairly isolated (the
presence of humans along the creek banks of upper EFPC is
minimal because it is inside the secured boundary of Y-12).
Tissue metal levels found in northern water snakes in this

investigation were compared with levels found in aquatic
snakes from other locations in the United States to determine
the utility of using aquatic snakes as indicators of environ-
mental contamination (Table 4). One advantage of using water
snakes as indicators of environmental contamination is that
they have been studied elsewhere (Campbell and Campbell
2001). However, in most cases a suite of metals was not
examined, and different tissues were not analyzed. Aquatic
snakes have a relatively small home range, making compari-

Table 3. Mean (SE) metal concentrations (ppb, wet weight) by site in whole Central stonerollers (C. anomalum) collected in East Tennessee
from May through June 2002

Metal EFPC (N = 20) Little River (N = 20)

Arsenic 129 (21) 71 (8)
Cadmium 57 (8) 10 (2)
Chromium 61 (12) 14 (2)
Lead 49 (15) 19 (4)
Manganese 10,591 (2,713) 3,215 (354)
Mercury 369 (51) 123 (20)
Selenium 613 (54) 363 (46)

EFPC = East Fork Poplar Creek.
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sons of conditions in multiple habitats within a relatively small
geographic area possible (Hopkins et al. 1999).
Arsenic concentrations in muscle tissue of northern water

snakes in this study were lower than those found in whole-
body composite samples of water snakes (Nerodia spp.) col-
lected from the upper and lower reaches of the Apalachicola
River (FL) in 1978 (Table 4; Winger et al. 1984). The levels of
arsenic found in livers of northern water snakes from EFPC
were much lower than those found in banded water snakes
inhabiting a contaminated coal–ash settling basin and nearby
swamp associated with a power plant at the USDOE�s
Savannah River Site (SRS) in South Carolina (Table 4; Hop-
kins et al. 1999).
Concentrations of cadmium in muscle tissue of northern

water snakes from both EFPC and the Little River reference
site were similar to those found in water snakes from the
Apalachicola River and the Big and the Black Rivers in
Missouri (Table 4; Winger et al. 1984; Niethammer et al.
1985). Cadmium levels in EFPC northern water snake liver
tissue were similar to levels found in livers from banded water
snakes from the contaminated site associated with the SRS
power plant (Table 4; Hopkins et al. 1999). Chromium con-
centrations in livers of banded water snakes in the investiga-
tion conducted on the SRS were approximately 10 times
higher than levels found in northern water snake liver tissue in
this study (Table 4; Hopkins et al. 1999).
Lead levels in carcasses (minus head, skin, and gastroin-

testinal tract) of northern water snakes collected in 1981 to
1982 from the Big and the Black River drainages in two lead-
mining districts of southeastern Missouri were much higher
than snake muscle concentrations found in this study (Table 4;
Niethammer et al. 1985). Concentrations of lead found in
water snakes from the Apalachicola River were similar to
levels found in muscle of northern water snakes from both
EFPC and the reference site (Table 4; Winger et al. 1984).
Mercury concentrations in northern water snake blood and

muscle tissue in this study were much higher than those found
in a northern water snake from Pilot Island (Lake Michigan),
water snakes from the Apalachicola River, and water snakes
from two locations in Texas (Table 4; Heinz et al. 1980;
Winger et al. 1984; Clark et al. 2000). Liver mercury levels in
snakes from EFPC were similar to those found in livers of
cottonmouths collected from Goose Prairie Creek, located
within the Longhorn Army Ammunitions Plant, TX, whereas
liver concentrations in Little River water snakes were similar
to those in Harrison Bayou cottonmouths (Table 4; Rainwater
et al. 2005). However, one cottonmouth collected from Central
Creek, within the Longhorn Army Ammunitions Plant, had a
liver mercury level of 8,613 ppb, almost three times higher
than the highest level found in liver tissue of water snakes
from EFPC (Table 4; Rainwater et al. 2005). Average con-
centrations of mercury found in kidney tissue from Little River
water snakes in this study were similar to those found in cot-
tonmouths collected from three locations on the Longhorn
Army Ammunitions Plant; however, mercury levels in kidneys
of EFPC water snakes were up to two times higher than those
found in cottonmouths from the ammunitions plant (Table 4;
Rainwater et al. 2005).
Levels of selenium in northern water snake muscle and

blood in this investigation were higher than those found in
whole bodies of water snakes from the Apalachicola River

(FL) and blood from water snakes from two locations in
Texas (Table 4; Winger et al. 1984; Clark et al. 2000).
However, selenium concentrations found in livers of banded
water snakes from the contaminated power plant site on the
SRS were many times higher than those in liver tissue from
EFPC northern water snakes (Table 4; Hopkins et al. 1999).
Aquatic snakes (e.g., genus Nerodia) are among the most

common reptiles found in the southeastern United States and
inhabit virtually all types of freshwater habitats (Mushinsky
et al. 1982). The trophic status and site fidelity of water snakes
makes them particularly useful in evaluating sites contami-
nated with compounds that are transferred by way of trophic
mechanisms (Hopkins et al. 1999, 2001). The results of this
study, those from similar studies conducted at another USDOE
facility, the SRS (Hopkins et al. 1999, 2001), as well as
additional investigations (Table 4) suggest that water snakes
are well-suited for environmental toxicology studies.
The direction of environmental toxicology studies on snakes

during the past five years is encouraging. Research has gone
from reporting tissue levels of contaminants in field-captured
snakes to studying the mechanisms and effects of contaminant
accumulation in snakes in both the field and controlled labo-
ratory studies to developing nondestructive sampling methods.
Functional relationships have recently been developed among
dietary selenium levels, target tissue selenium concentrations,
and selenium levels in nondestructive tissue samples for two
species of snakes (Hopkins et al. 2005). The future of snake
ecotoxicology is promising.
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