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Abstract The giant garter snake (GGS; Thamnophis

gigas) is a federally listed threatened species endemic to

wetlands of the Central Valley of California. Habitat

destruction has been the main factor in the decline of GGS

populations, but the effects of contaminants on this species

are unknown. To contribute to the recovery of these snakes,

the U.S. Geological Survey (USGS) began studies of the

life history and habitat use of GGSs in 1995. During a

series of investigations conducted from 1995 to the present,

specimens of dead GGSs were opportunistically collected

from the Colusa National Wildlife Refuge (CNWR), the

Natomas Basin, and other sites in northern California.

Whole snakes were stored frozen for potential future

analysis. As funding became available, we analyzed tissues

of 23 GGSs to determine the concentrations of total mer-

cury (Hg) and other trace elements in livers and

concentrations of Hg in brains and tail clips. Mercury

concentrations (lg/g, wet weight) ranged from 0.08 to 1.64

in livers, 0.01 to 0.18 in brains, and 0.02 to 0.32 in tail

clips. In livers, geometric mean concentrations (lg/g, dry

weight) of arsenic (25.7) and chromium (1.02) were higher

than most values from studies of other snakes. Mercury

concentrations in tail clips were positively correlated with

concentrations in livers and brains, with the most signifi-

cant correlations occurring at the Natomas Basin and when

Natomas and CNWR were combined. Results indicate the

value of using tail clips as a nonlethal bioindicator of

contaminant concentrations.

The giant garter snake (GGS; Thamnophis gigas) is among

the largest of the garter snakes endemic to California’s

Central Valley. This highly aquatic species inhabits small

ponds, sloughs, marshes, and rice fields, and forages

mainly underwater for small fish, tadpoles, and frogs

(Brode 1988). Once present in Central Valley wetlands

from Butte County south to Kern County, GGS populations

have declined, primarily due to habitat loss and fragmen-

tation (U.S. Fish and Wildlife Service 1999). The State of

California listed the GGS as threatened in 1971, and the

U.S. Fish and Wildlife Service listed it as threatened in

1993 (U.S. Fish and Wildlife Service 1993). The decline of

GGS populations may be related to their exposure to

environmental contaminants, but virtually nothing is

known about their contaminant burdens (U.S. Fish and

Wildlife Service 1999).

Few studies have evaluated the adverse effects of con-

taminants on reptiles (Sparling et al. 2000) or the effects of

metals and trace elements on snakes (Campbell and

Campbell 2002). Even fewer studies have been conducted

on rare and endangered snake species. Non-lethal tissue

sampling techniques are essential for studies of contami-

nants in rare and endangered species, and such methods

have been proposed for American alligators (Alligator

mississippiensis) (Burger et al. 2000) and fish (Gremillion

et al. 2005). Recent studies have also evaluated the use of

shed skins, blood samples, and tail clips as nondestructive

sampling techniques in snakes (Burger et al. 2005, 2006;

Hopkins et al. 2001, 2005; Rainwater et al. 2005).
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In 1995, the U.S. Geological Survey (USGS) began

studying the biology and life history of GGSs (Wylie et al.

1997, 2003b; Wylie and Casazza 2000) to assist in recov-

ery planning for this species. In the course of trapping,

marking, and radiotracking snakes, dead snakes were

opportunistically collected and were stored frozen for

potential future chemical analyses. We used the GGSs

collected during USGS field studies to examine snake

contaminants burdens by sex, site, and tissue type. We

focused on mercury (Hg), a major contaminant of concern

in northern California (Rytuba 2000, 2003; Domagalski

2001). This study reports the relationships of Hg concen-

trations in tail clips, livers, and brains, as well as metals

and trace elements in livers of GGSs, and evaluates the

effectiveness of tail clips as nonlethal predictors of Hg

contamination.

Methods

Study Area

Between April 1997 and June 2004, we opportunistically

collected snake carcasses from USGS study areas at Colusa

National Wildlife Refuge (CNWR), Colusa County, Cali-

fornia, and in the Natomas Basin of northern Sacramento

and southern Sutter counties (Fig. 1, Table 1). The CNWR

consists of 2000 ha of managed wetlands and associated

uplands, managed primarily for waterfowl. The Natomas

Basin is 25,000 ha of mostly agricultural land, predomi-

nantly rice fields, with water supply and drainage ditches

and canals. We also opportunistically collected a few

snakes from outside these two primary study areas in Butte

Fig. 1 Collection sites for giant

garter snakes, 1997–2004: seven

collected at the Colusa National

Wildlife Refuge (CNWR) and

12 collected at the Natomas

Basin. Four other snakes

(triangles) were collected: two

in Butte County, one in Glenn

County, and one in Yolo County

(Colusa Drain) (see Table 1)
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County and in the Colusa Basin Drain in northern Yolo

County (Fig. 1).

Field Methods

Some dead snakes were found during trapping and tracking

studies, some died from complications associated with

surgery to implant radio transmitters, and some snakes

were collected as roadkills. Because fieldwork was con-

ducted daily, snakes found dead in traps or during tracking

studies likely died less than 24 h before their discovery.

Only freshly dead snakes (not more than 2 days) were

collected as mortalities from the roads. All snakes collected

in the field were placed in plastic bags, transported on wet

ice, and stored frozen as soon as possible after collection.

Snakes that died in the laboratory were frozen at -20�C

immediately after death. Although contaminant concen-

trations may be related to the degree of sample

decomposition, only snakes that had not been subject to

significant autolysis were included in the samples for

analysis, thus minimizing this potential bias. We compared

Hg concentrations using 12 snakes from the Natomas Basin

(5 males, 5 females, and 2 of undetermined sex) and 7

snakes from the CNWR (5 males and 2 females). Three

additional adult females were collected from outlying areas

of Butte County and one female was collected from the

Colusa Basin Drain.

Laboratory Methods

Prior to dissection, snake specimens were allowed to thaw

to ambient temperatures. Each specimen was rinsed with

tap water to remove any debris, then rinsed with deionized

water, patted dry with clean paper towels, measured for

snout-vent length (SVL; ±1 mm), and weighed on an

electronic balance (±0.1 g). We used chemically cleaned

instruments and disposable latex gloves while dissecting

snakes and changed instruments between snakes to avoid

cross-contamination. Whole livers were removed from all

23 snakes and placed in individually labeled chemically

Table 1 Total mercury (HgT; lg/g, ww) in giant garter snakes (Thamnophis gigas) collected from the Sacramento Valley, California, 1997–

2004

Sample ID Study

area

Collection

date

Gender Total

mass (g)a
SVL

(mm)

Liver Brain Tail

HgT % Moisture HgT % Moisture HgT % Moisture

2011 CNWR 6/1/1998 F 287.1 1000 1.59 77.1 0.15 78.2 NA NA

2017 CNWR 7/18/2001 F 285.4 845 1.64 76.2 0.11 82.8 0.11 68.7

2007 CNWR 4/10/1997 M 144.1 650 0.39 75.1 0.03 72.8 0.07 67.0

2012 CNWR 6/8/1998 M 81.9 695 0.29 74.6 0.04 78.6 0.05 65.5

2021 CNWR 6/19/2001 M 154.5 730 0.23 75.6 0.12 26.2 NA NA

2014 CNWR 6/4/2003 M 143.6 705 0.65 76.1 0.05 79.0 0.08 70.6

2015 CNWR 6/4/2003 M 99.5 630 0.35 75.9 0.06 78.9 0.09 71.9

2006 Natomas 4/8/1998 F 393.4 1000 1.45 80.7 0.13 85.8 0.15 71.2

2022 Natomas 4/28/1998 F 182.4 760 0.30 74.0 0.05 82.0 0.08 62.5

2009 Natomas 6/9/1999 F 320.0 830 0.24 73.9 0.05 87.7 NA NA

2004 Natomas 6/6/2002 F 60.2 490 0.16 77.4 0.04 78.1 0.06 68.7

2003 Natomas 6/7/2002 F 247.7 732 0.39 74.9 0.09 75.7 0.11 68.0

2019 Natomas 4/8/1998 M 87.2 760 1.54 73.0 0.13 78.1 0.32 71.1

2020 Natomas 4/8/1998 M 123.8 680 0.96 69.8 0.11 72.7 0.28 71.0

2023 Natomas 4/18/1998 M 7.4 235 0.39 66.2 0.07 79.4 NA NA

2008 Natomas 8/3/1998 M 54.0 551 0.27 70.8 0.12 68.2 0.12 58.0

2013 Natomas 8/1/2000 M 155.0 616 0.39 77.4 0.10 81.1 0.17 68.5

2024 Natomas 4/15/1998 U 57.1 320 1.03 74.8 0.18 79.6 NA NA

2025 Natomas 4/28/1998 U 72.0 580 0.40 70.9 NA NA 0.15 67.6

2016 Butte Co. 6/9/1998 F 147.8 690 0.16 69.1 0.03 81.2 0.04 72.0

2005 Butte Co. 6/15/1998 F 200.3 765 0.08 75.9 0.01 81.1 0.02 74.1

2018 Butte Co. 6/15/1998 F 143.5 640 0.10 73.4 0.02 74.3 0.03 46.1

2026 Colusa Drain 6/26/2004 F 147.1 710 0.15 81.3 0.02 89.0 0.02 68.0

Geometric mean 0.393 0.062 0.082

Note: CNWR Colusa National Wildlife Refuge; F female; M male; NA not available for analysis; SVL snout-vent length; U undetermined
a Total mass with prey items removed from GI tract
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clean jars (VWR TraceClean), sealed with Parafilm, and

frozen at -20�C until chemical analysis. Tail clips, the

distal portions (46–100 mm) of 18 snakes, were surgically

removed and stored frozen similar to the livers. For com-

parisons among snakes, and to ensure that a minimum of

1 g of tissue was available for chemical analysis, we

attempted to collect a standardized tail clip 100 mm long.

In seven snakes, primarily roadkills, less than 100 mm of

tail was available to sample. Tails of five of the snakes

either were missing or were unsuitable for analysis, usually

because they had been crushed by vehicles. Heads of 22

snakes were removed and shipped frozen to the Trace

Element Research Laboratory (TERL, College Station,

TX) where the brains were extracted using similar clean

techniques. One snake had a crushed skull, rendering the

brain unsuitable for analysis.

Chemical Analyses

All 23 livers, 22 brains, and 18 tail clips were analyzed for

total Hg. Due to cost considerations, other metals and trace

elements were determined only in liver tissue, and no

sample was analyzed for methyl mercury (MeHg). All

chemical analyses were conducted at TERL. Tissue sam-

ples were freeze-dried and homogenized into a fine

powder. Three milliliters of HNO3 was added to 0.20–

0.25 g of powdered tissue, and digestion was completed in

a Teflon reaction vessel heated to 130�C. Samples were

then diluted to 20 ml with quartz-distilled water and stored

in polyethylene bottles until analysis. Metals were mea-

sured by inductively coupled plasma optical emission

spectroscopy. Due to lower detection limits, arsenic (As),

cadmium (Cd), and lead (Pb) were analyzed by inductively

coupled plasma-mass spectroscopy, and selenium (Se) was

determined by atomic fluorescence spectroscopy. Mercury

concentrations were analyzed by cold vapor atomic

absorption spectroscopy. Results for Hg are presented as

micrograms per gram on a wet-weight (ww) basis, because

literature values are commonly presented on a wet-weight

basis. Other elements are presented on a dry-weight (dw)

basis.

The mean detection limits for metals and trace elements

(lg/g, dw) were as follows: aluminum (Al), 6.9; (As), 0.09;

boron (B), 1.4; barium (Ba), 0.14; beryllium (Be), 0.07;

calcium (Ca), 2.7; (Cd), 0.02; chromium (Cr), 0.69; copper

(Cu), 0.69; iron (Fe), 1.4; Hg (brain), 0.0077; Hg (liver),

0.014; Hg (tail), 0.0059; potassium (K), 14.0; magnesium

(Mg), 1.4; manganese (Mn), 0.27; molybdenum (Mo), 1.4;

nickel (Ni), 0.69; Pb, 0.05; Se, 0.030; strontium (Sr), 0.070;

vanadium (V), 1.4; and zinc (Zn), 0.69. Sample analyses

included the use of procedural blanks, spiked samples,

standard reference materials (NIST 1577b, NRCC DOLT

2, DORM 2), and duplicate samples. Recoveries from

spikes and reference materials ranged from 74% to 105%

and from 75% to 124%, respectively. Duplicate analyses

were within an acceptable range of ±15%.

Statistical Analysis

Data analyses were performed using SigmaStat statistical

software (ver. 3.1; Systat Software Inc, Point Richmond,

CA, USA). Data were log-transformed to achieve homo-

geneity of variance. Because of our limited number of

samples, for site comparisons we used only data from

CNWR and Natomas. Where data were normally distrib-

uted (based on Kolmogorov-Smirnov test), we compared

contaminant results by site, gender, and tissue using one-

way analysis of variance (ANOVA) and Tukey’s all-pair-

wise multiple-comparison procedure. We used the Kruskal-

Wallis one-way ANOVA on ranks if the distributions were

not normal. Relationships between contaminant levels in

different tissues, by gender and sample site, were examined

using linear regression analysis. The significance level for

all tests was a = 0.05. All mean concentrations for con-

taminants in GGS tissues are presented as geometric

means.

Results

Mercury

We detected Hg in every GGS tissue analyzed in this study

(Table 1). The overall geometric mean concentration in

livers from all sites (0.393 lg/g, ww) was significantly

higher (p \ 0.001) than in brains (0.062 lg/g) and tails

(0.082 lg/g), but concentrations of Hg did not differ

between brains and tails (p = 0.586). The sites with the

most samples, CNWR and Natomas, were compared by

tissue and gender. At CNWR, geometric mean concentra-

tions of Hg were higher (p = 0.004) in livers of the two

female snakes (1.612 lg/g) than in the five males

(0.360 lg/g). Differences in mean Hg concentrations

between female brains (0.127 lg/g) and male brains

(0.053 lg/g) were not significant (p = 0.087). Too few

tails were analyzed to allow intersex comparisons at

CNWR. At Natomas, mean concentrations of Hg did not

differ by gender for liver (p = 0.396) or brain (p = 0.115),

but males had a higher mean Hg concentration in tails

(p = 0.044).

Using only snakes of known gender from CNWR and

Natomas combined, there were no differences based on

gender for any of the three tissues (p = 0.567–0.768).

When data from CNWR and Natomas were compared,

regardless of gender, we found no differences between sites

in mean Hg concentrations in liver (0.553 and 0.482 lg/g,
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respectively; p = 0.704) or brain (0.068 and 0.088 lg/g,

respectively; p = 0.333). However, the mean Hg concen-

tration in GGS tail clips was higher in snakes from

Natomas (0.140 lg/g) than in those from CNWR

(0.075 lg/g; p = 0.035). For males alone, mean Hg con-

centrations in livers were not different between the two

sites (p = 0.249), but concentrations in both brain

(p = 0.037) and tail clips (p = 0.008) were higher at Na-

tomas (0.103 and 0.203 lg/g, respectively) than at CNWR

(0.053 and 0.069 lg/g, respectively). For females alone,

the mean Hg concentration in livers from CNWR

(1.612 lg/g) was not different from that in livers from

Natomas (1.451 lg/g; p = 0.095). The brains were also not

different between sites (p = 0.153), and there were too few

tails collected at CNWR to compare between sites.

Female GGSs from CNWR and Natomas were larger on

average than males, based on both mean (±standard error)

SVL (808.1 ± 66.3 and 625.2 ± 47.4 mm, respectively;

p = 0.017) and mean mass (253.7 ± 40.5 and

105.7 ± 14.7 g; p = 0.008). Of 18 correlations between

snake size and Hg concentrations in tissues, only 4 were

significant. For female snakes, both body mass and SVL

were significantly correlated (p B 0.007) with the Hg

concentration in tail clips, while only the SVL of females

was correlated with Hg concentrations in liver and brain

(Table 2). Mercury concentrations in tissues of males and

of both sexes combined were not correlated with mass or

SVL.

Correlations between Hg in tail clips and Hg in livers

and brains at CNWR were not significant. Because only

one female tail was available, gender-dependent differ-

ences could not be examined. At Natomas, all correlations

of Hg concentrations in tails with those in livers and brains

were significant, except for brains of the males (p = 0.823)

(Table 3). When snakes from both CNWR and Natomas

were analyzed together by gender, correlations between Hg

concentrations in tails and both brains and livers were

significant, with the exception of livers of females

(p = 0.081) (Table 3).

Metals and Trace Elements

Results of the liver analyses for metals and trace elements

are presented in Table 4. The number of snakes that had

values below the detection limit for various elements was

as follows: Al, 1; B, 18; Be, 23 (all snakes); Cr, 5; Mo, 4;

Ni, 2; Pb, 8; and V, 7. Geometric mean concentrations were

not calculated for boron, which was detected in only 5 of

the 23 samples, or beryllium, which was not detected in

any samples. Between sites, snakes from the CNWR were

significantly higher in As, Fe, Mo, Ni, and Se compared to

Table 2 Correlations between log10-transformed body size (total mass and snout-vent length [SVL]) and log10-transformed mercury concen-

trations (lg/g, ww) in tissues of giant garter snakes collected from the Sacramento Valley, California, USA, 1997–2004

Size index Gender Brain Hg Liver Hg Tail clip Hg

r n p r n p r n P

Total mass Male ?0.004 10 0.991 ?0.109 10 0.764 ?0.046 8 0.914

Female ?0.736 7 0.059 0.664 7 0.104 ?0.951 5 0.013

Both gendersb ?0.133 18 0.568 ?0.285 19 0.237 ?0.104 14 0.724

SVL Male ?0.059 10 0.872 ?0.225 10 0.533 ?0.202 8 0.631

Female ?0.821 7 0.024 0.791 7 0.034 ?0.916 5 0.029

Both gendersb ?0.064 18 0.802 ?0.278 19 0.250 ?0.228 14 0.433

Note: SVL snout-vent length
a Includes only snakes collected from the Natomas Basin and Colusa National Wildlife Refuge
b Includes one snake of undetermined gender from the Natomas Basin analyzed for Hg in brain and tail and two analyzed for Hg in liver

Table 3 Correlations between log10-transformed tail clip total mer-

cury (HgT) concentrations (lg/g, wet weight) and log10-transformed

brain and liver HgT concentrations in giant garter snakes collected

from the Sacramento Valley, California, 1997–2004a

Site Gender HgT brain HgT liver

r n p r N p

CNWRb Male ?0.701 4 0.299 ?0.644 4 0.356

All genders ?0.802 5 0.103 ?0.758 5 0.137

Natomas Male ?0.117 4 0.823 ?0.982 4 0.018

Female ?0.995 4 0.005 ?0.952 4 0.048

All genders ?0.777 8 0.023 ?0.829 9c 0.006

Both sites Male ?0.868 8 0.005 ?0.766 8 0.027

Female ?0.967 5 0.007 ?0.831 5 0.081

All genders ?0.827 13 \0.001 ?0.632 14c 0.015

a Includes only snakes collected from the Natomas Basin and Colusa

National Wildlife Refuge (CNWR)
b No regression conducted for female giant garter snakes from

CNWR because only one tail clip was available. This snake was

included in the all-genders analysis
c Includes one snake of undetermined gender from the Natomas

Basin
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Table 4 Metals and trace elementsa (lg/g, dry weight) in livers of 23 giant garter snakes collected from the Sacramento Valley, California,

1997–2004

Sample ID Study site Gender Moisture (%) Al As B Ba Ca Cd Cr Cu Fe

2011 CNWR F 77.1 32.1 12.9 \0.99 2.09 745 0.06 \0.50 26.2 2,840

2017 CNWR F 76.2 16.8 42.1 1.59 1.57 422 0.19 \0.46 64.9 4,870

2007 CNWR M 75.1 21.6 24.4 \0.85 2.51 1,020 0.09 2.50 13.4 1,420

2012 CNWR M 74.6 375 19.5 1.12 5.92 1,180 0.05 11.6 10.9 3,590

2021 CNWR M 75.6 15.2 144 \0.99 2.6 1,610 0.09 4.29 13.9 1,330

2014 CNWR M 76.1 38.3 126 1.78 7.68 578 0.35 1.14 44.0 8,690

2015 CNWR M 75.9 16.6 129 1.02 4.83 657 0.13 0.77 19.0 3,590

2006 Natomas F 80.7 115 21.6 \0.92 2.43 988 0.06 1.60 24.1 1,410

2022 Natomas F 74.0 22.1 4.83 \1.04 2.09 691 0.04 1.22 9.7 1,170

2009 Natomas F 73.9 13.2 14.5 \0.97 2.80 3350 0.12 0.66 7.1 498

2004 Natomas F 77.4 7.51 10.3 \0.95 3.02 809 0.03 1.02 22.3 1,010

2003 Natomas F 74.9 13.1 16.9 \0.94 1.51 951 0.08 0.51 8.4 804

2019 Natomas M 73.0 9.11 39.1 \0.962 1.39 326 0.07 0.69 18.2 958

2020 Natomas M 69.8 17.6 49.9 \0.960 2.86 482 0.14 0.57 18.1 2,290

2023 Natomas M 66.2 260 26.8 \7.71b 4.80 1440 0.04 \3.58b 25.2 879

2008 Natomas M 70.8 17.5 5.98 \0.945 2.53 428 0.09 0.72 22.3 830

2013 Natomas M 77.4 4.82 4.59 \0.922 1.82 620 0.05 \0.46 7.82 917

2024 Natomas U 74.8 105 15.7 \0.914 2.61 728 0.04 1.24 18.8 1,040

2025 Natomas U 70.9 85.4 105 \3.85b 7.97 817 0.08 2.86 14.9 1,080

2016 Butte Co. F 69.1 26.9 27.8 \1.28 5.57 1170 0.09 24.1 12.5 1,180

2005 Butte Co. F 75.9 9.21 6.74 \1.01 6.57 712 0.04 1.83 10.4 1,150

2018 Butte Co. F 73.4 \4.91c 42.3 \0.982 2.69 668 0.10 \0.49 18.0 906

2026 Colusa Drain F 81.3 17.6 88.0 1.31 4.00 524 0.10 0.81 42.1 2,380

Minimum \4.91 4.59 \0.852 1.39 326 0.03 \0.46 7.1 498

Maximum 375 144 1.78 7.97 3350 0.35 24.1 64.9 8,690

Geometric mean 23.8 25.7 NCd 3.11 789 0.077 1.12 17.4 1,490

Sample ID Study site Gender K Mg Mn Mo Ni Pb Se Sr V Zn

2011 CNWR F 7,830 699 4.71 3.85 0.65 0.079 5.55 2.72 7.29 121

2017 CNWR F 10,800 833 5.42 6.21 0.64 0.127 5.26 1.31 11.0 148

2007 CNWR M 8,880 672 4.35 3.02 0.55 0.093 3.44 2.16 2.12 80

2012 CNWR M 10,300 878 14.9 3.95 1.40 0.145 4.21 4.18 3.92 85

2021 CNWR M 11,300 323 2.58 1.57 0.86 \0.049 1.86 1.35 2.41 115

2014 CNWR M 8,210 676 7.01 9.66 1.14 0.297 6.98 1.17 12.2 90

2015 CNWR M 7,540 613 7.38 3.67 1.02 0.154 5.06 1.63 4.77 90

2006 Natomas F 9,010 807 19.7 2.12 1.83 0.082 3.90 2.14 7.36 121

2022 Natomas F 7,390 568 3.62 1.27 0.99 0.106 2.48 1.06 \1.04 68

2009 Natomas F 8,410 484 3.07 1.09 0.59 \0.048 4.88 6.99 \0.97 85

2004 Natomas F 9,190 702 4.36 \0.95 0.70 \0.048 2.29 1.49 \0.95 98

2003 Natomas F 6,680 613 4.61 1.38 0.56 \0.047 2.53 1.36 1.20 65

2019 Natomas M 9,210 558 4.53 2.70 \0.48 \0.048 2.79 0.39 1.42 83

2020 Natomas M 7,240 534 2.92 2.98 0.51 0.088 3.09 0.63 5.59 77

2023 Natomas M 9,540 1,140 9.66 \7.17b \3.58b 0.103 2.29 3.15 \7.17b 85

2008 Natomas M 11,200 587 3.09 1.28 0.60 \0.047 2.30 0.76 \0.95 108

2013 Natomas M 9,250 569 4.69 1.14 0.48 \0.046 3.38 1.10 \0.92 81

2024 Natomas U 9,060 649 5.62 2.03 1.01 0.116 3.01 1.26 2.10 85

2025 Natomas U 8,590 701 4.78 \3.85b 2.24 1.21 2.62 1.42 \3.85b 80
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those from Natomas (p = 0.0039, 0.001, 0.003, 0.008, and

0.017 respectively).

Discussion

Mercury

Relatively few studies have examined total Hg in snakes,

and even fewer have reported concentrations of MeHg in

snakes. However, total Hg should be a good indicator for

MeHg; according to Bazar (2002), 95%–99% of the Hg in

blood and liver of corn snakes was in the organic form. Our

data show that GGSs have lower concentrations of total Hg

in livers compared to snakes from most other geographic

areas (Table 5). The geometric mean Hg concentration in

livers of GGS (0.393 lg/g, ww) was lower than that in

livers of cottonmouths (Agkistrodon piscivorus) from two

sites in Texas (1.19 and 0.86 lg/g); northern water snakes

(Nerodia sipedon) from two sites in Tennessee, Little River

(0.750 lg/g) and East Fork Poplar Creek (1.403 lg/g)

(Campbell et al. 2005); and banded water snakes (Nerodia

fasciata) from the Savannah River in South Carolina

(arithmetic mean, 1.86 lg/g) (Burger et al. 2007). The

mean Hg in GGS livers was similar to that in cottonmouths

from Harrison Bayou, Texas (0.408 lg/g) (Rainwater et al.

2005), and was higher than that in banded water snakes

from New Jersey (0.182 lg/g) (Burger et al. 2007).

Rainwater et al. (2005) found that male cottonmouths

had higher concentrations of Hg in both liver and kidney

than females. Overall, mean Hg concentrations in all ana-

lyzed tissues of GGS did not differ by sex. While Hg

concentrations increased with body size in both male and

female cottonmouths (Rainwater et al. 2005), the correla-

tion between tissue Hg and body size was more often

significant for female GGSs in this study (Table 2).

The mean Hg concentrations in tail clips of cotton-

mouths from three Texas sites (Rainwater et al. 2005) were

1.6 to 2.5 times higher, and the tail clips from banded water

snakes from two sites in South Carolina (Burger et al.

2006) were 2 and 3.6 times higher, than the mean Hg

concentrations in GGS tail clips. In cottonmouths, the

correlations between tail clip Hg and liver and kidney Hg

were better for males than for females (Rainwater 2005). In

this study, when GGS genders were combined, the corre-

lations between Hg in tail clips and Hg in both brains and

livers were significant.

Little information exists in the literature on contaminant

effects in reptiles (e.g., Hopkins et al. 2002; Campbell and

Campbell 2002). However, in one study, Bazar (2002)

documented behavioral and toxic effects of dietary MeHg

on juvenile corn snakes (Elaphe guttata). Similar behav-

ioral effects could reduce survival in wild populations, by

increasing snakes’ susceptibility to predation or mortality

caused by vehicles, as was observed in this study of GGSs.

Metals and Trace Elements

We compared the results of our study (Table 4) with metals

and trace elements (on a ww basis) commonly analyzed in

livers of aquatic snakes from reference and contaminated

sites in the United States (Table 5). The mean As con-

centration in GGS livers (6.48 lg/g) was higher than those

in aquatic snakes from Tennessee, South Carolina, and

New Jersey (Table 5), but lower than the mean concen-

tration in banded water snake livers from a coal ash settling

basin (33.5 lg/g) in South Carolina (Hopkins et al. 1999).

The mean Cd concentration in GGSs (0.02 lg/g) was

lower than the means at two contaminated sites (0.12 lg/g

at East Fork Poplar Creek, TN, site and 0.13 lg/g at the

coal ash settling basin, SC, site), but they were also lower

than those at reference sites in both studies (Hopkins et al.

Table 4 continued

Sample ID Study site Gender K Mg Mn Mo Ni Pb Se Sr V Zn

2016 Butte Co. F 9,740 683 13.5 1.91 18.5 0.929 1.24 1.76 1.74 80

2005 Butte Co. F 9,190 569 3.37 \1.01 0.92 0.461 1.57 1.18 3.16 75

2018 Butte Co. F 9,120 801 10.6 1.89 0.51 \0.049 1.67 1.02 2.73 86

2026 Colusa Drain F 8,910 756 4.82 3.43 0.62 0.103 4.99 1.29 2.09 113

Minimum 6,680 323 2.58 \0.95 \0.48 \0.046 1.24 0.39 \0.92 65

Maximum 11,300 1,140 19.7 9.66 18.5 1.21 6.98 6.99 12.2 148

Geometric mean 8,900 652 5.51 2.12 0.906 0.086 3.06 1.48 2.20 90.3

Note: CNWR Colusa National Wildlife Refuge; F female; M male; U undetermined
a Beryllium excluded from the table because all samples were below the detection limit
b Increased mean detection limit based on small sample mass
c For each nondetect observed, a value equal to one-half the detection limit was used for calculation of the mean
d NC, geometric mean not calculated because [50% of the concentrations for boron were less than the detection limit
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Table 5 Comparisons of trace element and metal concentrations (lg/g, wet weight) in water snake livers in available studies

Species Element Meana n Location Reference

Nerodia fasciata As 33.5 ± 9.5 5 Coal ash settling basin, SC Hopkins et al. (1999)b

Nerodia fasciata As 0.06 5 Reference, SC Hopkins et al. (1999)b

Nerodia fasciata As 0.089 ± 0.023 5 Savannah River site, SC Burger et al. (2007)

Nerodia sipedon As 0.171 ± 0.058 20 East Fork Poplar Creek, TN Campbell et al. (2005)

Nerodia sipedon As 0.037 ± 0.007 27 Little River, TN Campbell et al. (2005)

Nerodia sipedon As 0.039 18 Raritan Canal, NJ Burger et al. (2007)

Thamnophis gigas As 6.48 ± 2.25 23 Sacramento Valley, CA This study

Nerodia fasciata Cd 0.13 ± 0.025 5 Coal ash settling basin, SC Hopkins et al. (1999)b

Nerodia fasciata Cd 0.03 5 Reference, SC Hopkins et al. (1999)b

Nerodia fasciata Cd 0.118 ± 0.017 20 East Fork Poplar Creek, TN Campbell et al. (2005)

Nerodia fasciata Cd 0.041 ± 0.007 27 Little River, TN Campbell et al. (2005)

Nerodia sipedon Cd 0.037 18 Raritan Canal, NJ Burger et al. (2007)

Thamnophis gigas Cd 0.020 ± 0.003 23 Sacramento Valley, CA This study

Nerodia fasciata Cr 0.50 ± 0.20 5 Coal ash settling basin, SC Hopkins et al. (1999)b

Nerodia fasciata Cr 0.20 ± .025 5 Reference, SC Hopkins et al. (1999)b

Nerodia fasciata Cr 0.343 ± 0.072 5 Savannah River site, SC Burger et al. (2007)

Nerodia sipedon Cr 0.027 ± 0.009 20 East Fork Poplar Creek, TN Campbell et al. (2005)

Nerodia sipedon Cr 0.053 ± 0.025 27 Little River, TN Campbell et al. (2005)

Nerodia sipedon Cr 0.050 18 Raritan Canal, NJ Burger et al. (2007)

Thamnophis gigasc Cr 0.257 ± 0.332 23 Sacramento Valley, CA This study

Nerodia sipedon Mn 1.70 ± 0.150 20 East Fork Poplar Creek, TN Campbell et al. (2005)

Nerodia sipedon Mn 1.01 ± 0.094 27 Little River, TN Campbell et al. (2005)

Nerodia fasciata Mn 2.17 ± 0.678 5 Savannah River site, SC Burger et al. (2007)

Nerodia sipedon Mn 1.36 18 Raritan Canal, NJ Burger et al. (2007)

Thamnophis gigas Mn 1.39 ± 0.228 23 Sacramento Valley, CA This study

Agkistrodon piscivorus Hg 1.19 5 Central Creek, TX Rainwater et al. (2005)

Agkistrodon piscivorus Hg 0.859 8 Goose Prairie Creek, TX Rainwater et al. (2005)

Agkistrodon piscivorus Hg 0.408 6 Harrison Bayou, TX Rainwater et al. (2005

Nerodia fasciata Hg 1.86 ± 0.452 5 Savannah River site, SC Burger et al. (2007)

Nerodia sipedon Hg 1.40 ± 0.214 20 East Fork Poplar Creek, TN Campbell et al. (2005)

Nerodia sipedon Hg 0.750 ± 0.076 27 Little River, TN Campbell et al. (2005)

Nerodia sipedon Hg 0.182 18 Raritan Canal, NJ Burger et al. (2007)

Thamnophis gigas Hg 0.393 ± 0.11 23 Sacramento Valley, CA This study

Nerodia fasciata Pb 0.133 ± 0.09 5 Savannah River site, SC Burger et al. (2007)

Nerodia sipedon Pb 0.050 ± 0.005 20 East Fork Poplar Creek, TN Campbell et al. (2005)

Nerodia sipedon Pb 0.026 ± 0.004 27 Little River, TN Campbell et al. (2005)

Nerodia sipedon Pb 0.047 18 Raritan Canal, NJ Burger et al. (2007)

Thamnophis gigasd Pb 0.022 ± 0.02 23 Sacramento Valley, CA This study

Nerodia fasciata Se 35.5 ± 7.5 5 Coal ash settling basin, SC Hopkins et al. (1999)b

Nerodia fasciata Se 0.91 5 Reference, SC Hopkins et al. (1999)b

Nerodia fasciata Se 1.63 ± 0.233 5 Savannah River site, SC Burger et al. (2007)

Nerodia sipedon Se 2.50 ± 0.189 20 East Fork Poplar Creek, TN Campbell et al. (2005)

Nerodia sipedon Se 1.31 ± 0.101 27 Little River, TN Campbell et al. (2005)
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1999; Campbell et al. 2005) and at a site in New Jersey

(Burger et al. 2007) (Table 5). The mean Cr concentration

in our study (0.26 lg/g) was higher than those at all sites

except the two contaminated sites in South Carolina

(Table 5).

The mean Mn level in GGSs (1.39 lg/g) fell between

the concentrations found in northern water snakes at ref-

erence (1.01 lg/g) and contaminated sites (1.70 lg/g) in

Tennessee (Campbell et al. 2005). The mean was lower

than that in banded water snakes at the Savannah River site

(arithmetic mean, 2.17 lg/g) and was similar to the con-

centration in banded water snakes in New Jersey (1.36 lg/

g) (Burger et al. 2007). The mean Pb concentration in

GGSs (0.02 lg/g) was lower than all comparable values in

the literature (Table 5) but was most similar to that in

northern water snakes (0.026 lg/g) at the reference site in

Tennessee (Campbell et al. 2005).

The mean Se concentration in livers of GGSs (0.773 lg/

g) was most similar to the mean observed at the South

Carolina reference site (0.91 lg/g) (Hopkins et al. 1999).

All other reported values were higher, with the coal ash

settling basin being the highest (35.5 lg/g) (Table 5). The

mean concentration of Se was lower in GGSs from our

study than in livers of gopher snakes (Pituophis melano-

leucus; 2.61 lg/g) from the highly contaminated Kesterson

Reservoir (Merced County, CA) (Ohlendorf et al. 1988).

The mean Se concentrations in livers of gopher snakes

from two reference sites (0.48 and 0.50 lg/g), however,

were lower than those in the GGSs in this study.

In recent studies, investigators have begun to focus on

the biological effects of trace element contaminants in

reptiles. For example, Hopkins et al. (1999) demonstrated

that elevated concentrations of a suite of trace elements

(As, Cd, and Se) in field-collected adult banded water

snakes from a site contaminated by coal ash disposal

resulted in a 32% increase in standard metabolic rate over

snakes from a reference site. Following this, however,

captive-reared offspring from wild adults were fed con-

taminated prey items from this site over 2 years, with no

observed biological effects (Hopkins et al. 2002), despite

demonstrable uptake of As, Cd, Se, Sr, and V by various

tissues. The effects on reptiles of metals and other elements

as well as potential synergistic effects require further

investigation in both the field and the laboratory.

Numerous studies have evaluated the utility of snake tail

clips as a nondestructive sampling technique for assessing

contaminant exposure and risk (Burger et al. 2005; Hop-

kins et al. 2001, 2005; Rainwater et al. 2005). Tail clips,

which are comprised of many tissue types, including bone,

skin, muscle, and blood, are well suited for detecting

contaminants that may not be present in one tissue alone

(Hopkins et al. 2001). In addition, tail clips may serve as

better indicators of ecosystem health over a longer tem-

poral scale than other nondestructive samples such as blood

(Burger et al. 2006). Metals for which tail clips may be

especially well suited include As, Sr, and Se (Hopkins

et al. 2001, 2005) as well as Cr, Mn, and Pb (Burger et al.

2007). However, Hg was found to be the element with the

best correlation between Hg concentrations in tail clips and

those in liver, kidney, and muscle (Burger et al. 2007). We

found significant correlations between Hg concentrations in

tail clips and livers and suggest that further study using

nonthreatened species is needed to document this rela-

tionship for both Hg and other environmental

contaminants.

Tail clips used in this study were 46–100 mm long,

much longer than the 2- to 3-cm clips used by most other

investigators. Willis et al. (1982) found that natural tail

loss, usually related to the effects of predation, adversely

affected survivability, especially in first-year snakes, and

while locomotor speed may not be reduced by tail loss in

garter snakes (Jayne and Bennett 1989), it may reduce

mating success (Shine et al. 1999). Therefore, in studies of

threatened or endangered snakes or of snakes that are

sampled and then released back to the wild, we recommend

removing the least possible amount of tail tissue that will

permit contaminant analyses.

This study demonstrates that GGSs in California’s

Central Valley are chronically exposed to Hg and other

metals. The GGS, like other upper trophic-level carnivores,

are at risk of environmental contaminants that biomagnify

(Hopkins 2006). In turn, their predators, which include

Table 5 continued

Species Element Meana n Location Reference

Nerodia sipedon Se 1.09 18 Raritan Canal, NJ Burger et al. (2007)

Thamnophis gigas Se 0.773 ± 0.07 23 Sacramento Valley, CA This study

a Means are geometric except those for the Savannah River site (Burger et al. 2007), which are arithmetic. Standard errors presented where

available
b Means from Hopkins et al. (1999) are based on approximations from bar graphs in Fig. 1 and conversion from dry weight to wet weight using

75% moisture, the average moisture content of livers of snakes in this study
c Five Cr values below the detection limit
d Eight Pb values below the detection limit
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wading birds such as herons (Campbell and Campbell

2001) and bullfrogs (Lithobates catesbeianus) (Wylie et al.

2003a), are at risk of contaminant biomagnification. Mer-

cury tissue burdens in GGS were comparable to those in

juvenile corn snakes that were experimentally dosed with

MeHg (Bazar 2002). The corn snakes exhibited a decrease

in behavioral and physiological performance due to MeHg

exposure. Wild populations of GGSs may be at risk of

similar effects, including decreased predator-avoidance

ability, reduced success in the capture of prey items, and

difficulty shedding normally (Bazar 2002). Reduced neu-

romuscular and locomotor performance due to Hg exposure

could potentially affect the daily activities and overall

survival of GGSs in the wild by adversely affecting their

ability to move between shelter and forage areas (including

across roads), as well as the ability to perform daily

movements required for thermoregulation. These potential

effects, as well as the effects of Hg and other elements on

snake reproductive success, should be investigated.
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