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Abstract The Virginia opossum (Didelphis virginiana)
is widespread in the USA, ranging south through Latin
America. The ecology of opossums is such that they are
in frequent contact with soils, suggesting that they may
function as a valuable bioindicator for chemical contam-
ination in terrestrial environments. Surprisingly, there
have been virtually no toxicology studies on opossums.
Here, we provide the first analysis of metal contami-
nants in opossum liver tissues. Liver samples were
obtained from 471 opossums, collected from 2003 to
2006, at four sites in North Florida and South Georgia,
USA, and concentrations of copper, lead, nickel, seleni-
um, and zincweremeasured.We found little evidence of
age differences in the concentration of any of the metals.
However, there were at least some significant differ-
ences between years, males and females, and between
sites for each metal, although the pattern of these differ-
ences was not always consistent across metals.
Concentrations of metals in liver tissue were positively
correlated with one another, primarily of each metal
(except Pb) with zinc. Reference levels of metal con-
taminants are not available for opossums, but concen-
trations of Cu, Ni, Pb, and Zn in our samples were for
the most part significantly higher than those reported
from liver tissues of nine-banded armadillos (Dasypus
novemcinctus) collected at the same sites and in the
same years. Data from other small mammals studied

elsewhere further indicate that metal concentrations in
opossums were high, but at this time, it is not possible to
determine if these elevated levels generated toxicity.
The substantial temporal and spatial variation we found
in metal concentrations suggests that determination of
baseline levels for opossums may not be straightfor-
ward. Nonetheless, this is the first study quantifying
metal accumulation in the livers ofDidelphis virginiana
and, as such, provides an important starting point for
future research.

Keywords Armadillo . Copper .Dasypus
novemcinctus .Didelphis virginiana . Lead . Nickel .

Selenium . Zinc

Introduction

Metals are naturally occurring components of sediment.
As sediment composition varies in different geographi-
cal areas, so does the concentration of metals. However,
anthropogenic contributions of metals to the environ-
ment are generally much greater than natural contribu-
tions (Eisler 1988, 1993, 1997, 1998). Metals enter
natural systems via industrial effluent, agricultural and
storm water runoff, sewage treatment discharge, fossil
fuel combustion, ore smelting and refining, mining pro-
cesses, and various metal-working enterprises (Baird
1995). The influence of anthropogenic disturbance on
natural habitats is a growing area of research (Pyati et al.
2012), particularly as it pertains to effects on wildlife.
Some metals are essential for animals in trace quantities
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for normal physiological processes; however, at elevat-
ed concentrations, both essential and nonessential
metals may become toxic and can cause adverse effects
(Guidotti et al. 1997; Mullally et al. 2004). Assessment
of adverse effects requires knowledge of baseline metal
tissue concentrations. Unfortunately, with a few excep-
tions (Burger et al. 2000; Shore and Rattner 2001;
Gaines et al . 2002; Wijnhoven et al . 2007;
Mariniakova et al. 2011; Jarvis et al. 2013), this infor-
mation is largely unknown for most wildlife species.

When metals enter an animal, they may be used in
various physiological processes, they can accumulate in
tissues, such as the liver, feathers, or hair, or they can be
eliminated through excretion (Phelps et al. 1980; Goede
and De Bruin 1984, 1986). The liver is a vital organ for
the detoxification and excretion of various chemicals,
and through this process, contaminants may accumulate
in the liver, particularly after chronic exposure (Casarett
et al. 2008; Nwokocha et al. 2012; Roggeman et al.
2014). Liver analysis is often performed in ecotoxico-
logical studies of mammals in order to characterize
metal exposure (Damek-Poprawa and Sawicka-
Kapusta 2004; Sánchez-Chardi et al. 2007; Levengood
and Heske 2008; Jarvis et al. 2013; Salińska et al. 2013).
Furthermore, previous studies have correlated metal
tissue concentrations in various terrestrial animals with
liver diseases (Cook et al. 1991; Suzuki et al. 1996;
Cesur et al. 2005; Avsaroglu et al. 2005).

Didelphis virginiana, the Virginia opossum, is a
small (adults typically weigh 0.8–2.5 kg; Gardner
1973) terrestrial marsupial whose ecological lifestyle
makes exposure to soil-borne metal contaminants likely
(Shore and Rattner 2001). Specifically, while foraging
and resting, D. virginiana is often in intimate contact
with soils. Likewise, its dietary preferences lead to
consumption of prey that also have considerable contact
with soils (Hunsaker and Shupe 1977). A further reason
for conducting toxicology studies of D. virginiana is
that it is widely distributed throughout the western
hemisphere (Hunsaker 1977) and is often found in urban
areas (Harmon et al. 2005). Thus, because of its
distribution and ecology, D. virginiana represents
an ideal species in which to study the impacts of
urbaniza t ion and anthropogenic pol lu t ion.
However, as mentioned earlier, studying such im-
pacts requires as a first step knowledge of the
baseline levels of metal concentrations in opossum
tissues. The goal of this study was to provide such
data and evaluate the potential of opossums as a

bioindicator for metal contaminants in terrestrial
habitats.

Methods

Opossums were collected from four different locations
in south Georgia and north Florida between 2003 and
2006 as part of a larger study examining the effects of
removal of nest predators on northern Bobwhite
(Colinus virginianus; see McDonough et al. 2007;
Jarvis et al. 2013). In 2003, opossums were collected
from the eastern side of Pinebloom Plantation near
Albany, Georgia (31° 59′/84° 34′), and Pebble Hill
Plantation near Thomasville, Georgia (30° 78′/84°
06′). In 2004–2006, this experiment was repeated within
the western portion of Pinebloom Plantation and at Tall
Timbers Research Station, located near Tallahassee,
Florida (30° 66′/84° 20′). Opossums at all sites were
euthanized by technicians from the US Department of
Agriculture-Wildlife Services between March 1 and
September 30 of each year.

Liver samples were obtained from each collected
animal and stored in vials at −20 °C until they were
analyzed. In addition, a tooth was taken and used for age
determination by Matson’s Laboratories (Milltown,
MT). However, this was only done for males in 2003
(n=77), whereas it was done in all 4 years of the study
for most females (n=280).

Metal analysis

Liver samples were thawed and then weighed to obtain
wet weights (mean±SE=1.00±0.45 g). Subsequently,
samples were dried in an oven for 2–3 h at 80 °C and
weighed again to determine dry weight (dw). The mean
dw±SE for the liver samples was 0.125±0.023 g. Dried
liver samples were digested with trace metal grade nitric
acid (Fischer Scientific, Pittsburgh, PA, USA) and then
heated in a 60 °C water bath for at least 24 h. After full
digestion, samples were diluted with deionized Milli-
Q® water and then analyzed for copper (Cu), lead (Pb),
nickel (Ni), selenium (Se), and zinc (Zn) content using
atomic absorption spectrophotometry (AAS;
PerkinElmer AAnalysts 800, Norwalk, CT, USA) with
flame or graphite furnace detection (detection limit
∼1 μg/L for all metals). These particular metals have
been detected in the liver tissues of other mammals in
previous studies in our laboratory (Jarvis et al. 2013).
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Certified standards from Ricca Chemical Company
(Arlington, TX with 3 % HCl) were used for each
calibration, and recalibration was performed after every
40 samples. Two types of lobster hepatopancreas from
National Research Council, Canada [LUTS-1 (Non
defatted) and TORT-3] were used as reference materials
(three replicates each) and treated the same way as the
samples to determine metal extraction efficiencies.
Efficiencies for LUTS-1 and TORT-3 were 99.5 and
95.8 % for Cu, 95.7 and 92.6 % for Pb, 84.4 and
91.7 % for Ni, 98.8 and 90.8 % for Se, and 99.4 and
96.2 % for Zn, respectively. Data are reported as milli-
gram metal per kilogram dw tissue.

Statistical analysis

All the data were analyzed for normality and equality of
variance using a Shapiro-Wilk’s test and a Bartlett’s test,
respectively. We initially ran Spearman rank order cor-
relations of metal concentrations versus age in years in
order to determine whether we could pool data across
age groups. Because most age data came from females
(see above), we analyzed the data first using just data
from females (age range=0–7 years old; 0 refers to
young of the year) and found no significant relationships
(all P > 0.13). Inclusion of data from males (age
range=0–6 years old) changed the results slightly, with
concentrations of Pb showing a marginally significant
positive correlation with age (Rho corrected for
ties=0.11, Z=2.06, P=0.04), but all other correlations
were not significant (all P>0.09). Consequently, in all
of the remaining analyses, we pooled data across
age classes.

We next ran a two-way ANOVA to examine differ-
ences between sites and males versus females across all
years. Finally, for the two sites sampled inmultiple years
(Pinebloom West and Tall Timbers), we performed
ANOVAs to examine differences between years (data
pooled across sexes; note that we could not include
Pinebloom East and Pebble Hill in these analyses be-
cause year and site differences were confounded). For
all ANOVAs, Bonferroni-Dunn tests were used for post
hoc pair-wise comparisons.

We used Pearson product-moment analyses to
determine whether metal concentrations were cor-
related with one another. Because we did find
some sex differences in the concentration of cer-
tain metals, we performed these analyses separate-
ly for males and females as well as with pooled

data from both sexes. For all these analyses, data
were pooled across years and sites.

Reference values of metal contaminants are currently
not available for opossums. As an attempt to gain some
insight into whether the metal concentrations we found
in opossums were extreme, we compared our values
with those from a previous study of nine-banded arma-
dillos (Dasypus novemcinctus; see Jarvis et al. 2013).
Armadillos are ecologically very similar to opossums
(Loughry andMcDonough 2013), so our prediction was
that metal concentrations in the liver tissues of each
species would mirror one another. Not only that, but
the armadillo tissues were collected from the same sites
in the same years (Jarvis et al. 2013), which led us to
expect that the two species were similarly exposed to
whatever contaminants were present. Because of poten-
tial sex and site differences in metal concentrations, we
used a series of unpaired t tests to compare the
concentrations of Cu, Ni, Pb, and Zn (Se was not
measured in armadillos) separately for males and
females at each site and in each year (but pooled
across age groups). See Jarvis et al. (2013) for
sample sizes for armadillos. All statistical tests
were conducted using Statview 4.01.

Results

In total, we analyzed metal concentrations in liver tis-
sues from 471 opossums. Figures 1, 2, 3, 4, and 5 depict
the concentrations of each metal for male and female
opossums at each site and in each year of the study.
Statistically, we found substantial differences between
sites for every metal (Table 1); however, significant
differences between male and female concentrations
were only found for Cu (Table 1). Post hoc pair-wise
comparisons of site differences revealed that, for Cu,
concentrations were higher at Tall Timbers than Pebble
Hill (P=0.005; Fig. 1), for Pb, Pinebloom East had
higher concentrations than both Pinebloom West
(P=0.004) and Tall Timbers (P=0.002; Fig. 2), for
Ni, Pebble Hill and Pinebloom East exhibited higher
concentrations than either Pinebloom West or Tall
Timbers (all P < 0.0001; Pinebloom West and Tall
Timbers did not differ from one another nor did Pebble
Hill versus Pinebloom East; Fig. 3), and for Se,
Pinebloom West had higher concentrations than Tall
Timbers (P=0.004) but lower than Pinebloom East
and Pebble Hill (both P<0.0001; Fig. 4). Tall Timbers
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also had lower concentrations of Se than Pinebloom
East and Pebble Hill (both P<0.0001; Fig. 4). Finally,

for Zn, Pebble Hill had higher concentrations than any
other site (all P<0.0001; Fig. 5). Likewise, Pinebloom
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Fig. 1 Mean (±SE) concentration of copper [Cu] in the liver tissue of wild caught male and female Virginia opossums at four sites over
4 years. Sample sizes are provided within each bar
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Fig. 2 Mean (±SE) concentration of lead [Pb] in the liver tissue of wild caught male and female Virginia opossums at four sites over 4 years.
Sample sizes are provided within each bar
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East had higher concentrations than either Tall Timbers
or Pinebloom West (both P<0.0001; Fig. 5).

For Tall Timbers and Pinebloom West, which were
sampled in three successive years, we found significant
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Fig. 3 Mean (±SE) concentration of nickel [Ni] in the liver tissue of wild caught male and female Virginia opossums at four sites over
4 years. Sample sizes are provided within each bar
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Fig. 4 Mean (±SE) concentration of selenium [Se] in the liver tissue of wild caught male and female Virginia opossums at four sites over
4 years. Sample sizes are provided within each bar
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year-to-year variation in the concentrations of every
metal (Table 1). Although in most cases, we did not find
significant differences in metal concentrations between
these two sites (see above), and to be conservative, we
analyzed yearly variation separately for each site.
However, post hoc pair-wise comparisons between
years at each site revealed very similar patterns. For

example, concentrations of Cu were higher at both sites
in 2006 than in either 2004 or 2005 (all P<0.0001;
Fig. 1). Likewise, at both sites, Se was higher in 2004
than either of the other 2 years (all P<0.0001; Fig. 4)
and Zn concentrations were lower in 2005 than either
2004 or 2006 (all P<0.0001; Fig. 5). The only site-
specific differences involved Ni, which was higher at
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Fig. 5 Mean (±SE) concentration of zinc [Zn] in the liver tissue of wild caught male and female Virginia opossums at four sites over 4 years.
Sample sizes are provided within each bar

Table 1 F-ratios and associated P values from ANOVA comparisons of metal concentrations in the liver tissue of Virginia opossums
sampled at four sites in South Georgia and north Florida over 4 years

Effect Cu Ni Pb Se Zn

Site F= 2.72 F= 20.71 F= 4.24 F= 46.82 F= 35.93

P= 0.045 P= 0.0001 P= 0.006 P= 0.0001 P= 0.0001

Sex F= 8.43 F= 0.12 F= 0.02 F= 0.09 F= 0.29

P= 0.004 P= 0.73 P= 0.89 P= 0.76 P= 0.59

Site × sex F= 1.78 F= 0.39 F= 1.91 F= 0.58 F= 0.93

P= 0.15 P= 0.76 P= 0.13 P= 0.63 P= 0.43

Year

Tall Timbers F= 37.53 F= 3.28 F= 1.42 F= 20.16 F= 19.33

P= 0.0001 P= 0.041 P= 0.25 P= 0.0001 P= 0.0001

Pinebloom West F= 22.96 F= 1.66 F= 3.88 F= 47.35 F= 16.39

P= 0.0001 P= 0.19 P= 0.023 P= 0.0001 P= 0.0001

See Figs. 1, 2, 3, 4, and 5 for mean values and sample sizes
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Tall Timbers in 2005 than in 2004 (P=0.016) but ex-
hibited no significant yearly variation at Pinebloom
West (Table 1; Fig. 3) and Pb, which did not vary
significantly at Tall Timbers (Table 1) but was higher
in 2006 than in 2004 at Pinebloom West
(P= 0.007; Fig. 2).

Regardless of whether data from both sexes
were pooled or examined separately, the concen-
trations of at least some metals were positively
correlated with one another (Table 2). The stron-
gest associations were of each metal (except Pb)
with Zn, but there was also evidence of significant
relationships of Cu, Ni, and Se with Pb and of Ni
with Se (Table 2).

Comparison of the data obtained in this study
with that of nine-banded armadillos collected at
the same sites and in the same years showed that,
for the four metals studied in common (Cu, Ni, Pb
and Zn), opossums exhibited significantly higher
metal concentrations in most cases (Table 3).
Indeed, of the 64 total possible comparisons, 46
revealed statistically significant differences be-
tween opossums and armadillos, and 42 of these
46 involved instances where metal concentrations
were higher in opossums (Table 3).

Discussion

This study was by necessity retrospective, exploiting the
availability of opossums collected for other purposes.
Thus, while we did uncover strong differences in metal
concentrations between sites, years and in comparison
with concentrations in nine-banded armadillos, it is
difficult to devise compelling explanations for these
results. For example, we are unaware of any land man-
agement practices that might account for differences in
metal concentrations between sites or in different years.
Similarly, all sites were relatively close to one another so
it is difficult to envision how climatic or other environ-
mental conditions could have contributed to variation
between sites. Climatic conditions also did not vary
dramatically across years, which would seem to then
rule them out in explaining year-to-year differences.
Finally, no data are available from any of our study sites
on environmental concentrations of metals. Thus, we
cannot evaluate whether the concentrations found in
opossum liver tissues reflect processes of bioaccumula-
tion or biomagnification, or simply current environmen-
tal conditions.

As stated at the outset, our primary goal in this study
was to provide the first documentation of metal concen-
trations in the livers of wild opossums and, despite the
drawbacks just mentioned, we were successful in this
regard. Ideally, our hope is that these data can be used as
a baseline for future studies. However, the substantial
temporal and spatial variation in metal concentrations
that we uncovered suggests that determination of base-
line levels for opossums may not be straightforward.
Indeed, the most extreme example of this comes from
differences at Pinebloom, where not only were there
differences between the western and eastern portions
of the same property, but also between years at
Pinebloom West (it is worth noting that, given the
temporal variation at PinebloomWest, it is possible that
differences between Pinebloom East and Pinebloom
West may also represent temporal, rather than spatial,
variation). Overall, our results indicate that considerable
fine-scale variation in metal concentrations can occur in
opossums, which may mean that identifying general
reference levels is not realistic and all reference levels
will have to be site-specific.

Previous literature describing metal concentra-
tions in the Virginia opossum is scarce. Burger
et al. (1994) examined Pb concentration in hair
samples from D. virginiana in Costa Rica and

Table 2 Pearson correlation coefficients from pair-wise compar-
isons of metal concentrations in the liver tissues of Virginia
opossums

Metal Ni Pb Se Zn

Cu

All animals 0.08 0.08 −0.08 0.19***

Females only 0.07 0.01 −0.10 0.14*

Males only 0.11 0.15* −0.07 0.26***

Ni

All animals 0.08 0.11* 0.21***

Females only 0.02 0.07 0.19**

Males only 0.21** 0.17* 0.24**

Pb

All animals 0.27*** 0.10

Females only 0.27*** 0.11

Males only 0.28*** 0.09

Se

All animals 0.35***

Females only 0.35***

Males only 0.35***

*P< 0.05; **P< 0.01; ***P< 0.0005
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reported levels more than an order of magnitude
lower than what we observed in the present study.
This may represent yet another instance of spatial
(and/or temporal) variation or, more likely, that the
liver is a better bioindicator of metal exposure
than hair in these animals.

Opossums had higher concentrations of metals than
did armadillos across all sites (Table 3). This suggests
that opossums generally suffer higher levels of exposure
to metal contaminants. A partial explanation for this
may come from the more omnivorous diet of opossums
(armadillos largely prey on soil-dwelling invertebrates
such as ants and beetles; Loughry and McDonough
2013). A more diverse food base may lead to an in-
creased probability of contact with a contaminated food
item. Alternatively, armadillos may be more effective at
clearing contaminants from the liver; however, this is

purely speculation at the moment as no data are avail-
able on this issue.

Aside from armadillos, data from other small mam-
mals, albeit studied elsewhere, further indicate that the
metal concentrations we obtained for opossums are
somewhat high. For example, Burger et al.
(2000) reported metal concentrations of 12.9 μg/g
Cu, 0.48 μg/g Pb, and 2.34 μg/g Se in the livers
of racoons collected from the Department of
Energy’s Savannah River Site in South Carolina
(see also Gaines et al. 2002). Elevated metal con-
centrations, such as we have reported here, were
found by Wijnhoven et al. (2007) for Cd, Cu, Pb,
and Zn in the liver, kidney, and muscle of voles,
mice, and shrews in floodplain areas of the
Netherlands, and by Mariniakova et al. (2011) for
Cd, Fe, Pb, and Zn in the bones of the yellow-

Table 3 Results of unpaired t test comparisons of metal concentrations in the liver tissue of male and female Virginia opossums and nine-
banded armadillos sampled at the same sites and in the same years

Site (year) [Cu] t P value [Pb] t P value [Ni] t P value [Zn] t P value

Pebble Hill (2003)

Male 8.88 (1.70) 5.02 0.0001 1.51 (0.63) 2.98 0.006 2.76 (0.79) 5.62 0.0001 5.28 (3.24) 8.23 0.0001

Female 7.29 (1.01) 2.39 0.02 2.12 (1.00) 2.14 0.04 2.85 (1.09) 2.17 0.04 1.56 (0.82) 7.04 0.0001

Pinebloom East (2003)

Male 7.02 (0.79) 5.46 0.0001 1.83 (0.36) 3.36 0.001 2.52 (0.72) 3.07 0.003 1.13 (0.46) 8.82 0.0001

Female 10.48 (3.06) 4.00 0.0001 5.54 (1.56) 1.52 0.13 2.23 (0.73) 2.59 0.01 2.89 (1.79) 9.28 0.0001

Pinebloom West (2004)

Male 9.18 (0.95) 3.52 0.001 5.67 (1.15) 0.46 0.65 3.45 (1.13) 0.71 0.48 2.03 (0.32) 9.52 0.0001

Female 9.06 (1.57) 4.98 0.0001 9.03 (2.21) 1.24 0.22 3.32 (0.98) 0.54 0.60 1.87 (0.22) 13.16 0.0001

Pinebloom West (2005)

Male 42.64 (7.76) 3.76 0.0007* 5.73 (1.43) 1.04 0.31 1.59 (0.37) 3.49 0.002 19.61 (6.43) 6.98 0.0001

Female 25.08 (4.77) 1.38 0.18 3.49 (0.78) 2.60 0.01 3.75 (1.50) 1.63 0.11 46.41 (16.46) 3.63 0.0009

Pinebloom West (2006)

Male 37.66 (9.92) 0.94 0.36 2.36 (0.56) 3.06 0.005 0.97 (0.32) 4.80 0.0001 185.23 (62.68) 1.09 0.28

Female 41.45 (13.75) 0.23 0.82 3.33 (1.26) 1.74 0.09 1.62 (0.57) 2.23 0.03 149.41 (22.23) 2.05 0.05*

Tall Timbers (2004)

Male 11.11 (1.39) 3.27 0.003 1.63 (0.46) 2.98 0.006 1.31 (0.38) 2.07 0.05 1.28 (0.25) 8.21 0.0001

Female 13.64 (1.01) 3.82 0.0005 1.67 (0.43) 2.86 0.007 3.28 (0.93) 0.17 0.86 1.71 (0.49) 6.53 0.0001

Tall Timbers (2005)

Male 41.97 (9.89) 2.64 0.01* 4.45 (1.31) 1.58 0.13 1.32 (0.26) 4.90 0.0001 38.01 (6.15) 5.10 0.0001

Female 39.94 (7.68) 3.65 0.0008* 6.21 (1.42) 0.17 0.87 5.29 (2.42) 0.79 0.43 40.34 (13.22) 3.59 0.0009

Tall Timbers (2006)

Male 22.52 (5.09) 4.02 0.0004 1.21 (0.30) 4.20 0.0002 1.17 (0.44) 4.42 0.0001 165.32 (17.81) 1.16 0.26

Female 34.04 (8.35) 0.58 0.57 1.53 (0.38) 5.76 0.0001 1.29 (0.68) 3.74 0.0006 161.71 (17.88) 1.79 0.08

Mean (±SE) concentrations for each metal are provided for armadillos; see Figs. 1, 2, 3, 4, and 5 for means and sample sizes for opossums

*Statistically significant difference in which metal concentrations were higher in armadillos than in opossums
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necked mouse, wood mouse, bank vole, and
common vole from polluted areas in Slovakia.

The question of whether the seemingly high metal
concentrations we observed in opossums were extreme
enough to exert toxicity is difficult to answer given the
lack of reference data for this species. Shore and Rattner
(2001) reported metal concentrations in the livers of other
mammals, comparable to those reported here and sug-
gested that they may have reached levels capable of
causing deleterious effects. Toxic effects to mammals are
extensive and can include carcinogenicity, teratogenicity,
impaired reproduction, cardiovascular and pulmonary dis-
eases, immunosuppression, nephrotoxicity, and neurotox-
icity (Wren 1986; Goyer 1996). While we did not specif-
ically autopsy the animals in our study for any of these
effects, we will mention that we observed no obvious
pathologies during dissections to obtain tissue samples.
Thus, although we cannot be definitive, the available
anecdotal evidence indicates that the metal concentrations
in opossums did not generate noticeably adverse effects.

To summarize, metal accumulation was observed in
the livers of Virginia opossums at concentrations equiv-
alent to or higher than those reported in other mammals.
Differences were observed in metal accumulation due to
gender, site, and temporal variation; however, age did not
influence liver metal concentrations. This study high-
lights the potential use of D. virginiana as a bioindicator
species for metal accumulation in terrestrial environ-
ments. Furthermore, because of its distribution and diet,
D. virginiana is ideal for studying the impacts of urban-
ization. More research is needed to determine the toxicity
of the accumulated metals in these animals and the
relationship between environmental metal concentrations
and accumulated tissue metal concentrations.
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