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Assessment of Metal Concentrations in Wild-caught
Raccoons (Procyon lotor) in the Southeastern US
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Abstract - Procyon lotor (Raccoon) is a widespread and abundant omnivore that uses a
diversity of habitats. Therefore, this species can be useful for biomonitoring the exposure
and availability of metals to wildlife. We measured the concentrations of 5 metals (cad-
mium [Cd], copper [Cu], nickel [Ni], lead [Pb] and zinc [Zn]) in the liver tissue of 446 wild
Raccoons that were collected at 2 sites in 2005 and 2006. We found that concentrations
of Zn were positively correlated with those of Cu but negatively correlated with those of
Ni. Liver concentrations of Cu and Zn exhibited strong negative relationships with body
weight, whereas Cd had a positive relationship. Zn liver concentrations differed by sex, site
captured, and year of sampling. Significant differences in Cd and Pb concentrations in liver
tissue were observed due to sex and year, but no significant differences were found for the
other 2 metals. Our results provide a large sample size of reference values for metal concen-
trations in livers of Raccoons collected from rural areas in the southeastern United States.

Introduction

Increased anthropological activities in modern times have led to an increase in
environmental contamination with metals. Common sources of metals in terrestrial
ecosystems include, among others, erosion, development, industrial emissions,
combustion of fossil fuels, and application of pesticides and fertilizers (Burger et al.
2002). Some metals are essential for physiological processes in animals (Gall et al.
2015). However, increased exposure to metals (essential or non-essential) can lead
to accumulation above threshold levels, which can cause adverse effects (Guidotti
et al. 1997, Mullally et al. 2004). Determining tissue metal concentrations can
thus increase our understanding of the impact of metal contaminants on wildlife.
Additionally, bioindicator species can provide an assessment of ecosystem health
(Burger et al. 2002, Jarvis et al. 2013, Lockhart et al. 2016, Thomason et al. 2016).

Procyon lotor (L.) (Raccoon) has been used as an indicator species for environ-
mental contamination (Burger et al. 2002; Eisler 1985, 1988, 1993, 1997, 1998;
Gaines et al. 2002; Herndndez et al. 2016; Shore and Rattner 2001) for several rea-
sons. First, as a habitat generalist, this species is found in forested areas, wetlands,
and urban and suburban areas throughout its broad range in North America, which
extends from Canada south through parts of Mexico (Lotze and Anderson 1979,
Seidensticker 1999). Quantifying metal concentrations in tissue from Raccoons
can thus allow examination of large-scale contaminant levels across ecosystems

'"Department of Biology, Valdosta State University, Valdosta, GA 31698. *Department
of Chemistry, Jacksonville University, Jacksonville, FL 32211. “Corresponding author -
gbielmy@ju.edu.

Manuscript Editor: Roger Applegate

256



2020 Southeastern Naturalist Vol. 19, No. 2
S. Hough, J.M. Lockhart, W.J. Loughry, and G.K. Bielmyer-Fraser

(Burger 1999, Burger et al. 2002, Shore and Rattner 2001). Additionally, Raccoons
are non-migratory mammals with restrictive home ranges and thus can provide an
accurate assessment of localized metal contamination (Burger et al. 2002, Gaines et
al. 2000, Hernandez et al. 2016, Lord et al. 2002). Finally, Raccoons are medium-
sized omnivores (Gehrt 2003, Gehrt and Fritzell 1999) that rely on both terrestrial
and aquatic systems as a source for food (Burger et al. 2002, Gaines et al. 2002,
Lord et al. 2002); therefore, they are likely exposed to metals in multiple ways, e.g.,
via consumption of contaminated vegetation and aquatic and terrestrial vertebrates
and invertebrates as well as contact with polluted soils and water (Hernandez et al.
2016, Lord et al. 2002).

The present study is a continuation of previous work on metal concentrations in
the livers of terrestrial mammals from South Georgia and North Florida. To date,
metal concentrations have been described in livers of 2 species that have direct
contact with soils through diets and burrowing: Didelphis virginiana Kerr (Virginia
opossum; Lockhart et al. 2016) and Dasypus novemcinctus L. (Nine-banded Ar-
madillo; Jarvis et al. 2013). A third study examined metal concentrations in livers
of Lynx rufus (Schreber) (Bobcat; Thomason et al. 2016). Because of their differ-
ent feeding habits (insectivore [Armadillo], omnivore [Opossum], and carnivore
[Bobcat]), these studies provided some insight into how trophic position affects
metal accumulation. Here we provide an analysis of 5 commonly found metals—
cadmium (Cd), copper (Cu), nickel (Ni), lead (Pb), and zinc (Zn)—in the livers of
wild Raccoons. As in the earlier studies, we selected the liver as the target organ for
testing because it regulates contaminant levels through detoxification and excretion
in mammals; as such, the liver is one of the primary organs in which metals accu-
mulate, often with adverse effects (Eisler 1985, 1988, 1993, 1997, 1998; Nwokocha
et al. 2012; Roggeman et al. 2014). The results from this study provide reference
values for metal concentrations in Raccoons that can be used in future comparative
analyses, and further our understanding of how metal concentrations vary among
members of a mammalian species assemblage.

Methods

Study sites

Raccoons were collected from the western portion of Pinebloom Plantation (re-
ferred to as Pinebloom West hereafter), located near Albany, GA, and Tall Timbers
Research Station, near Tallahassee, FL. Both sites are relatively rural areas, focused
on timber and wildlife management. Primary habitats at both locations consist of
bottomland hardwood forests, upland pine, and open fields.

Sample collection

Collection of animals at our study sites was part of a larger study, of which we
were not part, that was designed to assess the impact of removing mesopredators
on Colinus virginianus (L.) (Northern Bobwhite) populations (Jarvis et al. 2013,
Lockhart et al. 2016, Thomason et al. 2016). Mesopredators, including Raccoons,
were trapped or shot by United States Department of Agriculture-Wildlife Services
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technicians between 1 March and 30 September each year. The number and demo-
graphic composition of collected Raccoons per month each year at each site was
similar (J.M. Lockhart, unpubl. data). For each animal, a liver sample was obtained
and kept frozen at -20 °C in vials (with no preservative) until analyzed. Although me-
sopredators were collected at the sites from 2003 to 2006, due to a freezer failure the
analyses reported here are limited to samples obtained in 2005 and 2006 (n = 446).

Metal analysis

We thawed and weighed liver samples to obtain wet weights (ww). We dried
samples in an oven for 24 hours at 80 °C then reweighed them to determine dry
weight (dw). Dried liver samples were digested with trace-metal-grade nitric
acid (Fisher Scientific, Pittsburgh, PA) and heated for at least 24 hours in a 60
°C water bath until fully digested. Following digestion, we diluted liver samples
with 18 mQ Milli-Q® water prior to analysis for metals using atomic absorption
spectrophotometry (AAS; Perkin Elmer AAnalysts 800, Norwalk, CT) with flame
and graphite furnace detection (detection limit = 1-2 ppb). We used certified 1-g/
mL metal standards dissolved in 2% HCI (Fisher Chemical, Fairlawn, NJ) for each
metal and performed recalibration after every 40 samples. We analyzed standards
and samples in duplicates. To determine metal extraction efficiencies, we used 2
types of Lobster hepatopancreas [LUTS-1 (Non defatted) and TORT-3] as refer-
ence materials (3 replicates each), treating each the same way as the samples. This
method of digestion and metal analysis has proven reliable and effective in other
studies in our laboratory (Jarvis et al. 2013, Lockhart et al. 2016, Main et al. 2010,
Thomason et al. 2016). Data are reported as pug metal per g dw tissue.

Statistical analyses

As a first step, we used Pearson’s product-moment correlations to determine if
there were any significant relationships in concentrations in the liver between each
pair of metals. Next, we wished to examine the effect of age of animals sampled on
variation in the metal concentrations. Unfortunately, we did not have precise age
estimates for the animals collected. Instead, we used body weight as a surrogate
for age, with the assumption that older animals are heavier. We chose this approach
for 2 reasons. First, our body-weight data were continuously distributed, from 0.45
kg to 6.67 kg. Thus, there was no obvious break point that allowed for designation
of discrete age categories (e.g., juvenile and adult). Second, body weights of Rac-
coons vary substantially across their range in the United States, with animals from
the southeastern US among the smallest (Lotze and Anderson 1979, Seidensticker
1999). Consequently, published weight data from populations elsewhere were of
little help in identifying age categories. Given these issues we opted not to classify
the animals in our sample into arbitrarily created discrete age categories.

We first examined the overall relationship between metal concentrations and
body weight with linear regressions. To assess how body weight interacted with
other possible influences on metal concentrations, we then performed a series of
analyses of covariance (ANCOVA) in which a single dichotomous variable (sex,
site, and year) was the factor and body weight was the covariate.
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The ANCOVAs allowed us to assess the extent to which body weight interacted
with each of the other possible influences on metal concentrations, but we could
not examine interactions among the dichotomous variables. In addition, there were
multiple instances where we had information on the sex of an individual but not
its weight. In order to fully evaluate the effects of each dichotomous variable on
variation in metal concentrations in the liver samples, and include data from as
many animals as possible, we ran a series of 3-way analyses of variance (ANOVA)
in which site, year, and sex were the 3 factors. Bonferroni-Dunn tests were used for
post-hoc pair-wise comparisons.

Results

Correlations among metals

We found 3 significant correlations in metal concentrations from the liver sam-
ples (Table 1). Specifically, Cu concentrations were positively correlated with Ni
and Zn concentrations, while Ni concentrations were negatively correlated with
those of Zn (Table 1).

Effects of body weight

Overall, there were strong negative relationships between body weight and Cu
and Zn concentrations in the liver (Table 2). In contrast, Cd concentrations in the
liver increased significantly with increased body weight (Table 2). The ANCOVA
analyses echoed these results, once again revealing strong significant differences
in Cd, Cu, and Zn concentrations that were due to body weight (Table 3). However,
there was just a single significant interaction term between body weight and any of
the 3 dichotomous variables (year x body weight for Cd concentration; see Table 3).

Table 1. Pearson product-moment correlations (» values) in concentrations of each pair-wise combina-
tion of metals in the livers of Raccoons sampled at 2 sites in 2005 and 2006. Sample sizes for each
comparison are given parenthetically. * P <0.05, ** P < 0.005.

Cu Ni Pb Zn
cd -0.04 (352) 0.03 (366) -0.02 (351) 0.01 (366)
Cu 0.10* (397) 0.02 (430) 0.19%* (431)
Ni 0.03 (396) -0.17%* (411)
Pb 0.09 (430)

Table 2. Results of linear regressions of metal concentrations in the livers of Raccoons with body
weight for individuals sampled at 2 sites in 2005 and 2006. Sample sizes (n), regression coefficients
(r), test statistics, and their statistical significance (# and P values) are provided.

n r F P
Cd 342 0.12 4.71 0.03
Cu 403 -0.32 44.38 <0.0001
Ni 383 -0.03 0.44 0.51
Pb 402 -0.04 0.66 0.42
Zn 416 -0.17 11.74 0.0007
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Effects of sex, site, and year

Contrary to the ANCOVA results, which found only 2 significant main effects
between sites for Pb and Zn concentrations in the liver, and none for sex and year
(Table 3), the inclusion of additional animals for which we had information on
sex but not body weight in the 3-way ANOVA analyses revealed additional dif-
ferences (Table 4; Figs. 1-5). Results for Cd concentrations showed significant
differences between males and females and between years (Table 4) but only the
year effect was significant with a post-hoc Bonferroni-Dunn test (2005 > 2006,
P =0.004; see Fig. 1). Surprisingly, the significant difference between sites for
Pb concentrations in the liver revealed by the ANCOVA analyses (Table 3) was
not confirmed by the 3-way ANOVA results, which showed significant effects of
sex and year but not site (Table 4, Fig. 4). These latter effects were weak though
because neither post-hoc comparison of pair-wise differences was significant
(Bonferroni-Dunn tests: both P > 0.08). Zn was the only metal to exhibit signifi-
cant differences due to all 3 dichotomous variables (Table 4, Fig. 5). Specifically,
Zn concentrations in the liver samples were greater at Tall Timbers than Pine-
bloom West (Bonferroni-Dunn test: P < 0.0001), for males than for females (P =
0.03), and in 2005 than in 2006 (P < 0.0001). There were no significant interac-
tion terms in the ANOVA analyses for any metal (Table 4).

Table 3. Results of ANCOVAs comparing variation in metal concentrations in the livers of Raccoons
sampled at two sites in 2005 and 2006 that was due to sex, site, and year, with body weight as the
covariate. See Figures 1-5 for further information.

cd Cu Ni Pb Zn
df=1, 338 df =1, 399 df=1,379 df=1,398 df=1,412
1. Sex F=023, F=2.15, F=0.02, F=2.69, F=0.01,
P=0.63 P=0.14 P=0.89 P=0.10 P=0.93
Body weight F=967, F=47.87, F=0.58, F=134, F=18.92,
P =0.002 P <0.0001 P=0.45 P=025 P =0.0001
Sex x Body weight F=1.49, F=3.17, F=0.06, F=1.49, F=0.55,
P=022 P=0.08 P=0381 P=022 P=0.46
2. Site F=0.83, F=1.94, F=2.19, F =402, F=733,
P=0.36 P=0.16, P=0.14 P=0.05 P=10.007
Body weight F=5.48, F=42.24, F=0.13, F=1.44, F=13.83,
P=0.02 P <0.0001 P=0.72 P=023 P =0.0002
Site x Body weight ~ F=1.02, F=151, F=132, F=13.63, F=3.23,
P=031 P=022 P=0.25 P=0.06 P=0.073
3. Year F=2.02, F=1.65, F=0.52, F=0.22, F=3.44,
P=0.16 P=0.20 P=0.47 P=0.73 P=0.064
Body weight F=5.84, F=35.67, F=0.26, F=0.29, F=14.18,
P=0.016 P <0.0001 P=0.61 P=0.59 P =0.0002
Year x Body weight ~ F=4.81, F=177, F=0.15, F=0.95, F=0.66,
P=0.03 P=0.18 P=0.70 P=033 P=0.42
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Discussion

Because the Raccoons in our study were originally collected as part of another
project, our analyses are by necessity retrospective. As a result, we have little
supporting information that would help us to explain some of the patterns we
have discovered. For example, we know of no obvious reason why some metal

Table 4. Results of a three-way ANOVA comparing metal concentrations in the livers of Raccoons
sampled at two sites in 2005 and 2006. See Figs. 1-5 for more information.

Cd Cu Ni Pb /n
df=1, 358 df=1, 422 df=1, 403 df=1, 421 df=1, 437
Sex F =420, F=2.10, F=0.0004, F=328I, F =474,
P=0.04 P=0.15 P=0.98 P=0.05 P=0.03
Year F=5.50, F=0.003, F=1.83, F =383, F=2022,
P=0.02 P=0.98 P=0.18 P=0.05 P=0.0001
Site F=0.88, F=1098, F=1.09, F=0.04, F=11.77,
P=0.35 P=0.16 P=0.30 P=0.84 P =0.0007
Sex x year F=0.05, F=0.04, F=0.73, F=0.81, F=0.07,
P=0.82 P=0.84 P=0.39 P=0.37 P=0.79
Sex x site F=2.384, F=0.33, F=0.46, F=0.36, F=031,
P=0.09 P=0.57 P=0.50 P=0.55 P=0.58
Year x site F=0.01, F=0.49, F=0232, F=0.54, F=0.43,
P=0091 P=0.49 P=0.57 P=0.46 P=0.51
Sex x year X site F=0.53, F=0.14, F=1.76, F=0.12, F=0.12,
P=0.47 P=0.71 P=0.19 P=0.73 P=0.73
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Figure 1. Mean + SE concentration of Cd in liver tissue for male and female Raccoons
sampled at 2 sites in 2005 and 2006. Sample size given within each bar. See Table 4 for
results of statistical comparisons.
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concentrations in the liver samples varied between years or sites. Even so, at a
minimum, our results provide additional reference values for Cd, Cu, Ni, Pb, and
Zn in Raccoons that can be used in future comparative studies, either of other popu-

lations of Raccoons or with other species of terrestrial mammals.
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Figure 2. Mean + SE concentration of Cu in liver tissue for male and female Raccoons
sampled at 2 sites in 2005 and 2006. Sample size given within each bar. See Table 4 for

results of statistical comparisons.
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Figure 3. Mean + SE concentration of Ni in liver tissue for male and female Raccoons
sampled at 2 sites in 2005 and 2006. Sample size given within each bar. See Table 4 for

results of statistical comparisons.
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Figure 4. Mean + SE concentration of Pb in liver tissue for male and female Raccoons
sampled at 2 sites in 2005 and 2006. Sample size given within each bar. See Table 4 for
results of statistical comparisons.
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Figure 5. Mean + SE concentration of Zn in liver tissue for male and female Raccoons
sampled at 2 sites in 2005 and 2006. Sample size given within each bar. See Table 4 for
results of statistical comparisons.
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There are a number of studies that have documented the concentrations of met-
als in liver and other tissues of Raccoons (Table 5). Of particular interest are data
collected from the Department of Energy’s Savannah River Site (SRS), which is
located on the Georgia/South Carolina border and contains habitats similar to those
found at the sites we sampled. Studies at SRS reported onsite metal concentrations
for Cd, Cu, and Pb (see the South Carolina sites in Table 5). The values we obtained
at our sites were somewhat higher for Cu and Pb, but comparable for Cd (Table 5).
Differences in concentrations of Cu and Pb in Racoon livers between our sites and
SRS might reflect biological differences between the populations or differences in
the environmental concentrations of the metals. The latter seems plausible given
that we found at least a few differences in metal concentrations between our Tall
Timbers and Pinebloom sites, even though they are located within 100 km of each
other, and SRS is substantially farther away. It is worth noting that, although our
values for Cu and Pb were higher than those obtained at SRS, they are similar to
values reported from sites elsewhere (Table 5).

Our values for liver Ni concentrations are also comparable to those from other
studies. Wren (1984) reported no detectable levels of Ni in the livers of Raccoons
caught in Canada, but did obtain values similar to ours when muscle tissues from the
same specimens were tested (Table 5). Hernandez et al. (2016) reported from 0.51
to 0.89 png Ni/g ww, which is similar to the values in our study when normalized
for dw (Table 5).

The values we obtained for liver Zn concentrations are slightly higher than those
published previously (Table 5). However, they are lower than the levels Eisler
(1993) concluded to be indicators of Zn poisoning in mammals (465 mg Zn/kg dw
in liver). Despite the somewhat higher liver Zn levels we found, the overall conclu-
sion from comparisons of our data with those that have been published previously
is that it seems unlikely that any of our values indicate abnormally high exposure
of the Raccoons in our study to the metals we tested.

In general, one might not expect to detect sex differences in metal concentra-
tions in Raccoons because there are few differences in the physiology and behavior
of males and females (Gehrt and Fritzell 1999, Lotze and Anderson 1979). Thus,
it would seem likely both sexes are equally exposed to metal contaminants within
an ecosystem. Consistent with this expectation, previous studies of Zn concentra-
tions in Raccoons did not detect any sex differences (Herbert and Peterle 1990,
Levengood and Hubert 2001), though these studies did not examine liver tissues.
In contrast, our analyses revealed a significant sex difference in concentrations of
Zn in the liver tissue, and possible sex differences for Cd and Pb. A case study by
Burger (2007) that reviewed 43 studies of sex differences in metal concentrations in
a variety of vertebrates found little evidence of them. The only study that reported
males with higher concentrations of Zn than females was for Anas rubripes Brew-
ster (Black Duck; Gochfeld and Burger 1987). Thus, our study provides the first
evidence of such sex difference in any species of mammal.

We are not aware of any previous studies that have examined sex differences in
Cd or Pb concentrations in Raccoons. However, in some other mammals, females
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had higher Cd concentrations than males (Millan et al. 2008, Wijnhoven et al.
2007), just as we found in our study. Additional sampling at other sites will be
needed to clarify whether sex differences in Cd, Pb and Zn concentrations in Rac-
coons are common and, if so, to determine the reason(s) for their occurrence.

We found a strong negative relationship between Cu and Zn concentrations
and body weight, and a significant positive relationship for Cd. Assuming Rac-
coons with low body weights are younger, our result for Cd is consistent with
previous studies that reported higher liver Cd concentrations in adult Raccoons
when compared to juveniles (Herbert and Peterle 1990, Levengood and Hubert
2001). Again, assuming body weight is a reliable surrogate for age, our results
suggest higher exposure and/or uptake of Cu and Zn in young animals, which
then declines as they age. A negative relationship between Cu and body weight
is consistent with other studies that reported increased Cu concentrations in
young mammals (Eisler 1997, Hillis and Parker 1993). Hillis and Parker (1993)
suggested that younger mammals accumulate higher levels of Cu for various
physiological processes and developmental growth and, as they age, the need for
excess Cu decreases. A related idea is that the higher metabolic rates of young
mammals compared to adults generates a greater rate of metal accumulation in
the liver, and as metabolism decreases with age, so does the accumulation of
heavy metals (Blagojevi¢ et al. 2012). Similar reasoning may also apply to the
relationship of Zn concentrations with body weight, although this relationship
has not been reported previously. However, it is important to bear in mind these
arguments hinge on the assumption that body weight reliably indicates age. An al-
ternative hypothesis is that low body weights are indicative of poor condition, and
thus potentially associated with increased contaminant loads. Unfortunately, our
data do not allow us to discriminate between these 2 possibilities.

Our results showed that Zn concentrations in Raccoon livers were positively
correlated with those of Cu but negatively with Ni. The findings for Cu and Zn
are consistent with prior studies in our lab that found the same relationship in
Nine-banded Armadillos and Opossums, albeit not in Bobcats (Jarvis et al. 2013,
Lockhart et al. 2016, Thomason et al. 2016). We also found a negative relationship
between Ni and Zn concentrations in Nine-banded Armadillos (Jarvis et al. 2013),
but in Opossums the relationship was positive (Lockhart et al. 2016); Thomason et
al. (2016) did not test Bobcats for Ni. The consistency of the relationship between
Cu and Zn across species might indicate similar levels of exposure to these metals
in the environment or similar physiological needs (Eisler 1997, Jarvis et al. 2013).

Based on the information in Table 5, we believe ours is the largest study assess-
ing liver metal concentrations in Raccoons that has been conducted to date, both
in terms of the number of individuals sampled and the number of metals tested per
animal. As such, our study is valuable in providing an extensive set of reference
values for metals in the liver of Raccoons. We have also documented important
sources of variation in metal concentrations that should be explored in more detail
in future studies.
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