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Abstract Metal pollution commonly occurs in many
terrestrial environments and may pose a threat for the
animals inhabiting such areas. Here, we present concen-
trations of six metals (cadmium [Cd], copper [Cu],
nickel [Ni], lead [Pb], selenium [Se], and zinc [Zn]) in
the liver tissues of seven species of mammals obtained
from a study that examined the impact of mesopredator
removal on northern bobwhite (Colinus virginianus)
populations. A total of 1326 samples were collected
from 2003 to 2006 at four sites in southwest Georgia
and north Florida from nine-banded armadillos
(Dasypus novemcinctus), bobcats (Lynx rufus), feral cats
(Felis catus), coyotes (Canis latrans), grey foxes
(Urocyon cinereoargenteus), opossums (Didelphis
virginiana), and raccoons (Procyon lotor). Data from
armadillos, bobcats, opossums, and raccoons were pub-
lished previously to examine age, sex, spatial (between
sites), and temporal (between years) variation. In this
paper, we present similar comparisons for the remaining
three species as well as comparisons of metal concen-
trations among all seven species. Concentrations of Cu
and Pb exhibited strong negative relationships with
body weight in coyotes, while Ni was positively

correlated with weight in feral cats. Concentrations of
these metals, as well as the other two tested (Cd and Zn),
were not significantly correlated with one another in any
of the three species. The only sex difference in liver
metal concentrations was observed in female feral cats,
which had higher levels of Pb than did males. Coyotes
exhibited significant differences in Cu concentrations
between sites and between years (2005 versus 2006).
We also found significant differences between sites in
Pb concentrations for both feral cats and grey foxes.
There were significant differences in metal concentra-
tions among all seven species for all metals except Cd.
With the exception of Cd and Se (tested only in bobcats
and opossums), a three-way ANOVAwith species, year,
and site as the three factors revealed significant differ-
ences among species for every metal but only a single
main effect of year for Cu, and nomain effects of site. In
sum, our results provide an extensive survey of metal
concentrations in a diverse assemblage of mammals and
suggest that metal accumulation may be heavily influ-
enced by species identity, which in turn may reflect
ecological lifestyle.

Keywords Cadmium . Copper . Coyotes . Grey foxes .

Feral cats . Lead . Liver . Nickel . Selenium . Species
assemblage . Zinc

Introduction

Increasing anthropogenic activity has contributed ex-
cess concentrations of metals in the environment (Pyati
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et al. 2012; Bielmyer-Fraser et al. 2017). Sources of
metals include localized applications of pesticides, fer-
tilizers, and biosolids for agriculture, forestry and timber
management practices, industrial pollution, and urban
development (Burger et al. 2002; Kendall et al. 2010;
Wuana and Okieimen 2011). Because of these activities,
animals may accumulate metals in tissues and organs,
which can exceed threshold levels and result in toxicity
(Shore and Rattner 2001).

Numerous studies have focused on the accumula-
tion of various metals in individual species of terres-
trial mammals (e.g., Burger et al. 2002; Jarvis et al.
2013; Lockhart et al. 2016; Thomason et al. 2016;
Hough et al. 2020) or the accumulation of one or a
few metals in several species (Hunter and Johnson
1982; Wijnhoven et al. 2007). Fewer studies have
examined the concentrations of multiple metals in a
species assemblage (Phelps and McBee 2009; Mann
et al. 2011; Gall et al. 2015). Such an analysis can be
useful in assessing how trophic position or ecological
lifestyle (Sibly and Brown 2007) affects the accumu-
lation of metals, as well as provide a clearer and more
detailed picture of the health of an ecosystem (Burger
and Gochfeld 2001; Gaines et al. 2002). For such
comparisons, the ideal situation is to test samples
from a set of species occupying the same habitat(s)
at the same time.

In a series of papers, we have previously reported
metal concentrations in the liver tissues of nine-
banded armadillos (Dasypus novemcinctus; Jarvis
et al. 2013), opossums (Didelphis virginiana;
Lockhart et al . 2016), bobcats (Lynx rufus ;
Thomason et al. 2016), and raccoons (Procyon
lotor; Hough et al. 2020). All animals were collected
from four sites in southwest Georgia and north Flor-
ida during the same time period (2003–2006). Here,
we conclude these analyses by reporting data from
three additional species that were not tested previous-
ly: feral cats (Felis catus), coyotes (Canis latrans),
and grey foxes (Urocyon cinereoargenteus). In addi-
tion to analyzing data from each of these three species
separately, we compared patterns of metal accumula-
tion across all seven species that were tested. Our
study is thus unique in providing a broad overview
of the accumulation of multiple metals in a relatively
large assemblage of terrestrial mammals that range in
trophic position from species that are primarily insec-
tivores (armadillos) to species that are almost exclu-
sively carnivores (feral cats and bobcats).

Materials and methods

Sample collection

All seven species of mammals were collected from
Pebble Hill Plantation, located near Thomasville, Geor-
gia, and the eastern portion of Pinebloom Plantation,
near Albany Georgia, in 2003. Additional specimens
were collected from Tall Timbers Research Station, near
Tallahassee, Florida, and the western portion of
Pinebloom Plantation between 2004 and 2006. All an-
imals were harvested as part of a wildlife management
and gamebird restoration project—of which we were
not part—focused on increasing northern bobwhite
(Colinus virginianus) populations by removing
mesopredators (McDonough et al. 2007). The sampling
sites have bottomland hardwood forests, upland pine,
and open fields as the main habitats, and are primarily
managed for wildlife and timber, although Pinebloom
Plantation also has areas that are managed for agricul-
tural crops. All sites are relatively rural with minimal
development; however, it should be noted that there is a
US Environmental Protection Agency (EPA)-designat-
ed Superfund site (since 1989) in Albany Georgia (US
EPA 2016).

Between 1March and 30 September of each year, US
Department of AgricultureWildlife Services technicians
obtained specimens of each species by trapping or
shooting. Animals were weighed and sexed by the tech-
nicians, and various tissues were collected and frozen at
− 20 °C in polypropylene vials (with no preservative)
until analyzed. We chose to examine metal concentra-
tions in liver samples because this organ is the main site
of detoxification (Klaassen 2013).

Metal analysis for feral cats, coyotes, and grey foxes

The same procedures were used as in our previous
studies (Jarvis et al. 2013; Lockhart et al. 2016;
Thomason et al. 2016; Hough et al. 2020). Using an
analytical balance, wet weights (ww) were measured
from thawed liver samples, followed by a 24-h drying
period in an 80 °C oven to measure dry weights (dw).
Dried samples were then digested with trace metal grade
nitric acid (Fisher Scientific, Pittsburgh, PA) in a 60 °C
water bath for at least 24 h, or until fully digested.
Digested samples were diluted with 18 mΩ Milli-Q®
water, and metal analysis was conducted using atomic
absorption spectrophotometry (Perkin Elmer AAnalysts
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800, Norwalk, CT) using flame and graphite furnace
detection (detection limit = 1–2 ppb). Liver samples
were analyzed against certified 1 g/mL metal standards
dissolved in 2% HCl (Fisher Chemical, Fairlawn, NJ).
Both liver samples andmetal standards were analyzed in
duplicates, and recalibration occurred every 40 samples.
As a standard reference material, lobster hepatopancreas
(LUTS-1 (non-defatted) and TORT-3) was analyzed
(three replicates each) to measure metal extraction effi-
ciencies. Data are reported as μg metal per g dw tissue.

Statistical analyses

Table 1 provides a summary of the sampling effort for
all seven species. Originally, samples were available for
all species at all sites in all years. However, because of a
freezer failure, almost all samples from 2003 and 2004
were lost for feral cats, coyotes, grey foxes, and rac-
coons. Note also that, for a variety of reasons, species
were not all tested for the same set of metals. All seven
species were tested for two metals: Cu and Zn (Table 1).
Most species were tested for three other metals: Cd, Pb,
and Ni; Se was only tested in bobcats and opossums.We
do not report data here onmetals that were only sampled
in one species: aluminum (Al) in armadillos (Jarvis et al.
2013) and silver (Ag) in bobcats (Thomason et al.
2016).

Our first set of statistical analyses examined variation
inmetal concentrations separately for feral cats, coyotes,
and grey foxes. For feral cats and grey foxes, body
weight data suggested that all the animals were adults
(weight range for feral cats = 2.62–4.88 kg; grey foxes =
3.35–4.74 kg; see Fritzell and Haroldson 1982, Davison

and Stromsten 1947), thereby eliminating the possibility
of examining age differences in metal concentrations. In
contrast, some coyotes were small enough that they
were likely juveniles (weights < 8.1 kg; Bekoff and
Gese 2003) but there were so few of them (N = 4) that
age comparisons were not possible. Instead, we per-
formed linear regressions of metal concentrations with
body weight for each species on the assumption that
weight is a reasonable surrogate for age, with larger
animals being older.

Next, we determined whether metal concentrations
were correlated with one another in each species by
performing Pearson product-moment correlations be-
tween each possible pair of metals. Finally, we com-
pared differences inmetal concentrations between males
and females, sites (Pinebloom West versus Tall Tim-
bers), and years (2005 versus 2006) with a series of t
tests. Sample sizes were not sufficient to run a more
preferable three-way ANOVA.

Comparisons of metal concentrations among all sev-
en species were done in three ways. First, we used data
from all animals in all years in a one-way ANOVA in
order to examine overall differences between species.
Bonferroni-Dunn tests were used to identify significant
post hoc pairwise comparisons. Note that results com-
paring Se concentrations between the two species tested
for this metal (bobcat and opossum, see Table 1) have
already been published (Thomason et al. 2016) and so
they are not repeated here. Second, as described above,
data for feral cats, coyotes, grey foxes, and raccoons
were restricted to 2005 and 2006 due to loss of samples
from earlier years. We thus used data from just those
2 years in a three-way ANOVA in which species, site,

Table 1 Summary of sampling details for measurement of liver metal concentrations in seven species of mammals collected at four sites
between 2003 and 2006

Species N Years sampled Sites sampled Metals analyzed

Armadillo 209 2003
2004–2006

Pebble Hill, Pinebloom East Pinebloom West, Tall Timbers Al, Cd, Cu, Pb, Ni, Zn

Bobcat 120 2003
2004–2006

Pebble Hill, Pinebloom East Pinebloom West, Tall Timbers Ag, Cu, Se, Zn

Feral cat 13 2005–2006 Pinebloom West, Tall Timbers Cd, Cu, Pb, Ni, Zn

Coyote 38 2005–2006 Pinebloom West, Tall Timbers Cd, Cu, Pb, Ni, Zn

Grey fox 16 2005–2006 Pinebloom West, Tall Timbers Cd, Cu, Pb, Ni, Zn

Opossum 473 2003
2004–2006

Pebble Hill, Pinebloom East Pinebloom West, Tall Timbers Cu, Pb, Ni, Se, Zn

Raccoon 457 2005–2006 Pinebloom West, Tall Timbers Cd, Cu, Pb, Ni, Zn
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and year were the three factors. This analysis allowed us
to determine if there were consistent differences across
species due to spatial and temporal effects, as well as
whether there were any significant interactions among
these factors. Unlike the first analysis, we did include Se
here because site and year differences were not exam-
ined previously. Even though more years and sites were
available for the analysis of Se, we still restricted the
data to just 2005 and 2006 in order to make the results
comparable with those of the other metals. Finally, we
reanalyzed data from armadillos in which we had ex-
amined variation in metal concentrations due to age by
creating discrete age categories (juvenile, yearling, and
adult) from weight data. In order to compare patterns
across species as much as possible, we performed re-
gression analyses of metal concentrations with body
weight for armadillos, as was done for five of the other
species. Opossumswere the one species where we could
not perform such an analysis because we had no weight
data for those specimens. Instead, relationships between
metal concentrations and age were based on age esti-
mates (in years) from measurements of tooth annuli
(Lockhart et al. 2016).

Results

Feral cats, coyotes, and grey foxes

We found three significant relationships between body
weight and metal concentrations (Table 2). Specifically,
Cu and Ni exhibited strong negative relationships with
weight in coyotes but Pb was positively correlated with
weight in feral cats (Table 2). There were no significant
correlations between metal concentrations for any of the
three species (all P > 0.10; Table 3). The only significant
sex difference in metal concentrations was that female
feral cats had higher levels of Pb than did males
(Table 4). Coyotes exhibited strong differences in liver
Cu concentrations between sites and years, with the
highest Cu concentrations observed at Pinebloom West
in 2006 (Table 4). Grey foxes had a significant differ-
ence between sites for Pb liver concentrations, as well as
a marginally significant difference between sites for Cu
liver concentrations, with the highest concentrations of
both metals observed at Pinebloom West (Table 4).
There also was a marginally significant difference in
Pb liver concentrations between sites for feral cats, with

the highest concentrations observed at Tall Timbers
(Table 4).

Comparative analyses

Using data from all species and all years, there were
highly significant differences in metal concentrations
between species for every metal except Cd (Figs. 1, 2,
3, 4, and 5). Taking the pairwise post hoc comparisons
for eachmetal in turn, armadillos had significantly lower
concentrations of Cu than bobcats, feral cats, coyotes,
and raccoons (all P < 0.0004) as did opossums (all
P < 0.002; Fig. 2). In addition, bobcats had significantly
higher Cu levels than did coyotes, grey foxes, and
raccoons (all P < 0.0001; Fig. 2). For Pb and Ni, opos-
sums had significantly higher concentrations than any
other species (all P < 0.0001; Figs. 3 and 4; note that
bobcats were not tested for either metal). Armadillos
had higher concentrations of Pb than did raccoons (P =
0.0002; Fig. 3) but lower levels of Zn than any other
species (all P < 0.0001; Fig. 5). Raccoons had higher

Table 2 Results of linear regressions of body weight with metal
concentrations in the liver of feral cats, coyotes, and grey foxes
sampled at Pinebloom West and Tall Timbers in 2005 and 2006.
Sample sizes (N), regression coefficients (r), and test statistics and
their statistical significance (F and P values respectively) are
provided

N r F P

Feral cats

Cd 13 0.23 0.62 0.45

Cu 13 − 0.45 2.77 0.12

Ni 13 − 0.24 0.68 0.43

Pb 11 0.69 8.00 0.02

Zn 13 − 0.08 0.08 0.79

Coyotes

Cd 15 0.02 0.003 0.96

Cu 16 − 0.70 13.47 0.003

Ni 14 − 0.83 26.18 0.0003

Pb 16 − 0.15 0.31 0.59

Zn 16 − 0.19 0.52 0.48

Grey foxes

Cd 12 0.38 1.70 0.22

Cu 15 − 0.06 0.05 0.83

Ni 15 − 0.07 0.07 0.79

Pb 14 0.16 0.30 0.59

Zn 15 0.31 1.41 0.26
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concentrations of Zn than both bobcats and opossums
(both P < 0.0001; Fig. 5).

When we restricted the data to 2005 and 2006, we
once again found a strong main effect of species for
every metal except Cd and Se (Table 5). Cd did exhibit a
marginally significant three-way interaction between
species, site, and year, but no other comparisons were
significant (Table 5). In contrast, Cu showed a signifi-
cant main effect of year (means ± SE, 2005 = 44.65 ±
2.02 μg/g dw, N = 402; 2006 = 53.56 ± 2.59 μg/g dw,
N = 440), as well as a significant species × year interac-
tion and a marginally significant species × site interac-
tion (Table 5). These interaction terms appeared to be
largely due to differences in metal concentrations be-
tween sites and years for feral cats, coyotes, and grey
foxes (see Table 4), and, in the case of the species × year
interaction, opossums (see Lockhart et al. 2016). Zn also
showed a significant species × year interaction as well as
a significant year × site interaction (Table 5). The year ×
site interaction is somewhat puzzling because the mean
values for each site in each year were not markedly
different from one another (mean ± SE, Pinebloom
West, 2005 = 124.86 ± 4.31 μg/g dw, N = 219; 2006 =
132.79 ± 4.78 μg/g dw, N = 238; Tall Timbers, 2005 =
131.38 ± 6.05 μg/g dw, N = 180; 2006 = 145.40 ±

4.46 μg/g dw, N = 201). The species × year interaction
likely resulted from the fact that Zn concentrations
increased from 2005 to 2006 for three species (armadil-
los, bobcats, and opossums—more than quadrupling in
the case of armadillos, Jarvis et al. 2013) but decreased
for the remaining four (Hough et al. 2020 and Table 4).
Interestingly, there was no difference in Se concentra-
tions between bobcats and opossums using data from
just 2005 and 2006, in contrast to the strong difference
reported by Thomason et al. (2016) based on data from
all sites and years. Presumably, this difference reflects
the influence of the earlier years of sampling, which
leads us to question if the two species really differ from
one another or whether the difference is an artifact of
sampling year (or site).

In armadillos, a significant positive relationship be-
tween weight and levels of Pb was observed (r = 0.17,
F = 6.24, P = 0.013, N = 207) but significant negative
relationships were obtained for Cu and Zn (r = − 0.14,
F = 3.92, P = 0.05 and r = − 0.20, F = 8.44, P = 0.004
respectively; Cd and Ni were not significant, both P >
0.10; N = 207 for all comparisons). These results con-
firm the earlier analysis of Jarvis et al. (2013) who found
higher levels of Pb in adult compared with juvenile
armadillos but the negative relationships are novel. This
is likely because Jarvis et al. (2013) included animals
from other sites in Florida that were excluded from the
present analyses because the latter were restricted to just
sites where all species were sampled.

Discussion

Table 6 provides a general summary of the results of this
study, combined with the previous findings of Jarvis
et al. (2013), Lockhart et al. (2016), Thomason et al.
(2016), and Hough et al. (2020). For the most part,
differences in metal concentrations between males and
females were rare (Table 6). In contrast, we documented
substantial spatial and temporal variation in metal con-
centrations, as well as some strong relationships be-
tween metal concentrations and body weight (Table 6).
In a number of cases, the differences between sites and
years were confounded because significant differences
occurred between 2003 and subsequent years and the
two sites sampled in 2003 were different than the two
sites sampled in the remaining 3 years (see Table 1).
Nonetheless, as Table 5 documents, we found some
differences between sites and years even when the data

Table 3 Pearson product-moment correlations between concen-
trations of each pairwise combination of metals in the liver tissues
of feral cats, coyotes, and grey foxes sampled at Pinebloom West
and Tall Timbers in 2005 and 2006. Sample sizes for each com-
parison are given parenthetically

Cu Pb Ni Zn

Feral cats

Cd 0.06 (13) − 0.47 (13) 0.24 (11) 0.12 (13)

Cu − 0.02 (13) 0.08 (11) 0.09 (13)

Pb − 0.46 (11) − 0.006 (13)

Ni − 0.23 (11)
Coyotes

Cd − 0.18 (35) 0.02 (31) 0.008 (29) 0.20 (35)

Cu 0.10 (33) − 0.05 (32) 0.27 (38)

Pb 0.15 (28) 0.20 (33)

Ni 0.26 (32)

Grey foxes

Cd − 0.07 (13) 0.38 (13) − 0.18 (12) − 0.09 (13)
Cu 0.28 (16) − 0.12 (15) 0.04 (16)

Pb − 0.38 (15) − 0.002 (16)

Ni − 0.15 (15)
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were restricted to just the two sites sampled in 2005 and
2006. Unfortunately, as we have acknowledged previ-
ously, the biggest weakness of our studies is that they are
retrospective because we exploited the availability of a
large number of animals that were collected for a differ-
ent purpose. Consequently, we do not have much infor-
mation, including details of land management practices,
that might help to explain the different patterns observed
at the different sites from 2003 to 2006. Thus, the main

value of our data is in providing reference values for the
various metals we tested in these species and in
documenting various sources of potential variation in
metal concentrations.

Another notable feature of Table 6 is that differences
in metal concentrations due to body weight, sex, site,
and year were not consistent across species. For exam-
ple, males sometimes had larger values than did females
(e.g., Cu in opossums; Pb and Zn in raccoons) but the

Table 4 Metal concentrations (mean ± SE; μg metal per g dw
tissue) in the liver tissues of male and female feral cats, coyotes,
and grey foxes sampled at Pinebloom West and Tall Timbers
during 2005 and 2006. Data from males and females were pooled

for determination of mean metal concentration at each site and in
each year. Significant differences between means from t test com-
parisons (between sexes, sites, and years) are indicated in italics.
Sample sizes are given below each mean

Male Female Pinebloom West Tall Timbers 2005 2006

Feral cats

Cd 0.27 ± 0.07
9

0.23 ± 0.06
3

0.26 ± 0.06
6

0.29 ± 0.08
7

0.35 ± 0.06
4

0.25 ± 0.07
8

Cu 55.4 ± 13.1
9

113 ± 44.2
3

57.8 ± 17.4
6

79.36 ± 22.37
7

33.2 ± 7.29
4

87.8 ± 20.3
8

Pb 0.17 ± 0.07
9

0.59 ± 0.18
3

0.10 ± 0.05
6

0.39 ± 0.13
7

0.11 ± 0.05
4

0.36 ± 0.12
8

Ni 1.88 ± 0.87
7

0.18 ± 0.05
3

1.51 ± 0.98
5

1.03 ± 0.81
6

0.69 ± 0.36
4

0.97 ± 0.82
6

Zn 132 ± 18.6
9

157 ± 20.3
3

147 ± 10.1
6

136 ± 25.1
7

157 ± 30.7
4

130 ± 17.0
8

Coyotes

Cd 0.25 ± 0.04
18

0.21 ± 0.04
17

0.23 ± 0.05
16

0.23 ± 0.03
19

0.27 ± 0.04
16

0.20 ± 0.03
19

Cu 59.4 ± 11.5
18

63.2 ± 9.66
20

90.1 ± 11.4
17

38.2 ± 6.03
21

39.7 ± 7.16
17

79.0 ± 10.7
21

Pb 0.33 ± 0.08
15

0.25 ± 0.05
18

0.30 ± 0.06
16

0.27 ± 0.07
17

0.31 ± 0.07
14

0.27 ± 0.06
19

Ni 3.17 ± 1.22
14

1.38 ± 0.69
18

1.82 ± 1.14
12

2.37 ± 0.84
20

2.11 ± 0.95
17

2.23 ± 0.96
15

Zn 146 ± 13.8
18

128 ± 11.2
20

139 ± 8.20
17

134 ± 14.7
21

146 ± 14.1
17

128 ± 11.1
21

Grey foxes

Cd 0.29 ± 0.05
9

0.31 ± 0.08
4

0.32 ± 0.06
5

0.28 ± 0.05
8

0.27 ± 0.04
8

0.33 ± 0.06
5

Cu 43.8 ± 5.63
9

63.4 ± 19.4
7

77.2 ± 24.7
5

41.1 ± 5.17
11

41.1 ± 2.70
8

63.8 ± 17.5
8

Pb 0.49 ± 0.17
9

0.77 ± 0.54
7

1.37 ± 0.68
5

0.27 ± 0.07
11

0.57 ± 0.18
8

0.66 ± 0.48
8

Ni 1.33 ± 0.74
9

2.46 ± 1.49
6

0.27 ± 0.06
4

2.33 ± 0.93
11

1.02 ± 0.74
8

2.64 ± 1.28
7

Zn 152 ± 9.03
9

138.3 ± 41.1
7

142 ± 11.6
5

148 ± 26.0
11

176 ± 22.6
8

116 ± 24.7
8

For cats and Pb, sex difference t = 2.97, P = 0.014, and site difference t = 2.14, P = 0.056; for coyotes and Cu, site difference t = 4.23, P =
0.0002; year difference t = 2.90, P = 0.006; for foxes, site difference for Cu t = 2.03, P = 0.062 and for Pb t = 2.49, P = 0.03
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reverse also occurred (e.g., Pb in armadillos and feral
cats). Likewise, adults had higher concentrations of Pb
in armadillos, but we found strong negative relation-
ships between some metal concentrations and body
weight in armadillos, coyotes, and raccoons, which
would suggest that smaller (and presumably younger)
animals experienced higher levels of accumulation. Ad-
ditionally, differences were not consistent for a particu-
lar metal. Aside from the lack of any site differences in
Cd in the five species tested for that metal, for every
other metal, some species showed differences among
sites while others did not. Given the strong effects of

species identity that we found when comparing metal
concentrations across species, coupled with the lack of
many other significant influences (Figs. 1, 2, 3, 4, and 5
and Table 5), we interpret these results to suggest that
the unique ecological lifestyle of each species plays a
critical role in determining its pattern of metal
accumulation.

Presumably, one fundamental feature of a species’
ecological lifestyle is its trophic position. We sampled
animals with very different diets. Armadillos are primar-
ily insectivorous (McDonough and Loughry 2008).
Opossums also eat insects, but their diet typically

Fig. 1 Liver Cd concentration
(mean ± SE) for five species of
mammals, using data from all
sites and all years (note that
bobcats and opossums were not
tested for this metal). Sample size
given within each bar. Results of a
one-way ANOVA comparing
species means: F4, 674 = 0.99,
P = 0.41

Fig. 2 Liver Cu concentration
(mean ± SE) for seven species of
mammals, using data from all
sites and all years. Sample size
given within each bar. Results of a
one-way ANOVA comparing
species means: F6, 1305 = 57.77,
P < 0.0001. Different letters
indicate species that statistically
differed from one another in post
hoc pairwise comparisons
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includes a broader range of other items (Gardner 1982;
Kasparian et al. 2002). While the remaining species are
all classified as carnivores, there is considerable varia-
tion among them in howmuch they rely on meat in their
diet, with species such as coyotes, grey foxes, and
raccoons being far more opportunistic and omnivorous
(Bekoff 1977; Saunders 1988; Davis and Schmidly
1994; Kasparian et al. 2002; Bekoff and Gese 2003). It
seems reasonable to suppose that the differences in liver
metal concentrations in these species are at least in part
influenced by these dietary differences.

There are at least two other possible explanations for
differences in metal concentrations among species. The

first is that accumulation is due to how metals are
processed internally. Once inside an organism, metals
can be utilized for internal physiological processes, such
as metabolism, altered to a non-toxic form, or excreted
from the body. Any or all of these could influence how
much of the contaminant is retained in tissues
(Laskowski 1991; Gaines et al. 2002; Grey 2002;
Mann et al. 2011). Second, species may differ in their
level of exposure to metals in the physical environment.
For example, armadillos and opossums experience rel-
atively high and intimate contact with soils while forag-
ing and burrowing, and species also differ in the extent
to which they utilize aquatic habitats (e.g., raccoons

Fig. 3 Liver Pb concentration
(mean ± SE) for six species of
mammals, using data from all
sites and all years (bobcats were
not tested). Sample size given
above each bar. Results of a
one-way ANOVA comparing
species means: F5, 1164 = 69.10,
P < 0.0001. Different letters
indicate species that statistically
differed from one another in
post hoc pairwise comparisons

Fig. 4 Liver Ni concentration
(mean ± SE) for six species of
mammals, using data from all
sites and all years (bobcats were
not tested). Sample size given
within each bar. Results of a
one-way ANOVA comparing
species means: F5, 1136 = 48.35,
P < 0.0001. Different letters
indicate species that statistically
differed from one another in
post hoc pairwise comparisons
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versus bobcats). Of course, it is probably most realistic
to assume that all of these factors work together to
determine patterns of metal accumulation within a par-
ticular species. An important task for the future will be
to determine the relative importance of each in
explaining the patterns we have documented here.

Unlike our previous studies, we found no significant
pairwise correlations between metal concentrations for
feral cats, coyotes, or grey foxes, perhaps because of
small sample sizes (Table 3). Hough et al. (2020)

discussed the pattern of correlations between metals
found in armadillos, opossums, bobcats, and raccoons.
Given that our current results add nothing new to those
patterns, we will not repeat that discussion here. Instead,
we focus on patterns of accumulation for the five metals
that were tested in most of our seven species of
mammals.

Cd has been shown to accumulate in freshwater,
marine, and small terrestrial animal species that occupy
relatively low trophic positions (Ferard et al. 1983;

Fig. 5 Liver Zn concentration
(mean ± SE) for seven species of
mammals, using data from all
sites and all years. Sample size
given within each bar. Results of a
one-way ANOVA comparing
species means: F6, 1292 = 50.81,
P < 0.0001. Different letters
indicate species that statistically
differed from one another in post
hoc pairwise comparisons

Table 5 Results of three-way ANOVA comparisons of metal
concentrations in the liver tissues of seven species of mammals
(armadillo, bobcat feral cat, coyote, grey fox, opossum, and rac-
coon) sampled at Pinebloom West and Tall Timbers Research

Station in 2005 and 2006. See Figs. 1, 2, 3, 4, and 5 for the species
sampled for each metal (except Se which was tested in just bobcats
and opossums)

Cd Cu Pb Ni Se Zn

Species F4, 539 = 1.61
P = 0.17

F6, 814 = 10.15
P < 0.0001

F5, 752 = 46.80
P < 0.0001

F5, 726 = 40.15
P < 0.0001

F1, 212 = 0.09
P = 0.76

F6, 810 = 20.25
P < 0.0001

Year F1, 539 = 1.13
P = 0.29

F1, 814 = 8.02
P = 0.005

F1, 752 = 0.58
P = 0.45

F1, 726 = 0.003
P = 0.95

F1, 212 = 0.85
P = 0.36

F1, 810 = 1.97
P = 0.16

Site F1, 539 = 0.05
P = 0.83

F1, 814 = 0.89
P = 0.34

F1, 752 = 0.05
P = 0.83

F1, 726 = 0.87
P = 0.35

F1, 212 = 0.04
P = 0.85

F1, 810 = 0.75
P = 0.39

Species × year F4, 539 = 0.37
P = 0.83

F6, 814 = 3.13
P = 0.005

F5, 752 = 1.71
P = 0.13

F5, 726 = 1.40
P = 0.22

F1, 212 = 1.85
P = 0.17

F6, 810 = 25.54
P < 0.0001

Species × site F4, 539 = 0.61
P = 0.66

F6, 814 = 2.04
P = 0.058

F5, 752 = 0.33
P = 0.89

F5, 726 = 1.65
P = 0.14

F1, 212 = 0.09
P = 0.77

F6, 810 = 1.22
P = 0.29

Year × site F1, 539 = 0.02
P = 0.89

F1, 814 = 1.45
P = 0.23

F1, 752 = 0.04
P = 0.84

F1, 726 = 0.03
P = 0.86

F1, 212 = 0.58
P = 0.45

F1, 810 = 7.18
P = 0.008

Species × year × site F4, 539 = 2.24
P = 0.064

F6, 814 = 0.65
P = 0.69

F5, 752 = 1.40
P = 0.22

F5, 726 = 0.51
P = 0.77

F1, 212 = 0.63
P = 0.43

F6, 810 = 1.76
P = 0.11
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Eisler 1985; Janssen et al. 1993; Gall et al. 2015;
Bielmyer-Fraser et al. 2018). However, Laskowski

(1991) proposed that metals, such as Cd, do not accu-
mulate in higher concentrations in mammals at succes-
sive trophic levels because of the interplay between
various factors such as homeostatic regulation processes
and level of environmental exposure. If so, this leads to
the expectation that differences among species in Cd
concentrations should be minimal. Our results are con-
sistent with this hypothesis because we did not find any
differences among species in Cd concentrations (Fig. 1).
However, it is worth noting that there were several
species-specific differences in Cd levels, specifically in
raccoons and armadillos (Table 6).

We found that bobcats had significantly higher levels
of Cu compared with any of the other species and that
the species at presumed lower trophic levels, armadillos
and opossums, had the lowest Cu concentrations (Fig.
2). Our results also indicated that younger animals were
more likely to have higher Cu concentrations than older
ones, because armadillos, coyotes, and raccoons had
negative relationships between Cu concentration and
body weight (Table 6; Hillis and Parker 1993; Eisler
1997). Younger animals may have higher liver Cu con-
centrations because they typically have highermetabolic
rates (which require more Cu) than older, adult animals
(Blagojević et al. 2012). Additionally, as an essential
element, Cu is needed for physiological processes such
as tissue growth and development (Eisler 1997). As
such, it is likely that younger animals would have great-
er concentrations of Cu present in tissues than older
animals (Hillis and Parker 1993). While site and year
differences in Cu concentrations were observed for four
of the seven species (Table 6), we are unaware of any
specific land management practices at these sites that
could have generated these differences. Elevated tissue
concentrations at certain sites in some years might sug-
gest that these locations experienced increased anthro-
pogenic impacts from Cu-containing pesticides or in-
dustrial byproducts (Eisler 1997).

Pb, like Cd, is a non-essential metal that
bioaccumulates in organisms with increasing age (Eisler
1988; Gall et al. 2015). Our results partially confirm this
pattern because Pb concentrations were positively related
to body weight in two species (armadillo and feral cat;
Table 6) and are consistent with other studies which
found increased Pb accumulation in older mammals
(Sánchez-Chardi and Nadal 2007; Sánchez-Chardi et al.
2007; Gall et al. 2015). In addition to this, our results
indicated that females had higher concentrations of Pb
than did males in armadillos and feral cats, but males had

Table 6 Summary of significant variation in the concentrations of
sixmetals tested in seven species ofmammals at four sites between
2003 and 2006. See Jarvis et al. (2013), Lockhart et al. (2016),
Thomason et al. (2016), and Hough et al. (2020) for further
information regarding armadillos, opossums, bobcats, and rac-
coons respectively, and Table 4 for the remaining three species

Cd Cu Pb Ni Se Zn

Sex differences

Armadillo NS NS F > M NS ------ NS

Bobcat ------ NS ------ ------ NS NS

Feral cat NS NS F > M NS NS NS

Coyote NS NS NS NS ------ NS

Grey fox NS NS NS NS ------ NS

Opossum ------ M > F NS NS NS NS

Raccoon F > M NS M > F NS ------ M > F

Regressions with body weight

Armadillo NS Neg Pos NS ------ Neg

Bobcat ------ NS ------ ------ NS NS

Feral cat NS NS Pos NS ------ NS

Coyote NS Neg NS Neg ------ NS

Grey fox NS NS NS NS ------ NS

Opossum1 ------ NS NS NS NS NS

Raccoon Neg Neg NS NS ------ Neg

Site differences

Armadillo NS Yes Yes NS ------ Yes

Bobcat ------ NS ------ ------ Yes Yes

Feral cat NS NS Yes NS ------ NS

Coyote NS Yes NS NS ------ NS

Grey fox NS Yes Yes NS ------ NS

Opossum ------ Yes Yes Yes Yes Yes

Raccoon NS NS NS NS ------ Yes

Year differences

Armadillo Yes Yes Yes Yes ------ Yes

Bobcat ------ Yes ------ ------ Yes Yes

Feral cat NS NS NS NS ------ NS

Coyote NS Yes NS NS ------ NS

Grey fox NS NS NS NS ------ NS

Opossum ------ Yes Yes Yes Yes Yes

Raccoon Yes NS Yes NS ------ Yes

1 Based on correlations of metal concentrations with age in years

Because multiple sites and years were sampled, all the differences
between sites and years are not provided here. Yes, at least one
significant difference between sites or years was detected. F,
female;M, male; NS, not significant; Pos, positive; Neg, negative;
blanks indicate the metal was not tested in that species
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higher concentrations than females in raccoons (Table 6).
The sex difference in feral cats may be an artifact of small
sample size (see Table 4) but we have no compelling
reason that would explain the opposing patterns in arma-
dillos and raccoons. We also found that opossums had
significantly higher concentrations of Pb than the other
species examined (recall that bobcats were not analyzed;
Table 1), and armadillos had higher levels than did rac-
coons (Fig. 3). These differences might reflect the more
insect-based diet of these two species, as well as their
high levels of contact with potentially contaminated soils
(e.g., by burrowing). Like Cu, Pb concentrations varied
among our study sites (Table 6). As several of the sites are
managed for wildlife hunting, it seems plausible that
differences in Pb concentrations between sites might
reflect differential exposure to Pb-based shot.

Opossums had significantly higher liver Ni concentra-
tions when compared with the other species (bobcats not
tested; Fig. 4). This difference is difficult to explain
because all of the other species had similar levels of Ni,
which suggests that Ni does not biomagnify at higher
trophic levels, and/or that each species had similar expo-
sure to Ni. At this time, we cannot explain why opossums
were so different from the other species examined. Like-
wise, we cannot explain why opossums exhibited varia-
tion in Ni concentrations among sites and years, or the
among year difference found in armadillos (Table 6).

As an essential element, Zn is needed for physiolog-
ical processes and normal growth and development.
However, excess Zn in the environment from various
anthropogenic sources, such as runoff from agricultural
lands, wood combustion, and galvanized surfaces, can
result in increased Zn accumulation in the tissues of
some birds and mammals (Eisler 1993; Gall et al.
2015). In our study, armadillos had the lowest Zn con-
centrations, while raccoons had higher levels than bob-
cats and opossums (Fig. 5). Just as with Ni, explaining
these differences in Zn liver concentrations is challeng-
ing because there seems to be no clear relationship
between metal concentrations and the trophic position
of each species. Differences in accumulation of these
metals may instead reflect differences in their physio-
logical requirements among the animals.

Conclusions

We have now analyzed metal concentrations in the liver
tissues of seven species of mammals collected from the

same locations and in the same years. Although refer-
ence values are lacking for some of these species, par-
ticularly the carnivores, our data generally fall within the
range of previously published values. Unfortunately, we
were unable to identify any consistent patterns that
would help to explain how and why the metals accumu-
lated as they did in the species we studied. There seemed
to be few clear links with trophic position, possibly
because these species exist in a complex food web that
makes it difficult to discern distinct trophic levels
(Gaines et al. 2002). However, the results do suggest
that the unique ecological lifestyle of each species may
play a critical role in determining its pattern of metal
accumulation. An important contribution of our studies
is the generation of reference values for the concentra-
tions of eight metals (six described here) in the liver
tissues of these species. We have also documented mul-
tiple sources of variation in liver metal concentrations
that may help in formulating plans for studies of metal
toxicology in species assemblages in other ecosystems.
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