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Metal contamination of river otters in North Carolina
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Abstract Aquatic apex predators are vulnerable to en-
vironmental contaminants due to biomagnification.
North American river otter (Lontra canadensis) popula-
tions should be closely monitored across their range due
to point and nonpoint pollution sources. Nonetheless, no
information exists on environmental contaminants in the
North Carolina otter population. Metals and metalloids
occur naturally across the landscape, are essential for
cellular function, and become toxic when concentrated
unnaturally. We conducted our study across the three
Furbearer Management Units (FMU) and 14 river ba-
sins of North Carolina. We determined the concentra-
tions of arsenic, cadmium, calcium, cobalt, copper, iron,
lead, magnesium, manganese, mercury, molybdenum,
selenium, thallium, and zinc in liver and kidney samples
from 317 otters harvested from 2009 to 2016. Arsenic,
lead, and thallium samples were tested at levels below
the limit of detection. With the exception of cadmium,
we detected all other elements at higher levels in the
liver compared with the kidney. Specifically, cadmium,
cobalt, copper, iron, magnesium, manganese, mercury,
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molybdenum, and zinc levels differed by tissue type
analyzed. Most element concentrations remained stable
or increased with otter age. We detected higher levels of
mercury and selenium in the Lower Pee Dee and Cape
Fear river basins. River basins within the Mountain
FMU were higher in cadmium, copper, iron, lead, and
zinc, whereas the Coastal Plain FMU was lower in
cobalt and manganese. None of the elements occurred
at toxic levels. Our research establishes baseline con-
centration levels for North Carolina, which will benefit
future monitoring efforts and provide insight into future
changes in the otter population.

Keywords Heavy metals - Kidney - Liver- Lontra
canadensis - North Carolina - River otter

Introduction

The North American river otter (Lontra canadensis,
hereafter “otter”) is the largest mustelid known to in-
habit North Carolina. Colonial records indicate a state-
wide distribution until the 19th and early 20th centuries
when unsustainable farming and logging practices
coupled with unregulated harvest negatively impacted
streams, fish stocks, and the otter population (Wilson
1960; Melquist and Dronkert 1987). Subsequently,
North Carolina prohibited otter trapping between 1938
and 1946 (Wilson 1960) and translocated otters from the
Coastal Plain to the Mountains from 1989 to 1996
(Spelman 1998); the statewide population recovered
by 2005. Today, the North Carolina Wildlife Resources
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Commission (NCWRC) considers the population to be
healthy and robust and manages otters with a regulated
annual trapping season across the state.

Aquatic apex predators are particularly vulnerable to
environmental contaminants due to trophic level
biomagnification, and contaminants in otter populations
should be closely monitored (Fairbrother 2001; Mason
and Wren 2001). The International Union for the Con-
servation of Nature (IUCN) acknowledges that metals
(e.g., mercury, lead, and cadmium) can play a part in
population declines where they occur in unnaturally
high concentrations (Foster-Turley et al. 1990).
Throughout the otter range, there is a variety of point
and nonpoint source pollution, from agriculture and
development to industry (Sackett et al. 2009, 2015;
Miller and Mackin 2013; Martinez-Finley et al. 2015).
However, to our knowledge, no information exists on
the environmental contaminants in the North Carolina
otter population.

Metals and metalloids occur naturally across the
landscape, are essential for cellular function, and only
become toxic when concentrated unnaturally (Hoffman
et al. 2001). Examples of metals essential to bodily
functions include calcium, cobalt, copper, iron, manga-
nese, selenium, and zinc (Adriano 2001), whereas non-
essential metals include arsenic, cadmium, lead, and
mercury (Martinez-Finley et al. 2015). Mercury, cadmi-
um, and lead are all believed to biomagnify (Hoffman
et al. 2001; Evers et al. 2005). While mercury is only
toxic as methylmercury (MeHg) because the methyl ion
is required to facilitate biological functions, methylation
can occur within the body (Rowland et al. 1975). Al-
though the risk appears to be low, it is not negligible and
is worthy of investigation (Osowski et al. 1995; Martin-
Doimeadios et al. 2017).

Elements and metals including calcium, cadmium,
cobalt, copper, mercury, iron, lead, magnesium, manga-
nese, molybdenum, selenium, and zinc have been doc-
umented in fur, brain, bone, kidney, and liver tissues of
otters across their range (Sheffy and Amant 1982;
Anderson-Bledsoe and Scanlon 1983; Wren et al.
1988; Harding et al. 1998; Klenavic et al. 2008). Eisler
(2000) included arsenic, cadmium, copper, lead, mercu-
ry, molybdenum, selenium, and zinc in the Chemical
Risk Assessment Handbook for the United States Geo-
logical Survey (USGS).

Arsenic, cadmium, and lead are known carcinogens
that bioaccumulate and whose negative effects typically
include reproductive issues such as low sperm count, fetal
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death, malformation, endocrine disruption, and death
(Wadi and Ahmad 1999; Eisler 2000; Henson and
Chedrese 2004; Burger 2008; Rzymski et al. 2015).
Some species such as mallards (Anas platyrhynchos),
zebrafish (Danio rerio), humans (Homo sapiens), and
great tits (Parus major) have shown a sensitivity to low
arsenic levels, particularly resulting in stunted growth
(Camardese et al. 1990; Boyle et al. 2008; Rahman
et al. 2017; Sanchez-Virosta et al. 2018). Although lead
is commonly used by humans, it is toxic when ingested
and levels tend to be elevated near mining or smelting
operations (Eisler 2000).

Calcium, copper, zinc, and molybdenum are all es-
sential nutrients to bodily function (Eisler 2000). Calci-
um, copper, and zinc are parts of numerous essential
molecules and enzymes that regulate processes such as
melanin production and the biosynthesis of RNA and
DNA (Eisler 2000). Molybdenum is a component of
several enzymes required for various stages of metabo-
lism and helps to regulate other metals such as copper
and mercury (Eisler 2000). All three have many anthro-
pogenic uses and at high concentrations can be toxic or
result in medical issues such as kidney stones (Eisler
2000; Niemuth et al. 2014).

Mercury has no known biological benefit, while se-
lenium is an essential micronutrient that helps fight
oxidation (Eisler 2000). Although industrial mercury
emissions have been declining for some time, it is still
released largely through fossil fuel combustion, waste
incineration, cement production, and metals-related in-
dustry (Chalmers et al. 2011; Muntean et al. 2014;
Weiss-Penzias et al. 2016; Obrist et al. 2018). Both
elements occur naturally and mercury biomagnifies
through trophic levels (Wolfe et al. 1998; Yang et al.
2008; Tan et al. 2016). Methylated mercury can be
absorbed efficiently by the body, which can then show
sublethal effects such as impairments on reproduction,
growth, behavior, and sensory issues in low levels, and
is lethal in high doses (Ullrich et al. 2001). Selenium
deficiency can cause anemia, slow growth, and reduced
fertility, while excessive selenium over time is lethal
(Flueck et al. 2012). Interestingly, selenium in organ-
isms has an inverse relationship with mercury that can
serve as protection against mercury toxicity (Yang et al.
2008).

The effects of overexposure to metals and metalloids
on otters vary. Wolfe et al. (1998) summarized the toxic
effects (i.e., ataxia, anorexia, brain lesions, immune
suppression, reduced vision and motor function,
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impaired fertility, and fetal death) of mercury on wild-
life, noting that many effects are sublethal. Unfortunate-
ly, the direct effects of many elements other than mer-
cury and lead are less well studied (Rattner and Shore
2001). Therefore, our objective was to establish baseline
kidney and liver concentrations of arsenic, cadmium,
calcium, cobalt, copper, iron, lead, magnesium, manga-
nese, mercury, molybdenum, selenium, thallium, and
zinc for otters throughout the state of North Carolina.

Study area

We conducted our study across North Carolina. For
management purposes, the North Carolina Wildlife Re-
sources Commission (NCWRC) divided the state into
three Furbearer Management Units (FMUs; Mountain,
Piedmont, and Coastal Plain), which followed physio-
graphic regions and county boundaries (Fig. 1). How-
ever, because otters are semi-aquatic, their territories are
linear and tend to correspond with river basin geograph-
ic features (Melquist and Hornocker 1983; Melquist and
Dronkert 1987; Reid et al. 1994; Sauer et al. 1999;
Blundell et al. 2001), we focused our study on the 14
river basins that occur throughout North Carolina (Fig.

D).

Methods

Data collection

We collected otter carcasses from licensed trappers dur-

ing the regulated 20092010 through 2015-2016 trap-
ping seasons for North Carolina. Trapping seasons

began 1 November or 1 December and ended the last
day of the subsequent February. Trappers provided the
carcass, location of the trap, and the date removed from
the trap. We kept the carcasses frozen until necropsy.
During the necropsy, we collected four grams each of
liver and kidney tissue and extracted the lower canine
teeth for cementum annuli aging (Stephenson 1977). We
sent all teeth to Matson’s Laboratory (Manhattan, MT)
for aging, and we used 1 April as the birthdate for all
otters to standardize age classes.

We sent the liver and kidney samples to the Pennsyl-
vania Animal Diagnostics Laboratory (PADLS, New
Bolton, Pennsylvania) for analyses. The PADLS used
inductively coupled plasma mass spectrometry (ICP-
MYS) to determine the concentrations of arsenic, cadmi-
um, calcium, cobalt, copper, iron, lead, magnesium,
manganese, mercury, molybdenum, selenium, thallium,
and zinc in liver and kidney samples for each otter. We
recorded results as pg/g wet weight.

Data management and modeling

Spatially, we divided the specimens into FMUs and
river basins (Fig. 1) and used five age classes (0—4).
We combined ages four and higher because sample sizes
for those ages were too low to be statistically meaning-
ful on their own. For values below the limit of detection
(LOD), we substituted the value of the LOD divided by

the square root of two (%), and elements with less than

40% of samples testing below the LOD were considered
suitable for robust analysis following the guidelines
provided by Hornung and Reed (1990).

We used SAS TTEST and SAS MULTTEST to per-
form ¢ tests (pair-wise and 2-sample) with a Bonferroni

Fig. 1 Furbearer Management Units (FMU) and river basins of North Carolina
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Table 1 Heavy and trace element loads (pg/g wet weight) in 317 North Carolina river otters (Lontra canadensis), 2009-2016

Element Liver Kidney

Mean SE Median Mean SE Median
Arsenic® 0.14 0.0004 0.14 0.14 0.0008 0.14
Cadmium®* 0.06 0.0041 0.04 0.2 0.0156 0.11
Calcium 123 47878 94 126 5.6311 98
Cobalt™* 0.03 0.0010 0.03 0.02 0.0008 0.02
Copper* 8.05 0.2549 6.80 3.69 0.0465 3.60
Iron* 284 6.1591 278 153 2.5066 149
Lead® 0.07 0.0275 0.07 0.07 0.0165 .07
Magnesium®* 181 1.5499 176 153 1.4821 147
Manganese* 2.74 0.0512 2.57 0.72 0.0197 0.63
Mercury™* 2.58 0.1420 1.70 1.68 0.0794 1.24
Molybdenum* 0.80 0.0114 0.76 0.18 0.0022 0.18
Selenium® 1.34 0.0340 1.20 1.30 0.0179 1.29
Thallium® 0.04 0.0000 0.04 0.035 0.0016 0.04
Zinc* 26.71 0.3037 25.50 21.53 0.2186 20.70

#Samples tested below the Limit of Detection. *Significant difference (P < 0.05) between kidney and liver sample levels

Table 2 Heavy and trace elements from livers (pg/g wet weight) by sex and Furbearer Management Unit (FMU) in 317 North Carolina
river otters (Lontra canadensis), 2009-2016

Liver
Element w (SE) Sex (SE) FMU (SE)

M F C P M
n 317 167 150 154 125 38
As? 0.14 (0.00) 0.14 (0.00) 0.14 (0.00) 0.14 (0.00) 0.14 (0.00) 0.14 (0.00)
Cd¥ 0.06 (0.00) 0.06 (0.01) 0.06 (0.01) 0.05 (0.00) B 0.06 (0.00) B 0.13 (0.02) A
Ca 122.55 (4.79) 117.28 (6.11) 128.42 (7.48) 131.92 (6.71) 112.83 (8.12) 116.57 (11.51)
Co¥ 0.03 (0.00) 0.03 (0.00) 0.03 (0.00) 0.02 (0.00) C 0.04 (0.00) A 0.03 (0.00) B
Cu* 8.05 (0.25) 6.83 (0.28) 9.41(0.41) 9.10 (0.42) A 692 (031)B 7.52 (0.59) AB
Fe 283.95 (6.16) 283.38 (6.00) 284.57 (11.20) 289.12 (11.04) 283.83 (6.65) 263.34 (12.63)
Pb* 0.07 (0.00) 0.07 (0.00) 0.07 (0.00) 0.08 (0.00) 0.07 (0.00) 0.07 (0.00)
Mg 180.83 (1.55) 181.81 (2.27) 179.73 (2.09) 182.73 (2.26) 177.70 (2.49) 183.39 (3.96)
Mn 2.74 (0.05) 2.73 (0.08) 2.75(0.07) 2.64 (0.07) B 2.90 (0.08) A 2.64 (0.13) AB
Hgk 2.58 (0.14) 242 (0.16) 2.76 (0.25) 348 (0.25) A 1.79 (0.15) B 1.51(0.14)B
Mo¥* 0.80 (0.01) 0.84 (0.02) 0.74 (0.02) 0.77 (0.02) B 0.84 (0.02) A 0.77 (0.03) B
Se¥ 1.34 (0.03) 1.27 (0.04) 1.41 (0.06) 1.46 (0.06) A 1.23(0.04) B 1.18 (0.05) B
T 0.04 (0.00) 0.04 (0.00) 0.04 (0.00) 0.04 (0.00) 0.04 (0.00) 0.04 (0.00)
Zn¥ 26.71 (0.30) 26.52 (0.45) 26.93 (0.40) 27.52 (0.44) A 25.30 (0.46) B 28.07 (0.87) A

*Majority of samples tested below the Limit of Detection. *Statistically significant difference between sexes (P < 0.05). ¥Statistically
significant difference between FMU’s (P < 0.05). Capital letters indicate significance grouping according to Tukey’s test (P < 0.05)
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Correction and one-way ANOVA’s within SAS
ANOVA (SAS Institute, Inc., Cary, NC, USA) to test
for differences between individual categories. We used
the Brown and Forsythe test to determine the homoge-
neity of variance (Brown and Forsythe 1974) and
Welch’s ANOVA to correct for variance heterogeneity
(Welch 1947, 1951) when appropriate. We used Tukey’s
Honestly Significant Difference to determine differ-
ences within predictor classes.

Results

From November 2009 through February 2016, we col-
lected 823 otters from over 50 licensed trappers and fur
dealers. We processed liver and kidney samples from all
38 viable Mountain FMU specimens and randomly
selected 125 Piedmont FMU specimens and 154 Coastal
Plain FMU specimens for a total of 317 otters. Over
95% of arsenic (315 liver, 312 kidney), lead (307 liver,
311 kidney), and thallium (317 liver, 316 kidney) sam-
ples tested at levels below the LOD (0.2, 0.1, and
0.05 ug/g, respectively). Other elements that returned

results below the LOD included cadmium (59 liver, 18
kidney), cobalt (6 liver, 32 kidney), mercury (22 liver,
26 kidney), and selenium (1 kidney) (0.02, 0.01, 0.5,
and 0.15 pg/g, respectively; Table 1).

We compared results between livers and kidneys and
detected differences for nine elements (i.e., cadmium,
cobalt, copper, iron, magnesium, manganese, mercury,
molybdenum, and zinc; P < 0.0001; Table 1). Also, we
detected differences in liver tissue between males and
females for copper (t=5.16, df =269, P<0.0001) and
molybdenum (t=—4.66, df=315, P=0.0001) concen-
trations (Table 2). No differences were detected in kid-
ney tissue between males and females (Table 3).

Age class was significant for liver tissues for cadmi-
um (F=10.82, df=312, P<0.0001), copper (F =2.54,
df=312, P=0.0397), iron (F=3.16, df =312, P=
0.0144), magnesium (F=3.09, df=312, P=0.0162),
mercury (F=2.63, df=312, P=10.0346), molybdenum
(F=3.17, df=312, P=0.0141), and selenium (F =
4.44, df=312, P=0.0017). Older age classes typically
had higher concentrations of most elements but were
only significant (Q =3.88, df=312, «=10.05) for cad-
mium, magnesium, molybdenum, and selenium in liver

Table 3 Heavy and trace elements from kidneys (ug/g wet weight) by sex and Furbearer Management Unit (FMU) in 317 North Carolina

river otters (Lontra canadensis), 2009-2016

Kidney
Element 1 (SE) Sex (SE) FMU (SE)

M F C P M
n 317 167 150 154 125 38
As* 0.14 (0.00) 0.14 (0.00) 0.14 (0.00) 0.14 (0.00) 0.14 (0.00) 0.14 (0.00)
Cd¥ 0.2 (0.02) 0.20 (0.02) 0.19 (0.02) 0.14(0.01) B 0.20 (0.02) B 0.44 (0.09) A
Ca 125.78 (5.63) 128.49 (7.77) 122.75 (8.19) 136.44 (8.67) 113.85 (8.05) 121.78 (16.09)
Co¥ 0.02 (0.00) 0.02 (0.01) 0.02 (0.00) 0.02 (0.00) B 0.03 (0.00) A 0.02 (0.00) A
Cuj 3.69 (0.05) 3.66 (0.07) 3.72 (0.06) 3.54 (0.06) B 3.78 (0.07) AB 3.97 (0.16) A
Fe} 152.75 (2.51) 153.69 (3.31) 151.71 (3.82) 143.86 (3.17) B 156.02 (3.94) B 178.05 (9.00) A
Pb? 0.07 (0.00) 0.07 (0.00) 0.07 (0.00) 0.07 (0.00) 0.07 (0.00) 0.08 (0.01)
Mgk 152.55 (1.48) 154.00 (1.90) 150.93 (2.31) 148.95 (1.99) 154.89 (2.33) 159.42 (5.23)
Mn 0.72 (0.02) 0.75 (0.03) 0.69 (0.03) 0.65(0.02) B 0.79 (0.03) A 0.80 (0.06) A
Hgk 1.68 (0.08) 1.76 (0.11) 1.59 (0.12) 2.00 (0.13) A 142 (0.10) B 1.26 (0.11) B
Mo} 0.18 (0.00) 0.19 (0.00) 0.18 (0.00) 0.18 (0.00) B 0.19 (0.00) A 0.18 (0.01) AB
Se¥ 1.30 (0.02) 1.26 (0.02) 1.35(0.03) 1.22(0.03) B 1.38(0.02) A 1.37 (0.04) A
T 0.04 (0.00) 0.04 (0.00) 0.04 (0.00) 0.04 (0.00) 0.04 (0.00) 0.04 (0.00)
Zn¥ 21.53 (0.22) 21.93 (0.32) 21.09 (0.29) 21.25(0.31) B 21.35(0.30) B 23.27(0.7) A

*Majority of samples tested below the Limit of Detection. $Statistically significant difference between FMU’s (P < 0.05). Capital letters
indicate significance grouping according to Tukey’s test (P < 0.05)
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samples (Table 4). Age class was significant for kidney
tissues for cadmium (F=11.09, df=312, P<0.0001),
iron (F=2.96,df=312, P =0.0200), mercury (F =4.23,
df=312, P=0.0024), and selenium (F =6.92, df=312,
P <0.0001). Older age classes were significantly higher
for cadmium, iron, mercury, and selenium (Q =3.88,
df=312, «=0.05) in kidneys (Table 5).

We detected differences between FMUSs within livers
for cadmium (F=22.13, df=314, P<0.0001), cobalt
(F=66.19,df=314, P<0.0001), copper (F = 8.64, df =
314, P=0.0002), manganese (F=3.22, df=314, P=
0.0415), mercury (F =21.54, df=314, P <0.0001), mo-
lybdenum (F=4.52, df=314, P=0.0116), selenium
(F=6.83,df=314, P=0.0012), and zinc (F =7.46, df =
314, P=0.0007). Cadmium and cobalt concentrations
were higher in the Mountain FMU (Q =3.33, df=314,
o« =0.05) (Table 2). Copper concentrations were higher
in Coastal Plain otters than in Piedmont otters, while the
opposite was true for manganese (Table 2). Mercury and
selenium concentrations were highest in the Coastal
Plain. Molybdenum was highest in the Piedmont while
zinc was the lowest (Table 2).

Differences between FMUSs were detected within kid-
neys for cadmium (F =20.41, df =314, P <0.0001), co-
balt (F=37.72, df=314, P <0.0001), copper (F=5.31,
df=314, P=0.0054), iron (F=10.04, df=314,
P<0.0001), magnesium (F=3.26, df=314, P=
0.0398), manganese (F=6.77, df=314, P=0.0013),
mercury (F=7.90, df=314, P=0.0004), molybdenum
(F=7.01, df=314, P=0.0011), selenium (F=10.77,
df=314, P<0.0001), and zinc (F=4.43, df=314, P=
0.0126). Concentrations were typically higher in the
Mountain FMU, particularly for cadmium, iron, and zinc
(Q=3.33, df=314, «=0.05) (Table 3). The Coastal
Plain FMU had the lowest concentrations of cobalt,
manganese, and selenium and the highest concentration
of mercury (Table 3). Copper concentrations were dif-
ferent between the Mountain and Coastal Plain FMUSs,
but neither were different from the Piedmont. Molybde-
num was highest in the Piedmont, but the Mountains
were not significantly different from the Piedmont or
Coastal Plain (Table 3).

Differences were detected in liver tissues between river
basins for cadmium (F=4.16, df=314, P<0.0001),

Table 4 Heavy and trace elements from livers (pg/g wet weight) by age class in 317 North Carolina river otters (Lontra canadensis), 2009—

2016
Liver
Element u (SE) Age class (SE)
0 1 2 3 4+
n 317 65 105 53 32 62
As? 0.14 (0.00) 0.14 (0.00) 0.14 (0.00) 0.14 (0.00) 0.15 (0.00) 0.14 (0.00)
Cd** 0.06 (0.00) 0.04 (0.00) C 0.04 (0.00) C 0.07 (0.01) BC 0.10 (0.01) AB 0.10 (0.11) A
Ca 122.55(4.79) 12043 (9.35) 120.71 (8.25) 108.61 (7.31) 123.53 (10.94) 139.30 (15.38)
Co 0.03 (0.00) 0.03 (0.00) 0.03 (0.00) 0.03 (0.00) 0.03 (0.00) 0.03 (0.00)
Cu* 8.05 (0.25) 9.12 (0.68) 7.74 (0.37) 7.78 (0.55) 9.33 (1.18) 7.03 (0.43)
Fe* 283.95(6.16) 24549 (8.94)B 304.81 (14.76) A 291.68 (10.04) AB  275.09 (15.90) AB  286.89 (10.45) AB
Pb? 0.07 (0.00) 0.07 (0.00) 0.08 (0.00) 0.07 (0.00) 0.07 (0.00) 0.07 (0.00)
Mg* 180.83 (1.55)  184.00 (3.30) AB  178.64 (2.46) AB  172.09 (3.02) B 191.47 (5.58) A 183.18 (4.12) AB
Mn 2.74 (0.05) 2.90 (0.14) 2.66 (0.09) 2.68 (0.12) 2.80 (0.15) 2.73 (0.10)
Hg* 2.58 (0.14) 1.97 (0.20) 2.33(0.24) 2.80 (0.32) 3.42(0.49) 3.01(0.43)
Mo* 0.80 (0.01) 0.75 (0.02) AB 0.77 (0.02) AB 0.81 (0.03) AB 0.85 (0.05) A 0.85(0.03) A
Se* 1.34 (0.03) 1.12 (0.05) B 1.28 (0.06) AB 1.41 (0.06) AB 1.50 (0.10) A 1.51 (0.10) A
T 0.04 (0.00) 0.04 (0.00) 0.04 (0.00) 0.04 (0.00) 0.04 (0.00) 0.04 (0.00)
Zn 26.71 (0.30) 27.09 (0.62) 25.92 (0.51) 25.96 (0.72) 28.66 (1.10) 27.30 (0.71)

#Samples tested below the Limit of Detection. *Statistically significant difference between age classes (P < 0.05). Capital letters indicate
significance grouping according to Tukey’s test (P < 0.05)
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Table 5 Heavy and trace elements from kidneys (p1g/g wet weight) by age class in 317 North Carolina river otters (Lontra canadensis),

2009-2016
Kidney
Element u (SE) Age class (SE)

0 1 2 3 4+
n 317 65 105 53 32 62
As? 0.14 (0.00) 0.14 (0.00) 0.14 (0.00) 0.14 (0.00) 0.15 (0.00) 0.14 (0.00)
cd” 0.2 (0.02) 0.11 (0.01) B 0.11 (0.0) B 0.20 (0.02) B 0.25(0.04) B 0.41 (0.06) A
Ca 125.78 (5.63) 120.71 (8.50) 131.71 (10.60) 111.44 (8.74) 106.86 (6.39) 143.05 (18.91)
Co 0.02 (0.00) 0.02 (0.00) 0.02 (0.00) 0.02 (0.00) 0.02 (0.00) 0.02 (0.00)
Cu 3.69 (0.05) 3.45(0.10) 3.68 (0.08) 3.76 (0.11) 3.78 (0.14) 3.83 (0.11)
Fe' 152.75 (2.51) 136.71 (5.80) B 158.77 (4.05) A 152.77 (6.18) AB 153.32 (9.32) AB 159.07 (5.03) A
Pb? 0.07 (0.00) 0.07 (0.00) 0.07 (0.00) 0.07 (0.00) 0.07 (0.00) 0.07 (0.00)
Mg 152.55 (1.48) 153.98 (2.76) 154.50 (2.88) 150.10 (3.81) 151.94 (5.03) 150.13 (2.88)
Mn 0.72 (0.02) 0.67 (0.04) 0.73 (0.04) 0.73 (0.05) 0.78 (0.06) 0.72 (0.04)
Hg" 1.68 (0.08) 1.23(0.14) AB 1.50 (0.12) AB 1.98 (0.20) A 2.06 (0.27) A 201021 A
Mo 0.18 (0.00) 0.18 (0.01) 0.19 (0.00) 0.19 (0.00) 0.18 (0.01) 0.18 (0.00)
Se” 1.30 (0.02) 1.20 (0.04) B 1.24 (0.03) B 1.40 (0.04) A 1.31 (0.05) AB 1.43 (0.04) A
T* 0.04 (0.00) 0.04 (0.00) 0.04 (0.00) 0.03 (0.00) 0.04 (0.00) 0.04 (0.00)
Zn 21.53(0.22) 21.20 (0.40) 21.41 (0.36) 21.32 (0.53) 21.87(0.93) 22.10 (0.53)

# Majority of samples tested below the Limit of Detection. *Statistically significant difference between age classes (P < 0.05). Capital letters

indicate significance grouping according to Tukey’s test (P < 0.05)

calcium (F =2.12, df =314, P=0.0225), cobalt (F = 7.60,
df=314, P<0.0001), copper (F=3.09, df=314,
P <0.0009), mercury (F=10.91, df=314, P<0.0001),
and selenium (F =2.56, df =314, P=0.0055). Cadmium
concentrations were higher in the French Broad and Mid-
dle Tennessee/Hiwassee basins, while calcium concentra-
tions were highest in the Neuse and Onslow Bay basins
(Q=4.59, df=306, o«=0.05) (Tables 6 and 7). Cobalt
concentrations were highest in the Upper Pee Dee, while
copper concentrations were highest in the Lower Pee Dee
and Onslow Bay. The Lower Pee Dee had the highest
mercury and selenium concentrations, but the results were
mixed for the other basins with the Cape Fear being
second highest for mercury and Upper Pee Dee second
highest for selenium (Tables 6 and 7).

Differences were detected in kidney tissues between
river basins for cadmium (F=4.14, df=314,
P <0.0001), cobalt (F=4.54, df=314, P<0.0001),
copper (F=4.69, df=314, P<0.0001), iron (F =2.68,
df=314, P=0.0037), magnesium (F=2.07, df=314,
P=0.0270), manganese (F=2.08, df=314, P=
0.0261), mercury (F =6.88, df =314, P<0.0001), sele-
nium (F=2.82, df=314, P=0.0023), and zinc (F =

3.20, df=314, P=0.0006). Cadmium concentrations
were highest in the Middle Tennessee/Hiwassee,
Onslow Bay, and French Broad basins, while calcium
was highest in the Cape Fear and Onslow Bay basins
(Q=4.59, df=306, =0.05) (Tables 8 and 9). Cobalt
was highest in the Santee and Upper Pee Dee, while
copper was highest in Onslow Bay. Iron was highest in
the French Broad, while magnesium was highest in
Onslow Bay, Middle Tennessee/Hiwassee, and the San-
tee basins. Mercury was highest in the Lower Pee Dee,
and selenium was highest in Onslow Bay, Middle Ten-
nessee/Hiwassee, French Broad, Upper Pee Dee, and
the Neuse basins (Tables 8 and 9). Zinc was highest in
the Middle Tennessee/Hiwassee and Onslow Bay and
lowest in the Cape Fear and Albemarle/Chowan basins.

We reviewed five similar studies from around the
USA and Canada (Anderson-Bledsoe and Scanlon
1983; Harding et al. 1998; Klenavic et al. 2008; Sheffy
and Amant 1982; Wren et al. 1988) and determined that
our values were consistently lower (Table 10). Mercury
in particular was much lower than studies in Atlantic
Canada and Wisconsin (Klenavic et al. 2008; Sheffy and
Amant 1982) in both liver and kidney tissue. Essential

@ Springer
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Table 6 Heavy and trace elements from livers (ng/g wet weight)
by Mountain/Piedmont river basin in 317 North Carolina river
otters (Lontra canadensis), 2009-2016. River Basins—AB/CH

Albemarle/Chowan, FB French Broad, MTH Middle Tennessee/
Hiwassee, SAN Santee, UPD Upper Pee Dee

Liver

Mountain/Piedmont river basin

Element 1L (SE) FB MTH SAN UPD
n 317 32 1 24 35

As® 0.14 (0) 0.14 (0.00) 0.14 (0.00) 0.14 (0.00) 0.14 (0.00)

cd” 0.06 (0.00) 0.12 (0.03) A 0.16 (0.00) A 0.09 (0.02) AB 0.07 (0.01) AB
Ca" 123 (4.79) 107.91 (12.25) AB 115.00 (0.00) AB 113.14 (11.02) AB 81.06 (4.72) AB
Co’ 0.03 (0.00) 0.03 (0.00) C 0.03 (0.00) C 0.04 (0.00) AB 0.04 (0.00) A
cu’ 8.05 (0.25) 7.74 (0.69) AB 4.16 (0.00) B 7.66 (0.67) AB 6.16 (0.37) B
Fe 284 (6.16) 259.75 (14.22) 274.00 (0.00) 272.08 (14.68) 287.00 (10.14)
Pb? 0.07 (0.00) 0.07 (0.00) 0.07 (0.00) 0.07 (0.00) 0.07 (0.00)

Mg 181 (1.55) 181.63 (4.19) 194.00 (0.00) 189.33 (5.03) 178.74 (5.09)
Mn 2.74 (0.05) 2.70 (0.15) 2.55 (0.00) 3.01 (0.20) 2.95 (0.13)

Hg' 2.58 (0.14) 1.63 (0.15) C 0.35 (0.00) C 1.25 (0.18) C 1.27 (0.25) C
Mo 0.80 (0.01) 0.77 (0.04) 0.66 (0.00) 0.86 (0.05) 0.83 (0.03)

Se’ 1.34 (0.03) 1.19 (0.06) B 1.60 (0) AB 1.20 (0.05) B 1.16 (0.07) B
T 0.04 (0.00) 0.04 (0.00) 0.04 (0.00) 0.04 (0.00) 0.04 (0.00)

Zn 26.71 (0.30) 27.64 (0.96) 36.50 (0.00) 28.12 (0.91) 25.52 (0.96)

@ Majority of samples tested below the Limit of Detection. * Statistically significant difference (P <0.05) between river basins in liver
samples. Capital letters indicate significance grouping according to Tukey’s test (P < 0.05)

nutrients such as iron were also lower (Harding et al.
1998; Wren et al. 1988). We showed considerably lower
values in cadmium, copper, lead, and zinc in both liver
and kidney tissue than Virginia (Anderson-Bledsoe and
Scanlon 1983).

Discussion

Our study was one of the first to conduct a landscape
level evaluation of element concentrations in river ot-
ters. For nearly every element tested, our concentrations
were lower when compared with previous research
(Sheffy and Amant 1982; Anderson-Bledsoe and
Scanlon 1983; Wren et al. 1988; Harding et al. 1998;
Klenavic et al. 2008), likely because our study was
conducted statewide without a focus on sources of pol-
lution. For example, otters tested by Harding et al.
(1998) and Wren et al. (1988) were selected in part
due to their proximity to smelting plants and pulp
mills. It is likely the higher concentrations that
Harding et al. (1998) detected, when compared with

@ Springer

our study, were due to the elevated point-source pollu-
tion in the Fraser and Columbia watersheds where they
conducted their study. Further, the levels detected in our
study were much lower than those observed in Virginia
(Anderson-Bledsoe and Scanlon 1983), which may be
due to the three decades of time between studies, and the
amount of environmental clean-up and regulation that
has taken place across the Southeast and the USA
(Schmitt and Brumbaugh 1990; Bennear 2007; Stein
and Cadien 2009; Anderson and Lockaby 2011;
Cristan et al. 2016). To develop benchmark element
concentration values, allow for comparisons between
studies and comparisons at the population and landscape
level, we recommend that otters be sampled across the
landscape regardless of point or non-point pollution
sources.

Livers and kidneys are filtering organs and typically
used to evaluate element concentrations. We detected
differences in cadmium, cobalt, copper, iron, magne-
sium, manganese, mercury, molybdenum, and zinc
levels by tissue type, and all (except for cadmium) were
detected at higher concentrations in livers compared
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Table 8 Heavy and trace elements from kidneys (ug/g wet
weight) by Mountain/Piedmont river basin in 317 North Carolina
river otters (Lontra canadensis), 2009-2016. River Basins—AB/

CH Albemarle/Chowan, B French Broad, MTH Middle Tennes-
see/Hiwassee, SAN Santee, UPD Upper Pee Dee

Kidney

Mountain/Piedmont river basin

Element 1L (SE) FB MTH SAN UPD

n 317 32 1 24 35

As 0.14 (0.00) 0.14 (0.00) 0.14 (0.00) 0.14 (0.00) 0.14 (0.00)

cd 0.2 (0.02) 0.40 (0.10) A 0.51 (0.00) A 0.34 (0.10) AB 0.23 (0.04) ABC
Ca 126 (5.63) 123.99 (18.79) 59.90 (0.00) 104.61 (8.91) 84.79 (3.56)

Co’ 0.02 (0.00) 0.02 (0.00) AB 0.02 (0.00) AB 0.03 (0.00) A 0.03 (0.00) A
cu’ 3.69 (0.05) 3.97(0.19) B 4.04 (0.00) AB 378 (0.16) B 3.95(0.14) B

Fe' 153 (2.51) 176.78 (10.10) A 166.00 (0.00) AB 166.33 (9.93) AB 163.51 (7.87) AB
Pb? 0.07 (0.00) 0.08 (0.01) 0.07 (0.00) 0.07 (0.00) 0.07 (0.00)

Mg 153 (1.48) 157.41 (5.84) AB 170.00 (0.00) A 165.25 (5.74) A 151.15 (3.64) AB
Mn" 0.72 (0.02) 0.79 (0.07) 0.78 (0.00) 0.85 (0.10) 0.82 (0.05)

Hg' 1.68 (0.08) 1.34(0.12) BC 0.66 (0.00) C 1.01 (0.09) C 1.13 (0.18) C
Mo 0.18 (0.00) 0.18 (0.01) 0.21 (0.00) 0.19 (0.01) 0.20 (0.01)

Se’ 1.30 (0.02) 1.38 (0.06) A 1.54 (0.00) A 1.34 (0.05) AB 1.37 (0.04) A

T 0.035 (0.00) 0.04 (0.00) 0.04 (0.00) 0.04 (0.00) 0.04 (0.00)

Zn' 21.53(0.22) 22.78 (0.92) BC 35.50 (0.00) A 22.13 (0.73) BC 21.45 (0.61) BC

@ Majority of samples tested below the Limit of Detection. " Statistically significant difference (P < 0.05) between river basins in kidney
samples. Capital letters indicate significance grouping according to Tukey’s test (P < 0.05)

with kidneys. However, results within the respective
organs are often mixed within and across studies, which
are further complicated by study site, FMU, and prox-
imity to point and non-point pollution sources making
comparisons between studies and FMUs difficult.
Therefore, for broad-scale element evaluations in river
otters, we recommend continuing to test liver and kid-
ney tissue samples and to evaluate element concentra-
tions across the landscape. Also, more research is need-
ed to evaluate how these elements are filtered and stored
within livers and kidneys.

While most element concentrations remained stable
across age classes, some increased with age supporting
the notion that some elements bioaccumulate during an
organism’s lifespan (Boening 2000; Martinez-Finley
et al. 2015; Julian and Gu 2015). We detected positive
accumulation with age in several elements including
cadmium, mercury, and selenium, which are all typical-
ly associated with manufacturing (Lemly 2004; Burger
2008; Sackett et al. 2009). Selenium, like iron, is an
essential nutrient that can be detrimental at excessive
levels (Tan et al. 2016). Although yearling and older

@ Springer

otters had elevated iron concentrations, they were below
the concentrations from other studies (Wren et al. 1988;
Harding et al. 1998). Adults have been recorded previ-
ously having higher iron levels than juveniles (Grove
and Henny 2008), and iron does bioaccumulate over
time in animal tissue (Jayaprakash et al. 2015). It is
possible that diet could be the main influencer driving
the higher iron concentrations in yearlings that we ob-
served (Mylniczenko et al. 2012; Ratnarajah et al.
2016), but, unfortunately, our location data was not
precise enough to evaluate specific dietary influences.
Females had higher levels of copper (liver tissue
only) and selenium (kidney tissue only) but lower levels
of molybdenum than males. Females typically have
smaller home ranges than males (Reid et al. 1994;
Bowyer et al. 1995; Helon 2013), and the prey base
changes throughout the year (Day et al. 2015). Small
home ranges may amplify metal concentrations; how-
ever, larger home ranges may expose individuals to a
wider range of elements. Because exposure levels are
often reflective of the environment (Evans et al. 1998;
Harding et al. 1998; Elliott et al. 1999; Ramos-Rosas
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Table 10 Heavy and trace metal loads in river otters (Lontra canadensis) from other studies, measured in pg/g (Anderson-Bledsoe and
Scanlon 19837 Harding et al. 1998”; Klenavic et al. 2008%; Sheffy and Amant 1982°; Wren et al. 1988°)

Element Liver Kidney

Other study means Our mean Other study means Our mean
Arsenic — 0.14 - 0.14
Cadmium 0.12% 0.42° 0.06 0.51° 0.20
Calcium 220°, 80.89¢ 123 104° 126
Cobalt 0.25° 0.03 - 0.02
Copper 12.47* 24.87°, 8.89° 8.05 4.89% 4.06° 3.69
Iron 1121°, 348° 284 169° 153
Lead 2.14% 0.77° 0.07 1.19 0.07
Magnesium 603°, 185° 181 149° 153
Manganese 10.79°, 2.80° 2.74 0.72¢ 0.72
Mercury 2.68° 7.159, 3.34° 2.58 8.47° 1.68
Molybdenum 1.92° 0.80 - 0.18
Selenium 6.72° 1.34 - 13
Zinc 96.30°, 79.82°, 24.48° 26.71 1212, 21.46° 21.53

et al. 2013), studies involving wide-ranging and indica-
tor species (e.g., otters and mink) are necessary to un-
derstand concentrations of elements at the landscape,
river basin, and FMU level (Ben-David et al. 2001;
Sutherland et al. 2018; Crowley et al. 2018).

Changes in habitat and sources of pollution play an
important role in the distribution of various elements
across the river basins and FMUs (Sackett et al. 2009;
Vermeulen et al. 2009; Fritsch et al. 2010; Stokeld et al.
2014; Woch et al. 2016; Moskovchenko et al. 2017;
Liao et al. 2017; Ren et al. 2019). River basins are units
that reflect water movement and drainage across a large
landscape. Aquatic animals lend themselves to land-
scape level evaluations because they occupy and follow
landscape level water movement (Ben-David et al.
2001; Carranza et al. 2012; Swinnen et al. 2017;
Crowley and Hodder 2019). Further, pollutants from
point and non-point sources are concentrated within
and downstream of these basins and the home ranges
of aquatic animals (Sargaonkar 2006; Leitch et al.
2007). Specifically, we detected higher levels of mercu-
ry and selenium in the Lower Pee Dee and Cape Fear
basins within the Piedmont and Coastal Plain. It is
possible that these higher levels could be from anthro-
pogenic activities in the three major population centers
of the Piedmont in North Carolina (Raleigh/Durham/
Chapel Hill, Greensboro/Winston-Salem, and Charlotte-
Mecklenburg), each with populations greater than

@ Springer

750,000 (United States Census Bureau 2019), from the
multiple power plants (coal and nuclear) in the area or
from a number of manufacturing facilities (Sackett et al.
2009, 2010). However, the mercury concentrations in
these river basins were similar to studies done in Eastern
Canada (Klenavic et al. 2008) and Wisconsin (Sheffy
and Amant 1982).

River basins within the Mountain FMU were signif-
icantly higher in cadmium, copper, iron, lead, and zinc,
whereas, the Coastal Plain FMU was lower in cobalt and
manganese than the Piedmont and Mountain FMUs.
Interestingly, river basins from the Mountain FMU flow
west into Tennessee and south into South Carolina with
little water movement into the Piedmont and Coastal
Plain. River basins within the Piedmont move water
south into South Carolina and into the North Carolina
Coastal Plain and are responsible for moving pollutants
across the landscape (Fig. 1). Importantly, while some of
the river basins we studied occur in two FMU?’s, none
inhabit all three, and several (particularly in the Moun-
tains) are either completely contained within a single
FMU or flow out of state (Fig. 1).

To our knowledge, specific thresholds for the ele-
ments we evaluated have not been established in river
otters except for mercury. Mercury is a known endocrine
disruptor and can have many sublethal effects on a
variety of systems, including reproduction (Tan et al.
2009). Mink from the Coastal Plain FMU of North
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Carolina had liver and kidney concentrations as high as
3.45 ng/g (Osowski etal. 1995). While otters can handle
larger concentrations of many toxins in their diet than
smaller animals, mercury concentrations over 4 pug/g of
MeHg are lethal (Wolfe et al. 1998). Ranched mink have
often been used for experimental studies in mustelids,
and the lowest observed adverse effect level for mink
was a dietary concentration of 1.0 pg/g of MeHg
(Wobeser et al. 1976; Wolfe et al. 1998). Similar effects
were observed in otters with lethal liver and kidney
concentrations beginning at 20 ug/g MeHg (O’Connor
and Nielsen 1981). None of our specimens were at lethal
levels. We provided statewide baseline levels for all
elements including mercury, which will benefit future
monitoring efforts and provide insight into future chang-
es in the otter population.
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