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• Caribou are a significant food resource
in northern Canada and Greenland.

• Many barren-ground caribou subpopu-
lations are currently in decline.

• Toxic trace metals enter Arctic terres-
trial environments via atmospheric
transport.

• Renal Hg is not changing while Cu de-
clined over time.

• Declining Cu could negatively affect re-
productive success in caribou.
⁎ Corresponding author at: Gamberg Consulting, 708 Ja
E-mail address: mary.gamberg@gmail.com (M. Gambe

https://doi.org/10.1016/j.scitotenv.2020.138305
0048-9697/Crown Copyright © 2020 Published by Elsevie
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 20 January 2020
Received in revised form 25 March 2020
Accepted 27 March 2020
Available online 30 March 2020

Editor: Mae Sexauer Gustin

Keywords:
Cadmium
Caribou (Rangifer tarandus) are a culturally significant food resource for communities in northern Canada and
Greenland. Many barren-ground caribou subpopulations are currently in decline, some dramatically; under-
standing the influence of stressors, such as toxic trace metals, is important. These contaminants enter Arctic ter-
restrial environments via atmospheric transport from industrialized areas and from local sources, accumulating
there in the environment. Understanding how trace element concentrations interact and are influenced by car-
ibou sex, age and season of collection is essential to evaluating trends in these elements over time and differences
among subpopulations. We used path analysis to model the direct and indirect relationships between these var-
iables in the Porcupine subpopulation and in barren-ground caribou from the Canadian Arctic and Greenland.
Renal cadmium (Cd), copper (Cu) and mercury (Hg) varied significantly among subpopulations. Hg was
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Copper
Mercury
Metal
Path analysis
Trends
positively correlated with Cd, Cu and selenium (Se) in female Porcupine caribou whereas Cd and Cu were nega-
tively correlated inmale Porcupine caribou. Age, season and sex influenced all three element concentrations and
should be considered when comparing elements among caribou subpopulations or years. Renal Cd decreased
slightly from the CanadianWestern Arctic to Greenland and increased slightly over time, possibly reflecting pat-
terns of atmospheric deposition. Renal Hg did not change significantly over time, and differences among subpop-
ulations did not follow specific geographical patterns. Renal Cu declined over time, the changes being markedly
different among subpopulations, sexes and seasons. This temporal decline is likely due to changes in diet, which
could be driven by various environmental factors. Declining Cu concentrations in caribou is of concern as low
levels could negatively affect reproductive success and therefore caribou at a population level. Continuing to
monitor element concentrations in caribou is essential to better comprehend potential threats facing the species,
and to promote food security in communities harvesting this important resource.

Crown Copyright © 2020 Published by Elsevier B.V. All rights reserved.
1. Introduction

Caribou (Rangifer tarandus) are amaterially and culturally important
food resource for communities in northern Canada and Greenland. Al-
though local sources of pollution exist in these communities from com-
bustion (e.g.municipalwaste burning, power generation, transportation
etc.), most contaminants enter Arctic terrestrial ecosystems via long
range atmospheric transport from more industrialized regions. In addi-
tion, climate warming may be remobilizing previously deposited con-
taminants, especially mercury (Obrist et al., 2017; Schuster et al.,
2018). Toxic trace metals like mercury (Hg) and cadmium (Cd) have
been monitored in Arctic caribou since the early 1990s (Gamberg and
Scheuhammer, 1994; Elkin and Bethke, 1995; Aastrup et al., 2000;
Larter et al., 2010; Gamberg et al., 2015, 2016) with the objectives of
1) providing information to Northerners regarding contaminants in car-
ibou to inform food consumption choices, 2) assessing possible health
effects of contaminants on Arctic caribou populations and 3) exploring
the fate and effects of contaminant deposition and transport to the Arc-
tic. In addition, barren-ground caribou were assessed as ‘threatened’ in
2016 by the Committee on the Status of Endangered Wildlife in
Canada (COSEWIC) due to the sharp decline observed in many subpop-
ulations (2016). Therefore, understanding patterns in important heavy
metal and other trace element concentrations may help identify factors
negatively affecting Arctic caribou.

The Arctic Monitoring and Assessment Programme (AMAP) (2002)
concluded that the elements of most concern regarding effects in the
Arctic are Hg and Cd. Methylmercury is a neurotoxin and, at sufficient
concentrations, may disrupt a range of neurological processes within
thebrain. At lower concentrations sub-clinical effectsmayoccur, includ-
ing kidney and liver lesions and changes in animal behaviour (AMAP,
2011). Selenium (Se) is of interest when investigating Hg in wildlife as
it can act directly, or as a cofactor with other antioxidants, protect
cells from oxidative stress due to Hg exposure (AMAP, 2011). High
levels of Cd exposure can lead to kidney damage, disturbed calcium
and vitamin D metabolism and bone loss (AMAP, 2002). Although it is
not of concern from a toxicology point of view, copper (Cu) is of interest
in caribou because it is an essential trace element, and at least some sub-
populations may suffer from Cu deficiency that could negatively affect
reproductive success (Hendrichsen and Tyler, 2014). For these reasons,
we chose these four elements (Hg, Cd, Se, Cu) as a focus for these
analyses.

Caribou sampled in this study are part of the barren-ground
designatable unit as described by COSEWIC (2011). This includes two
sub-species: R. t. groenlandicus (Greenland and Canada) and R. t. granti
(Porcupine subpopulation in Northwest Territories and Yukon, Canada
and Alaska, USA; Fig. 1). Samples for contaminant analyses were ob-
tained either from hunters or from body condition studies carried out
by wildlife management agencies in each region. As is often the case
in wildlife monitoring programs carried out in collaboration with com-
munities, animals sampled may not accurately reflect sex ratios or age
structures of their subpopulation and sampling is often unevenbetween
seasons. Depending on caribou migration patterns, some hunters may
harvest only in the fall or only in the spring; somemay focus on hunting
oldermales, rather than females, to reduce impact, while somewill take
whatever is available, particularly if few caribou are in the vicinity. In
addition, body condition studies usually focus on sampling female cari-
bou in spring, although inevitably some calves are taken aswell. As a re-
sult, combining data from multiple collections in order to explore
potential temporal trends or differences among subpopulations can re-
sult in a very unbalanced dataset in terms of sex, age and season of col-
lection. Attention needs to be paid to these sampling patterns as they
could influence the concentrations of contaminants being studied.

Sex, age and season may affect concentrations of Cd, Cu, and Hg in
caribou due to seasonal diets, due to the larger body size of males and
the higher energetic requirements of females during pregnancy and lac-
tation. The typical winter diet of Arctic caribou consists primarily of li-
chens, which tend to contain more Hg and Cd, but less Cu than the
summer diet of flowering plants, shrubs and grasses (Aastrup et al.,
2000; Larter andNagy, 2000; Thompson andMcCourt, 1981). For exam-
ple, males from the George River caribou subpopulation in northern
Quebec had lower levels of renal Hg in the fall than the spring, reflecting
this diet. Females, however, did not show a seasonal difference, perhaps
due to the loss of Hg during reproduction in the spring/summer
(Robillard et al., 2002). In American mink (Mustela vison), females
have higher concentrations of Hg than males due to their smaller body
size and higher reproductive energetic demands, resulting in higher
food (and Hg) intake relative to their body weight (Gamberg et al.,
2005a). Laboratory studies with mice show that Hg is transferred
from the mother to the fetus through the placenta, resulting in lower
concentrations in the mother during late pregnancy (World Health
Organization, 2003). For this reason, we would expect a sex-specific
seasonal pattern of lower Hg concentrations in females, but not males,
during the spring. Similarly, females, but not males, can experience Cu
depletion in the spring as Cu is an essential element for the develop-
ment of the calf and the fetus will take Cu at the expense of the mother
(Gamberg et al., 2016). Finally, renal Cd concentrations have been
shown to increase with age in a variety of ungulates (Froslie et al.,
1986; Gamberg and Scheuhammer, 1994; Larter and Nagy, 2000;
Parker and Hamr, 2001; Robillard et al., 2002; Danielsson and Frank,
2009; Garcia et al., 2011), whereas Hg and Se have been shown to not
vary with age in caribou (Larter and Nagy, 2000; Larter et al., 2010;
Robillard et al., 2002). Se is important, however, to consider in context
with Hg as it can have an ameliorative affect on Hg toxicity (AMAP,
2018). Positive correlations between Se andHghave been seen in fresh-
water (Gamberg et al., 2005a),marine (Dietz et al., 2000) and terrestrial
ecosystems (Larter et al., 2018). While Larter et al. (2010) reported that
Se did not significantly vary with age, very little is known about this ele-
ment in caribou; we included Se here due to its physiological connection
withHg. This lack of knowledge, alongside documented relationships be-
tween Hg, Cd, and Cu concentrations and sex, age, and season of sam-
pling, reinforces the importance of considering the potential effect of
sampling characteristics in trace element analysis in caribou.



Fig. 1. Distribution of barren-ground caribou subpopulations; coloured subpopulations were sampled for this study. Adapted from COSEWIC (2016) and Gamberg et al. (2016).
Orthographic projection is used. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3M. Gamberg et al. / Science of the Total Environment 724 (2020) 138305
Weused path analysis (Shipley, 2000, 2009) to explore the effects of
sex, age and season of collection on renal concentrations of four impor-
tant trace elements (Cd, Cu, Hg and Se) in Arctic caribou populations.
We interpreted the results of this path analysis to consider how Cd,
Cu, Hg, and Se interactwith each other, differed among caribou subpop-
ulations and changed over time.

2. Methods

2.1. Sample collection

Samples were collected from nine barren-ground caribou subpopu-
lations in Canada and Greenland from multiple monitoring initiatives
(Fig. 1, Table 1). Under the Arctic Caribou Contaminants Program
(Gamberg, 2019) samples were collected by local hunters or during
community hunts, as part of targeted monitoring programs or submit-
ted through local harvesting committees. Under this program, the Por-
cupine and Qamanirjuaq subpopulations were sampled annually (the
former from 1990 and the latter from 2006). Others were sampled op-
portunistically or upon request from communities. These included
Cape Bathurst, Bluenose East, Bathurst, Beverly and Baffin Island. Two
Greenland subpopulations, the Akia-Maniitsoq and Kangerlussuaq-
Sisimiut, were sampled in 2008 and 2009 as part of a study conducted
by the Greenland Institute of Natural Resources and the CircumArctic
Rangifer Monitoring Network. Details can be found in Gamberg et al.
(2016).

Kidneys and incisors were collected from each animal, and the sub-
population, sex, date of collection and location were recorded. Samples
Table 1
Geometric means and 95% confidence intervals for Cd, Hg and Cu concentrations in Porcupi
mean ± standard deviation for age.

N Age Cd

Males 164 6.4 ± 1.8 24.8 (22.9–26.8)
Females 9 5.7 ± 1.9 26.7 (22.9–31.1)
were frozen (−20C) until shipped to the laboratory for processing. Kid-
neys were cleaned of external fat and the kidney capsule carefully
removed. Subsequently, whole kidneys were homogenized and sub-
sampled for analysis. Incisors were used to age the caribou using the
tooth cementum technique (Matson, 1981) at Yukon Environment
(Yukon, Canada) and Matson's Lab (Montana, U.S.).

2.2. Sample analyses

Subsamples of homogenized kidneywere analyzed individually for a
suite of elements, including Cd, Cu and Se using inductively coupled
plasma - mass spectrometry, while total Hg was determined by cold
vapor atomic absorption spectroscopy. Most analyses took place at En-
vironment Canada's National Laboratory for Environmental Testing
(NLET) in Burlington, Ontario, Canada. The analytical method used by
NLET is described in more detail in Brown et al. (2016). Certified refer-
ence materials and blanks were run for each batch of samples to ensure
quality control and accuracy. Older samples (before 2004) were ana-
lyzed at one of four analytical laboratories; details of analyses, including
referencematerials and limits of detection are presented in Supplemen-
tary Information Tables S1and S2.

2.3. Statistical analyses

Path analysis was used to explore the relationships between collec-
tion variables (sex, age, season, year, and subpopulation) and element
concentrations (Cd, Cu, Hg, and Se) at two different scales. Path analysis
was selected because it enables the examination of relationships among
ne caribou kidneys collected between 2005 and 2016 (μg·g−1 dry weight). Arithmetic

Hg Cu Se

1.4 (1.3–1.5) 24.3 (23.5–25.2) 4.5 (4.4–4.6)
1.9 (1.4–2.7) 20.2 (17.9–22.7) 4.2 (3.5–5.0)
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multiple dependent variables and also between independent and de-
pendent variables in one analysis (Shipley, 2000, 2009; see Supplemen-
tary Information for more details). Models at two separate scales: the
small-scale analysis focused exclusively on the Porcupine subpopula-
tion because of the long-term data available (2005–2016). This dataset
included 173 individuals from 1 to 12 years of age. Season was not in-
cluded as an explanatory variable in this small-scale analysis, as only a
few males (n = 4) were sampled in the spring/summer from this sub-
population (Fig. S2).

The second, larger-scale path analysis included all available data for
barren-ground caribou from Canada and Greenland (1991 to 2016).
This analysis was conducted separately for females andmales, as the re-
sults from the small-scale Porcupine analysis indicated that element
concentrations were significantly affected by sex (Fig. 2a, Table 1). Se
was excluded from the large-scale analysis as it did not improve the
fit of themodel. For each sex, those subpopulations with N15 individual
samples were selected. Male caribou were sampled from seven (total
N = 421) and female from eight (total N = 561) subpopulations with
ages between 1 and 11 years old.

For both path analyses, all element concentrations were log trans-
formed to achieve an approximate normal distribution for statistical
analyses. All statistical analyses were performed using R software (R
Core Team, 2018), and a significance value of α = 0.05 was used for
all analyses. A description of the path analysis approach and the statis-
tics associated with the global model selections is given in the Supple-
mentary Information.

3. Results and discussion

As anticipated, key collection parameters, including age, sex, and
season (i.e. spring/summer vs. fall/winter) influenced the levels of
trace elements in the kidneys of barren-ground caribou. Accounting
for variation in these parameters, our analyses highlighted spatial and
temporal patterns in trace element concentrations that provide impor-
tant insights regarding patterns of exposure for this species.

In the small-scale analysis (Porcupine caribou) year of collection cor-
related significantly with both age and sex, with more and older males
harvested in later years (Fig. 2a). This is likely the result of public educa-
tion campaigns to encourage harvesting of males rather than females to
minimize the effect of harvesting on population size. Older Porcupine
caribou being harvested in recent years is likely due to an increasing
Fig. 2.Resolved pathmodelwith significant (p b 0.05) standardizedpath coefficients adjacent to
and Hg concentrations (scale and log-transformed) in Porcupine caribou (a) and between ye
transformed) in all barren-ground caribou females (b) and males (c). Thickness of the arrow
relationships tested.
population (COSEWIC, 2016). In the large-scale analysis (all barren-
ground caribou), year of collection was significantly affected by season
and subpopulation for both sexes (Fig. 2b, c) reflecting the inconsistent
sampling efforts described in the methods (Fig. S2). Although age was
positively related to year of collection in the barren-ground caribou as
a group, this likely reflects the preponderance of Porcupine caribou in
the sample rather than increasing adult survival in other barren-
ground subpopulations in Canada. Most Canadian subpopulations of
caribou are currently in decline (COSEWIC, 2016), and the Porcupine
caribou account for 62% of all themales included in the large-scale anal-
ysis. It is of note that Porcupine caribou account for only 44% of the fe-
males in the large-scale analysis where no significant relationship
exists between year and age, likely because fewer females have been
hunted from that subpopulation in recent years.

3.1. Relationships between age, sex, season and levels of trace elements

Within and across subpopulations, we identified significant positive
correlations between age andCd levels in barren-ground caribou (Fig. 2;
Tables S3 and S4). This relationship has beenwell-documented in other
ungulates (Froslie et al., 1986; Gamberg and Scheuhammer, 1994;
Larter and Nagy, 2000; Larter et al., 2018; Parker and Hamr, 2001;
Robillard et al., 2002; Danielsson and Frank, 2009; Garcia et al., 2011),
and is likely related to toxicokinetics (Phuc et al., 2017) – when more
Cd is consumed than can be eliminated or excreted, the body burden in-
creases over time. Within the Porcupine subpopulation, our analyses
identified significant correlations between age and other trace ele-
ments, with younger animals having lower levels of Cu, but higher
levels of Hg (Table S3). Althoughwe did not detect a direct relationship
between age and Se levels in Porcupine caribou, Cd and Cu mediated a
slight increase in renal Se levels with age (effect size 0.09, Fig. 2a).
Older caribou with higher Cd and Cu levels also had slightly higher Se
levels. There were no significant correlations between age and Cu or
Hg in the analyses of barren-ground subpopulations across Canada
and Greenland, but we suspect that these relationships were obscured
by small sample sizes fromparticular subpopulations and high variation
among subpopulations. We recommend that age data continue to be
collected as part of ongoing contaminant monitoring efforts in caribou
and that future analyses ensure this effect is accounted for.

Renal concentrations of Cd, Cu andHg in caribouwere also related to
sex and season. Female Porcupine caribou had significantly higher renal
each arrow. Arrows represent the relationships between year, sex, age, and renal Cd, Cu, Se
ar, season, age, subpopulation, and renal Cu, Cd and Hg concentrations (scaled and log-
s indicates the strength of the relationship. See Tables S3, S4 for all global path model
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Hg concentrations than males (Table 1), a relationship that has been
noted for other species, including mink and marine birds (Gamberg
et al., 2005a; Burger et al., 2007). In caribou, the sex effect could be re-
lated to the increased energetic requirements that females face during
pregnancy and lactation (Parker et al., 2009). Such physiological de-
mands could result in females having higher foraging rates (relative to
their body weight) compared to males, and thus, greater Hg intake.
However, the comparison of sexes was very unbalanced (9 females
and 164 males) so caution should be used when interpreting these re-
sults. Across Canada and Greenland, renal Hg concentrations were sig-
nificantly higher in barren-ground caribou collected during spring; Cd
concentrations were also higher in the spring, but not significantly
(Table 2). Spring-collected caribou have normally spent the winter for-
aging on lichens, which are relatively high in Cd and Hg (Aastrup et al.,
2000; Larter and Nagy, 2000). Over the summer they shift to eating
grasses, sedges and shrubs (Thompson and McCourt, 1981) that are
lower in Cd and Hg (Gamberg, 1997, 2009), so their body burden
would be expected to decrease. Kangerlussuaq-Sisimiut caribou subsist
on grasses and sedges through the winter, lichens being absent from
their home range. We were unable to determine if there were seasonal
differences in element concentrations in this subpopulation as we had
samples from spring-collected animals only.

We identified an important interaction between sex and season for
renal Cu. Specifically, Cu levels were lower in females collected in
spring/summer compared to fall/winter, but there was no seasonal var-
iation of Cu levels in males (Table 2). This interaction likely reflects the
demands of the fetus, which, during gestation, absorbs Cu from mater-
nal tissues, potentially leaving females in a Cu-depleted state in the
post-calvingperiod (Rombach et al., 2003). Fetal-mediated Cudepletion
in female caribou may be further exacerbated by dietary effects – the
calving period corresponds to the end of winter, a time when caribou
primarily consume lichens that tend to be low in Cu. The consumption
of Cu-rich grasses and sedges over the summer would normally be ex-
pected to replenish Cu reserves in female caribou; our results are consis-
tent with this idea.

3.2. Spatial variability in trace element concentrations

Differences in renal concentrations of Cd, Cu, and Hg across subpopu-
lations suggested spatial patterns that were dependent on the trace ele-
ment as well as on collection parameters. These trends are observations
Table 2
Geometricmeans and 95% confidence intervals for Cd, Hg andCu levels in barren-ground caribo
dard deviation for age.

N caribou N year Age (years)

Males
Baffin Island 16 3 5.1 ± 1.9
Bathurst 35 4 5.1 ± 3.1
Beverly 16 3 4.8 ± 2.5
Bluenose East 22 2 4.1 ± 2.5
Cape Bathurst 11 2 4.2 ± 2.4
Porcupine 260 20 5.4 ± 2.0
Qamanirjuaq 61 7 5.4 ± 2.6
Spring/Summer 82 10 4.9 ± 2.6
Fall/Winter 339 22 5.3 ± 2.2

Females
Baffin Island 27 3 6.0 ± 2.4
Bathurst 73 5 5.9 ± 2.5
Beverly 51 5 6.9 ± 2.0
Bluenose East 16 2 6.4 ± 2.3
Porcupine 249 18 5.6 ± 2.2
Qamanirjuaq 69 10 6.6 ± 2.7
Akia-Maniitsoqa 41 1 5.4 ± 3.1
Kangerlussuaq-Sisimiuta 35 1 5.9 ± 3.1
Spring/Summer 354 19 6.0 ± 2.4
Fall/Winter 207 22 5.7 ± 2.5

a Barren-ground caribou subpopulations from Greenland, others are from Canada.
and were not tested statistically or included in the path models, as longi-
tude would be confounded with subpopulations. Nevertheless, we con-
sider them worth reporting. Whereas renal Cd appeared to decline from
west-to-east in spring-collected caribou of both sexes, this geographical
trend was less evident in fall-collected caribou (Fig. 3a). Such patterns
may reflect a gradient of atmospheric deposition of Cd onto lichens across
the Canadian Arctic and into Greenland or the combined influence of var-
ious local and non-local sources (Chiarenzelli et al., 1997, Węgrzyn et al.,
2016, Ji et al., 2019), aswell as dietary influences and local geology. Diet is
likely the primary source of Cd in caribou (Gamberg et al., 2016) and spa-
tial patterns in levels of Cd in spring-collected caribou should reflect those
of Cd in lichens, their primary winter food. Kangerlussauq-Sisimiut cari-
bou from Greenland have a home range virtually absent of lichens
(Gamberg et al., 2016) and have the lowest level of renal Cd in the
barren-ground caribou we assessed.

In contrast, as caribou switch their diets to lower-Cd grasses, sedges,
flowering plants, and shrubs (Gamberg, 1997) during summer, spatial
patterns across subpopulations should reflect variation in Cd levels in
these types of forage that vary according to local geology rather than de-
position. This phenomenon can be seen in the central Yukon and in the
Mackenzie Mountains, Northwest Territories, where woodland caribou
and moose can have exceedingly high levels of Cd coming from natu-
rally occurring high concentrations in the soil, which are then hyper-
concentrated by some plants like willows (Salix spp.; Gamberg et al.,
2005b, Larter et al., 2016).

Further investigations on longitudinal trends in caribou metal
concentrations are required; more data from fall-collected caribou is
needed to clarify seasonal differences in spatial patterns of Cd.
Collecting information on dietary composition from harvested animals
(potentially through isotopic assessments) will further improve our un-
derstanding of how dietary considerations influence contaminant pro-
files in caribou.

Renal Hg in caribou subpopulations did not appear to change with
longitude (Fig. 3b). Porcupine caribou, especially males, from the west-
ern Arctic had noticeably lower Hg concentrations than other subpopu-
lations, as did the two subpopulations from Greenland (females only).
We expected Kangerlussuaq-Sisimiut caribou to have lower Hg concen-
trations due to the absence of lichens in their home range. The reasons
for differences in renal Hg concentrations among the other subpopula-
tions remain unclear, but seem unrelated to diet. Variability in Hg levels
may be more strongly influenced by environmental factors, such as
u kidneys collected between 1991 and 2016 (μg·g−1 dryweight). Arithmeticmean± stan-

Cd Hg Cu

16.9 (13.0–22.0) 7.8 (5.9–10.4) 29.7 (18.8–47.1)
10.1 (6.8–14.9) 2.1 (1.8–2.6) 33.9 (27.8–41.3)
27.1 (22.6–32.6) 7.1 (5.7–9.0) 21.5 (20.0–23.2)
22.8 (18.7–27.9) 4.2 (3.7–4.7) 18.4 (17.2–19.8)
31.5 (16.6–59.9) 6.8 (5.6–8.3) 26.0 (23.0–29.4)
25.9 (24.2–27.7) 1.4 (1.3–1.5) 24.0 (3.4–24.6)
12.4 (10.0–15.3) 3.6 (3.2–4.2) 23.0 (21.9–25.3)
22.5 (19.5–26.0) 5.5 (4.8–6.2) 24.2 (21.6–27.2)
21.0 (19.2–22.7) 1.7 (1.6–1.8) 24.4 (23.8–25.1)

20.4 (14.9–28.0) 5.9 (4.5–7.8) 20.8 (17.4–24.9)
24.8 (20.2–26.5) 4.0 (3.8–4.6) 24.8 (23.2–26.5)
39.8 (34.3–46.3) 6.3 (5.8–6.9) 20.9 (19.8–22.0)
51.8 (41.4–64.9) 4.1 (3.6–4.7) 20.6 (19.4–21.9)
39.1 (35.9–42.7) 1.9 (2.0–2.2) 23.9 (23.5–24.4)
21.7 (18.1–26.1) 5.8 (5.6–7.5) 24.6 (22.7–26.6)
12.5 (10.4–15.0) 2.1 (1.9–2.3) 19.9 (18.7–21.2)
7.6 (5.8–9.9) 1.4 (1.2–1.5) 18.7 (18.1–19.3)
28.4 (26.0–31.1) 3.1 (2.9–3.3) 21.5 (21.0–22.0)
26.9 (23.9–30.3) 2.2 (1.9–2.5) 25.5 (24.6–26.5)



Fig. 3.Mean (±95% confidence intervals) of age-corrected Cd (a), Hg (b) and Cu (c) in barren-ground caribou females and males sampled from 1991 to 2016 in Canada and Greenland.
Subpopulations are organised on the x-axis based on their geographic locations from thewesternmost herd (Porcupine) to the easternmost herd (Kangerlussuaq-Sisimiut). Note the scale
differences between females and males.
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ambient temperature or wind directions, which can havemore of an ef-
fect on Hg or the more biologically available methylmercury, both of
which are quite volatile, as opposed to heavier elements like Cd (Cole
and Steffen, 2010). The impact of environmental factors on Hg concen-
trations in caribou is currently being explored.

We observed no geographical trend in renal Cu concentrations in
barren-ground caribou (Fig. 3c). Renal Cu concentrations in females
were significantly lower in spring than fall (Fig. 3c) indicating depletion
in Cu reserves over the winter, likely due to gestation. This is less pro-
nounced in the Porcupine caribou, suggesting that they are not being
as limited by or becoming as depleted in Cu as other subpopulations.
The subpopulations for which we have the most data (Porcupine N =
260; Qamanirjuaq N = 61) have slightly higher Cu concentrations in
males in the fall than the spring. However, this was not a significant dif-
ference (Fig. 3c). In contrast, the small sample of Cape Bathurst caribou
males (N=11)had higher Cu concentrations in spring compared to fall,
but this was also not significant (Fig. 3c). Increases in renal Cu concen-
trations in the fall could be the result of the replenishment of Cu re-
serves by summer feeding, while seasonal variation in kidney size has
been used to explain seasonal differences in Cd (larger kidneys and
lower Cd in the fall; Crête et al., 1989, Gamberg and Scheuhammer,
1994).

3.3. Temporal variability in trace element concentrations

No direct temporal relationship was found for any of the ele-
ments investigated in Porcupine caribou (Fig. 2a; Table S3), corrob-
orating previous findings for renal Hg (Gamberg et al., 2015), Cd,
and Cu levels (Gamberg et al., 2005b). However, when considering
barren-ground caribou as a group, we found that renal Cd levels sig-
nificantly increased over time in females, while Cu levels decreased
significantly in both sexes, but more strongly in females (Table S4).
These trends vary among subpopulations. The increase in Cd levels
in females appears to be driven by the more western subpopula-
tions (Porcupine, Bluenose East and Bathurst; Fig. 4a), perhaps
reflecting changing patterns of Cd deposition across the Arctic, or
changes in vegetation and/or snow cover as a result of climate
change.

Cu significantly decreased in barren-ground caribou (both sexes)
over time (Table S4); this relationship was largely driven by the
Qamanirjuaq and Bathurst subpopulations (Fig. 4b), with smaller
declines in the Porcupine subpopulation. Sincewe have no reason to be-
lieve that Cu levels in the Arctic environment are actually decreasing,
two explanations remain. Either another element is increasing in
these caribou and interacting with the Cu to render it more unavailable
biologically, or the diet of the caribou is changing. Given the variation of
temporal trends observed among subpopulations, seasons and sexes
(Fig. 4), the latter seems more probable. Changing diets could theoreti-
cally be the result of changing migration patterns, changing habitat
structure and availability of certain forage species, as well as the effects
of fires on the landscape.

Although specific drivers for variation in Cu levels are unknown, the
temporal decline is somewhat concerning, as Cu is potentially a limiting
trace element for Arctic ungulates. Gamberg et al. (2016) found that ad-
vanced pregnancy was associated with significantly lower levels of he-
patic Cu in two Greenland caribou subpopulations suggesting that
some female caribou may experience Cu depletion as a result of preg-
nancy. Oster et al. (2018) found that Cu concentrations were below
the minimum requirement for caribou in 15–21% of summer forage
plants in Alaska. They further postulate that inadequate Cu could limit
calf survival in late summer through winter. Cu liver stores in calves
are depleted over the summer due to low Cu concentrations in milk
from the mother. Also, in late summer, when calves are beginning
to consume forage plants, Cu is rapidly declining in forage. Late sum-
mer weather conditions (e.g. early snow) could further limit Cu
uptake for calves, potentially reducing their ability to survive the
winter (Hendrichsen and Tyler, 2014). This, coupled with the poten-
tial for low Cu levels in female caribou, could negatively affect demo-
graphic parameters like reproductive success. It is of note that the
subpopulations experiencing the sharpest decline in Cu concentra-
tions are also declining rapidly in numbers (COSEWIC, 2016). The
Qamanirjuaq caribou was estimated to be 265,000 in 2014, down
from 349,000 in 2008 and 496,000 in 1994. The Bathurst subpopula-
tion has declined evenmore sharply, with a decline of 96% over three
generations. Baffin Island caribou have experienced a 98% decline,
from 1991 to 2014 (COSEWIC, 2016). In contrast, Porcupine caribou
show less of a decline in Cu concentrations and even an increase in
spring-collected females and that population is increasing in numbers.
However, Beverly caribou show only a slight decline in Cu concentra-
tions and Bluenose caribou show an increase; both subpopulations are
also in decline. Therefore, Cu status cannot be definitively linked to pop-
ulation status.



Fig. 4. Linear relationships between year and age-corrected element concentrations in
barren-ground caribou females for Cd (a), and in both sexes for Cu (b). Solid lines are
fall/winter samples; dashed lines are spring/summer. Caribou were sampled from 1991
to 2016 in Canada. The Cape Bathurst and two Greenland subpopulations are not pre-
sented here because they were only sampled one year, or one season in a given year.
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In contrast to Cu levels, our analyses suggest that Hg is not changing
over time in barren-ground caribou (Table S4), despite potential in-
creases in Arctic deposition from forest fires and melting permafrost
(Fraser et al., 2018; Schuster et al., 2018). Although surface air elemental
Hg concentrations in the Canadian Arctic are declining, a slow increase
in net deposition of Hg is occurring in response to changes in snowpack
and sea-ice characteristics and an increase in precipitation. The net gain
to terrestrial ecosystems north of 66.5o is estimated at 42 Mg year−1

(Dastoor et al., 2015). To detect potential increases in Hg levels in cari-
bou related to these changes and provide information to subsistence
hunters, we suggest it is critical to continue monitoring this contami-
nant in Arctic caribou. Current analyses of Hg levels in caribou in rela-
tion to climate variables will provide further insights regarding
environmental drivers of Hg uptake by caribou and possible effects of
climate change.

3.4. Covariation among trace elements

In Porcupine caribou, renal Hg levels were positively correlatedwith
Se concentrations, which were positively correlated with Cd and Cu
levels (Fig. 2); animals with higher levels of one of these elements
tended to have higher levels of the others. Patterns of covariation
among elements, however, differed between the Porcupine subpopula-
tion and barren-ground caribou as a group and also between sexes. The
positive relationships between Cu, Cd, andHg levels in femaleswere not
found in males; males showed a significant negative relationship be-
tween Cd and Cu levels. This suggests differences between the sexes
in the way that these elements are taken up, metabolised, and/or ex-
creted or eliminated. We know that female mammals eliminate some
of their body burden of Hg through trans-placental transfer and lacta-
tion (World Health Organization, 2003), a route that is not open to
males.

Although all element levels measured in our study were generally
below levels associated with toxicity, the positive relationships among
these elements raise questions about cumulative effects, and how low
ormoderate levels ofmany toxic elements and/or contaminantsmay in-
fluence the health of individual animals.

4. Conclusions

All elements considered in this study varied significantly among
barren-ground caribou subpopulations. Age, season and sex influenced
renal Cd, Cu andHg concentrations and should, therefore, be considered
when comparing elements among caribou subpopulations or years.
Renal Cd generally decreased geographically from west to east and in-
creased slightly over time, possibly reflecting patterns of atmospheric
deposition across the Arctic. Renal Hg did not change significantly
over time in barren-ground caribou, and the differences found among
subpopulations did not appear to follow specific geographical patterns.
Renal Cu declined over time in caribou, but the changes were markedly
different among groups (subpopulation, sex, season). This decline is
likely due to changes in diet, which could be driven by various environ-
mental factors. Declining Cu concentrations in caribou are of concern as
low levels could potentially negatively affect reproduction and there-
fore caribou at a population level. Continuing to monitor element con-
centrations in caribou is essential to better comprehend potential
threats that are facing the species, and to support food security for
human populations that harvest this important resource.
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