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ARTICLE INFO ABSTRACT

Handling Editor: Robert Letcher Contamination with arsenic (As), cadmium (Cd), mercury (Hg) and lead (Pb) is a global concern impairing
resilience of organisms and ecosystems. Proximity to emission sources increases exposure risk but remoteness

Keywords: does not alleviate it. These toxic elements are transported in atmospheric and oceanic pathways and accumulate

Boreal . in organisms. Mercury accumulates in higher trophic levels. Brown bears (Ursus arctos), which often live in

gcr’i';j;‘g:::s remote areas, are long-lived omnivores, feeding on salmon (Oncorhynchus spp.) and berries (Vaccinium spp.),

Pollution resources also consumed by humans.

Ursidae We measured blood concentrations of As, Cd, Hg and Pb in bears (n = 72) four years and older in Scandinavia

Trace elements and three national parks in Alaska, USA (Lake Clark, Katmai and Gates of the Arctic) using high-resolution,
inductively-coupled plasma sector field mass spectrometry. Age and sex of the bears, as well as the typical
population level diet was associated with blood element concentrations using generalized linear regression
models.

Alaskan bears consuming salmon had higher Hg blood concentrations compared to Scandinavian bears feeding
on berries, ants (Formica spp.) and moose (Alces). Cadmium and Pb blood concentrations were higher in Scan-
dinavian bears than in Alaskan bears. Bears using marine food sources, in addition to salmon in Katmai, had
higher As blood concentrations than bears in Scandinavia. Blood concentrations of Cd and Pb, as well as for As in
female bears increased with age. Arsenic in males and Hg concentrations decreased with age.

We detected elevated levels of toxic elements in bears from landscapes that are among the most pristine on the
planet. Sources are unknown but anthropogenic emissions are most likely involved. All study areas face up-
coming change: Increasing tourism and mining in Alaska and more intensive forestry in Scandinavia, combined
with global climate change in both regions. Baseline contaminant concentrations as presented here are important
knowledge in our changing world.
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1. Introduction

Heavy metals/metaloids (HM), such as arsenic (As), cadmium (Cd),
mercury (Hg), and lead (Pb), are non-essential toxic elements and
exposure to these elements in the body from both natural and anthro-
pogenic sources is a global One Health issue (Buttke et al., 2015). Even
in areas with a minimal cumulative human impact on the ecosystem,
measured as the human footprint (Williams et al., 2020), anthropogenic
contaminant levels of these elements increase natural background levels
substantially (AMAP, 2005; Dastoor et al., 2022; Macdonald et al., 2005;
Renberg et al., 2001). Heavy metal and metalloid emissions mainly
originate from fossil fuel combustion, non-ferrous metal production,
waste incineration, or changes in the environment, such as the draining
of wetlands, and are spread globally through atmospheric deposition
(AMAP, 2005; Bjerregaard et al., 2022). In addition, contamination with
Pb causing toxicity in vertebrates occurs when humans hunt with
Pb-based ammunition (Arnemo et al., 2022; Bjerregaard et al., 2022).

Arsenic, Cd, Hg and Pb are known to readily bioaccumulate (i.e.,
concentrate in bodies over time), whereas biomagnification (i.e., in-
creases at higher trophic levels) is more pronounced for Hg (Ali and
Khan, 2019; Atwell et al., 1998; Le Bourg et al., 2019). Arctic and
sub-arctic regions are susceptible to Hg contamination because snow
and ice in combination with polar light conditions facilitate the forma-
tion and deposition of Hg oxides. Dietary uptake of methyl-Hg" (MeHg)
is the major exposure pathway in terrestrial and aquatic wildlife
(Scheuhammer et al., 2007).

Wildlife is especially prone to HM exposure; for example, the Cali-
fornia condor (Gymnogyps californianus) was on the brink of extinction
with Pb poisoning being an important accelerating factor (Finkelstein
et al., 2012). Effects of exposure are often sublethal, for example, golden
eagles (Aquila chrysaetos) are documented to change movement
behavior with increasing Pb exposure (Ecke et al., 2017). Feeding
ecology and habitat use are important factors of pollutant exposure. For
example, coastal Arctic foxes (Vulpes lagopus) have higher Hg concen-
trations than their conspecifics further inland due to different diets
(Bocharova et al., 2013), and omnivores have been found with higher
concentrations of Cd and Pb than sympatric carnivores (Lazarus et al.,
2017). Black bears (Ursus americanus) in areas with higher ungulate
harvest density have higher concentrations of Pb measured in their teeth
likely due to ingestion of fragments from spent Pb — based ammunition
(Brown et al., 2022).

Brown bears (U. arctos) inhabit the lower arctic and sub-arctic re-
gions and are susceptible to HM exposure, especially Pb, in areas with a
relatively large human footprint (Boesen et al., 2019; Fuchs et al., 2021;
Lazarus et al., 2017; Rogers et al., 2012). No direct links to any sources
of exposure have been established yet, but there is general agreement on
the dietary intake of either environmental Pb as well as the ingestion of
Pb fragments from Pb-based ammunition used for hunting ungulates as
major exposure routes (Fuchs et al., 2021; Lazarus et al., 2017; Rogers
et al., 2012). During hibernation, bears do not defecate or urinate, both
of which are major pathways to excrete HM from the body. Individual
bears exhibit highly adaptive feeding behaviors, ranging from nearly
herbivorous to highly carnivorous, and food sources from mainly marine
to mainly terrestrial depending on the region (Hertel et al., 2018; Hil-
derbrand et al., 1999; Koike et al., 2012). During hyperphagia bears
within a region typically facilitate the same major food source: In
Scandinavia, bears mainly feed on berries (Vaccinium spp.) (Hertel et al.,
2018), in southern and eastern Europe mainly on hard mast (i.e. nuts
and seeds) (Bojarska and Selva, 2012; Kavcic et al., 2015), and in North
America, some populations rely on salmon (Oncorhynchus spp.) (Hil-
derbrand et al., 1999). The enrichment of 13¢ and 1°N isotopes has been
used to reconstruct and link diet to HM exposure in vertebrates and
invertebrates in both terrestrial and maritime systems (Larsson et al.,
2007; Le Croizier et al., 2019; No€l et al., 2014; Ramos et al., 2009). For
example, polar bears (U. maritimus) and brown bears that use maritime
food sources, as measured by the enrichment of the '3C isotope, have
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higher Hg levels compared to bears using terrestrial food sources (Car-
dona-Marek et al., 2009; Noé€l et al., 2014).

Studies on HM contamination in sub-arctic terrestrial wildlife
commonly report concentrations for internal organs, such as the liver,
kidneys, or bones from dead specimens (AMAP, 2005). These tissues are
well suited to study exposure and accumulation of As, Cd, Hg and Pb
(Tan et al., 2009); however, they often involve destructive sampling.
Tissues such as blood or hair, which can be collected from live animals,
are more suitable for specimens from protected areas or endangered
species. Blood is often used as an indicator for recent exposure to one of
these four elements. The gastrointestinal tract takes up As, Cd, Hg and
Pb which are distributed by the blood stream and stored in different
body compartments. Half-life of elimination in blood is relatively short,
for example, in humans; As has a half-life in blood of three to 4 h, and
blood is not used as a tissue to detect low exposure (i.e., population
means < 1 pg/L) (ATSDR, 2020), however, blood As concentration
accurately reflects levels of chronic exposure (Hall et al., 2006). For Cd,
Hg and Pb, whole blood concentrations are used to detect exposure.
Half-life of Cd in blood is three to four months (ATSDR, 2015). Total Hg
half-life in blood is one to three weeks and in contrast to the other dis-
cussed elements, also half-time of elimination from the human body is
with estimated three months much shorter (ATSDR, 2022; Yaginuma--
Sakurai et al., 2012). The half-life of Pb in blood is four to five weeks in
humans (Rabinowitz et al., 1976), and probably similar in bears
(Arnemo et al., 2022). However, elements accumulated in organs and
bones remobilize into the blood stream and concentrations reach equi-
librium between the different compartments (Mattisson et al., 2010;
Rabinowitz et al., 1976; Yaginuma-Sakurai et al., 2012). Thus, blood
HM concentrations reflect a combination of recent uptake and total body
burden. Different physiological states, such as lactation, hibernation,
malnutrition, or death, might change the concentrations at which these
elements are at equilibrium between the different compartments (Fuchs
et al., 2021; Silbergeld, 1991; Soderberg et al., 2023).

The goal of our study was to compare total concentrations of As, Cd,
Hg and Pb in whole blood samples from four brown bear populations
living on different continents and subsisting on different diets, as well as
to identify potential sources of exposure. Three of these populations
were located in Alaska, USA, and include bears with an almost entirely
marine protein-based diet consisting mainly of salmon (Hilderbrand
etal., 2018), as well as a population in Scandinavia with a diet based on
terrestrial proteins and vegetation (Stenset et al., 2016). To help identify
potential sources for As, Cd, Hg and Pb, we paired blood metal con-
centrations with stable 5'3C and 5!°N isotopes in hair samples in one
population (Gates of the Arctic National Park and Preserve, Alaska)
where individual bears subsist on either a terrestrial vegetation-based
diet or a maritime protein-based diet.

We hypothesized that i) HM concentrations is highest in Scandinavia
associated with the magnitude of the human footprint index at the
sample location; ii) HM concentrations reflect the major food resource of
the population, and iii) bioaccumulation of As, Cd and Pb in target tis-
sues with age is reflected in whole blood samples. Based on these hy-
potheses, we predicted that: I) HM concentrations are greater in areas
with a larger human footprint; II) bears acting as apex predators (i.e.,
with a high proportion of salmon in their diet) have higher concentra-
tions of HM compared to bears acting as primary consumers (i.e., with
high vegetation levels in their diet); and III) older bears have higher
whole blood concentrations of As, Cd and Pb than younger bears.

2. Material and Methods
2.1. Study populations

The study area for the Scandinavian brown bear population is in
south-central Sweden (~61°N, 15°E). The area (~13,000 kmz) is pre-

dominantly covered with intensively managed coniferous forest (Pinus
sylvestris and Picea abies). Forest stands are typically planted, thinned,
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and clear-cut at an age of 80-100 years, followed by scarification and
replanting (Martin et al., 2010; Swenson et al., 1999). The hilly land-
scape is interspersed with bogs and only few agricultural fields in the
east. Small settlements occur in the entire study area with a human
density <9/km? Low-traffic roads used for forestry and recreational
access are spread throughout the study area at a density of 0.3 km/km?
and 0.7 km/km? for paved and gravel roads, respectively. Between 2010
and 2020, the annual moose (Alces alces) harvest rate was 0.23/km?
(Lansstyrelserna, 2020); 98% of the moose were shot with Pb-based
ammunition and their digestive tracts, organs, and slaughter remains
were mostly left in the forest (Stokke et al., 2017). There are indications
for, but no hard data, that more moose hunters are using Pb-free bullets
in recent years. In 2022, brown bears were hunted at a rate of 0.002/km?
within management areas 2 and 6 in Dalarna County, representing the
study area (Lansstyrelserna, 2022). Based on scat sampling during the
hyperphagic period, berries (Vaccinium spp., Empetrum hermaphroditum)
make up 68% of the estimated dietary energy content, insects (mainly
ants of the genus Formica) 14%, and ungulates (moose) 14%. In spring
(April/May), ungulates are the most important food source (61%), fol-
lowed by insects (20%), and berries (9%, mainly V. vitis-idaea from the
previous fall) (Stenset et al., 2016). No anadromous fish species occurs
in the study area and there are no indications of fish in the bears’ diet.
Aerial depositions are the primary source of environmental As, Cd and
Pb in south-central Scandinavia (Renberg et al., 2001; von Storch et al.,
2003). Blood samples were collected during the period 2010-2021,
between mid-April and mid-June (Table 1). Pb concentrations from 14
of these samples have been included in Fuchs et al. (2021).

Gates of the Arctic National Park and Preserve (Gates NP) is a remote
and undeveloped 34,400 km? protected area in the Brooks Range in
northern Alaska (~68°N, 154°E), USA. This interior park is > 200 km
from the coast and is covered by arctic tundra, boreal forest (with main
tree species Picea spp., Betula neoalaskana, Populus tremuloides), lowland
riparian communities, and high alpine terrain. There are no roads within
the park boundary. Bears in Gates NP show high individual and mod-
erate interannual variation in primary food intake. Based on stable
carbon and nitrogen isotope analysis, protein contributes 2-96% to the
late summer and fall diet in female bears (Mangipane et al., 2020). Of
the protein intake, 77% is of marine origin (i.e., chum salmon (Onco-
rhynchus keta)) (Mangipane et al., 2020). Other sources of protein are
terrestrial mammals, such as moose, caribou (Rangifer tarandus), Dall’s
sheep (Ovis dalli), and Arctic ground squirrel (Urocitellus parryii). Bears
relying on vegetation during hyperphagia consume mainly berries
(Vaccinium ssp., Empetrum nigrum, Shepherdia canadensis). Approxi-
mately 10,000 visitors travel to Gates of the Arctic NP each summer, and
most visitors access the park by small aircraft (IRMA, 2022). Blood and
hair samples were collected in May and June 2016 (Table 1).

Lake Clark National Park and Preserve (Clark NP) is situated along
the coast of southwestern Alaska (~60°N, 153°E) and covers approxi-
mately 16,300 km?. The area for this study was on the western side of
the Chigmit Mountain Range and none of the bears collared as part of
this study accessed the coastal (east) side of the park (Mangipane et al.,
2018). Deciduous and coniferous forest, as well as different shrub and
grass communities, cover large parts of this study area (Hilderbrand
et al,, 1999). Salmon originating in Bristol Bay were the primary

Table 1

Sample size (N), range and mean of body mass (kg), age (years), and date of
blood sampling (month of the year) of brown bears (Ursus arctos) in Scandinavia
and national parks and preserves (NP) in Alaska, USA.

Sample area N Body mass Age Sample Date
Scandinavia 30 58-197, 90 4-13,6 April-June 2010-2021
Gates NP 18 80-251, 114 8-25,13 May-June 2016

Clark NP 12 100-202, 159 9-30, 15 May 2016

Katmai NP 12 108-184, 146 5-19, 10 May & July 2017
Total 72 58-251, 116 4-30, 10
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resource for Clark NP bears, but berries and other ungulates were
available. Clark NP is visited by approximately 20,000 visitors each
summer and is not connected to any road system but primarily accessed
by small aircraft (IRMA, 2022). Blood samples were collected in May
2016 (Table 1).

The coastal Katmai National Park and Preserve (Katmai NP) covers
about 16,500 km? in south-western Alaska (58°N, 155°E) and has one of
the highest brown bear densities in the world (Ferguson and
McLoughlin, 2000). Salmon and other marine resources, such as clams
(Mya arenaria, Siliqua patula), flounder (Platichthys stellatus), and marine
mammals were important food resources for bears (Erlenbach, J.A.,
2020). However, diets have shifted during recent decades and vegeta-
tion is now the dominant food component at the population level. Bear
habitat included extensive areas of shrubs (Alnus spp., Salix spp., Betula
spp.), as well as boreal forest and alpine terrain. All bears sampled in
Katmai NP generally remained on the coast and did not venture inland
and thus mainly relied on marine resources from Cook Inlet (Erlenbach,
J.A., 2020). Katmai NP, visited by approximately 40,000 visitors
annually, is not connected to any road system and small aircraft is used
to access the park (IRMA, 2022). Blood samples were collected in May
and July in 2016 (Table 1). Recreational hunting is not permitted within
all three Alaskan parks, but occasional subsistence hunting occurs at a
very low level.

We used a human footprint index based on the 2013 data by Atkinson
and Williams (2020) that indicates the cumulative anthropogenic pres-
sure on an ecosystem to quantify the human impact in the different study
areas. The index compiles survey and remotely sensed data on land use,
represents the degree of wilderness, and has been linked to biodiversity
and species extinction risk (Williams et al., 2020). We created a 2-km
radius buffer around each sample location and extracted the highest
index value within the buffer. Brown et al. (2023) found that back-
ground Pb contamination and the probability of hunter killed moose as a
potential Pb source within a 2-km radius around the sampling location
best correlated with the blood Pb concentration of bears in Scandinavia.

2.2. Sample collection

All bears, in all study areas, were chemically immobilized from a he-
licopter between mid-April and beginning of July, had their sex-
determined, and were weighed. Capture and handling procedures in
Alaska were approved by the US National Park Service (AKR_KATM _Hil-
derbrand_BrownBear 2014, AKR_LACL _Mangipane_BrownBear 2014,
AKR_GAAR Gustine_GrizzlyBear 2014) and the US Geological Survey
(2014-01, 2015-04, 2015-06) Animal Care and Use Committee. In
Scandinavia, captures were approved by the Swedish Ethical Committee
on Animal Research, Uppsala, Sweden (C18/15) and the Swedish Envi-
ronmental Protection Agency, Stockholm, Sweden (NV-00741-18). Age
was determined by the cementum analysis of a vestigial first premolar
(Hilderbrand et al., 1999; Mattson, 1993) or estimated by tooth wear
(Hilderbrand et al., 2018). All Alaskan bears were four years or older. In
Scandinavia, most bears had been captured as yearlings together with their
mother, thus their ages were known. Blood for HM analysis was collected
from the jugular vein in Scandinavia or the cephalic vein in Alaska in either
8 ml evacuated heparin trace element tubes or 4 ml evacuated K3EDTA
tubes and frozen at —20 °C the same day. All samples were analyzed in the
same laboratory (ALS Scandinavia AB, Luled, Sweden). Shipping from the
USA to Sweden followed the CITES regulations (export permit
#19US15593D/9, import permit #4.10.18-12752/2019). Samples were
prepared by closed vessel MicroWave-assisted acid digestion and HM
concentration measured by high-resolution, inductively-coupled plasma
sector field mass spectrometry. Concentrations, in pg/L, were for the total
amount of each element. Lower level of quantification was 0.02 pg/L for
As, 0.006 pg/L for Cd, 0.4 pg/L for Hg and 0.2 pg/L for Pb. Further details
on the analytical methods can be found in the supplementary material as
well as in Rodushkin et al. (2000) and Soderberg et al. (2023).
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2.3. Sample selection

We analyzed a total of 72 blood samples in this study. From Alaska,
we included 18 samples from Gates NP, 12 from Katmai NP, and 12 from
Clark NP. In Scandinavia, over 300 blood samples from 71 individual
bears have been analyzed for HM. To obtain a balanced data set, we
subsampled the Scandinavian data set to contain only individuals > four
years, and with the variables age, sex, and body mass available. We then
randomly selected only one sample per individual, and from this pool we
again randomly selected 30 samples for statistical comparison with the
Alaskan data.

2.4. Statistical analysis

We used generalized linear models (glm) with a gamma distribution
and a log-link function to estimate differences in blood HM concentra-
tion of individual bears between the study areas in R 4.2.1 (R Core Team,
2022). We formulated the same set of candidate model for each element
tested (Table SM 1), and selected top models using the second order
Akaike Information Criterion (AICc) in the AICmodavg package
(Mazerolle, 2019). Models within AAICc <2 were considered equivalent
and estimates averaged using the modavg function. For all candidate
models, we fitted the blood HM concentration as response variable and
study area as explanatory variable. To this base model, we added either
sex or age of the bear, both variables combined, as well as a model with
an interaction of these variables. We did not include body mass due to
the correlation with age (Spearman’s rho = 0.65). Sex was included to
control for behavioral and physiological differences due to reproduction
between males and females (Hertel et al., 2018; Swenson et al., 2007;
Tan et al., 2009), and age as indication of bioaccumulation. We included
the interaction age x sex to test for different accumulation trends be-
tween males and females at different ages. We considered differences
between the study areas significant if the 95% confidence intervals did
not overlap. To facilitate model performance we kept values below level
of quantification as provided by the mass spectrometry. Pointwise back
transformation was used when interpreting summary tables and for
predictions using the exp function in R.

2.5. Heavy metal (loids) and diet in Gates NP

Both the relative abundance of stable isotopes of carbon (5'3C) and
nitrogen (5'°N) in guard hair and derived estimates of proportions for
terrestrial protein, marine protein, and vegetation in the diet of indi-
vidual bears have been previously analyzed and were available for Gates
NP (Mangipane et al., 2020). In brief: Hair sections 4 cm from the root,
representing growth from July through October, were selected for
analysis to evaluate assimilated diet within that period (Mangipane
et al., 2020). Isotopic values are reported as the relative difference from
the sample isotopic ratios (:*C/*2C or 1> N/!*N) to the standard isotopic
ratios; i.e., [(Rsample/Rstandard)-11*1000. PeeDee Belemnite limestone
was standard for carbon and atmospheric Nj for nitrogen. To estimate
dietary proportions, 8'3C and '°N values were compared to source data
using the bayesian isotopic mixing model MixSIAR (version 3.1.10),
with sex as a fixed effect and bear ID and a process error term as random
effects. Previously estimated 513C/81°N for chum salmon (Johnson and
Schindler, 2009), a sub-arctic plant baseline (Mowat and Heard, 2006),
and terrestrial meat was used as source data (Mowat and Heard, 2006).
This model was run on a data set including 80 samples from 58 indi-
vidual bears. The proportional contribution of the analyzed dietary
sources was estimated for each bear-year ID. We combined the model
estimates and 95% credible intervals for individual bears where blood
samples for HM were available. Hair and blood were collected at the
same capture event, hair represents diet the previous year and blood HM
concentration the combination of recent and long-term exposure. We
assume limited annual variation on the individual level in the dominant
diet, however, salmon abundance varies between years. We used glm’s
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to test if the blood concentrations of As, Cd, Hg and Pb in bears with
>50% salmon in the diet the previous year differed compared to the
bears with >50% vegetation in their diet the previous year. The differ-
ence between the groups was considered significant if P < 0.05.

3. Results

Summary statistics for each element in each area are presented in
Table 2. Arsenic concentrations in six blood samples from Scandinavian
bears and one from the Gates NP were below the limit of quantification
(<0.15 pg/L). The human footprint index within the 2-km buffer of each
sample location was 0 for all samples from the Alaskan study areas; we
therefore decided to not include the human footprint index in further
modelling. In Scandinavia, the maximal human footprint index within
the buffer around each sample location ranged from 1 to 18, with a mean
of 9.2. None of the HM concentrations in the Scandinavian samples were
correlated with the human footprint index (correlation factors ranged
between r = 0.01 for Hg and r = 0.17 for As with all p-values >0.05
(0.29-0.94)).

3.1. Arsenic

Three models were considered equivalent in explaining As in blood
samples: the top model contained sample area as the only predictor,
another model included sample area and the interaction between sex
and age, and third model included sample area and sex (Table SM 1). We
based interpretation on model-averaged estimates of these three models
(Table 3). Predicted As blood concentrations for 10-year-old (mean age
all bears) female bears were lowest in Scandinavia (0.4 pg/L; 0.2-0.9
pg/L) but confidence intervals overlapped with Gates NP (1.0 pg/L;
0.5-1.9 pg/L) and Clark NP (1.1 pg/L; 0.5-2.4 pg/L) (Fig. 1a). Katmai
NP had the highest predicted blood As concentrations (3.3 pg/L; 1.2-6.7
pg/L) but had overlapping confidence intervals with the other Alaskan
areas (Fig. 1). We found that As blood concentration decreased with
increasing age in males and increased with increasing age in females. In
Gates NP, a five-year-old (25% percentile all bears) female had a pre-
dicted As blood concentration of 0.8 pg/L (0.5-1.2 pg/L) and a male had
a concentration of 1.0 pg/L (0.8-1.5 pg/L). At 13-years of age (75%
percentile), the model predicted 1.1 pg/L (0.4-3.2 pg/L) for females and
0.7 pg/L (0.2-2.0 pg/L) for males, respectively.

3.2. Cadmium

The best model contained sample area and age (Table SM 1). The

Table 2

Mean, standard deviation (SD), range and sample size (N) of blood concentra-
tions for arsenic (As), cadmium (Cd), mercury (Hg) and lead (Pb) in pg/L of 72
brown bears (Ursus arctos) sampled between 2010 and 2021 in Scandinavia and
national parks and preserves (NP) in Alaska, USA.

Element Study Area Mean SD Range N
As Gates NP 1.1 0.9 <0.15-3.1 18
Katmai NP 3.6 2.9 0.7-10.6 12
Clark NP 1.2 1.7 0.3-6.2 12
Scandinavia 0.4 0.5 <0.15-2.7 30
cd Gates NP 0.4 0.3 0.1-1.0 18
Katmai NP 0.1 0.1 0.1-0.3 12
Clark NP 0.2 0.1 0.1-0.4 12
Scandinavia 0.3 0.2 0.1-0.8 30
Hg Gates NP 15.9 19.5 1.5-43.5 18
Katmai NP 19.7 10.5 4.5-39.9 12
Clark NP 40.1 32.6 5.6-119.2 12
Scandinavia 1.4 0.7 0.5-4.0 30
Pb Gates NP 38.4 32.3 4.7-138.6 18
Katmai NP 10.0 8.9 3.4-37.1 12
Clark NP 16.7 13.2 2.7-52.5 12
Scandinavia 83.9 33.1 24.6-167.0 30
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Table 3

Model averaged estimates (log scale) of a generalized linear model predicting
blood concentrations for arsenic (As) and lead (Pb) in blood samples from brown
bears (Ursus arctos) based on a sampling area in Scandinavia (reference level)
and three national park and preserves (NP) in Alaska, sex of the bear and age at
sampling between 2010 and 2021. All values are on log scale.

Variable Estimate 95% Confidence Interval
Lower Upper
As Scandinavia —0.646 —1.471 0.180
Gates NP 0.905 0.256 1.555
Clark NP 1.014 0.237 1.791
Katmai NP 2.111 1.389 2.833
Males —0.692 —1.954 0.570
Age —0.048 -0.130 0.035
Males x Age 0.090 —0.005 0.184
Pb Scandinavia 4.350 4.001 4.698
Gates NP -1.123 -1.612 —0.635
Clark NP —1.990 —2.571 —1.408
Katmai NP —2.430 —2.929 —-1.930
Sex Males —0.157 —0.528 0.214
Age 0.033 —0.005 0.070

model predicted that the Cd blood concentration of a 10-year-old bear
(mean age all bears) was significantly higher in Scandinavia (0.4 pg/L;
0.3-0.5 pg/L) and Gates NP (0.3 pg/L; 0.2-0.4 pug/L) compared to Clark
NP (0.2 pg/L; 0.1-0.2 pg/L) and Katmai NP (0.1 pg/L; 0.1-0.2 pg/L)
(Fig. 1b). Predictions of Cd concentrations increased with increasing age
(Table 4). For example, the model predicted a Cd blood concentration of
0.2 pg/L (0.2-0.3 pg/L) for a five-year-old bear and 0.3 pg/L (0.3-0.4
pg/L) for a 13-year-old bear in Gates NP. Models with sex of the bear
were not selected (Table SM 1).

3.3. Mercury

The best model for Hg contained sample area, body mass, and sex
(Table SM 1). Predicted blood Hg concentrations for 10-year-old bears
were lowest in Scandinavia (1.5 pg/L; 1.1-2.0 pug/L). Within the Alaskan

study areas, predictions for Clark NP where highest and confidence in-
tervals did not overlap with any other area (47.8 pg/L; 31.2-73.5 pg/L)
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(Fig. 1c). Blood Hg concentration did not differ significantly between
Gates NP (18.2 pg/L; 13.0-25.4 pg/L) and Katmai NP (20.5 pg/L;
13.9-30.2 pg/L). Mercury blood concentrations decreased with age
(Table 4): For a five-year-old bear in Gates NP the model predicted a
blood Hg concentration of 22.7 pg/L (14.7-34.9 pg/L) and for a 13-year-
old 15.9 pg/L (11.6-21.8 pg/L).

3.4. Lead

For Pb, two models were equivalent based on AICc scores: The top
model contained sample area and age and the second-best model also
included sex (Table SM1). The model averaged predictions (Table 4)
revealed a significantly higher Pb blood concentration of a 10-year-old
female bear in Scandinavia (107.3 pg/L; 75.7-152.0 pg/L) than in the
Alaskan areas. Within the Alaskan areas, Gates NP bears had signifi-
cantly higher Pb concentration (34.9 p/L; 21.4 p/L — 56.9 pg/L) than
Clark NP (14.7 pg/L; 8.2-26.2 pg/L) and Katmai NP (9.5 pg/L; 5.7-15.5
ng/L). Estimated 95% CI’s for the Clark NP samples overlapped with the
Katmai NP samples (Fig. 1d). Predictions of Pb concentrations increased
with increasing age (Table 3) from 29.6 pg/L (23.8-35.7 pg/L) in a five-

Table 4

Model estimates (log scale) of a generalized linear model predicting blood
concentrations for cadmium (Cd) and mercury (Hg) in blood samples from
brown bears (Ursus arctos) based on sampling area in Scandinavia (reference
level) and three national park and preserves (NP) in Alaska and age at sampling
between 2010 and 2021.

Variable Estimate Standard Error T-value P-value
cd Scandinavia —1.449 0.113 -12.769 <0.001
Gates NP -0.267 0.162 —1.653 0.103
Clark NP —0.806 0.191 —4.212 <0.001
Katmai NP —1.146 0.166 —6.925 <0.001
Age 0.050 0.012 4.055 <0.001
Hg Scandinavia 0.833 0.169 4.926 <0.001
Gates NP 2.511 0.241 10.415 <0.001
Clark NP 3.479 0.285 12.194 <0.001
Katmai NP 2.631 0.247 10.664 <0.001
Age —0.044 0.018 —2.426 0.018
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Fig. 1. Concentrations of arsenic (a), cadmium (b), mercury (c), and lead (d) in blood from brown bears (Ursus arctos) (ug/L, black dots) in south-central Scandinavia
and three national park and preserves (NP) in Alaska, USA, predicted by generalized linear models including sample area, sex, and age of the bears as fixed factors.
Error bars indicate 95% confidence intervals for the predictions. The raw data, collected between 2010 and 2021, are displayed as grey dots.
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year-old to 38.5 (27.9-62.3 pg/L) in a 13-year-old female bear from
Gates NP. Females had higher estimates than males; for example, in the
Gates NP, a 10-year-old male had a predicted Pb blood concentration of
29.8 pg/L (20.6-43.2 pg/L), 5.1 pg/L lower than a female (34.9 pg/L;
24.1-50.6 pg/L).

3.5. Heavy metal (loids) and diet

Dietary proportion estimates in combination with blood HM con-
centrations were available for 17 Gates NP bears. The MixSIAR outputs
suggests two distinct groups: Bears using predominantly vegetation-
based resources and bears focusing on salmon, represented as marine
protein. Nine bears used vegetation as their main dietary resource, and
the proportional dietary estimates were >75% vegetation, with 95%
credible intervals entirely >50% (Fig. 2). In the salmon group, for five
bears, marine protein was estimated to comprise >75% of the diet, with
95% credible intervals entirely >50%, and one bear with an estimate of
68% (44-82%) marine protein in the diet. For the remaining two bears,
the estimates where close to 50%, likely combining both sources. For all
bears, the model estimated the terrestrial protein source contribution to
<4% with upper 95% credible intervals <25%. Bears primarily feeding
on vegetation had significantly higher As blood concentrations (1.6 pg/
L, SE: 0.37 pg/L, P < 0.05) than bears feeding on salmon (0.6 pg/L, SE:
0.17 pg/L). No significant differences in Cd blood concentration were
found between bears that fed primarily on either salmon or vegetation.
The estimated mean Hg blood concentration of bears that had >50%
vegetation in their diet was 2.7 pg/L (SE: 0.2 pg/L) but blood Hg con-
centration were 11 times higher (31.7 pg/L, SE: 3.5 pg/L, P < 0.001) for
bears with >50% salmon in their diet. In comparison, bears with >50%
vegetation in their diet had triple the blood Pb concentration (56.3 pg/L,
SE: 13.5 pg/L, P = 0.016) than bears that primarily fed on salmon (18.6
ug/L, SE: 5.4 pg/L).
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4. Discussion

We report blood concentrations of four non-essential elements in
four different brown bear populations in Alaska and Scandinavia. While
Scandinavian bears were exposed to a larger human footprint and had
higher concentrations of Cd and Pb, they had lower concentrations of As
and Hg. Bears in the Gates NP, the most remote of the Alaskan areas, had
the highest levels of Cd and Pb. Contrary to hypothesis i), it suggests that
local human footprint is a poor predictor of HM exposure and intake.
Bears with a marine protein-based diet had higher Hg but lower Pb
concentrations compared to bears with high vegetation levels in their
diet, supporting our hypothesis ii) connecting diet to heavy metal
exposure. Bears in areas with a high level of marine proteins in the diet
had higher As concentrations. However, in Gates NP, bears feeding
primarily on salmon had lower As concentrations than bears feeding
primarily on vegetation. No relationship between diet and Cd blood
concentration was found in Gates NP. Hypothesis iii), suggesting
increasing whole blood HM concentrations with age, was supported for
Cd, Pb and As in females, whereas concentrations of As in males and Hg
decreased with age.

HM are distributed into our study areas via atmospheric distribution,
river run-off, and ocean currents, as well as via upstream migrating
anadromous salmon. Arsenic, Cd, Hg and Pb are contaminants that cycle
in the environment for long periods, before they finally are deposited in
lake or ocean sediments (AMAP, 2005). For example, 60% of the annual
emitted Hg are re-emissions, depositions from anthropogenic sources
that are mobilized primarily due to natural processes such as wildfires
(Dastoor et al., 2022). There is strong evidence that the rapid environ-
mental changes, due to global warming, will alter contaminant path-
ways and cycles in unexpected and abrupt ways in the Arctic and
Sub-Arctic (Macdonald et al., 2005). Increased wildfire activity,
erosion, melting ice and thawing permafrost are processes that increase
with global warming and have high potential for contaminant
re-emission (AMAP, 2005; Chételat et al., 2022b). From a One Health
perspective, we found that bears were exposed to HM likely by food
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Fig. 2. Proportion of salmon (a and c) and vegetation (b and d) in the diet (black dots and grey 95% credible intervals) of 17 brown bears from the Gates of the Arctic
National Park and Preserve, Alaska, USA, in relation to blood concentrations of arsenic (As), cadmium (Cd) mercury (Hg) and lead (Pb). Dietary estimates by
(Mangipane et al., 2020) were based on C/N isotopes in hair; both hair and blood samples were collected in 2016. The proportion of terrestrial protein intake was

estimated to be <4% for all individuals and is not shown.
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items such as salmon and berries, that also are highly appreciated by
humans. Protected areas, such as the national parks in Alaska, are sup-
porting a healthy, diverse and resilient environment and although they
are protected from direct human impact, they can still be vulnerable to
pollution. We suggest extending contaminant monitoring in remote
terrestrial ecosystems and to increase efforts to reduce both direct and
re-emissions of HM.

Bears in Scandinavia feed exclusively on terrestrial resources (Sten-
set et al., 2016) and had the highest Pb concentrations but the lowest Hg
blood concentrations. Bears in Katmai NP feed predominantly on a
marine diet, consisting of migrating salmon in fresh water and flounders
and clams along the seashore. Similarly, bears from Clark NP feed pri-
marily on salmon (Rogers et al., 2020). Both Alaskan populations with a
marine based diet had low Pb blood concentrations and high Hg con-
centrations. In comparison, bears from Gates NP either feed on spawning
salmon and have high Hg and low Pb, or feed on upland terrestrial
vegetation (Mangipane et al., 2020) and have low Hg with some in-
dividuals having elevated Pb blood concentrations. Besides in Gates NP,
Cd concentrations were higher in Scandinavia than in Alaska, generally,
reflecting the higher reported background levels there (AMAP, 2005).
We suggest that HM exposure on brown bears is connected to the pop-
ulation typical food sources and the regional background concentra-
tions, except for Hg, for which we suggest that background
concentrations are less relevant and that migrating salmon are the
dominant source of exposure.

In general, there are two ways to contextualize HM blood concen-
trations: The comparison to benchmark dose limits (BML) for the onset
of toxicological effects or to compare individuals to the population
exposure to detect deviating concentrations. Knowledge about the onset
of sublethal toxicological effects of HM on bears, and for terrestrial top
predators in general, is very limited (Rodriguez-Jorquera et al., 2017).
We chose here to compare four populations to each other and discuss
deviating results in context of each population’s typical diet and human
impact on the landscape level.

In bears, As concentrations were higher in Alaska than Scandinavia
and highest in Katmai NP. Bears in Katmai NP also consume marine
sources other than salmon. The intake of seafood has been linked to high
As concentrations in human urinary samples, however in the organic
form, which is less toxic and readily excreted (ATSDR, 2020). We
quantified the total As blood concentration and were thus unable to
distinguish between different forms of As. Only blood As concentrations
in bears from Katmai NP reached a predicted mean (3.3 pg/L) which is
above the lower detection limit (2.37 pg/L) of the study by Lazarus et al.
(2020) on bears in Poland and Croatia, where most bears tested below
that concentration. We found decreasing concentrations in females but
not in males; however, effect sizes were small and must be interpreted
with care. The same care should be taken when comparing between
species: For example, brown rats (Rattus norvegicus) can bind 15-30
times more As (in the form of inorganic arsenite) to red blood cells than
humans which in turn are more sensitive to As compared to other
mammals (Lu et al., 2004).

Predicted Cd blood concentrations of Scandinavian bears (0.4 pg/L)
were higher than in south-eastern European bears (0.29 pg/L) (Lazarus
et al., 2020), which, in turn, were similar to bears from Gates NP (0.3
pg/L). This is counterintuitive, because there are higher Cd (and Pb)
background concentrations in top soils in Croatia and Poland
(0.10-0.38 mg/kg Cd) compared to Scandinavia (0.03-0.08 mg/kg Cd)
(Salminen et al., 2005) and most likely also compared to the very remote
Gates NP. This suggest that bears in Scandinavia, and to some extent
Gates NP, accumulate more Cd and Pb from their environment
compared to bears in Croatia and Poland. There are large differences in
many aspects between these populations, but the Scandinavian and the
Gates NP bears share a hyperphagic diet that is based on berries, which
is different compared to bears from south-eastern Europe where hard
mast dominates the fall diet (Lazarus et al., 2017; Mangipane et al.,
2020; Stenset et al., 2016). Also, the predicted concentrations in samples
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from Clark NP and Katmai NP are lower (0.2 pg/L and 0.1 pg/L) and
those bears have more marine food resources. For all four elements
studied here, diet is the most likely exposure route. Cd is assumed to
bioaccumulate in organisms (Jarup, 2003; Zhang and Reynolds, 2019),
which is supported by our result of higher Cd blood concentrations in
older bears, similar to bears from Croatia where renal tissue Cd con-
centrations increased with age (Lazarus et al., 2017).

Mercury has biomagnification properties, increasing exposure risk in
top level consumers, especially in the arctic marine system. The top 100
m of the Earth’s oceans are a significant Hg reservoir and gaseous
evasion of elemental Hg is restricted by arctic sea ice while advection of
Hg from the oceans from the south is ongoing (AMAP, 2005). Although
bears in Katmai NP also feed on other marine sources, migrating salmon
are the main marine food resource for brown bears in Alaska. All five
Pacific salmon species occurring in Alaska are fast growing, not
top-trophic level consumers, and are considered the “best choice” for
human consumption based on their low Hg concentrations (Bridges
et al., 2020). However, the relationship between increased Hg blood
concentrations in brown bears from the Gates NP and their §!3C values
indicating marine dominated diet, suggests salmon as the main source of
Hg. The Hg blood concentrations we found in brown bears are also closer
to polar bears than we expected. Knott et al. (2011, 2012) reported
blood Hg mean concentrations of polar bears from the Bering Sea
grouped by year, cohort, and sex, ranging from 39.05 ug/kg wet weight
(ww) (males in 2007) to 74.62 pug/kg ww (both sexes, <4 years old in
2005). The mean Hg blood concentration from Clark NP brown bears
(this study) was 40.1 pg/L (consider 1 L blood ~ 0.9 kg blood).
Maximum measured concentrations in polar bears are two-fold higher
than in brown bears and only in two samples from Clark NP blood Hg
concentrations of >50 pg/L were measured. Our model estimated a
tendency of decreasing Hg concentration with age. Visual interpretation
of the measured Hg blood concentrations in relation of age of the
Alaskan brown bears (not shown), indicate that the highest concentra-
tions were measured in individuals between 7 and 13 years of age. This
coincides with the age bears in these populations reach asymptotic body
size (Hilderbrand et al., 2018). Such young but full-sized bears might be
more successful in competing for good fishing spots, getting exposed to
more Hg from salmon, while younger and older bears need to feed more
on alternative source such as vegetation in addition to salmon.

Previous studies on Pb exposure in brown and American black bears
proposed that Pb in their diet either come from a mixture of environ-
mental concentrations and Pb-based ammunition in ungulate carcasses
discarded by hunters (Brown et al., 2022; Fuchs et al., 2021; Lazarus
et al., 2018; Rogers et al., 2012). In the Scandinavian study area, bears
are likely exposed to both sources (Brown et al., 2023), but recreational
hunting is prohibited and subsistence hunting occurs only at very low
levels in the Alaska national parks. This suggests that environmental Pb
is likely the primary source in the Alaskan study areas. The minimum
blood Pb concentrations found in bears from national parks in Alaska
(<5 pg/L) are below current published values for the species. Brown
bears in the greater Yellowstone area have blood Pb concentrations of
>11 pg/L (Rogers et al., 2012). In mammals, Pb bioaccumulates in
bones with a half-life of 10-30 years (Andreani et al., 2019; Hryhorczuk
et al., 1985; Rabinowitz et al., 1976). Lead stored in bones becomes an
endogenous source during periods of nutritional stress and increased
bone turnover (Bellinger et al., 2013), for example, during hibernation,
pregnancy and lactation. In previous work in Scandinavia, we found all
bears to have increased blood Pb concentrations and had concerns that
hibernation alters Pb kinetics in bears such that the comparison of blood
Pb concentrations to other mammals might not be valid (Boesen et al.,
2019; Fuchs et al., 2021). However, based on the Pb blood concentra-
tions found in the Alaskan samples, especially the high variation within
Gates NP, suggests that blood is an adequate tissue to quantify Pb in
brown bears. The bears with a plant-based diet in Gates NP had blood Pb
concentrations >50 pg/L, which is consistent with the higher Pb con-
centrations reported in bears from Scandinavia where most bears also
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rely on vegetation during the hyperphagic period (Stenset et al., 2016).
We found females to have higher Pb blood concentrations compared to
males which is in line with previous work, where blood Pb concentra-
tions significantly increased with lactation, but not age (Fuchs et al.,
2021). Sex differences were also found in American black bears where
Pb concentration in teeth was slightly higher in females and increased
with age in both sexes (Brown et al., 2022). This highlights that blood Pb
concentrations need to be interpreted with care; lower blood Pb in males
isin part a result of a different physiology and not necessarily based on a
different exposure.

Scandinavia has been exposed to extensive aerial Pb depositions
emitted from Pb-enriched gasoline, (von Storch et al., 2003). At peak use
of Pb in gasoline at the end of the 1970’s, background Pb concentrations
in Scandinavia were increased by an order of magnitude (Renberg et al.,
2001). Since then, both deposition and concentrations of Pb in humans
have decreased by > 90% (Pacyna et al., 2009; Skerfving et al., 2015).
The atmospheric deposition of Cd in Scandinavia follows a similar trend.
Aerial transport distance of Cd might be shorter compared to Pb, thus
deposition is closer to sources resulting in a decreasing south to north
exposure gradient of Cd in Scandinavia (AMAP, 2005). The Scandina-
vian Peninsula is closer to large combustions than Alaska and the
weather conditions facilitate the aerial transport from central Europe to
the north, unlike in Alaska (AMAP, 2005; von Storch et al., 2003).
Nevertheless, a recent study from western Canada found that organisms,
including plants, fish and mammals. Accumulate Pb emitted by indus-
trial activities (Chételat et al., 2022a).

4.1. Conclusion

The human footprint was a poor predictor for HM exposure. The
human influence on the boreal forest and tundra is considered low or
very low in more than 50% of these biomes’ global extent, however,
indices of the human footprint are calculated based on local human
infrastructure and land use change but do not consider pollution from
distant sources (Keys et al., 2021; Riggio et al., 2020). Sub-arctic regions
are susceptible to HM pollution from aerial depositions from entire
Europe and marine currents in the Pacific, but also ongoing natural
processes such as erosion by glaciers and rivers mobilize HM (Chételat
et al., 2022a, 2022b). Natural processes releasing HM are altered by
human activities, for example, draining of wetland mobilizes Hg in
Scandinavia (AMAP, 2005). Global climate warming increases glacier
run off, erosion and thawing permafrost potentially increasing HM
mobilization whereas declining sea ice might allow increased Hg escape
from the arctic marine system (AMAP, 2005; Macdonald et al., 2005).
Establishing baseline HM exposure and continuous monitoring of HM
exposure are needed, even in wilderness areas.
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