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Abstract
Climate change is influencing polar bear (Ursus maritimus) habitat, diet, and behavior 
but the effects of these changes on their physiology is not well understood. Blood- 
based biomarkers are used to assess the physiologic health of individuals but their 
usefulness for evaluating population health, especially as it relates to changing en-
vironmental conditions, has rarely been explored. We describe links between envi-
ronmental conditions and physiologic functions of southern Beaufort Sea polar bears 
using data from blood samples collected from 1984 to 2018, a period marked by ex-
tensive environmental change. We evaluated associations between 13 physiologic 
biomarkers and circumpolar (Arctic oscillation index) and regional (wind patterns 
and ice- free days) environmental metrics and seasonal and demographic co- variates 
(age, sex, season, and year) known to affect polar bear ecology. We observed signs 
of dysregulation of water balance in polar bears following years with a lower annual 
Arctic oscillation index. In addition, liver enzyme values increased over time, which 
is suggestive of potential hepatocyte damage as the Arctic has warmed. Biomarkers 
of immune function increased with regional- scale wind patterns and the number of 
ice- free days over the Beaufort Sea continental shelf and were lower in years with a 
lower winter Arctic oscillation index, suggesting an increased allocation of energetic 
resources for immune processes under these conditions. We propose that the vari-
ation in polar bear immune and metabolic function is likely indicative of physiologic 
plasticity, a response that allows polar bears to remain in homeostasis even as they 
experience changes in nutrition and habitat in response to changing environments.
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1  |  INTRODUC TION

Biomarkers of physiologic function can be powerful in contribut-
ing to the understanding of population health because physiology 
mechanistically connects an individual to its environment (Cooke 
et al., 2014; Madliger et al., 2018). Blood- based physiologic biomark-
ers provide dynamic measures of metabolic function including organ 
system function, electrolyte balance, protein quantity, and nutrition, 
as well as immune function (Friedrichs et al., 2012). These biomark-
ers of physiologic function can be used to infer pathologic states in 
individuals (Cooke et al., 2020; Gånheim et al., 2007; Madliger et al., 
2021). Linking individual physiologic changes with abiotic factors 
is key to understanding the effects of rapid environmental change 
on population health (Cooke et al., 2020; Madliger & Love, 2015; 
Moore, 2008). Thus far, most eco- physiological investigations have 
associated environmental changes with stress hormones in wild-
life (see Boonstra et al., 2020; Busch & Hayward, 2009; Möstl & 
Palme, 2002; Narayan et al., 2019; Sheriff et al., 2011). Studies of 
other physiological measures, including those referencing immune 
and metabolic function, are less common, but may result in comple-
mentary tools for assessing population health (Cosgrove et al., 2017; 
Wilson et al., 2021).

The Arctic is warming substantially faster than the rest of the 
planet (Cohen et al., 2014; DeRepentigny et al., 2020; IPCC, 2018). 
Environmental changes to Arctic ecosystems include loss of sea ice, 
increased air and sea temperatures, altered precipitation patterns, 
and the thawing of permafrost (Box et al., 2019; Frey et al., 2014; 
Serreze & Meier, 2019; Stroeve & Notz, 2018). Climate- induced 
environmental changes have resulted in measurable effects on 
the habitat use, fitness, or health of many Arctic species, including 
polar bears (Ursus maritimus) (Derocher, 2005), sea birds (Irons et al., 
2008), reindeer (Rangifer tarandus platyrhynchus) (Descamps et al., 
2017), ringed- seals (Pusa hispida) (Ferguson et al., 2017), and beluga 
whales (Delphinapterus leucas) (Hauser et al., 2016). For polar bears, 
the loss of sea ice habitat is considered the ultimate threat to their 
long- term persistence (Atwood, Marcot, et al., 2016; Hamilton & 
Derocher, 2018; Laidre et al., 2020; Moore & Huntington, 2008).

Polar bears exist throughout ice- covered areas of the circum-
polar Arctic in 19 subpopulations (Obbard et al., 2010). Research 
suggests that climate change may redistribute polar bears (Wiig 
et al., 2008), alter predator– prey dynamics (Hamilton et al., 2017), 
and change diet and energetics (Blanchet et al., 2020; Molnár et al., 
2009; Pagano & Williams, 2021; Whiteman, 2018). While these ef-
fects may ultimately influence subpopulation vital rates (Bromaghin 
et al., 2021; Hamilton & Derocher, 2018), identifying the mechanis-
tic links between environmental change and population dynamics 
remains challenging. A key step in addressing that challenge is iden-
tifying associations between environmental and population- level 
changes over time, which requires comprehensive longitudinal data 
on species experiencing the effects of a changing environment.

The southern Beaufort Sea (SB) subpopulation of polar bears 
provides an opportunity to investigate the connections between 
environmental processes and physiologic function. Research on 

the SB spans over 40 years and has documented changes in habitat 
use (Atwood, Peacock, et al., 2016; Rode et al., 2010, 2012), diet 
(McKinney et al., 2017), aspects of health (Atwood et al., 2015, 
2017; Kirk et al., 2010a, 2010b; Routti et al., 2019; Whiteman et al., 
2018), and population dynamics, including declines in survival and 
abundance (Bromaghin et al., 2015, 2021; Regehr et al., 2010), all 
concomitant with the loss of sea ice habitat. In this study, we sought 
to identify relationships between environmental processes, abiotic 
conditions, and polar bear physiology. We used a longitudinal data-
set of blood- based measurements that spans several decades to ex-
amine associations between environmental change and biomarkers 
of physiologic function. Our first objective (i) was to investigate re-
lationships between regional- scale (i.e., sea ice phenology and wind 
speed) and circumpolar- scale (i.e. Arctic Oscillation) environmental 
processes and a suite of blood- based biomarkers that index meta-
bolic and immune functions. Using models developed for the first 
objective (i), we then (ii) considered if behaviors including habitat 
selection, short- term fasting, and reproductive status (for adult fe-
males) further influenced variation in analyte values. Our research 
addresses how biomarkers of polar bear physiologic function are af-
fected by a changing climate and contributes to our understanding 
of the usefulness of blood- based biomarkers as a tool for assess-
ing the health of wildlife populations experiencing environmental 
changes (Ames et al., 2020; Burek et al., 2008; Cooke et al., 2014; 
Madliger et al., 2021).

2  |  METHODS

2.1  |  Field and diagnostic

We used blood samples from polar bears captured on land and on 
the sea ice of Alaska's southern Beaufort Sea (USA) from 1983 to 
2018. Spring captures (March– May) occurred on sea ice, whereas 
fall captures (October and November) occurred on either the 
sea ice or land (Figure 1). Polar bears were located by helicop-
ter and immobilized with a rapid injection dart (Palmer Cap- Chur 
Equipment) containing Sernylan or M- 99 prior to 1987 and, there-
after, zolazepam- tiletamine (Telazol® or Zoletil®, Stirling et al., 
1989). These pharmaceuticals should not have an effect on blood 
biochemistry (Bush & Custer, 1980). Immobilized bears were ex-
amined, weighed (kg), marked with a unique ear tag number and 
tattoo on the upper lip and age was assessed. Bears observed with 
obvious injuries were excluded from the study. From 2012, bears 
were implanted with an AVID® subcutaneous microchip. The age 
was determined by direct observation (cubs of the year and year-
lings), by the extraction of a vestigial premolar and an analysis of 
cementum annuli on initial capture for bears >1 year old, or was 
based on prior capture history (Atwood, Peacock, et al., 2016; 
Ramsay & Stirling, 1988). We classified polar bears >4 years old 
as adults and bears that were 1– 4 years old as young. Capture and 
handling of polar bears were conducted under appropriate re-
search permits and animal care and used approvals, including the 
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most recently Marine Mammal Research Permit MA690038- 17 
and USGS IACUC approval 2017- 03.

Blood was collected into evacuated plain tubes (Vacutainer; 
BD Biosciences) by venipuncture of the femoral vein and was 
stored in a cooler with chemical heat packs to prevent freezing. 
Upon returning from the field each day, the serum was separated 
from blood by centrifugation at 1500g for 5 min (TRIAC, Clay 
Adams) and frozen at −20°C. Frozen sera were transported to the 
laboratory and stored at −70°C until analyzed. All serum samples 
were analyzed on the same VetScan VS2 biochemistry analyzer 
(Abaxis, Union City, California) using a comprehensive diagnos-
tic panel commonly used to assess general physiologic health in 
animals (Fry et al., 2019; Thrall et al., 2012). The panel included 
measurements of the following analytes: alanine aminotransfer-
ase (ALT), alkaline phosphatase (ALP), albumin (ALB), blood urea 
nitrogen (BUN), calcium (Ca), creatinine (CREA), phosphorus, so-
dium, and total protein (TP). Globulin (GLOB) was calculated by 
subtracting ALB from TP. For some samples, only a subset of these 
analytes was available. The functional and interpretive charac-
teristics of the biomarkers evaluated are summarized in Table 1 
(recreated from Fry et al., 2019). The long- term stability of stored 
blood samples can be a concern in retrospective studies. Based 
on the literature (Cray et al., 2009; Reynolds et al., 2006), analyte 
stability is optimized when blood- based samples are curated im-
mediately after collection and stored at −70°C for the long- term, 
as was the case with our samples. We verified sample stability by 
comparing analyte panel values from a subset of individuals whose 
samples were stored for different lengths of time (i.e., 2– 8 years) 
and run on the same VetScan VS2 unit (see Appendix S1). Because 
we observed significant differences in serum protein (ALB, GLOB, 
p < .01) values relative to storage time, we exercised caution in in-
terpreting those analyte results.

Between 2005 and 2018, a complete blood count (CBC) was per-
formed on whole blood samples on the day of capture. Blood for 
CBC analysis was collected into vacutainers containing potassium 
EDTA (Vacutainer; BD Biosciences) and transported as described 
above. CBC included total white blood cell count (WBC), differential 
blood cell counts, and packed cell volume (PCV) and was conducted 
manually as described by Kirk et al. (2010a) for captures before 
2008 and using a diagnostic analyzer (HM5, Abaxis) from 2008. 
Differential blood cell counts included counts of neutrophils and 
lymphocytes, which enabled us to evaluate an increased ratio as a 
measure of acute stress (see Table 1).

2.2  |  Statistical analysis

Our analysis was designed to evaluate the influence of environ-
mental processes occurring at different temporal and spatial 
scales on biomarkers of physiology (Table 1) and was not designed 
to predict relationships. We evaluated how biomarker values cor-
relate with variation in circumpolar-  and/or regional- scale atmos-
pheric circulation and weather, which are known to influence sea 
ice phenology, habitat quality, and access to and condition of prey 
(Atwood et al., 2021; McKinney et al., 2017; Pilfold et al., 2015; 
Rigor et al., 2002; Rode, Regehr, et al., 2021; Stroeve et al., 2011). 
We evaluated the effects of these processes using the Arctic oscil-
lation (AO) index, the number of ice- free days over the continental 
shelf, and wind speed. We further explored the extent to which 
differences in summer habitat selection (i.e., use of land versus 
sea ice), breeding status of females, and short- term fasting status 
influenced physiologic biomarkers. Because demographic char-
acteristics of polar bears and season affect physiology (Atwood, 
Peacock, et al., 2016; Derocher et al., 1990; Fry et al., 2019; 

F I G U R E  1  Between 1983 and 2018, 
polar bears were captured within the 
IUCN defined boundary (thin line) for the 
southern Beaufort Sea subpopulation 
between Utqiağvik, Alaska, and the 
United States– Canada border. Map 
lines delineated in study areas do not 
necessarily depict accepted national 
boundaries.
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Kirk et al., 2010a; Rode et al., 2017; Rode, Regehr, et al., 2021; 
Whiteman et al., 2015, 2018), we included sex, age, and denning 
status, as well as season of capture and year as co- variates in our 
analysis.

The AO index is a measure of the variability in sea- level atmo-
spheric pressure, surface air temperature, and surface winds over 
the Arctic (Ogi et al., 2016; Rigor et al., 2002; Thompson & Wallace, 
1998) and has been shown to affect polar bear diet (McKinney 
et al., 2017), body condition and behavior (Pilfold et al., 2015; 
Rode et al., 2018), and ringed seal (Pusa hispida) condition and 
vital rates (Ferguson et al., 2017, 2020; Harwood et al., 2020). A 
lower AO is associated with sea ice persisting longer during spring, 
a higher proportion of multi- year ice present, and fall freeze- up 
occurring earlier across the Arctic basin (i.e., the annual ice- free 
season is shorter) (Rigor et al., 2002). In years with higher AO, the 
opposite effects prevail, including delayed sea ice formation in the 
fall, which extends the number of ice- free days during late summer 
and early fall (Rigor et al., 2002; Stroeve et al., 2011). We included 
two measures of the AO index in our model, the average annual 
AO (AAO) and the winter AO (WAO) to evaluate the influence of 
circumpolar- scale environmental processes on polar bear physiol-
ogy. AAO was calculated by averaging monthly AO in the calendar 
year prior to capture. This metric, which ranges from −2 to 2, cap-
tures annual atmospheric circulation patterns that may affect sea 
ice conditions experienced by SB polar bears prior to capture. The 
winter AO is a more proximate measure of the AO index as it re-
lates to spring sea ice conditions. The WAO was calculated as the 
mean AO for the months of January– March in the year of capture. 
We expected that during years with a higher WAO sea ice would 
be thinner and break up more easily, resulting in increased lead 
formation, which provides hunting habitat for polar bears (Rigor 
et al., 2002). We calculated AAO and WAO using data reported by 

the Climate Prediction Center, National Weather Service, National 
Oceanic and Atmospheric Administration (https://www.cpc.ncep.
noaa.gov/produ cts/preci p/CWlin k/).

We used indices of sea ice phenology (ice- free days) and sea sur-
face windspeed (mean and standard deviation in the 14 days prior to 
capture) to assess relationships between regional- scale environmen-
tal conditions and physiologic function. Sea ice data were obtained 
from the National Snow and Ice Data Center (NSIDC) and processed 
as described in Atwood et al. (2021). We considered the number of 
ice- free days over the continental shelf in the SB based on sea ice 
concentrations of ≤50% [50] and ≤15% [15]. Polar bears generally 
prefer sea ice concentrations >50%, although SB polar bears have 
been shown to tolerate lower sea ice concentrations (Durner et al., 
2009; Pagano & Williams, 2021). Further, 15% sea ice is the mini-
mum concentration reliably detected from imagery (Stern & Laidre, 
2016). Sea ice concentration data were obtained using 25 × 25 km 
resolution raster of passive microwave satellite imagery (Cavalieri 
et al., 2006).

Wind speeds influence sea ice movement, affecting the for-
mation and closure of leads and, subsequently, the distribution of 
sea ice foraging habitat (Carlens et al., 2006; Pilfold et al., 2015; 
Rode et al., 2017). We extracted offshore wind speed from the 
North American Regional Reanalysis (NARR) at 11 NARR grid 
points distributed longitudinally from Utqiağvik, Alaska, USA, to 
the MacKenzie River Delta, Northwest Territories, Canada. NARR 
wind estimates were disseminated as u, v vector components with 
3- h periodicity. Briefly, we derived wind speeds (m/s) from the u, v 
components, averaged them daily, and then for each capture date, 
we calculated the 14- day average and standard deviation from 
daily means (Atwood et al., 2021). Table 2 summarizes the climate 
variables and co- variates used to model changes in blood- based 
biomarkers.

TA B L E  2  Description of model parameters.

Variable Description

Environmental 
processes

Mean wind speed1 Mean wind speed in SB 14 days prior to capture

Variability of wind speed1 Standard deviation of wind speed in SB 14 days prior to capture

Ice- free days 15%2 Number of ice- free days over the continental shelf in the SB in year prior to capture 
as determined by 15% sea ice concentration (Cavalieri et al., 2006)

Ice- free days 50%2 Number of ice- free days over the continental shelf in the SB (two concentrations) as 
determined by 50% sea ice concentration (Cavalieri et al., 2006)

Arctic oscillation (AO)3 Mean of monthly Artic oscillation index in the year prior to capture

Winter Arctic oscillation (WAO)3 Mean monthly AO for January– March of year of capture

Co- variates Capture year Calendar year of capture

Season Spring (March– May)/Fall (October– November)

Denning status Captured with cubs of the year

Age class Young (1– 4 years old)/adult >4 years old

Behavior On/off- shore status Polar bears with >5% bowhead in diet were considered onshore bears

Fasting status Polar bears with a blood urea nitrogen:creatinine ratio ≤12.7 were considered to be 
fasting for the 10 days prior to capture

Breeding status Females captured without cubs were considered to be breeding

Note: a,bVariables were not included in the same models, cindex ranges from −2 to 2.
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We analyzed data for male and female polar bears separately 
using linear model selection procedure for all possible models, with 
each biomarker as the dependent variable using the leaps package 
(v3.1; Miller & Lumley, 2020) in R 3.5.0 (R Core Team, 2018). Visual 
inspection of covariates were examined and there were no trends 
that suggested interaction effects between co- variates. We report 
significant dependent variables of all models within Δ2BIC (Bayesian 
Information Criterion) of the model with the lowest BIC (Burnham & 
Anderson, 2004; Tredennick et al., 2021). We calculated 85% confi-
dence intervals to identify potentially uninformative parameters in 
models (Arnold, 2010) and checked for multicollinearity of variables 
in the top models using variance inflation factors. We used the nat-
ural log transformation of ALP, BUN and WBC to standardize their 
distributions and calculated z- scores to standardize the ice- free days 
and wind variables.

We successively added each of three behavior variables (summer 
onshore habitat- use, recent fasting condition, and breeding status), 
individually, to each model with the lowest BIC to evaluate the in-
fluence of the behavior on the biomarker. Bowhead whales (Balaena 
mysticetus) are available to SB bears in summer and fall through scav-
enging whale remains left on land by subsistence hunters (Herreman 
& Peacock, 2013; Rogers et al., 2015). To evaluate the influence of 
on- shore/off- shore habitat use we used dietary data from a subset 
of polar bears sampled between 2005 and 2016 as part of another 
study (Bourque et al., 2020; McKinney et al., 2017) to assign bears 
to summer habitat use categories (onshore or sea ice). Bears with 
>5% bowhead whale in their diet were considered to have used 
on- shore habitat during the summer prior to capture (see Atwood, 
Marcot, et al., 2016). To ascertain fasting status, we calculated the 
BUN:CREA ratio ((BUN × 0.466)/CREA) and considered individuals 
with serum BUN:CREA ≤12.7 to have been fasting during the 10 days 
prior to capture (Cherry et al., 2009; Nelson et al., 1984; Rode et al., 
2017). We considered all adult females without cubs to be capable 
of breeding in the spring of capture, while females captured in spring 
with cubs- of- the- year and yearlings were not in breeding condition. 
We compared the log likelihood ratio for the nested models, the 
model with the lowest BIC with the behavior added as a parameter, 
and the same model without the behavior, using a chi- squared test.

The data that support the findings of this study are openly 
available in USGS Alaska Science Center data repository at 

https://www.usgs.gov/cente rs/alask a- scien ce- cente r/data; 
https://doi.org/10.5066/P9OXCRJ6.

3  |  RESULTS

We analyzed blood samples from 1258 polar bear captures between 
1983 and 2018. Individual polar bears were included in the sample 
population only once per calendar year. Of these samples, only a 
small fraction of bears in our sample population was captured more 
than once (<18%) and with a mean of more than 5 years between 
those captures. We evaluated whether repeated captures of bears 
affected analyte values using a general linear mixed model with indi-
vidual as the random effect and found no difference in results with 
and without the random term. Sample sizes for biomarkers varied 
by demographic class and sampling season (Table 3) with subsets of 
this population to evaluate each of the behaviors (Table 4). The two 
measures of ice- free days (ice- free [50] and ice- free [15]) and the 
wind variables (mean wind speed and variability of wind speed) were 
correlated, and thus not included in the same models (Rcorr = 0.89, 
Rcorr = 0.79, respectively, p > .05). No other predictor variables 
were correlated. We report the coefficients of significant variables 
(p ≤ .05) and coefficients of determination of all models within ΔBIC 
≤2 for females (Table 5) and males (Table 6). Figures of environmen-
tal processes that significantly influenced blood- based biomarkers 
of physiologic function are shown in Appendix S2.

3.1  |  Model selection: Female SB polar bears

Demographic and seasonal covariates were included in top models 
for all analytes, whereas associations between analytes and envi-
ronmental parameters varied (Table 5). BUN declined in years with 
a positive WAO for denning females, and with capture year, and in-
creased with the number of ice- free days based on 15% sea ice con-
centration. CREA levels were lower for individuals captured during 
spring, declined with mean wind speed and age, and increased for 
denning females. Sodium levels were lower for bears captured dur-
ing spring and significantly higher in years with a lower AAO in the 
year prior to capture. Calcium and phosphorous levels were higher 

TA B L E  3  Maximum (minimum) sample sizes for model analysis of blood- based biomarkers.

Females Males

Spring Fall Spring Fall

Adults

Adults with 
cubs of the 
year Young Adults

Adults with 
cubs of the 
year Young Adult Young Adult Young

Serum based 
analytes

368 (354) 100 (92) 69 (65) 110 (108) 9 (9) 41 (41) 252 (546) 64 (63) 21 (20) 17 (17)

Complete 
blood 
counts

154 (141) 31 (19) 32 (32) 17 (9) 7 (5) 5 (5) 150 (149) 34 (34) No data No data
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in young females and had opposite responses to season and capture 
year, with calcium levels lower in spring and increasing with year, and 
phosphorus levels higher in spring and decreasing with year.

The liver enzymes ALT and ALP were not associated with any of 
the environmental parameters; however, activity of these enzymes 
increased annually and was lower in females with cubs of the year. 
ALT activity in female polar bears was lower in spring than in fall. 
ALP activity was higher in young individuals.

Associations between environmental processes and markers 
of immune function varied considerably among models. GLOB in-
creased with the number of ice- free days (15% sea ice concentration) 
and in years with a lower WAO. ALB decreased during years with a 
higher WAO, while WBC increased when wind speeds were more 
variable. GLOB, ALB, TP, WBC, and N:L ratio varied with capture 
season and demographic co- variates (age class and denning sta-
tus). GLOB and TP concentrations and N:L ratios were lower during 
spring and in young bears. Markers of immune function (WBC, TP, 
ALB) declined over time in females with cubs of the year.

The addition of behavior parameters improved model fit for ALP, 
phosphorous, calcium, and WBC. ALP activity increased in female 
bears that used onshore habitat, were breeding, and that had eaten 
within the 10 days prior to capture. Phosphorus levels were signifi-
cantly higher in bears that appeared to have recently eaten (i.e., 
BUN:CREA > 12.7). Calcium and WBC concentrations were signifi-
cantly higher in mating females (Table 7).

3.2  |  Model selection: Male SB polar bears

For male polar bears, environmental parameters were more often 
associated with biomarkers than for female bears (Table 6). BUN 
increased with variation in wind speed and was significantly lower 
during spring than during fall. CREA levels increased with capture 
year and declined as ice- free days and mean wind speed increased. 
Sodium increased with lower AAO and was lower for bears captured 
during the spring, following the same patterns as female polar bears. 

The top model for phosphorous included a negative relationship with 
ice- free days. Influence of the AAO on ALB levels was mitigated by 
the WAO during the year of capture. ALB and GLOB showed oppo-
site responses to ice- free days, with ALB levels declining and GLOB 
increasing. These opposing trends resulted in TP levels remaining 
unchanged.

ALT activity was not associated with environmental variables 
but increased significantly with capture year and was lower in 
young bears. ALP activity increased as the number of ice- free days 
increased and declined with WAO. PCV increased with a declining 
AAO. WBC and the N:L ratio were lower in younger individuals and 
WBC count declined with WAO.

The addition of behavior parameters in the top models signifi-
cantly improved model fit for six analytes. Males that had been fast-
ing prior to capture showed increased liver enzyme activity (ALT and 
ALP) and phosphorous levels, whereas use of onshore habitat re-
sulted in declines in ALB, CREA, and calcium levels (Table 6).

4  |  DISCUSSION

We show that measures of atmospheric conditions, sea ice avail-
ability, and wind are associated with biomarkers of metabolic and 
immune function of SB polar bears. Responses of some analytes 
(sodium, phosphorous, and PCV) varied with circumpolar- scale pa-
rameters; whereas others (WBC, BUN, ALB, GLOB, CREA) varied 
with regional- scale parameters (i.e., wind speed and ice- free days). 
Biomarkers of acute and chronic immune function (e.g., WBC and 
ALB, and GLOB, respectively) varied with the time- lagged effects 
of the AAO and sea ice conditions. Collectively, these results pro-
vide evidence of associations between polar bear physiology and 
climate- driven changes to the Arctic ecosystem (Atwood, Peacock, 
et al., 2016; McKinney et al., 2013, 2017; Pagano et al., 2021).

Several of the biomarkers we evaluated (e.g., sodium, CREA, 
BUN, proteins, and PCV) are used, in part, to assess water balance, 
which is linked to diet in polar bears (Table 1). Polar bears showed 
increases in sodium (males and females) and PCV (males only) in 
the spring following a year when the AAO was in a negative phase. 
Sodium is an important and narrowly regulated cation of osmoreg-
ulation that is hormonally maintained through intake and excretion. 
Such fluctuations in sodium suggest hemoconcentration, a response 
that may be driven by changes in diet. We hypothesized that the 
significant changes observed in sodium, BUN, and PCV may be cor-
related with the ability of polar bears to maintain consistent access 
to a fat- rich diet. We did not analyze polar bear nutrition in our study, 
but our hypothesis regarding hemoconcentration is supported by re-
cent diet and nutrition analyses in the SB (Pagano et al., 2018; Rode, 
Robbins, et al., 2021). Polar bears primarily obtain water by catabo-
lizing fat from marine mammal prey (Nelson, 1987). Ringed seals, the 
primary prey of polar bears, showed declines in blubber thickness 
in years with a lower WAO (Harwood et al., 2020) and reduced re-
productive rates with a lower AAO (Nguyen et al., 2017). Changes 
in the abundance and/or condition of prey could result in decreased 

TA B L E  4  Number of polar bear samples available to assess 
the influence of summer behavior, fasting, and breeding on blood 
biomarkers.

Sample sizea

Females Males

On- ice On- shore On- ice On- shore

Summer 
habitat 
use

94 123 60 145

Fasting Not fasting Fasting Not fasting

Fasting status 552 153 312 42

Not breeding Breeding

Breeding status 219 586 NA NA

aMaximum sample size varied by analyte.
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fat consumption and increased protein consumption (Cherry et al., 
2009; Ferguson et al., 2017; Nelson, 1987; Pagano et al., 2018; Rode, 
Robbins, et al., 2021), resulting in the dysregulation of water balance. 
If polar bears increase the proportion of protein in their diet, the 
need for external sources of water would increase and fat accumu-
lation could decrease, requiring muscle catabolism for gluconeogen-
esis potentially amplifying this effect (Nelson, 1987). In addition, we 
found that in years with lower WAO, female polar bears had higher 
BUN levels, a response that occurs when dietary protein exceeds 
anabolic requirements. Such changes in the nutritional makeup of 
diet are likely to result in synergistic effects on polar bear physiology 
(Ferguson et al., 2017).

We also observed annual changes in biomarkers linked to liver 
function. In clinical veterinary medicine, small increases in liver 
enzyme activity are often masked by wide reference intervals (Fry 
et al., 2019) with pathologic concerns indicated by at least a twofold 
or greater change in enzyme activity. Although we did not see mul-
tifold increases in ALT, it significantly increased with capture year in 
both male and female bears (Appendix S2, Figure 6). Increases in ALT 
activity can indicate hepatocyte injury caused by liver disease. We 
cannot confirm pathophysiology associated with this increasing ALT 
activity, but several hypotheses warrant further investigation, in-
cluding whether increases in ALT could indicate liver damage caused 
by pathogens, pollutants, or diet.

Biomarkers of immune function varied with circumpolar and 
regional- scale environmental indices for male and female polar 
bears. Monitoring changes in WBC allow for immediate evaluation 
of immune system activity, whereas changes in serum proteins, 
ALB and GLOB, reflect adaptive immune response. WBC increased 
in females when winds were more variable in the 2 weeks prior to 
capture and with higher WAO in males. In previous studies, greater 
wind speed and the higher WAO resulted in reduced polar bear 
movement and foraging (Rode et al., 2017; Togunov et al., 2017), 
but also may create the formation of leads that polar bears pre-
fer to hunt. Such conditions may trigger increased opportunities 
for injuries from contact with conspecifics or interactions with 
prey that could potentially increase WBC (Ovsyanikov, 1995). To 
determine whether these WBC changes were suggestive of acute 
versus chronic inflammatory responses, we evaluated the ratio 
of neutrophils to lymphocytes. We expected that acute inflam-
mation would exhibit higher neutrophils relative to lymphocytes, 
whereas chronic infection would have higher lymphocytes relative 
to neutrophils (Thrall et al., 2012). However, we were unable to 
differentiate acute versus chronic inflammatory responses using 
the N:L ratio. We did see that breeding females showed increased 
WBC; however, the lack of seasonal effect on WBC suggests that 
this increase could be a response to insults acquired through in-
teractions with males including injury and infection (Delehanty & 
Boonstra, 2009; Derocher et al., 2010; Ramsay & Stirling, 1986; 
Whiteman et al., 2018). Identifying the cause of elevated WBC in 
breeding females will likely require additional data, including be-
havioral interactions with conspecifics and prey, as well as expo-
sure to pathogens.A
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The association between environmental conditions and ALB 
and GLOB (which collectively reflect TP) are further evidence of an 
effect on immune function, specifically the inflammatory response 
(Thrall et al., 2012). Individually, both ALB and GLOB were signifi-
cantly associated with environmental covariates. For both males and 
females, ALB increased with higher WAO and in males declined with 
the AAO and ice- free days. GLOB increased with ice- free days and 
in years with a lower WAO, whereas TP remained unchanged across 
all environmental conditions. The unchanged TP (i.e., sum of ALB 
and GLOB) is not unexpected because the inflammatory response is 
characterized by the increased synthesis of immunoglobulins, fibrin-
ogens, or both (positive, delayed phase and acute proteins), concur-
rent with a decrease in albumin (negative acute phase protein) (Scott 
& Stockham, 2013). The changes in serum proteins, paired with in-
creases in WBC under the same conditions, suggest an increased 
energetic allocation for immune activity in years with a lower WAO. 
These results may be indicative of the cumulative effects of chang-
ing environmental processes on polar bear physiology; however, de-
termining if these environmental parameters cause disease would 
require extensive diagnostics to ascertain the source of the inflam-
matory response.

Previous studies have shown differences in pathogen exposure 
and immune system function based on habitat use for SB polar bears. 
For example, Whiteman et al. (2018) reported bears that used on- 
shore habitat had higher WBC counts and GLOB levels than bears 
that used sea ice year- round. Declines in persistent organic pollut-
ants (Atwood et al., 2017) and methyl mercury exposure (McKinney 
et al., 2017) were observed in on- shore bears, a response that was 
attributed to an increase in bears feeding on lower trophic position 
foods while on land. Atwood et al. (2017), using antibody seropreva-
lence, demonstrated that the diversity of pathogen exposure varied 
based on summer habitat use. However, we found limited evidence 
that on- shore habitat use influenced metabolic and immune func-
tion, with significant differences between on- shore and on- ice bears 
observed in only a few analytes (Table 6). It is important to note 

that the previously mentioned studies differed from ours relative to 
objectives, hypotheses, and study designs (including types of sam-
ples collected) and are not directly comparable. The majority of SB 
polar bears still use sea ice year- round (Atwood, Marcot, et al., 2016; 
Atwood, Peacock, et al., 2016), which may explain the limited effect 
of summer habitat use on the blood- based biomarkers used in this 
study.

Extrapolating clinical pathologic data intended to answer ques-
tions about individual animal health to population health is complex 
and is generally limited to animal husbandry in agricultural settings 
(Cook et al., 2006; Gånheim et al., 2007; Huzzey et al., 2014). A key 
challenge in evaluating physiologic function relative to environmen-
tal conditions is accounting for processes that occur at different 
temporal and spatial scales. For example, biochemical analytes repre-
sent cellular- level activity days and weeks prior to sampling, whereas 
the environmental conditions reflect processes occurring over time 
scales ranging from several days to years. Further, the effects on 
sea ice characteristics of the climate processes (e.g., WAO, AO) used 
to describe Arctic- wide conditions can vary relative to spatial scale. 
For example, a lower WAO is expected to result in increased sea 
ice volume and delayed melt of sea ice in the greater Beaufort Sea. 
However, in the eastern Beaufort Sea (i.e., a finer spatial scale), a 
lower WAO has been found to enhance sea ice divergence, result-
ing in the early formation of leads (Rigor et al., 2002) that bears use 
to hunt seals. Inference is further complicated because physiologic 
profiles of individuals at a single point in time provides a “snapshot” 
of an individual's physiologic function, which may be muted at the 
population level, making it difficult to assess whether changes rep-
resent physiologic plasticity or pathology. Nevertheless, we found 
significant relationships between select physiologic biomarkers and 
environmental processes, which highlights a potential for monitor-
ing the health of wildlife populations vulnerable to environmental 
change (Cooke & O'Connor, 2010) albeit such evaluations will re-
quire recognition of a myriad of identified and unrealized influences 
on physiologic function.

Polar bear life history characteristics and population dynamics 
are being influenced by global warming (Atwood, Peacock, et al., 
2016; Bromaghin et al., 2015, 2021; Pagano et al., 2018; Rode et al., 
2010), and the effects of these changes are expressed at the physio-
logic level. Our research suggests that physiologic biomarkers varied 
in association with ecosystem and demographic parameters and may 
be plastic responses to changes in diet and nutrition resulting from 
environmental change (Boonstra, 2013). It is important to note that 
our findings do not imply a cause- and- effect relationship. Our top 
models often failed to capture the substantial variability inherent in 
the study system. Accordingly, our models should not be used for 
predictive purposes; however, the uncertainty does not affect the 
interpretation of significant variables.

Our findings indicate it may be beneficial to prioritize the evalua-
tion of tightly regulated blood- based biomarkers such as sodium and 
PCV, as opposed to more widely regulated analytes (e.g., ALT, ALP, 
BUN, CREA, TP) to inform population- level physiologic perturba-
tions related to climate change. Additionally, biobanking blood and 

TA B L E  7  Directional influence of behavior parameters that 
significantly impact blood- based analytes (p ≤ .05).

On shore Fasting Breeding

Analyte Females

ALP + − +

Phosphorous −

Calcium +

WBC +

Males

ALT −

ALP −

ALB −

CREA −

Calcium −

Phos −
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preserving samples for - omics research (e.g., metagenomics, metab-
olomics, microbiomics, viromics, epigenetics and transcriptomics), 
may be valuable for clarifying mechanistic relationships between 
physiologic and environmental processes (Breithoff & Harrison, 
2020). Continuing to explore the physiologic effects of climate 
change, including the role of clinical pathology in conjunction with 
community and ecosystem conditions, will further our understand-
ing of the health of wildlife populations (Patyk et al., 2015; Wittrock 
et al., 2018).
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