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Abstract
This study established the first baseline of changing elemental concentrations in bowhead whale baleen over time (1958–
1999). From previously published stable isotope data, year, season (summer or winter), and location (Beaufort or Bering/
Chukchi seas) were attributed to each sample. Thirteen elements (Al, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Se, V, Zn) in baleen 
from nine subsistence-harvested bowhead whales (n = 138) were detected. Al, Cu, and Fe were the highest concentrations 
while Cd and V were among the lowest. Our data supports absorption as the main route of exposure to environmental ele-
ments rather than biomagnification due to bowhead whales’ low trophic position. A linear mixed-effects model confirmed 
most elements’ concentrations increased with time, while location and sex were insignificant explanatory factors. These 
temporal fluctuations were most likely a product of environmental changes due to a warming climate and human activities.
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Human activities (mining, industrial pollution, climate 
change) have caused environmental concentrations of many 
elements to increase (Rydberg et al. 2010; CRS 2020). As 
marine organisms move through various bodies of water and 
forage, element uptake is dependent upon availability and 
dietary intake (Tchounwou et al. 2003). This has sparked 
concern regarding the potential toxic effects of marine life, 
especially in species of subsistence and commercial impor-
tance. Western Arctic bowhead whales (Balaena mysticetus) 
migrate among the Bering, Chukchi, and Beaufort seas, and 
have been relied upon for centuries by Russian and Alas-
kan native communities, providing sustenance and other 
resources (Schell et al. 1989).

Bowhead whales are valuable bioindicators of environ-
mental changes due to their long-life span and ability to bio-
logically incorporate elements from diet and surrounding 
water (Das et al. 2003; Vos et al. 2003). These whales have 
baleen plates that are metabolically inert and continuously 
growing. Elements from the planktonic rich diet are incor-
porated into the keratinous matrix. Adult bowhead whales 
have plates of up to 4 m in length and representing 20+ 
years of growth, thus providing a timeline of environmen-
tal elemental concentrations (Schell et al. 1989; Pomerleau 
et al. 2018). We determined the elemental concentrations of 
baleen from western Arctic bowhead whales across space 
and time. Schell et al. (1989) used stable carbon and nitrogen 
isotope ratios along the whales’ baleen plates to corroborate 
locations along the migration route with locations along the 
length of the plates. This allowed them to determine season-
ality and annual periodicity based on the whales’ migration 
patterns.

The analysis of baleen for element concentrations pro-
vides a novel method for assessing environmental conditions 
at specific locations and times. In such a rapidly changing 
Arctic environment, it is critical to establish temporal ele-
mental concentrations in Arctic wildlife. This information 
can track environmental changes to help monitor Arctic 
marine ecosystems.
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Materials and Methods

Baleen samples from nine bowhead whales were obtained 
from the Alaska Stable Isotope Facility at the University 
of Alaska Fairbanks where stored. All baleen plates were 
initially collected during subsistence hunts in the villages 
of Barrow (Utqiaġvik) and Kaktovik, Alaska. Baleen 
samples were collected by Schell et al. (1989) at 5 cm 
intervals from base to tip using a Dremel and tungsten 
carbide boring tip. Carbon-13 and nitrogen-15 analysis 
revealed oscillating patterns of enrichment and depletion 
that the Schell team ascribed to isotopic differences in 
locations (Bering/Chukchi vs Beaufort seas). There was no 
isotopic distinction between Bering and Chukchi seas so 
they were considered the same location. These bodies of 
water are the terminal ends of the bowhead whale migra-
tion route. As bowhead whales migrate seasonally (bian-
nually) between these seas, seasons were defined, sum-
mer in the Beaufort Sea and winter in the Bering/Chukchi 
seas. The compilation of all sample points along the baleen 
plate produced isotopic patterns corresponding to the pri-
mary and secondary production between the respective 
seas. The distinct stable isotope differences between these 
two bodies of water served as markers for Schell et al. to 
calculate the time between seasons (winter/summer) and 
locations. These isotopic patterns consistently repeat along 
the baleen plate for all the bowhead whales. We used the 
remaining samples from Schell’s original baleen plates and 
their calculated timeline and locations to assign elemental 
concentrations through space and time. Two sequential 
baleen samples, representing specific location and sea-
son, were combined to achieve optimal mass for elemental 
analysis (minimum 0.1 g). It should be noted that sam-
ples were taken from sub-adult and adult whales, some of 
which had a noted body length (Supplemental Table 1). 
A total of 138 samples across nine whales were analyzed 
and represented a minimum of one sample per year from 
1958 to 1999 (except 1967–1968). This yielded ~ 41 years 
of seasonal (winter, summer) and locational elemental data 
for the western Arctic bowhead whale population.

Samples were digested with Trace Metal Grade nitric 
acid in 100 mL polypropylene digestion tubes, then placed 
in a ModBlock at 60°C for 24 h until samples were entirely 
digested. Each sample was diluted to 5% nitric acid or less 
with ultrapure deionized water (18.2 MΩ). The concentra-
tions of 13 elements—Al, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, 
Pb, Se, V, Zn were analyzed at the University of South-
ern Mississippi Center for Trace Analysis via sector-field 
inductively coupled plasma mass spectrometry (ICP-MS, 
ThermoFisher Element XR) with a Peltier-cooler spray 
chamber (PC-3; Elemental Scientific, Inc.). Blanks of 
ultrapure deionized water and trace metal basis nitric acid 

(3%, 4%, 5%) were used for quality control. The ICP-MS 
detection limits of each element are provided in Supple-
mental Table 2. Human hair certified reference material 
(Sigma Aldrich ERMDB001) was used to test our dissolu-
tion method. Cd, Cu, Se, and Zn concentration efficiencies 
were 92%, 115%, 86%, and 96%, respectively. Hg (61%) 
was relatively low compared to the certified study effi-
ciency, likely due to some Hg adsorption by our plastic 
polypropylene digestion tubes. The relatively higher con-
centration of Pb detected could be due to contamination 
though none was readily identified.

All statistical analyses were conducted in the open-source 
software R Studio (License AGPL v3). A linear mixed-
effects model (LMM) with Gaussian distribution and iden-
tity link functions was applied to each element to test for the 
significance of location, sex, and time (year), and/or their 
interaction term on concentration (Supplemental Table 3). 
Age and growth rate could not be included in the models 
due to limited sample data; this prevented intraspecific sta-
tistical comparisons. Instead, a linear mixed-effects model 
was applied to each whale’s samples separately from the 
other whales. Each LMM was fit by restricted maximum 
likelihood through the function lme in the R package nlme. 
All models had whale ID as a random effect to account for 
repeated measures of each response variable along the length 
of each baleen plate. A backwards-step selection with the 
help of Akaike’s information criterion (AIC) model selec-
tion finalized the best-fit model. The final model, selected 
based on the lowest AIC score, included year and whale, but 
not location and sex, for all 13 elements. The final model 
was represented by: (element ~ year, random =  ~ 1|whale, 
method = "REML"), where element was the element under 
investigation (Supplemental Table 4).

Results and Discussion

All 13 elements (Al, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, 
Se, V, Zn) were detected in bowhead whale baleen (Supple-
mental Table 5). Al, Cu, and Fe had the highest elemental 
concentrations, reaching into the thousands of µg/g (Supple-
mental Fig. 1a, e, f). Cd, Hg, and V concentrations were the 
lowest compared to all other elements, with concentrations 
below 10 µg/g (Supplemental Fig. 1b, g, l). The detected 
concentrations were likely influenced by varying ecological 
and environmental factors for each whale used in this study. 
The exact migratory paths of each whale were unknown, 
though Schell et al.’s stable isotope data indicated that each 
whale migrated annually between the Bering/Chukchi seas 
and Beaufort Sea. The whales sampled here also differed in 
age, physiological status, and body length (Supplemental 
Table 1).
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Al, Cu, Fe, and Zn had high standard deviations likely 
due to the high variance in the data and low sample size per 
year (Shore 2020, Tables 4 and 5). Al, Fe, and Zn increased 
over time with higher concentrations in the mid to late 1990s 
(1995–1999). The highest concentrations of all elements, 
excluding Cu, were found mostly in whales hunted between 
1995 and 1999. Cu did not increase over time but did have 
sporadic high concentrations (Supplemental Fig. 1e).

Environmental elements likely accumulated in baleen 
through various routes. In marine mammals, elements 
mainly enter and accumulate in the body through inges-
tion (Becker et al. 1997; Das et al. 2003; Vos et al. 2003). 
The main food source for bowhead whales is zooplankton, 
largely occupying a trophic position of 2.0. Bowhead whales 
have a lower trophic position (3.20) compared to other 
marine mammal species (3.40–4.70) due to the prey/dietary 
differences. Elemental biomagnification at low trophic levels 
will likely have a nominal effect on concentration increases 
(Trites 2019). St. Aubin et al. (1984) found naturally existing 
Cu, Fe, and Zn in bowhead whale baleen (means 8, 20, and 
216 µg/g, respectively) but no Mn. Campbell et al. (2005) 
found Cu, Zn, and Cd concentrations in Arctic zooplankton 
in Baffin Bay (1.5–1.6, 14–17, and 0.9–1.6 µg/g, respec-
tively). Our study yielded Cu and Zn concentrations (8–1400 
and 198–1600 µg/g, respectively), 5 to 1000 times higher 
in bowhead whale baleen, while our Cd concentrations 
(0.02–3.5 µg/g) were comparable to the zooplankton. Mn, 
Pb, and Se concentrations in zooplankton (0.3–0.4, 0.3–1, 
and 1.8–1.9 µg/g, respectively) were similar to those in our 
bowhead whale baleen (0.3–80, 0.7–200, and 0.4–3.4 µg/g 
respectively) prior to the mid 1990s (Supplemental Table 5). 
The LMMs (Supplemental Tables 3 and 4) showed that eight 
of the 13 elements tested (Al, Cd, Cr, Fe, Mn, Ni, Pb, Zn) 
significantly increased over time across all nine whales with 
the highest concentrations in baleen samples representing 
the 1990s (Supplemental Fig. 1a, b, d, f, h, i, j, m). Cu and 
Se concentrations were the only elements to exhibit their 
highest values prior to 1966 (Supplemental Fig. 1e, k).

Biosorption of elements from the surrounding water 
through adhesion and absorption are supported as the domi-
nant mechanism. Baleen is made of hard keratin, which has 
been proven absorptive, especially when hydrated (Kar and 
Misra 2004; Werth et al. 2016; Donner et al. 2019). Baleen 
naturally contains 34.37% water but when hydrated, stores 
excess water (Werth et al. 2016). The absorption mechanism 
of trace elements has not been studied to our knowledge, 
though several studies have utilized keratinous structures, 
such as avian feathers. Because feathers and baleen are both 
hard keratins, they likely share similar absorption mecha-
nisms. Co, Cr, Cu, Hg, Pb, Ni, and Zn were successfully 
absorbed from water into feathers, though pH did influence 
uptake (Kar and Misra 2004; Donner et al. 2019). Kera-
tin absorbs metal ions through both physiosorption and 

chemiosorption. Physiosorption, such as wet adhesion, traps 
metal ions in nanostructured surfaces, like the nanoporous 
surface of baleen. Chemiosorption occurs at binding sites 
of keratin (Kar and Misra 2004). Further research utilizing 
baleen as a biosorbent is needed to understand how environ-
mental concentrations adhere, adsorb, or absorb in baleen.

The Arctic environment has been warming at an unprec-
edented rate and the Arctic Ocean is especially sensitive to 
these changes. Higher atmospheric temperatures lead to ice 
and permafrost melting, riverine discharge, and coastal ero-
sion (Overland et al. 2002; Rydberg et al. 2010; Jensen et al. 
2021). Snow, ice, and permafrost store and accumulate trace 
elements over time, then release large concentrations into the 
marine Arctic environment through melting events and run-
off. As riverine output intensifies, these waters carry higher 
concentrations of elements towards the coastal environment. 
(Perryman et al. 2020; Polyakov et al. 2010; Tovar-Sánchez 
et al. 2010; Schaefer et al. 2020). Rember and Trefry (2004) 
found that trace metal (Fe, Cu, Pb, Zn) concentrations in 
Alaskan rivers were highest during deluges from snowmelt 
and erosion of upper soil layers. Ocean warming changes 
gas solubility and pH concentrations and the resulting acidi-
fication increases the concentrations and bioavailability of 
metal ions such as Fe, Cu, Zn, and Cd (Millero et al. 2009; 
Avendaño et al. 2016; Lewis et al. 2016).

All nine whales had some of their highest elemental 
concentrations in a single baleen sub-sample. For exam-
ple, whale 90B8 had its highest concentrations of As, Cr, 
Fe, Mn, Ni, and Se in summer 1981 (Beaufort Sea), while 
Cd, Co, Cu, Hg, Pb, and V concentrations were highest in 
summer 1979 (Beaufort Sea). In addition, samples from dif-
ferent whales that overlapped in time and/or location had 
similar elemental concentration increases. Whale 95B8 and 
99KK1 had their highest concentrations of Al, Co, Cr, Cu, 
Fe, Hg, Mn, Ni, and Zn in summer 1995 (Beaufort Sea). The 
five whales hunted in the 1990s had concentrations of Fe, 
Mn, and Ni that covaried (similar increases and decreases) 
across the entire baleen plate Whales 97B8, 98KK1, and 
99KK1 had Fe and Mn concentrations that covaried simi-
larly across the entire baleen plate. Whales 90B8 and 95B8 
had Fe, Mn, and Ni concentrations that changed similarly 
with time across the baleen plate (Supplemental Fig. 1f, h, i). 
It is known that Fe and Mn share many common sources and 
sinks in the global ocean (Jensen et al. 2020). Data showed 
that Se and Hg concentrations were not significantly corre-
lated (p > 0.05). Se concentrations decreased over time while 
Hg concentrations were highest in whales 66B1 and 78B2 
and whales landed in the 1990s (Supplemental Fig. 1 g, k). 
An increase in environmental Hg from 1990 to 2000 was dis-
covered polar bears, beluga whales, and ringed seals (Wage-
mann et al. 1996; Woshner et al. 2001; Kannan et al. 2007). 
Therefore, we surmised the Hg increase during the 1990s 
was likely due to environmental increases that other Arctic 
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species experienced. With no anomalous temperatures or 
precipitation events in the years the samples represented, it 
is believed that short-lived environmental fluxes were the 
cause of these synchronous high concentrations. Since the 
Mackenzie River influences the chemistry of the Beaufort 
Sea and surface waters in the Western Arctic, atmospheric 
warming and subsequent melt events may contribute to these 
intermittent recordings (Macdonald et al. 2000; Carmack 
et al. 2016).

Additional data are needed to further our understanding 
of the effect of a changing Arctic on the marine environ-
ment and how marine mammals physiologically respond to 
changing elemental concentrations. Because Arctic marine 
mammals play a critical role in the ecological function of 
marine ecosystems and are often relied upon by indigenous 
communities, understanding these relationships are critical, 
particularly as the climate and ocean chemistry continue to 
fluctuate.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00128- 021- 03394-2.
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