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• Physiology was important in shaping
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Effective biomonitoring requires an understanding of the factors driving concentrations of the substances or
compounds of interest in the tissues of studied organisms. Biomonitoring of trace elements, and heavy metals
in particular, has been the focus of much research; however, the complex roles many trace elements play in an-
imal and plant tissues can make it difficult to disentangle environmental signals from physiology. This study ex-
amined the concentrations of 15 trace elements in the teeth of 122 Pacific walruses (Odobenus rosmarus
divergens) to investigate the potential for walrus teeth as biomonitors of trace elements in Arctic ecosystems. El-
emental concentrations were measured across cementum growth layer groups (GLGs), thereby reconstructing a
lifetime history of element concentrations for each walrus. The locations of GLGs were used to divide trace ele-
ment time series into individual years, allowing each GLG to be associated with an animal age and a calendar
year. The elements studied exhibited a great deal of complexity, reflecting the numerous factors responsible
for generating tooth trace element concentrations. Generalized linear mixed models were used to investigate
the importance of age and sex in explaining observed variation in trace element concentrations. Some elements
exhibited clear physiological signals (particularly zinc, strontium, barium, and lead), and all elements except ar-
senic varied by age and/or sex. Pearson's correlations revealed that elements were more strongly correlated
among calendar years than among individual walruses, and correlations of trace elementswithin individual wal-
ruses were generally inconsistent or weak. Plots of average elemental concentrations through time from 1945 to
2014 further supported the correlation analyses, withmany elements exhibiting similar patterns across the ~70-
year period. Together, these results indicate the importance of physiology inmodulating tooth trace element con-
centrations in walrus tooth cementum, but suggest that many trace elements reflect a record of environmental
exposure and dietary intake/uptake.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

The use of organisms to assess the abundance and distribution of
substances or compounds of interest in the environment, referred to
as biomonitoring, is a common approach for tracking the impacts of an-
thropogenic activities on natural systems (Rainbow, 1995;Wang, 2016;
Wren, 1986). Plants, animals, and fungi may retain or concentrate sub-
stances that are ephemeral, spatially heterogeneous, or otherwise diffi-
cult tomeasure directly in the environment, thereby increasing the ease
of sampling (Harguinteguy et al., 2013; Morrison et al., 2017; Yin et al.,
2008). Further, biomonitoring can provide information about the bio-
availability of individual substances or compounds, and may give in-
sight into how they move within ecosystems and food webs (Kraak
et al., 1991; Wang, 2016; Yin et al., 2008).

Many biomonitoring efforts focus on concentrations of potentially
toxic trace elements, includingheavymetals. Concentrations of these el-
ements may reflect anthropogenic contamination; however, they also
exist naturally in the environment in measurable concentrations and
some may be essential to plant and animal physiology in trace quanti-
ties (Mertz, 1981). In the ocean, concentrations of these elements are
driven by numerous interacting factors, including release from underly-
ing geology and sediments, weathering and terrestrial input, surface de-
position of windblown particles, seawater chemistry, and sea ice melt,
as well as by aggregation by marine organisms, and contamination via
anthropogenic processes (Beattie et al., 2014; Bryan, 1984; Duce et al.,
1991; Kim et al., 2015; Martin et al., 1976; Mendez et al., 2010; Tovar-
Sánchez et al., 2010). Understanding the natural variability in baseline
or background elemental concentrations is critical to detecting in-
creases in these trace elements associatedwith anthropogenic activities.
Further, the bioavailability and toxicity of some potentially toxic ele-
ments depends on the form in which they are found, thus absolute con-
centrations in water or sediment may not be a strong indicator of the
impact of contamination on biological systems (Borgmann, 2000;
Wang, 2016).

Tissues exhibiting incremental growth, such as coral skeletons and
tree rings, can act as archives of trace element concentrations
(Outridge et al., 1995). Mammalian teeth are one such tissue, and are
particularly useful for reconstructing records of trace element concen-
trations, because tooth growth layers aremetabolically inert after depo-
sition, thus each layer represents a discrete point in time (Klevezal,
1996).Marinemammal teeth are considered to be valuable biomonitors
of ocean ecosystems (e.g., Aubail et al., 2010; De María et al., 2021;
Ozersky et al., 2017). These animals oftenmove across broad geographic
ranges and tend to occupy relatively high trophic positions, thus ele-
mental concentrations in marine mammal teeth may provide informa-
tion about concentrations of trace elements within regional food
webs, as well as individual point sources. That said, little research has
been conducted to quantitatively link concentrations of trace elements
in teeth to those in other tissues, or to examine factors that could possi-
bly confound the use of marine mammal teeth as biomonitors, such as
the roles of physiology and age-related patterns of accumulation in
shaping tooth trace element concentrations.

Pacific walruses (Odobenus rosmarus divergens) are key members of
sub-Arctic and Arctic ecosystems in the Bering and Chukchi seas, and
are important to the culture and subsistence of Russian and Alaska Na-
tive communities. Monitoring trace element concentrations, particu-
larly potentially toxic elements, such as heavy metals, is thus of critical
importance. Though their diet consists primarily of bivalves, walruses
are generalist foragers and consume a wide variety of taxa including
other pinnipeds (Fay, 1982; Seymour et al., 2014; Sheffield and
Grebmeier, 2009). Pacific walruses exhibit a sex-segregated migration
(Fay, 1982). Males and females spend the high sea ice season (late win-
ter and spring) together in the Bering Sea. Females and juveniles typi-
cally follow the sea ice edge north in to the Chukchi Sea during
summer, whereas most males move to the coastal regions of the Bering
Sea, including Bristol Bay, Alaska, and Chukotka, Russia. Examining trace
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elements in Pacific walrus teeth may provide important insight into el-
emental concentrations in benthic foodwebs in the Bering and Chukchi
seas. Further, dissimilarities in element accumulation by males and fe-
malesmay provide some insight into differences between these two ba-
sins. Walrus teeth are regularly collected as part of Alaska Native
subsistence harvests and are widely available in museum collections.
This availability, as well as their large size and broad cementum layer,
makes walrus teeth ideal candidates for trace element analyses. As
such, a relatively large body of work has been dedicated to examining
walrus tooth trace elements (e.g., Evans et al., 1995; Jay et al., 2008;
Outridge and Stewart, 1999), and they are considered to be good candi-
dates for reconstructing long-term records of environmental element
concentrations (Evans et al., 1995). Further, indications of stock struc-
ture from whole tooth elemental concentrations support the idea that
element concentrations in teeth reflect differences in geographic loca-
tion or diet composition (Jay et al., 2008). That said, much remains to
be learned about the factors affecting trace element concentrations in
marinemammal teeth, including diet, physiology, and baseline environ-
mental concentrations, before they can be effectively used as
biomonitors.

The primary objective of this researchwas to assess the suitability of
walrus teeth as tools for monitoring trace elements in the marine envi-
ronment through time. To accomplish this, concentrations of 15 trace
elements were measured in the growth layers of walrus teeth collected
between 1880 and 2016. Patterns of element accumulation were then
examined within the lives of individual walruses and by calendar year
to 1) investigate the existence of any physiological signals that might
impact biomonitoring efforts, 2) determine whether any elements ex-
hibit age-related concentration increases or decreases, and 3) examine
changes in average element concentrations through time at the popula-
tion level.

2. Methods

2.1. Trace element analysis and data processing

Postcanine teeth from 122 Pacific walruses (Female: n = 93; Male:
n = 29) were on loan from the University of Alaska Museum in Fair-
banks, Alaska, and the National Museum of Natural History, in
Washington DC. Specimens were collected between 1880 and 2016
(Table S1). Themajority of these samples originated from Alaska Native
subsistence harvests in the communities of Gambell and Savoonga on
St. Lawrence Island, Alaska, though some of the earlier specimens
were collected during scientific expeditions. Because specimens used
in this study originated from museum collections and/or Alaska Native
subsistence harvests, this research was Institutional Animal Care and
Use Committee (IACUC) exempt. All specimens from contemporary
subsistence harvests were transferred to UAF for analysis under a Letter
of Authorization from the United States Fish and Wildlife Service
(USFWS) to Dr. L. Horstmann.

A low speed, water-cooled saw equippedwith a diamond blade was
used to create a 1.5mm-thick longitudinal cross-section of the center of
the tooth. A 3000-grit diamond smoothing disc mounted on a rotary
polishing wheel was then used to polish this cross-section. Samples
were rinsed with ultra-pure water after polishing and allowed to air
dry, then rinsed and air dried again immediately prior to analysis.

Trace element analyseswere conducted at the Advanced Instrumen-
tation Lab, University of Alaska Fairbanks (UAF), Fairbanks, Alaska. An
Agilent 7500ce Inductively Coupled Plasma Mass Spectrometer (ICP-
MS; fitted with a cs lens stack to improve sensitivity), coupled with a
New Wave UP213 laser, was used to measure concentrations of vana-
dium (51V), chromium (53Cr), manganese (55Mn), iron (57Fe), cobalt
(59Co), nickel (60Ni), copper (63Cu), zinc (66Zn), arsenic (75As), stron-
tium (88Sr), molybdenum (95Mo), silver (107Ag), cadmium (111Cd), bar-
ium (137Ba), and lead (208Pb) in walrus tooth cementum. Instrumental
precision for the ICP-MS was ±5%. The internal standard for these



C.T. Clark, L. Horstmann and N. Misarti Science of the Total Environment 772 (2021) 145500
analyses was calcium (43Ca), and the resulting calcium-normalized ele-
ment concentrations are reported in parts per million (ppm). Measured
elemental concentrations were compared with a United States Geolog-
ical Survey microanalytical phosphate standard (MAPS-4), as well as a
National Institute of Standards and Technology Standard ReferenceMa-
terial (NIST SRM 610). All laser transects were ablated using the follow-
ing parameters: beam width = 25 μm; power = 55%; pulse
frequency = 10 Hz; transect speed = 5 μm/s. Dwell times ranged
from 0.002–0.15 s (Table S2). Locations of ablation transects were se-
lected to maximize distance from the root, where cementum growth
layer groups converge and become distorted, while also avoiding
areas of tooth wear near the crown, where not all cementum layers
are present. Transects were ablated starting at the interface between
the dentin and the cementum (first year of life), and ending at the
outer edge of the tooth (final year of life). Thus, elemental time series
generated during these analyses represented a lifetime record for each
animal.

Data extraction and processing was conducted in Igor Pro version
6.37 using the Iolite software package version 3.0. All statistical analyses
were conducted using R version 4.0.2 (R Core Team, 2020)with RStudio
version 1.3.959 (RStudio Team, 2015). Limits of detection were calcu-
lated separately for each analytical run using the standard method ap-
plied by Iolite (Longerich et al., 1996). A value of one half the limit of
detection was used to replace data points that fell below the detection
limits (U.S. Environmental Protection Agency, 2000). Data points more
than 4 standard deviations from the mean were considered outliers
and removed from analysis (Tukey, 1977). These data points were typ-
ically single, unrealistically high values, and were likely to represent in-
strumental errors, rather than actual changes in tooth trace element
concentrations. Their removal is therefore unlikely to have impacted
the results of this study.
2.2. Growth layer group counts and designation of element concentrations
to individual years

After trace element analysis, photographs of walrus teeth were
taken using a Leica DFC295 camera coupled with a LeicaM165 C optical
microscope using reflected light. All growth layer groups (GLGs) in the
tooth cementum were identified (Fay, 1982; Garlich-Miller et al.,
1993) and marked collaboratively by the authors (C.T.C., L.H., and
Fig. 1. Photograph of a longitudinal cross-section of the tooth of an adult female walrus (A), wi
Panels C – F show typical patterns of accumulation for Sr (C), Ba (D), Zn (E), and Pb (F), with the
age in each year denoted at the bottom. Figure adapted from Clark et al., 2020a, 2020b.
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N.M.), and their positions were revisited on at least two additional
days to confirm their locations on the laser ablation transect (Fig. 1). Lo-
cations of the growth layers were used to assign measured elemental
concentrations to individual years of life, with L1/D1 (the first light
and dark layers) representing Age 0 (1st year of life), L2/D2 making
upAge 1 (2nd year of life), and so on. All GLGswere counted to estimate
the age of each animal at death, and this information was used in tan-
dem with the year of death to associate GLGs with individual calendar
years. Thus, an animal that was Age 5 when it was harvested in 1995
would have GLGs grown in 1990–1995. Only complete GLGs with a
fully formed light and dark layer were used for analysis of trace element
concentrations by animal age or calendar year.
2.3. Statistical methods

Trace element data were natural log-transformed prior to statistical
analysis to ensure their distributions approximated normality. General-
ized linearmixedmodels (GLMMs)were run using the R package ‘lme4’
(Bates et al., 2015) to test for relationships between concentrations of
each trace element and individual walrus age, as well as test for differ-
ences between males and females. These analyses were restricted to
ages 0–15, to ensure that ≥15 male and female walruses were repre-
sented at each age.Model selectionwas conducted using Akaike's Infor-
mation Criterion corrected for small sample sizes (AICc), where models
with the lowest AICc scorewere considered to best explain the variabil-
ity in the data (Burnham and Anderson, 2002). In instanceswheremore
than onemodel had a ΔAICc <2, themodel with the fewest parameters
was selected. Prior to running theGLMMs, randomeffectswere selected
using restricted maximum likelihood (“REML = ‘TRUE’” in the ‘lmer()’
function) and using AICc selection on the fully-parameterized models
with varying random effects. Random effects tested included random
intercepts for individual ID (“(1|id)”) and calendar year (“(1|year)”),
and a combination of both of these intercepts, as well as correlated
(“(age|id)”) and uncorrelated (“(age||id)”) random intercepts and
slopes for individual ID by animal age,with andwithout a random inter-
cept for calendar year. After choosing the random effects, model selec-
tion was conducted on five models with varying combinations of fixed
effects for individual age and sex (Table S3). Both Sr and Ba exhibit
large, non-linear changes in early life associated with nursing and
weaning (Clark et al., 2020b), thus GLMMs were only conducted for
th an inset showing the locations of the dentin, cementum, and the laser ablation scar (B).
end of each cementumgrowth layer groupmarkedwith a dark blue line, and the animal's



Table 1
Means and standard deviations (1 SD) of calcium-normalized trace element concentra-
tions (ppm) in female (n = 93) and male (n = 29) Pacific walrus (Odobenus rosmarus
divergens) tooth cementum, as well as median limits of detection (ppm) for each element
examined in this study.

Females (n = 93) 51V 53Cr 55Mn 57Fe 59Co 60Ni 63Cu 66Zn

Mean (ppm) 1.53 0.46 1.11 42.51 0.04 0.29 1.83 181.14
SD 0.83 0.15 1.48 23.45 0.01 0.07 3.19 39.92

75As 88Sr 95Mo 107Ag 111Cd 137Ba 208Pb

Mean (ppm) 0.27 292.12 0.06 0.03 0.43 5.28 2.07
SD 0.19 61.80 0.02 0.02 0.15 1.44 0.97

Males (n = 29) 51V 53Cr 55Mn 57Fe 59Co 60Ni 63Cu 66Zn

Mean (ppm) 2.08 0.48 1.10 81.66 0.05 0.49 1.80 144.64
SD 1.38 0.11 0.69 62.01 0.03 0.30 1.16 31.07

75As 88Sr 95Mo 107Ag 111Cd 137Ba 208Pb

Mean (ppm) 0.23 263.02 0.05 0.02 0.35 4.65 1.23
SD 0.11 48.37 0.02 0.01 0.12 1.42 0.44

Median limit of
detection (ppm)

51V 53Cr 55Mn 57Fe 59Co 60Ni 63Cu 66Zn

0.03 0.23 0.12 2.88 0.02 0.10 0.10 0.52

75As 88Sr 95Mo 107Ag 111Cd 137Ba 208Pb

0.14 0.18 0.03 0.02 0.13 0.35 0.05
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ages ≥5, where the weaning signal is no longer present in the data. Indi-
viduals with five or more elemental concentrations classified as outliers
(i.e., falling more than 4 standard deviations from the mean concentra-
tion of all individuals; Tukey, 1977) were excluded from the GLMM for
that element. This resulted in the omission of one individual from the
GLMMs for Cu and Pb. Model predictions and 95% confidence intervals
were calculated using the ‘bootpredictlme4’ R package, which uses a
bootstrapping approach (1000 iterations, in this case) to generate con-
fidence intervals (Duursma, 2017).

Pearson's correlations were used to investigate relationships among
trace elements within the lives of individual walruses, amongwalruses,
and among calendar years. Correlation coefficients were calculated for
the time series of 15 trace elements for each individual walrus, and
the resulting correlation matrices were averaged for males and females
to calculatemeanwithin-individual correlations for each sex. Therewas
high variability within the high-resolution elemental time series, possi-
bly resulting from microscale variations in tooth structure or instru-
mental noise, which led to almost universally low correlations among
elements within individual walruses. To better compare correlations
among underlying trends in the data, the elemental time series were
smoothed using a Savitzky-Golay filter from the R package prospectr
(Stevens and Ramirez-Lopez, 2014) with a window of 15 data points.
The Savitzky-Golay algorithmsmooths thedata byfitting a local polyno-
mial regression of order p (3, in this case) to the data points in the win-
dow. Within-individual correlations were calculated using these
smoothed time series. To examine correlations among walruses, mean
(natural log-transformed) elemental concentrations were calculated
for each individual, and correlations among these mean values were
computed separately for males and females. Finally, to examine correla-
tions among elemental concentrations by calendar year, mean (natural
log-transformed) trace element concentrations were calculated for
male and female walruses for each year. Correlations among calendar
years were restricted to years in which elemental concentrations from
at least three (and usually ≥5) individuals were available, which re-
sulted in a time series from 1945 to 2014. Correlation coefficients
were then calculated for each element across these years.

Changes in mean (untransformed) elemental concentrations from
1945 to 2014 were examined visually. As with the GLMMs, changes in
Sr and Ba through time were calculated using only data from ages ≥5.
This resulted in slightly smaller sample sizes, but allowed for the inclu-
sion of these two elements in this analysis. Pearson's correlations be-
tween male and female trace element concentrations were calculated
for the period from 1945 to 2014 and interpreted alongside the visual
examinations.

All data used in this study are archived with Dryad and can be
accessed at doi:https://doi.org/10.5061/dryad.q573n5thj (Clark et al.,
2021).

3. Results

Allwalrus teeth had detectable concentrations of each of the 15 trace
elements examined in this study (Table 1). Median limits of detection
for these elements ranged from 0.02 ppm for Co to 2.86 ppm for Fe.
The median walrus age estimate generated from counts of cementum
GLGs was 15 for both females (min = 4, max = 28) and males
(min = 4, max = 26). The resulting time series of trace element data
spanned the period from 1914 to 2015, not including a single individual
from which data were available from 1866 to 1879.

Results of the GLMMs (Table S3) and visual examinations of mean
element concentrations plotted by animal age (from age 0 to age 15) re-
vealed distinct differences in elemental accumulation by male and fe-
male walruses in this study (Fig. 2). Females had consistently higher
concentrations of Zn, Sr (Ages 5+), Mo, Ag, Cd, Ba (Ages 5+), and Pb.
In contrast, male walruses had higher concentrations of Cr, Fe, Co, Ni,
and Cu. There were no sex differences in V or As concentrations, and
Mn was more complex, with young females exhibiting lower
4

concentrations than males, and older females having higher
concentrations. Elemental concentrations in the cementum of female
walruses increased with age for V, Mn, Zn, Cd, Ba (Ages 5+), and Pb,
whereasmales exhibited increases in V,Mn, and Zn . In females, concen-
trations of Fe, Co, Ni, Cu, Sr (Ages 5+, minor decrease), and Mo de-
creased with age. In males, Fe, Co, Ni, Cu, Sr (Ages 5+), Mo, and Pb
concentrations declined as animals aged. Only Cr and Ag did not change
with animal age for male or female walruses. The expected physiologi-
cal signals in Zn, Sr, Ba, and Pb (Clark et al., 2020a, 2020b) were clearly
visible in plots of mean elemental concentrations by age, with females
experiencing strong increases in Zn and Pb over their lives, and both
sexes exhibiting steep declines in Sr and Ba concentrations within the
first five years of life (Fig. 2).

Trace element correlationsdifferedwithin and among individuals, as
well as among calendar years (Fig. 3, Tables S4–S6). Even after smooth-
ing, within-individual correlations averaged by sex were generally
weak, with the strongest correlations between Zn and Pb (females:
r = 0.59; males: r = 0.50) and Sr and Ba (females: r = 0.31; males:
r = 0.30). All other correlations within individuals had an absolute
value of ≤0.26 for females and ≤ 0.21 for males. The mean magnitude
(absolute value) of the within-individual correlations was 0.05 for
both sexes. Correlations among individuals were generally more pro-
nounced, with females exhibiting the strongest correlations between
Mo and Ag (r = 0.76) and Co and Ag (r = 0.64). All other correlations
among female walruses had an absolute value ≤0.59, and the overall
mean magnitude of the correlation coefficients was 0.22. The strongest
correlations for males were between Fe and As (r = 0.80), Fe and Ni
(r = 0.78), Fe and Co (r = 0.76), Co and Ni (r = 0.74), and Mn and As
(r = −0.73). The absolute value of all other correlations among males
was ≤0.69, and the overall mean magnitude was 0.31. Trace element
concentrations were most strongly correlated among calendar years.
Females exhibited the strongest correlations between Fe and As (r =
0.90), Fe and Ag (r = 0.80), As and Ag (r = 0.78), Ni and Zn (r =
−0.74), and Co and Ag (r = 0.72). All other correlations among years
for females had an absolute value ≤0.68, and the mean magnitude of
all correlation coefficients was 0.35. Among-year correlationswere sim-
ilarly high for males, with the strongest between Fe and Ni (r = 0.86),
Co and Ni (r = 0.83), and Ni and As (r = 0.80). All other correlations

https://doi.org/10.5061/dryad.q573n5thj


Fig. 2. Mean (± 1 standard error, SE) of natural log-transformed elemental concentrations for Pacific walruses, plotted by animal age. Males are represented by purple diamonds, and
females by green circles. Lines represent predictions from generalized linear mixed models (GLMMs), and shaded ribbons represent the 95% confidence intervals of the modeled
output. Due to non-linear early-life changes in Sr and Ba, only data from ages ≥5 were modeled using GLMMs. Elements where the model output for males and females overlaps
completely (V, As) are those for which the GLMMs did not indicate sex differences.
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among years for males had an absolute value ≤0.79, and the overall
mean magnitude was 0.37.

Visual examinations of average trace element concentrations
through time revealed distinct changes for both males and females
across the period from 1945 to 2014 (Fig. 4). In general, elements that
were strongly correlated among years in the above analyses exhibited
visually similar patterns. Females, for example, exhibited a peak in Fe,
As, and Ag values around 1990, which declined into the early 2000s. A
similar pattern can be observed for Sr, though this plot was generated
only with data from ages 5+, thus it is not directly comparable to the
correlation analyses. Elements with strong among-year correlations in
males (e.g., Fe, Co, Ni, As) tended to start with low values that increased
sharply around 1975 and, with the exception of Co, sustained high
values for the remainder of the record. In general, the magnitudes of
the changes exhibited by males were larger than those of female wal-
ruses, though this may be a result of the lower sample size of male wal-
ruses allowing individuals to have a greater impact on the mean. Of the
15 elements examined, changes in male and female concentrations
through timewere positively correlated for 10 elements, and negatively
correlated for the remaining five. The elements with the strongest pos-
itive correlationswere Fe (r=0.60) and Sr (Age 5+; r=0.59),whereas
5

Cu (r = −0.41) and Ni (r = −0.37) exhibited the strongest negative
correlations.

4. Discussion

Analysis of trace elements in walrus teeth revealed much complex-
ity, with nearly all elements exhibiting some combination of sex differ-
ences, age-related changes, and fluctuations in average concentrations
through time. This complexity reflects the multitude of interacting fac-
tors responsible for determining elemental concentrations in walrus
teeth, ranging from regional differences in geology to poorly understood
aspects of mammalian trace element physiology. The primary obstacle
standing in the way of the effective use of walrus teeth as trace element
biomonitors is a poor understanding of how elemental concentrations
in teeth relate to those in the diet and in other parts of the body. Several
studies have suggested that marine mammal teeth may be valuable
tools for biomonitoring (e.g., Aubail et al., 2010; De María et al., 2021;
Ozersky et al., 2017); however, only two have compared elemental con-
centrations in teeth to those in soft tissues. Both focused on evaluating
the use of beluga whale (Delphinapterus leucas) teeth as biomonitors,
one for mercury (Hg), and the other for selenium (Se). In belugas,



Fig. 3. Pearson's correlation plots for trace elements in female (top) andmale (bottom)walrus teeth. Bubble size is scaled to the absolute value of the correlation coefficient, and the color
inside each bubble represents the strength of the correlation (dark blue = −1.0; dark red = 1.0). Mean correlations within individual walruses (correlation coefficients calculated on
lightly smoothed data, then averaged across all individuals) are in the left column. The middle column contains correlations among individual walruses (trace element concentrations
averaged for each walrus, and correlations calculated among all individuals). Correlations among calendar years (average concentrations calculated across all individuals for each year,
and correlations calculated among all years) from 1945 to 2014 are in the column on the right. This date range was selected to ensure that no individual year contained data from
fewer than three walruses, and the majority of years included at least five individuals.
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tooth Hg concentrations were positively correlated with those in the
kidney, liver, muscle, and skin (Outridge et al., 2000), whereas Se in
the teeth was positively correlated with liver and muscle concentra-
tions, but only weakly related to those in the kidney and skin
(Kinghorn et al., 2008). In terrestrial mammals, including humans, con-
centrations of Cu (Blanuša et al., 1990, but see also Fosse and Justesen,
1978), Zn (Attramadal and Jonsen, 1976; Blanuša et al., 1990), Cd
(Wesenberg et al., 1979, 1981), and Pb (Blanuša et al., 1990;
Wesenberg et al., 1979) in teeth are linked to dietary intake or environ-
mental exposure. This suggests that teeth may be a good indicator of
trace element intake, uptake, and/or exposure in mammals. Though
the Pacific walrus population is panmictic, with little internal stock
structure (Beatty et al., 2020), cementum trace element concentrations
revealed differences among individuals from two geographically iso-
lated breeding aggregations (Jay et al., 2008). This may be further evi-
dence that trace elements in teeth reflect underlying variability in
environmental element concentrations, or perhaps differences in the
diets of animals in the two breeding groups.

Some inference about the relationship between tooth trace elements
and concentrations in other tissues can perhaps be gained by comparing
age-related patterns of element accumulation in walrus teeth to those
reported for marinemammal soft tissues. Positive correlations between
marine mammal age and tissue concentrations are widely reported for
V (Agusa et al., 2008, 2011a; Anan et al., 2002; Mackey et al., 1996;
Saeki et al., 1999) and Cd (Agusa et al., 2011a, 2011b; Anan et al.,
2002; Dehn et al., 2005, 2006; Goldblatt and Anthony, 1983; Hansen
et al., 1990; Honda et al., 1983; Honda and Tatsukawa, 1983; Krone
et al., 1999; Mackey et al., 1996; Miles et al., 1992), both of which in-
creased linearly with age in the cementum of walruses in the present
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study. Liver Cu concentrations are negatively related to body length
and/or age in some Arctic cetaceans (Dehn et al., 2006; Woshner et al.,
2001), and a similar age-related decline also appears in the walrus
teeth (Fig. 2). The relationship between teeth and soft tissues is less
clear for other elements. Pacific walrus soft tissues exhibit age-related
increases in Zn and As, but not Pb (Warburton and Seagars, 1993),
though two studies of other marine mammal species found a negative
correlation between age and liver Zn concentrations (striped dolphins,
Stenella coeruleoalba: Agusa et al., 2008; harbor seals, Phoca vitulina:
Akmajian et al., 2014). This may indicate that the increase in Zn concen-
trations associated with sexual maturity is exclusive to walruses, or
could reflect relatively greater levels of Zn in the benthic invertebrates
that make up the majority of walrus diet (Sheffield and Grebmeier,
2009) as compared to the primarily fish diets of the dolphins and seals
in the other two studies. Similarly, positive correlations between age
and soft tissue Pb concentrations exist for some marine mammals
(e.g., Agusa et al., 2008; Miles et al., 1992), though these relationships
are less commonly reported and are typically weaker than those be-
tween age andV or Cd. Only femalewalruses in the present study exhib-
ited increasing Pb concentrations with age, likely due to physiological
factors related to attaining sexualmaturity (Clark et al., 2020a), whereas
male cementum Pb concentrations typically declined slightly across an
animal's life. Examining males and females together could possibly
have dampened the age-related signals of both sexes in previous stud-
ies. Alternatively, other species may exhibit different patterns, or tooth
Pb concentrations might not be representative of those of soft tissues.
Together, the evidence indicates that the concentrations of at least
some elements in walrus teeth are closely related to those in other tis-
sues, thus, presumably, to dietary intake and environmental



Fig. 4. Mean yearly trace element concentrations for female (green) and male (purple) walruses. The bold line represents the mean and the shaded ribbon is ±1 standard error.
Correlations between female and male means are included in the top right. Due to early-life physiological signals associated with weaning, only ages ≥5 were used when plotting
strontium (Sr) and barium (Ba).
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concentrations; however, the infrequent and often conflicting reports of
age-related trace element changes in soft tissues of many species sug-
gest that these links may be species- or taxon-specific.

When consideringwalrus teeth as potential biomonitors of environ-
mental element concentrations, the role of physiology in determining
tooth trace element concentrations cannot be ignored. Patterns of accu-
mulation of Zn and Pb inwalrus teeth have been linked to attainment of
sexual maturity (Clark et al., 2020a). Similarly, early-life shifts in Sr and
Ba in walrus teeth may be associated with nursing and weaning (Clark
et al., 2020b). These physiological signals are apparent in the age-
related changes exhibited by each of these elements (Fig. 2). Both Zn
and Pb increase steeply with age in females, but not males. Declines in
Sr and Ba in the first five years of life are pronounced enough to render
their relationship with age non-linear, thus precluding the inclusion of
these years in the GLMMs. The correlation between Zn and Pb is by far
the strongest observed within individual walruses, followed by that of
Sr and Ba (Fig. 3). The role of physiological factors in shaping the ob-
served concentrations of other trace elements is unknown. Elements
that are important for physiological function might be expected to
change in relation to age or life stage, as observed with Zn, Sr, Ba, and
Pb, or their concentrations in the body might be closely regulated and
maintained within an optimal window. For example, Fe is necessary
for oxygen transport and storage, and is critically important for diving
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marine mammals (Kooyman, 1989). The GLMMS predict a slight de-
crease in Fe with age; however, the confidence intervals are wide, and
the mean values appear to remain relatively constant across life for
both males and females (Fig. 3). In contrast, the relatively strong in-
crease in Mn concentrations with age observed only in female walruses
is suggestive of physiological differences between the sexes. This essen-
tial element plays an important role in enzyme function (Schramm,
2012), and Mn deficiency inhibits reproductive function in mammals
(Boyer et al., 1984; Plumlee et al., 1956; Rojas et al., 1965). Little infor-
mation is available about the role of Mn in the bodies of marine mam-
mals, but the data presented here indicate either a sex-related
difference in Mn physiology, or differential intake of this element by fe-
male and male Pacific walruses.

Despite the numerous factors potentially masking such signals, wal-
rus tooth elemental concentrations exhibited much variability through
time that did not appear to be driven by age-related accumulations or
declines. A random intercept for calendar year was included in the ran-
dom effects structure of the GLMMs for eight elements, and a model in-
cluding “year” appeared among the top models (ΔAICc < 2) for four of
the remaining seven elements (Table S3). The top model (i.e., the
model without the random intercept for “year”) was selected in those
instances, but the presence of calendar year among the topmodels indi-
cates that this term was important for explaining variability in the
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majority of the elements examined. Further, correlation analysis re-
vealed that the strongest relationships among walrus tooth trace ele-
ment concentrations were those among calendar years, rather than
within- or among-individual walruses (Fig. 3). The fact that the changes
in elemental concentrations through timewere consistent across a suite
of elements, and did not simply reflect underlying patterns of trace ele-
ment accumulation typical to walruses, supports the idea that they rep-
resented actual fluctuations in exposure, intake, and/or uptake. Finally,
visual examination of the mean trace element concentrations for male
and female walruses across the period from 1945 to 2014 revealed
marked changes through time for many elements (Fig. 4). These plots
were generated from the raw data, and the age-related patterns of accu-
mulation may thus influence interpretation, as can be most clearly seen
in the female Zn and Pb data. The average concentrations of these ele-
ments rise steeply towards the end of the record, reflecting age-
related increases and a lack of younger animals in the last years of the
dataset, rather than a change in average Zn concentrations at the popu-
lation level. Despite this, distinct changes through time are apparent for
many elements that cannot be explained by age-related increases or de-
clines. For female walruses, the elements most strongly correlated
among calendar years (Fe, As, Ag) tended to increase from ~1950 to
~1990, then decline for the remainder of the record, though the large
magnitude of the changes exhibited by males (likely as a result of
lower sample size allowing individuals to have a greater effect on the
mean) sometimes made the changes in average female elemental con-
centrations difficult to see. Average Ba concentrations for animals age
5+ exhibited a similar pattern to Fe, As, and Ag, but the correlation
with other elements is unknown, because the first 5 years of life were
included when correlations were generated. In contrast to the females,
the elements most strongly correlated with calendar year for males
(Fe, Co, Ni, As) were generally characterized by a steep increase in con-
centrations at ~1975 (though this increase was relatively small for As).
These high values were sustained for the remainder of the record for
Fe and Ni, the two most strongly correlated elements among calendar
years for males. Their sex-segregated migration means that male and
Fig. 5. Concentrations of the four trace elements that were most highly correlated among cale
annual mean concentration and the shaded ribbon represents the ±1 standard deviation. Elem
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femalewalruses spendmuch of the year apart, foraging in distinctly dif-
ferent habitats. Thus, the sex-related differences in elemental accumula-
tion through time further support the idea that the record of trace
element concentrations inwalrus teeth changes in proportion to dietary
intake, and is likely reflective of environmental concentrations.

When interpreting changes in yearly trace element concentrations,
attention should be given to whether shifts in mean values are caused
by a change in the population as a whole, or by individuals with espe-
cially high (or low) elemental concentrations. For example, in female
walruses, concentrations of Fe, Co, As, and Ag were strongly positively
correlated among years; however, when the distributions of the under-
lying data used to calculate the means are examined, stark differences
can be seen (Fig. 5). For both Fe and As, changes in average concentra-
tions are driven almost exclusively by the presence (or absence) of indi-
viduals with high elemental concentrations. In contrast, changes in Co
and Ag appear to primarily result from shifts in average concentrations
across the majority of animals sampled. Thus, though these elements
are all strongly correlated through time, the contrasting distributions
shaping the average values of these elements likely represent important
differences in the forces responsible for driving these patterns. The rel-
atively low magnitude, population-level changes exhibited by Co and
Ag are suggestive of shifts in baseline environmental concentrations or
walrus diet, occurring gradually and affecting all sampled individuals
in a similar way. In contrast, the patterns present in the Fe and As data
appear more likely the result of exposure of some individuals to high
concentrations of those elements, or by distinct differences in physiol-
ogy, diet, or foraging location that caused those individuals to exhibit
sustained high concentrations throughout their lives.

Determining the cause of observed changes in walrus tooth trace el-
ements remains challenging, even if a strong link between elemental
exposure/intake and tooth concentrations can bemade. The time series
of V concentrations in walrus teeth is a good example (Fig. 6). Mean V
concentrations were relatively stable for females, but periodically in-
creased by an order of magnitude in the teeth of males. Male V concen-
trations exhibited a major peak ~1980, another ~1990, and a third,
ndar years in female walrus teeth from 1945 to 2014. The bold green line represents the
ent concentrations of individual walruses are represented by thin lines.



Fig. 6. Vanadium (V) concentrations (in ppm) for female (green) and male (purple)
walruses for the years from 1945 to 2014. Bold lines illustrate annual means and shaded
ribbons represent ±1 standard deviation. Thin lines indicate V concentrations of
individual walruses.
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smaller peak starting in ~2005. Examining the individual-level data re-
veals brief episodes of extremely high elemental concentrations oc-
curred in walruses of both sexes and typically spanned several years
before declining (Fig. 6). These short-term spikes in V concentrations
suggest acute exposure to or intake of this element, and the fact that el-
evated levels of V were typically only observed for ~1–3 years followed
by a sharp decline indicates that they were not simply the result of the
age-related changes in V.

Increased V concentrations (as well as Cr, Mn, Fe, Ni, Cu, Zn, As, Cd,
Ba, and Pb) in marine sediments and benthic organisms have been
linked with offshore petroleum production (Boothe and Presley, 1987;
Breuer et al., 2004, 2008; Lacerda et al., 2013; Marcaccio et al., 2003),
and V is considered a tracer of crude oil in marine sediments (Khalaf
et al., 1982; Trefry et al., 1985). The Alaskan Arctic has been the focus
of widespread exploration for oil and gas reserves since the 1940s
and, after the discovery of oil near Prudhoe Bay in 1968, these activities
were greatly intensified, reaching amaximum in the 1980s (Naidu et al.,
2012). Given the correspondence between the timeline of oil and gas-
related activities and the spikes in V concentrations in walrus teeth, it
is tempting to attribute the observed spikes in V in walrus teeth to
petroleum-related activities. Alaska North Slope crude oil contains
high concentrations of V, as do drilling muds and cuttings on the Alas-
kan outer continental shelf (Coleman, 1978; Naidu et al., 2012). The in-
creased V concentrations in the 1970s – 1980s could possibly have
resulted from inadvertent input of crude oil and drilling byproducts
into benthic systems, or from natural crude oil seeps. Analysis of sedi-
ment cores from the Beaufort Sea, however, indicate that offshore oil
and gas exploration has likely not been a significant source of V input
to Arctic marine food webs (Naidu et al., 2012; Venkatesan et al.,
2013). No significant changes occurred in the composition or concentra-
tion of hydrocarbons in Beaufort Sea sediments from 1976 to 1997
(Venkatesan et al., 2013). Naidu et al. (2012) detected decreasingV con-
centrations in marine sediments in Beaufort Lagoon from 1977 to 2003.
Near Prudhoe Bay, sediment V concentrations increased from 1977 to
1985 and remained elevated through at least 1997. The trends observed
in Beaufort Lagoon and Prudhoe Baymay have been associatedwith the
closure of a Distant Early Warning Line (military observation) station
and combustion of petroleum products at a gas flaring facility in
Deadhorse, AK, respectively (Naidu et al., 2012). These localized sources
may have been enough to significantly increase V concentrations in
coastal sediments; however, it remains unclear whether such local
sources would have released enough V to cause widespread increases
in concentrations of this element in walrus teeth, particularly because
walruses rarely visit the Beaufort Sea and almost never occur as far
east as Prudhoe Bay (Beatty et al., 2016; Fay, 1982). Other localized
9

sources closer to the walrus range could play a role in determiningwal-
rus tooth V concentrations, and non-local sourcesmay also contribute to
increased V concentrations in the Arctic. Atmospheric deposition of
trace metals in this region increased during the 20th century (Boutron
and Delmas, 1980), and air pollution events referred to as the “Arctic
Haze” are generated primarily by lower-latitude pollution sources con-
taining relatively large amounts of V (Rahn andMcCaffrey, 1980). Thus,
variability in the intensity or composition of this airborne pollution, or
perhaps changes in input of V into the oceans associated with sea ice
melt (Tovar-Sánchez et al., 2010), could have been responsible for
changes in V concentrations in the walruses in this study.

Alternatively, the observed changes in V may have nothing to with
anthropogenic activities, instead resulting from changes in walrus diet
or foraging location. Some species of invertebrates, including ascidians
(Michibata and Sakurai, 1990) and polychaete worms (Fattorini and
Regoli, 2012) accumulate large amounts of V in their bodies. Poly-
chaetes are an important prey item for walruses and, though consumed
less frequently than polychaetes, ascidians (specifically Halocynthia
aurantium, the sessile tunicates referred to as “sea peaches”) are rela-
tively common inwalrus diet (Sheffield andGrebmeier, 2009). Episodes
of increased consumption of these organisms could cause spikes in V
concentrations like those observed in walrus teeth. This might result
from changes in availability of these prey items (e.g., as a result of peri-
odic recruitment events or environmental shifts), or due to walruses
moving to a new foraging location where these species were abundant.
Little information is available about whether the ascidian and poly-
chaete species found in the Pacific walrus habitat are among those
that accumulate V. One study of traditional human diet items and envi-
ronmental contaminants in Chukotka, Russia, found that the levels of V
in ascidians were relatively low compared to those found in other re-
gions, but still high enough to potentially explain the spikes in V ob-
served in walrus teeth (Dudarev et al., 2019). The highest V
concentrations were found in sea peaches. No information is available
in the literature for Arctic polychaetes; however, some Antarctic inver-
tebrates tend to concentrate higher levels of V than temperate species
(Fattorini and Regoli, 2012).

The difficulty of assigning causality to observed changes in trace el-
ement concentrations in walrus teeth means that any attempts to use
walrus teeth as biomonitors of trace elements should carried out with
caution and with awareness of the potentially confounding factors.
The results of this study demonstrate that walrus teeth contain an enor-
mous amount of information about animal physiology, age-related
trends in the accumulation of trace elements, and exposure, intake,
and/or uptake of elements from the environment via diet. Thewide geo-
graphic range and generalist diet of walruses means that the trace ele-
ment concentrations in their tissues represent the incorporation of a
multitude of signals. Elements with relatively constant concentrations
across the ~70 year record presented here could possibly be considered
to represent baseline values, with little influence from anthropogenic
sources. Alternatively, these elements might be physiologically regu-
lated to remain within a narrow range of concentrations. In contrast, el-
ements that changed substantially between 1945 and 2014 may reflect
anthropogenic impacts on the environment, as well as the rapid envi-
ronmental change occurring in the Arctic, which itself could potentially
influence changes in physiology.

Further research that quantitatively links elemental concentrations
in teeth to those in diet and generates a more complete understanding
of the role of physiology in shaping tooth element concentrations will
improve the interpretability of this type of dataset. As such,we advocate
for several key areas for future research. First, we recommend a broader
exploration of physiological patterns of trace element accumulation in
marine mammal teeth, including testing whether the phenomena ob-
served in walruses (i.e., Zn and Pb as indicators of female maturity; Sr
and Ba as indicators of weaning) are applicable to other species and
taxa. Second, controlled feeding experiments and quantification of the
relationship between tooth trace element concentrations and those in
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other tissueswill be critical to developingmethodologies for using tooth
trace elements tomonitor environmental trace element concentrations.
Given the difficulty of conducting controlled feeding experiments on
marinemammals, particularly when tooth sampling is required, studies
comparing concentrations of trace elements in stomach contents, soft
tissues, and the outermost (most recently grown) portion of the tooth
cementum in free-ranging, subsistence harvested animals may provide
important information in the shorter term. Studies focusing on species
with more restricted geographic ranges and fewer potential prey
items might lend themselves particularly well to this type of research,
and would likely be more effective biomonitors than widely ranging,
generalist predators like Pacific walruses. Third, pairing trace element
data with other types of analyses, including stable isotopes, hormone
concentrations, and growth layer widths might provide insight into
the roles of physiology and diet shifts in changing tooth trace element
concentrations. Finally, the development or adaptation of new or im-
proved statistical techniques for analyzing the high-resolution time se-
ries produced by trace element analysis on the LA-ICP-MSmay facilitate
interpretation of future research results.
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