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Abstract

The impacts of anthropogenic contaminants on marine ecosystems are a concern worldwide.
Anthropogenic activities can enrich trace elements in marine biota to concentrations that may
negatively impact organism health. Exposure to elevated concentrations of trace elements is
considered a contributing factor in marine mammal population declines. Hawai'i is an increasingly
important geographic location for global monitoring, yet trace element concentrations have not
been quantified in Hawaiian cetaceans, and there is little trace element data for Pacific cetaceans.
This study measured trace elements (Cr, Mn, Cu, Zn, As, Se, Sr, Cd, Sn, Hg, and Pb) in liver of 16
species of cetaceans that stranded on U.S. Pacific Islands from 1997-2013, using high resolution
inductively coupled plasma mass spectrometry (HR-ICP-MS) (= 31), and direct mercury
analysis atomic absorption spectrometry (DMA-AAS) (n=43). Concentration ranges (ug/g wet
mass fraction) for non-essential trace elements such as Cd (0.0031-58.93) and Hg (0.0062—
1571.75) were much greater than essential trace elements such as Mn (0.590-17.31) and Zn
(14.72-245.38). Differences were found among age classes in Cu, Zn, Hg, and Se concentrations.
The highest concentrations of Se, Cd, Sn, Hg, and Pb were found in one adult female false killer
whale (Pseudorca crassidens) at concentrations that are known to affect health in marine
mammals. The results of this study establish initial trace element concentration ranges for Pacific
cetaceans in the Hawaiian Islands region, provide insights into contaminant exposure of these
marine mammals, and contribute to a greater understanding of anthropogenic impacts in the
Pacific Ocean.
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Introduction

Trace element contamination is a complex environmental and human safety concern. Trace
elements (TEs) occur naturally in marine environments at very low concentrations while
anthropogenic activities can enrich trace elements in marine ecosystems to high
concentrations with deleterious results. TEs are not naturally geographically homogenous,
and even small inputs into an ecosystem from human activities can cause large increases in
the local biota due to bioaccumulation and biomagnification (Bard 1999; Das et al. 2003b).
In the Pacific Ocean, trace elements are enter the marine environment in runoff from rural,
industrial, and urbanized landmasses; through shipping activities; as a result of coal fire
power plant fallout from Asia; and as residues produced from volcanic activity.

Many TEs have essential biological roles, and excess and/or deficiency can cause serious
health effects. For example, manganese deficiency can lead to reproductive impairment,
abnormal growth and development, abnormalities in bone and cartilage, and impaired
glucose regulation (Hurley and Keen 1987). Copper is important in iron mobilization
(Frieden 1980), is a catalyst in the peroxidation of membrane lipids (Stohs and Bagchi
1995), and is essential to cardiovascular health (Lynes et al. 2007). Zinc is essential for
many cellular functions, and is the second most abundant trace element in mammals after
iron (King 2006). Zinc is an important antioxidant (Stohs and Bagchi 1995), and plays a role
in spermatogenesis, vitamin A metabolism, insulin regulation, energy metabolism, protein
synthesis, cellular division, DNA transcription regulation, and the stabilization of
macromolecules (Salgueiro et al. 2000). Selenium (Se) is an essential element that is a key
component of many proteins and metalloenzymes. Selenium is also known to be closely
involved with mercury detoxification (Kaneko and Ralston 2007).

Some TEs have no known essential biological role and can be toxic dependent upon
concentration and chemical species. For instance, cadmium interferes with calcium and
vitamin D metabolism in the kidneys and in bone (Goyer 1997), and interferes with iron and
Mn uptake and metabolism. Elevated Cd exposure can also cause immune deficiencies,
neurological damage, hepatic and pulmonary systems impairment, testicular injury, and
cancer (Klaassen et al. 1999; Shanker 2008). Mercury is the most widely studied non-
essential trace element and in the methylated form (MeHg) it is a highly toxic neurotoxin.
Mercury poses serious a public health concern when it is elevated in the marine environment
and accumulates in commercially important marine organisms (Boening 2000). Lead is an
omnipresent toxic metal with a long history of anthropogenic use, and adversely affects
cognitive and neurological development at even very low concentrations of exposure
(Shanker 2008).

Some toxic trace elements are persistent in the marine environment and have the ability to
accumulate in tissues and biomagnify in marine food webs (Anan et al. 2001; Dietz et al.
1998; Mackey et al. 1995; Zhao et al. 2013). As apex predators, many marine mammal
species are exposed to high concentrations of anthropogenic contaminants, which increase
their likelihood of experiencing negative health effects (Bossart 2011; Costa et al. 2012;
Dietz et al. 1998). Trace element toxicity is known to cause a myriad of sub-lethal and lethal
effects in marine mammals such as suppression of the immune system, neurotoxicity, and
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general reduced fitness (De Guise et al. 1995; Kakuschke and Prange 2007; Lavery et al.
2009; Lynes et al. 2006; Lynes et al. 2007; Pellisso et al. 2008; Siebert et al. 1999). The
health status of marine mammals, such as cetaceans, is of global concern. Some marine
mammal species are good sentinels for human health because they consume many of the
same species of fish caught by commercial fisheries for human consumption; and share
similar life history traits such as long-life span, low reproductive potential, late maturity, and
high trophic level, which can make them particularly susceptible to the negative impacts of
anthropogenic activities (Fair and Becker 2000).

In the U.S. Pacific Islands region, there have been very few studies examining anthropogenic
contaminants in marine mammals. These studies are limited to persistent organic pollutants
in endangered Hawaiian monk seals (Monachus schauinslandi), endangered insular false
killer whales (Pseudorca crassidens), and 16 species of stranded cetaceans (Bachman et al.
2014; Lopez et al. 2012; Willcox et al. 2004; Ylitalo et al. 2009; Ylitalo et al. 2008). Trace
element information for most marine mammal species across the Pacific is deficient and has
limited sample sets. While trace elements have been examined extensively in stranded
cetaceans in the Mediterranean Sea where Hg and other anthropogenic contaminants are
elevated, there is far less data from other regions of the world. To date, trace element
concentrations in U.S. Pacific Island associated marine mammal species have not been
examined.

The purpose of this study was to examine in liver tissue a suite of trace elements of dietary
and toxicological importance in a variety of cetacean species that have stranded on U.S.
Pacific Islands. As a storage and detoxification organ, the liver is important in the
sequestration of toxic non-essential trace elements and the homeostatic regulation of
essential trace elements, making it the ideal tissue for trace element analysis in marine
mammals. Trace element concentrations in liver were related to animal life history
information. Differences were expected among age classes for essential trace element
concentrations due to the dilution effect of growth and non-essential trace element
concentrations as a result of bioaccumulation. Concentration differences were also expected
among phylogenetically distinct groups due to differences in diet preference and foraging
niche. Comparing trace element concentrations measured in this study to concentrations
from studies in other regions, lower concentrations were expected in Pacific Island stranded
cetaceans due to the remoteness of this region. Finally, results were used to assess the
potential for negative health effects from non-essential trace elements in individual animals
with concentrations above known effect thresholds.

Materials and Methods

Sample collection and processing

The Hawai'i Pacific University Marine Mammal Stranding Response Program provided liver
samples from their sample archive for this study (NOAA permit #932-1905). All samples
were from code 1 and 2 animals (live stranded or fresh dead, respectively) in order to
minimize concerns associated with sample decomposition. Trace elements were measured in
liver tissue collected from 1997 to 2013 in 16 cetacean species that stranded in the main
Hawaiian Islands (7= 41), Guam (7= 1), and Saipan (n= 1) (Fig. 1, Table 1). Samples
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analyzed for all trace elements were collected from animals that stranded from 1997-2011
(n=31), and for mercury (Hg) from 1997-2013 (n7= 43). All 43 strandings were single
animal events. Age class was estimated at the time of necropsy from visual observations of
umbilicus, genital development, and total length: calf, unweaned animals that were
nutritionally dependent on their mothers; juvenile, animals that were nutritionally
independent but sexually immature; adult, sexually mature animals. Liver samples were
removed and sub-sampled during necropsies with stainless-steel instruments and cut on
polyethylene cutting boards. Tissue sub-samples were individually wrapped in aluminum
foil and stored at —20 °C or —80°C until shipped for homogenization and analysis at the
National Institute of Standards and Technology (NIST), Hollings Marine Laboratory,
Charleston, SC.

Prior to homogenization, frozen liver samples were trimmed, rinsed with high purity de-
ionized water (resistivity = 18MQ-cm), placed in clean glass Petri dishes, and cut into
smaller pieces that were suitable to fit inside the homogenization vials. Individual liver
samples were cryogenically homogenized to produce a uniform sample composition of fresh
frozen powder with a bench top homogenizer freezer/mill (SPEX SamplePrep, Metuchen,
NJ). Samples were placed into a liquid nitrogen chilled vial with a stainless steel impactor,
capped, placed in the mill, submerged in liquid nitrogen, and shaken at 10 Hz for three
minutes. Homogenized powder was transferred into 15 mL acid cleaned polypropylene jars,
and stored at —80 °C until analysis.

Analytical methods

Sample preparation—Acid-assisted microwave digestion using PTFE pressurized vessels
was utilized to digest liver samples, reference materials (RMs), and procedural blanks prior
to performing trace element analysis (Bryan et al. 2012). The internal standard added to each
sample contained Eu, Ru, Sc, and Y (NIST SRM 3100 series single-element standard
solutions, Gaithershurg, MD). Sample digests were quantitatively transferred to 50 mL acid
cleaned polypropylene centrifuge tubes and diluted to approximately 50 g using high-purity
deionized water. Half of each sample solution was then transferred into another acid cleaned
50 mL polypropylene centrifuge tube, spiked with the multi-element custom spike solutions,
and each tube was diluted back to approximately 50 g with high-purity deionized water. For
Hg measurements tissue samples were aliquotted directly into nickel weigh boats and
weighed. Some cetacean liver samples had Hg concentrations that were above the instrument
detection window and required dilution. These samples were microwave digested and
diluted following the same digestion procedures as above prior to Hg analysis and pipetted
into quartz weigh boats for Hg analysis.

Calibration methods and sample measurements—Trace element mass fraction
measurements (except Hg) were collected using a Thermo high resolution inductively
coupled plasma mass spectrometer (HR-ICP-MS) (Bremen, Germany) with a standard low-
volume glass impact bead spray chamber (Peltier, cooled at +3°C) and concentric glass
nebulizer with the ICP-MS operating in low, medium, and high resolution. Single-point
standard addition methods were used to measure multiple trace element mass fractions at the
same time in cetacean liver samples (Christopher et al. 2005). This analytical quantification
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and validation scheme avoids matrix interferences by splitting a single sample and spiking
one of the sample splits. The multi-element custom spikes were prepared from NIST SRM
3100 series single-element stand solutions (NIST, Gaithersburg, MD).

The mass fraction of total Hg was measured by atomic absorption spectrometry (AAS) using
a direct Hg analyzer (DMA 80, Milestone Scientific, Shelton, CT) with high purity oxygen
as the carrier gas. External calibration methods were used to determine Hg mass fractions in
samples (Bryan et al. 2012). QCO3LH3 Pygmy Sperm Whale Liver Homogenate (NIST
inter-laboratory comparison exercise control material), SRM 1946 Lake Superior Fish
Tissue, and SRM 3133 Mercury Standard Solution (NIST, Gaithersburg, MD) were the RMs
utilized to create the calibration curves. The slope and intercept from the calibration curves
were used to calculate the Hg mass fraction in liver and RMs. Four cetacean liver samples
were weighed and measured in triplicate to ensure sample homogeneity by mass fraction
reproducibility (mean 4.3 % RSD; range 1.7 — 8.7 % RSD).

Quality Assurance

For multi-element and Hg analysis methods, reference materials (RMs) were used to
monitor measurement accuracy and precision by preparing and analyzing them alongside
unknown liver samples. The liver and RM sample concentrations were corrected by
subtracting the procedural blank concentrations. SRM 1577c Bovine Liver, SRM 1566b
Oyster Tissue, and QCO3LH3 Pygmy Sperm Whale Liver homogenate were processed and
analyzed in triplicate concurrently with unknown samples for HR-ICP-MS multi-element
measurement quality control. QC04LH4 White-sided Dolphin Liver Homogenate,
QCO3LH3 Pygmy Sperm Whale Liver Homogenate, and QCO4ERM1 Egg Reference
Material-1 were used as control materials and run concurrently each analytical batch for
AAS measurement of Hg. Controls were chosen based on matrix and/or trace element
concentrations that were similar to the cetacean liver samples in this study. Control
measurements agreed well with the certified and reference values (Online Resource 1).
Reported concentrations for all trace elements are presented on a wet mass fraction basis in

Ha/g.

Statistical Analysis

JMP 11.0 (2013, SAS Institute Inc. Cary, NC) and Excel (Microsoft Inc, Redmond, WA)
were used for all computational and statistical analyses. Data were transformed as needed to
meet assumptions for parametric tests. When data sets could not be transformed to meet
assumptions, non-parametric tests were used. A simple regression analysis was used to
investigate possible linear covariance between trace elements in liver tissue, with an alpha
level of 0.05. Only one significant untransformed data pairing (Hg/Se) met the parametric
assumptions for Pearson’s correlation test, using the Shapiro-Wilk test of residual
distribution. When all the data were natural log transformed a majority of the results met the
parametric assumptions for Pearson's, and correlations that did not meet those assumptions
were re-analyzed using Kendall’s Tau non-parametric correlation test.

Trace element concentration means were organized categorically to examine differences
among multi-species age class and sex groupings. Phylogenetically related species were also
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compiled resulting in baleen whale, sperm whale, beaked whale, and dolphin groups
(Messenger and McGuire 1998). Data was transformed as needed and the Shapiro-Wilk
Goodness-of-Fit W test was used to confirm normal distribution (Online Resource 2).
Levene’s homogeneity of variances test was used to ensure parametric assumptions were
met for two-way factorial ANOVASs conducted to look for interactions and differences
among sample groups. The post-hoc Tukey-Kramer honestly significant difference (HSD)
tests were used to identify where the differences lie among individual groups and the non-
parametric Steel-Dwass all pairs multiple comparisons test was conducted for Sn, Hg, and
Hg/Se molar ratios that could not be normalized by transformation, and as a follow-up on
the entire data set (Online Resource 2). To correct for multiple tests, an alpha level of 0.05
was adjusted with the Holm-Bonferroni simple sequential rejective multiple test procedure
for each family of tests (Holm 1979).

Results and Discussion

Trace Element Concentrations in Stranded Cetaceans

Concentrations of 11 trace elements (Cr, Mn, Cu, Zn, As, Se, Sr, Cd, Sn, Hg, and Pb) were
measured in liver samples of 43 individual cetaceans representing 16 species that stranded
on U.S. Pacific islands (Table 2 and Table 3). While there are some possible biases
associated with obtaining samples from stranded cetacean such as difficulty in identifying
the population of origin, decomposition altering biomarker measurements, and health status
not being representation of the population or community of presumably healthy animals,
stranded cetaceans provide a valuable snapshot of contaminant exposure in multiple species
of these rare and highly protected animals (Aguilar and Borrell, 1994). To date, this is the
first known marine mammal trace element study in this region, and the first study to measure
these trace elements in liver of a Longman’s beaked whale (/ndopacetus pacificus).

There was a large degree of variability in concentrations of each trace element across the
sample set (Fig. 2). Concentrations of non-essential and ultra-trace elements, such as Hg and
Cd, spanned 2-6 orders of magnitude; while essential trace element concentrations, such as
Zn and Cu, spanned 1-2 orders of magnitude with the exception of Se, which spanned 3
orders of magnitude. The lesser degree of variability in known essential trace element
concentrations within the sample set was expected, because these elements are tightly
regulated biologically. Homeostatic processes cause essential trace elements to have much
shorter biological half-lives than non-essential trace elements that accumulate with much
greater inter-species variability (Mackey et al. 1995).

Correlations Between Trace Elements

Certain trace elements co-varied and correlations were observed between many trace
element pairs (Table 4). Most of the significant correlations were identified with Pearson’s
correlation analyses (df = 30, a = 0.05) with a critical coefficient value of r = 0.349.
Correlations that did not meet parametric assumptions were confirmed with non-parametric
Kendall’s Tau test (Cu/Zn, Cd/Sn, Cd/Pb, and Sn/Pb). Linear correlations between trace
elements can occur because they share the same metabolic or regulatory pathways, they
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chemically interact with one another, or they bioaccumulate via the same processes (Mackey
et al. 1995; Mackey et al. 2003).

Many of the correlations found between trace elements have been observed in other cetacean
studies. The strong positive correlations observed between Sn/Se and Sn/Hg were similar to
the positive correlations between these elements reported by Mackey et al. (2003) in rough-
toothed dolphins (Steno bredanensis). They postulated that the observed correlation between
Sn and Se could indicate that Se has a regulatory or protective detoxification role against Sn,
or that this correlation is simply a linear covariance with age, as is also likely the case with
the Sn/Hg correlation (Mackey et al. 2003). Because Sn is not well represented in cetacean
trace element literature, the strong positive correlations found in this study of Cd/Sn and
Pb/Sn have not been reported elsewhere, and likely indicate similar patterns of age-related
accumulation. The positive correlations between Cd/Hg and Cd/Se found are consistent with
many other studies and are generally thought to be age-dependent. However, shared
detoxification mechanisms could also contribute to these patterns (Agusa et al. 2008;
Caurant et al. 1994; Monaci et al. 1998; Seixas et al. 2007). A strong positive Hg/Pb
correlation was also observed, similar to that identified in striped dolphins (Stenella
coeruleoalba) by Agusa et al. (2008).

Four negative correlations were observed that corroborate findings in other studies: Cu/Hg,
Cu/Cd, Zn/Se, and Zn/Hg (Agusa et al. 2008; Caurant et al. 1994; Roditi-Elasar et al. 2003).
The negative correlation between Cu and Cd could be indicative of a competitive protein
binding interaction as the same metallothionein isoform involved in Cu regulation and
homeostasis is responsible for Cd sequestration (Caurant et al. 1994; Roditi-Elasar et al.
2003). Copper and Zn may co-vary because they both have similar homeostatic regulatory
mechanisms (Caurant et al. 1994; Lemos et al. 2013; Roditi-Elasar et al. 2003), and
opposing age-related accumulation patterns could also account for each of these negative
trace element correlations.

The strongest trace element correlation observed in this study was a positive correlation
between Hg and Se in liver (Fig. 3). This correlation in marine mammal liver tissue was first
reported by Koeman et al. (1973), and has since been observed in virtually every marine
mammal liver trace element study. The Hg/Se correlation has been previously observed by
Roditi-Elasar et al. (2003) in Mediterranean bottlenose dolphins, Lemos et al. (2013) in
seven cetacean species on the coast of Brazil, Agusa et al. (2008) in striped dolphins on the
coasts of Japan, and Mackey et al. (1995) in pilot whales (G/obicephala melas), harbor
porpoises (Phocoena phocoend), and white-sided dolphins (Lagenorhynchus acutus)
sampled from Atlantic coasts of the United States. Mercury and Se interact on a molecular
level with a strong affinity to produce toxicologically inert mercury-selenide crystals (HgSe)
that are stored primarily in liver tissue (Bard 1999; Das et al. 2003b; Lailson-Brito et al.
2012; Nigro and Leonzio 1996; Yang et al. 2007).

Trace Element Trends Relative to Age Class and Sex

Significant differences in concentrations between age classes for several trace elements were
found, while differences between genders were not observed in this data set. The greatest
concentrations of most essential trace elements, such as Cu and Zn, were observed in calves,
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and the lowest concentrations were found in adults, with the exception of Mn and Se. This is
likely due to ontogenetic metabolism differences and dilution effects related to growth (Baer
and Thomas 1991; Caurant et al. 1994; Wagemann et al. 1998). The opposite trend was
observed in non-essential trace element concentrations, such as Hg and Cd, with the lowest
concentrations occurring in calves, and the greatest concentrations in adults, because of
bioaccumulation and biomagnification over time with age and trophic position (Aguilar et al.
1999).

To investigate age-related trends more closely two-way factorial ANOVA and Steel-Dwass
multiple comparisons tests were conducted for the life history factors of age class, sex, and
phylogenetic grouping of species (Table 1). Multiple comparisons resulted in the use of
varying alpha levels with each trace element for each family of tests. No interactions were
found among age and sex groups. The only factor found to be driving the model differences
was age. Notable differences were found among age classes for Cu, Zn, Se, Cd, Sn, and Hg
liver concentrations, and Hg/Se molar ratios. Both Cu and Zn liver concentrations had an
inverse relationship with age; however the results were not statistically significant (Fig. 4a
and 4b). Copper concentrations decreased with age and although calves had a greater mean
concentration than older age classes the difference was not significant. Zinc concentrations
showed the same trend as Cu with calves having a greater mean concentration than older age
classes. The ANOVA results indicated a difference in the means for age class, and an
interaction with sex, but after making Holm-Bonferonni sequential adjustments for multiple
comparisons to the alpha the post-hoc results were not significant (Online Resource 2).
Copper and Zn are both essential trace elements important in growth and development. Both
absorption and retention rates for these elements may be significantly greater in calves prior
to weaning because greater concentrations of Cu and Zn are required for rapid cell
differentiation, post-natal growth, and repair processes (Caurant et al. 1994; Mason et al.
1981; Quaife et al. 1986; Sabolic et al. 2010). Differences in ontogenetic metabolism and the
dilution effect of increasing body size as animals mature likely accounts for the inverse Cu
and Zn concentration relationship with age (Baer and Thomas 1991; Caurant et al. 1994;
Kunito et al. 2004; Sabolic et al. 2010; Wagemann et al. 1998).

Cadmium accumulated significantly with age (Fig. 4d). Calves had a lower mean
concentration than juveniles and adults, which is consistent with findings from past cetacean
studies of this non-essential trace element (statistical values in Online Resource 2). Law et
al. (1992) found that Cd concentrations in striped dolphin and Dall’s porpoise fetuses and
calves in the North Atlantic had negligible or very low concentrations of Cd compared to
their adult mothers. Lahaye et al. (2006) observed a rapid increase in Cd concentrations of
Mediterranean striped dolphin calves after birth that reached a plateau after two years. Both
of these studies suggest that there is lactational transfer of Cd as well as age-related
accumulation of Cd.

Selenium and Hg concentrations both increased significantly with increasing age class,
similar to the trends observed with Cd. The significant increase of Se concentration with age
resulted in calves and juveniles having significantly lower Se concentrations than adults
(Fig. 4c). Mercury concentrations followed the same significant trend, calves had a lower
mean concentration than juveniles and adults, and juveniles had significantly lower
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concentrations than adults (Fig. 4e) (statistical values in Online Resource 2). The chemical
relationship between Hg and Se is one of the most well known examples of heavy metal
interaction (Cuvin-Aralar and Furness 1991). Elevated concentrations of Hg and Se have
been reported in marine mammals with no observed overt signs of Hg or Se poisoning. This
has led to the conclusion that the molar ratio of Hg to Se in liver may be more important in
assessing the potential for health effects rather than the individual concentrations of these
elements (Cuvin-Aralar and Furness 1991; Das et al. 2003b). An animal with a liver molar
excess of Se (Hg:Se < 1) can be considered at lower risk of Hg toxicity, while an animal
with a molar excess of Hg (Hg:Se > 1) is at a greater risk of Hg toxicity. Molar ratios of
Hg:Se in this study set spanned from almost 0 in the humpback whale calf to 1.03 in an adult
bottlenose dolphin ( 7ursiops truncatus) (Table 2). This sample set had an average Hg:Se
ratio of 0.65 and a median value of 0.76. A clear increasing trend of Hg:Se ratios with
increasing age class was observed, with the Hg:Se molar ratios of calves and juveniles being
significantly lower than the molar ratios of adults (Fig. 4f) (statistical values in Online
Resource 2). As animals mature, they demethylate MeHg from their diet more efficiently,
which then binds with protein-bound Se to form insoluble and toxicologically inert HgSe
crystals that accumulate in liver tissue, and in the case of high Hg exposure a close to 1:1
molar ratio of Hg:Se is maintained in adult animals (Caurant et al. 1996; Cuvin-Aralar and
Furness 1991; Itano et al. 1984; Koeman and van de Ven 1975; Martoja and Berry 1981,
Nigro and Leonzio 1996; Yang et al. 2007). This remarkable capacity to demethylate and
sequester Hg with Se in the liver may give cetaceans a greater tolerance to dietary Hg
exposure than terrestrial animals (Betti and Nigro 1996; Das et al. 2003b; Himeno et al.
1989).

Trace Element Concentrations Relative to Phylogenetic Group

To highlight differences in trace element concentrations due to differential diet preferences,
feeding strategies, and trophic levels, phylogenetic groupings of species were explored.
Differences in trace element concentrations among species groups (baleen whales 7=5,
sperm whales = 4, beaked whales 1= 4, and dolphins /7= 30, Table 1) were difficult to
statistically assess because of small species sample sizes resulting in incomplete
representation, and the strong age related differences shown above. Differences in Hg, Se,
and Cd concentrations were expected among species groups, and while not statistically
significant, when phylogenetic groups were separated into age classes some interesting
trends were observed. Sperm and baleen whale calves had the lowest Se and non-essential
trace element concentrations relative to calves in other species groups, while dolphin and
sperm whale juveniles and adults had the greatest concentrations of non-essential trace
elements relative to the juveniles and adults of other species groups. Adult and juvenile
beaked whales fell in the middle for most element concentrations when compared to other
species groups of the same age classes, except for Cd, which was on the high end of the
concentration range for all species.

Trace element concentration patterns that arise by phylogenetic grouping are likely to reflect
the diet, trophic level, and feeding strategies of the species of which each group is
comprised. Baleen whales that filter feed to collect and consume very small fish and
crustaceans feed much lower on the foodweb than large delphinids that feed on larger
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predatory fish species; therefore baleen whales were expected to have much lower
concentrations of non-essential trace elements. Because calves are dependent on their
mother’s milk for sustenance and young weaned cetaceans forage alongside adult members
of their population, the younger age classes likely reflect the trophic level of the adult
portion of their population. For example, the lowest concentrations of Hg in this sample set
were found in baleen whale calf samples, while sperm and dolphin calves had much greater
concentrations of Hg reflecting the lower trophic level of baleen whales and the higher
trophic level of sperm and dolphin species. The trace element concentrations of juvenile
phylogenetic groups had very similar patterns as their adult counterparts. Dolphin juveniles
and adults had the greatest concentrations of As and Hg, sperm whale juveniles and adults
had the greatest concentration of Cr, Se, and Sr, and the highest concentrations of Cd were
found in sperm whale adults and the beaked whale adult and juveniles. Other studies have
found links between diet composition and trace element concentrations on a population
level. Delphinid populations with diets comprised primarily of pelagic fish accumulated
greater concentrations of Hg than populations in the same region that consumed
cephalopods, which are at a lower trophic level (Lahaye et al. 2006; Svensson et al. 1992;
Watanabe et al. 2002). Cephalopods are also a source of Cd for cetaceans, and populations
that mainly consume cephalopods tend to accumulate greater concentrations of Cd than
piscivorous populations (Honda and Tatsukawa 1983; Lahaye et al. 2006). Deep diving
cetaceans, such as sperm and beaked whales that feed primarily on cephalopods, are exposed
to greater concentrations of Cd, As, and Cr because these elements are naturally enriched in
cephalopods (Bustamante et al. 1998; Bustamante et al. 2002; Dorneles et al. 2007; Kubota
et al. 2001; Lahaye et al. 2006).

Geographic Comparison of Trace Element Concentrations

Intra-species comparisons of trace elements across studies were difficult to make due to
small sample sizes in this study and in the literature. In general, trace element concentrations
for cetacean species in this study were similar to those observed in other areas of the Pacific,
and within the ranges measured in other regions of the world for most trace elements (Table
5). Bottlenose and spinner dolphins had lower Sn and Pb concentrations than other regions
in the world. The most elevated Hg concentrations observed in the literature are observed in
high trophic level adult cetaceans, or in cetaceans living in regions with elevated Hg
concentrations. The greatest concentrations of Hg in this study were measured in an adult
male killer whale KW2008010 (264 ug/g wet mass fraction) and a false killer whale
KW2010019 (1572 pg/g wet mass fraction). These Hg concentrations are most comparable
with concentrations measured in the same dolphin species stranded on the Pacific coast of
British Columbia, Canada (Table 5). Baird et al. (1989) reported an adult male false killer
whale with a Hg concentration in liver (728 pg/g wet mass fraction), and Langelier et al.
(1990) reported Hg liver concentrations of 1272 g/g wet mass fraction in a killer whale and
1614 pg/g wet mass fraction in an adult female false killer whale. The Hg concentrations
observed in this study are generally much lower in comparison to those observed in the
Mediterranean where there are naturally occurring Hg deposits (cinnabar or native Hg ore,
HgsS) that cause resident wildlife to accumulate extreme Hg concentrations, such as the liver
Hg concentration of 3945 pg/g wet mass fraction observed in a bottlenose dolphin by
Leonzio et al. (1992) (Table 5).

Arch Environ Contam Toxicol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

Hansen et al. Page 11

Trace Element Case Studies in Individual Animals

A number of individual animals in this study had elevated non-essential trace element liver
concentrations that could cause detrimental health effects. These elevated concentrations
give insight into the challenges populations of some cetacean species may be experiencing in
the Pacific Islands region and across the Pacific Ocean, and highlight differences in cetacean
ecology between species and among populations. Several individuals in this study had Cd
and Hg liver concentrations that exceeded thresholds for toxicity (Table 2 and Table 3).
Eleven animals had liver concentrations of Cd that could cause kidney damage according to
observations made by Lavery et al. (2009) in Southern Australian bottlenose dolphins
(7ursiops aduncus) (5 — 37 pg/g wet mass fraction), and five of those animals had Cd
concentrations within the effect range of 20 — 200 ug/g wet mass fraction in liver
extrapolated for marine mammals from human studies (Table 2) (Fant et al. 2001; Fujise et
al. 1988; Law 1996). The greatest concentrations of Cd were measured in adult false killer
whale KW2010019; juvenile Cuvier’s beaked whale K\W2008008; two adult dwarf sperm
whales 15377 and KW2009012; and adult striped dolphin KW2010008 (Table 2). Other
studies have found elevated concentrations of Cd in marine mammal liver tissues without
obvious indications of Cd toxicity, suggesting that marine mammals have a highly efficient
detoxification mechanism for Cd and a greater capacity to internally mitigate Cd toxicity
than terrestrial mammals. Solid granules composed of Cd, calcium, and phosphorous have
been observed in kidney tissues of Atlantic white-sided dolphins, suggesting a sequestration
mechanism (Gallien et al. 2001). Greenland ringed seals (Phoca hispida) were found to
exceed kidney Cd concentration limits of 100 — 200 ug/g wet mass fraction without evidence
of renal dysfunction (Dietz et al. 1998).

Twelve animals had Hg concentrations greater than the 60 ug/g wet mass fraction effect
threshold for liver and lymph cellular breakdown observed by Rawson et al. (1993) in
Atlantic bottlenose dolphins and pilot whales, nine of these animals were within the
maximum detoxification range of 100 — 400 ug/g for mammals (Piotrowski and Coleman
1980), and a false killer whale surpassed this range. It is important to note that Se was
measured in nine of these animals, and the resulting Hg/Se molar ratios were close to 1:1 or
less, ranging from 0.86 to 1.03 (Table 2), indicating a low likelihood of systemic Hg toxicity
(Betti and Nigro 1996; Das et al. 2003b; Ikemoto et al. 2004; Palmisano et al. 1995; Rawson
et al. 1993; Wagemann et al. 1984). The false killer whale with the greatest concentration of
Hg in this study (1572 pg/g wet mass) was a 24-year-old adult female, KW2010019, from
the endangered insular population (Table 3). False killer whales are a high trophic level
species and Hawaiian populations have been observed feeding on the same predatory pelagic
fish targeted by the Hawaiian commercial long-line fishery such as mahi-mahi (Coryphaena
hippurus) and tuna species ( 7hunnus spp.), as well as various species of cephalopod,
seabird, and other cetaceans (Baird 2002; Baird 2009; Baird et al. 2008). This concentration
far exceeds the effect threshold for marine mammals of 60 pg/g wet mass fraction (Rawson
et al. 1993). However, this animal also had Hg/Se molar ratio of 0.98, which may indicate an
ability to tolerate elevated Hg concentrations without toxic effects. It is important to note
that the greatest concentrations of three other potentially toxic trace elements, Cd, Sn, and
Pb, were also observed in this animal. These concentrations warrant further histological and
biomolecular study of tissues such as liver, kidney, and bone for indications of toxicity, and
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the analysis of tissues from other Hawaiian false killer whales as the opportunities arise.
This species may be an important indicator of accumulating anthropogenic contaminants in
fish targeted commercially by the Hawaiian long-line fishery, posing a health risk to human
consumers. Mercury and Se concentrations have been studied in the fish species caught in
this fishery (Kaneko and Ralston, 2007), but the findings of this study may warrant a closer
look for the sake of public safety. The Hawaiian insular population of false killer whales, of
which this sample is a known member, was found to have elevated concentrations of
persistent organic pollutants and ongoing commercial fishery interactions (Bachman et al.
2014; Baird and Gorgone 2005; Forney and Kobayashi 2007; Ylitalo et al. 2009). The levels
of potentially toxic trace elements observed in this sample brings further attention to the
complex series of pressures this population is facing as it continues to decline.

Conclusions

This study established initial trace element concentration ranges for 11 trace elements in the
liver tissue of 16 species of Pacific cetaceans stranded in the main Hawaiian Islands, Saipan,
and Guam. In this opportunistic sample set, trace element correlations agreed well with the
literature; significant age related trends were found in Se, Cd, and Hg concentrations, and
Hg:Se molar ratios; and while no significant sex or phylogenetic group differences were
found, some interesting trends were observed. In general, trace element concentrations in
this study were most similar to concentrations observed elsewhere in the Pacific and fell
within ranges reported in other oceans, with the exception of the Mediterranean.
Concentrations of Cd and Hg in a number of Hawaiian cetacean individuals indicate a
possible toxicity risk to these Hawaiian cetacean populations, warranting additional study to
further our understanding of the effects of elevated trace element concentrations in cetaceans
in this region of the Pacific Ocean.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Stranding locations of cetaceans in this study. Stars in the lower panels indicate the
individual cetacean stranding locations and the number in parentheses indicates the number

of strandings on each island
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Linear relationship between Hg and Se concentrations in stranded cetacean livers (R? =
0.9997). Pearson’s correlation coefficient r = 0.9998, p < 0.0001, df = 30. R? = 0.995 when
the highest point excluded.
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Trace element age class differences in U.S. Pacific Island stranded cetaceans. Mean (+ SE),
letters above error bars denote significantly different means. a. = 0.05 with Holm-
Bonferonni sequential adjustments for multiple comparisons. (a) copper (b) zinc (c)
cadmium (d) selenium (e) mercury (f) Hg:Se molar ratios.

Arch Environ Contam Toxicol. Author manuscript; available in PMC 2017 January 01.



Page 25

Hansen et al.

NIST Author Manuscript

166T nye.o o] N T00-820ST uiydioq utydjop Jauurds SLIS016UO] E][US)S
€702 nye.o £ N 900€ETOZMM
414 nye.o v E| ¢002TOCMMA
0T0C l.IemeH v N 8000TOZMM
6002 INeN o] 4 TTO600CMM
600¢ INeN v E| 600600¢MM
6002 nye.o £ N 8006002MM
8002 l.lemeH o] 4 900800¢MM
166T nye.o v N T00-0LvCT uydiog uiydjop padiis eq[eos|niaod ef[ausis
6002 weng o] N TTOOTOZMM
600c  LlemeH v N STO600ZM uiydio@ ulydjop panods-jeaidoued BIENUSNE BljoUs]S
0T0Z  L®YOJON \ 4 6T00TOZMM uiydio@ a[eyM 13|14 8sfed SUBPISSBIO 22I0PNSSH
1102 nye,0 o) 4 800TTOZMM wJads afeym wuads  snyeydasosoew 49)asAlyd
[414 nye.0 v N €002TOCMMA
1102 ey v N TTOTTOZMM
1102 nye.o o] N 200TTOZMM uiydioq 8leym papeay-uojsiN 242913 E[8Ya920U00
8002 lenex v N 0T0800ZMM uiydioq dleym 9| 8910 SnUI2I0
0102 INep r N ZTOOTOZAMM pasesd 3[eYM Pa>eaq S3|[IAUIRlT  SSOUISLEP LOPOJdOSIN
€702 leugn o] E| 0TOETOZMMA
€702 nye.o o] N Z00ETOZMM
€T0¢ nye.o o] N ¢00ETOZMM
€702 leugn o] E| TOOETOZMMA
8661 1.eue] o) 4 T00-£90ST usafeg afeym oeqdwnH  eelbuesenou eidldebapy
600¢ leney v N ¢T0600¢MM
0002 nye.0 v N T00-2.€ST wiads 3[eym wiads Jrema ws eboy/
0002 Leney| r N T00-02EST wJads aleym wuads AwbAd Sa22119.q el1b0Y/
0102 Iney r N S000TOZAMM pasesd 3[eym paxesq s,uewbuo snowyoed snysoedopuy
6002 N v N 9006002MM uiydioq afeym 13|11 AwbAd Blenuaie esalo-
uoles0]  SSe|D al dnoio
JeaA bBuipuess  aby  xes a|dwes anauabolAyd aWwreU uowwo) sa10ads
€T02—/66T SPUB|S] 2111984 "S’N UO papue.ls ‘sueadelad pajdwes Jo Arewwng
T 3|qeL

NIST Author Manuscript

NIST Author Manuscript

Arch Environ Contam Toxicol. Author manuscript; available in PMC 2017 January 01.



Page 26

Hansen et al.

}Npe = v ‘9IuaAnl =  ‘4jed = D ‘ajeway = 4 ‘afew = N

1102 uedres v N 9TOTTOZMMA
800C  lBMOJoON r N 800800ZMM paxesg deym paxesq s, Jalnng SISO4NRD Sniydlz
T110C 1enex v W Z00TTOZMMA
1102 1ene3 r E| TOOTTOZMMA
866T nye.0 o] N T00-TCTST uydieq uiydop asousnog SMraUNY SA0ISIN
T110C 1enex v W T2OTTOZMMA uiydioq utydjop payrool-ybnoy Sisuauepaiq ousis
€102 l.remeH r N 600€TOCMMA
1102 nye.0 o] 4 8TOTTOZMM
T110C l.remeH o] W €TOTTOZMMA
0102 nye.o r N 9000T0ZMMA
6002 nye.0 o] 4 00600MM
800¢ l.remeH v | TT0800ZMM
8002 l.remeH v E| 600800¢MM
8002 IneN v N ¥00800ZMM
£00¢C nye.o £ W ¥00L00¢MMA
uoles]  Sse|D al dnoio
JeaA bBuipuens 8by  xas a)dwes a11suabolAyd aWweU uowwo)d sa10ads

NIST Author Manuscript

NIST Author Manuscript

NIST Author Manuscript

Arch Environ Contam Toxicol. Author manuscript; available in PMC 2017 January 01.



Page 27

Hansen et al.

£T02—/66T PapuRIIS ‘SUBAIR]IED PapURIIS PUBIS] J14IdRd S M 4O 8NssI1 JaAl] ul (ssew 1am ‘B/6M) suoieliusduod Juswia|s adel |

NIST Author Manuscript

860 020 SLTLST o7 ge'8s €900 90'€E9  I8T  G9Z€ €22l ITE 820  6T00TOZAM
60 v200 2186 0g00  906T 0800 SOv  9T0 YTOL  ¥89  YEY 020  ZTOOTOZMM
TT0 8000 290 95000 ¥£000 6E00 8TZ 1T 66GZ 68Er 680 2€T  TTOOTOZA
980 96000 #9LL 8500  p9Sz  TTO  v8SE zgz  89TS €8/  ISE SO0 8000TOZANM
600 €S000 290 25000 6.0 1800 2LZ OZT 2586 &L 8Y'E  TT'O  9000TOZANM
190 6£000  €£T €100 200 200 S80 20 ¥ST9  €6E €97  9T0  GOOOTOZAMM
T0T 29000 2¥C€S6 o100 2z  LTO 60ZE 8T TT99  GL9  8LE 8500 GTOBOOZANM
0v'0 9200 526 1800 G€/Z Zv0 606 990 6TvZ  92€ 92T 820  ZTOB00ZAMM
/S0 09000 V85 6Y0 €627 G900 YOV  SZT 299, 69, 897 980  TTO600ZAMM
860 1200 #8186 g0 pSgeT  LTO  L26L G20 €8€Z L9V OvZ  OT0  600600ZAM
980 0100 2¢6YS  p9o0  o0g's  TT0  PISZ  YOT 9805 009  I8Z  2€0  800600ZAMM
g60 €100 8¢Vl yg00  OyT  ZTO0  ¥88S 120 ZL¥YT 06T 672 020  900600ZANM
ZU'0 99000 850 0700 8T0 8T0 96T 09T 289 212 997 8TT  ¥00600ZAMM
180 69000 #0V6C  y100 €9z  TTO SZ¥T 190 L6 68€  ¥0Z  9T0  TTOS00ZAM
860 22000 #9L€9%C  yp00  ZL0  8TO I8SOT €00 6Ty 9IS 28T  YE0  OTOS00ZMM
100 85000 #€STC  pgoo0  geL €800 ¥6OT 2.0 ISy I8F  2Z0F  T90  600800ZMM
9,0 0200 58’ 00 TS/ 0S50 20 TLE 688Gy  G€L  T0Z  0ST  800SO0ZAM
IS0 0000  STE 0100 9000 2900 9TZ 6£0 €069 ¥96T 6TF 6.0  900800ZMM
160 6000 #099C 9100  yTZ 2900 SLOT 120 90TS €S ¥SZ  8E0  YOOSOOZANM
190 o100 &9V qzo0  06'G 9800 9SKT 90T €LYy SOOT  OSE  T9T  YOOLOOZANM
90 10 #00CC  zyo  orzz Lz v8ZT  6GT  G0ES  €€¥  TELT 28T TO0-LLEST
0Z0 8100 19T vv00 009 IS0 ZU'e  6ve 8Lz ZUS  OvZ 197  T00-0ZEST
Zr0  ¥100 822 0700 05000 2T0 82. €20 ve6e 20T 2€¢ 98¢  T00-TZIST
€000 O0T00 29000 88000 TE000 2T0 260 8200 2SCIT ST9ST  OFT 890  TOO-E90ST
880 22000  S8'0  1/000 2ZE000 850 880 67 6559 6§62 ISZ LJOO  T00-820ST
Z60 Gzo0 #LC9ST 190 zrv €TI0 TL99  6T0 Z€LZ 865 TI6E 980 TO0-OLYeT
85:6H ad BH us PO §IS BN sY uz no un 10 qi sjdwes

¢ dlqeL

NIST Author Manuscript

NIST Author Manuscript

Arch Environ Contam Toxicol. Author manuscript; available in PMC 2017 January 01.



Page 28

Hansen et al.

uonn|ip Jaye BH [e101 10} pazAfeue mm_gzammv

- - 2200 - - - - - - - - - OTOSTOZM
- - 8LTT - - - - - - - - - 600STOZM

- - 9900°0 - - - - - - - - - LOOSTOZMM

- - oV YT - - - - - - - - - 900ETOZM

- - £200 - - - - - - - - - 200STOZM

- - 100 - - - - - - - - - TOOSTOZMM

- - 86°L.2 - - - - - - - - - £00ZTOZM

- - 8522 - - - - - - - - - 200ZTOZM

- - v8vee - - - - - - - - - TZOTTOZMM

- - 750 - - - - - - - - - STOTTOZM

- - 10T - - - - - - - - - 9TOTTOZMM

- - et - - - - - - - - - ETOTTOZMM
g60 veoo #6YYOC  zT0  8TZT 100 pr98  STT  v82z ¢y Zv'T  2T0  TTOTTOZMM
880 G000 06T 85000 #9000 €800 S80 920 8EShz 89ET  IET 20  8O0TTOZANM
€0T  zIo0  gYY68  ezo0  T9TT  6T0 CevE  vZ0  950L  €6€  TLZ 620  LOOTTOZMM
850  ¥10°0 Z8T 66000 9v000 IO €T  S€T  T0CE  2§€  STZ 020  200TTOZAMM
980  6€000  €5T 25000 80 020  S9T  TTZ S920T  I¥'9  08G €0  TOOTTOZMM
8s:bH  qd BH us o) s B sv uz no Uun 1D ai s|dwes

NIST Author Manuscript

NIST Author Manuscript NIST Author Manuscript

Arch Environ Contam Toxicol. Author manuscript; available in PMC 2017 January 01.



Page 29

Hansen et al.

(260 (T00 (Lz'6€ (€00 (se'L (850 (9e¥vT1 (62 (2586 (09°62 (99 (19°7
-600) -200°0) -250) -500'0) -€00'0) -80°0) -88°0) -12°0) -2L'62) =107 -v07) -80°0) L
190 9000 S7'9 100 44 600 60T 90T 90°'1S 1€G 0g'e g8e0 =31 uiydjop seuurds
880 100 68'T 100 100 80°0 680 920 8£'GYe 89°€T €T v20 T aleym wusds
- - y8'vee - - - - - - - - - T uiydop payrool-ybnoy
020 200 19T 700 009 150 4% 6v'€ 8L'1¢ 2Ts ov'e 19T T ajeym wuads AwbAd
G660 100 8zl 500 or'T ZT0 78'85 120 LY 06T 672 0Z0 T ajeym Ja| | AwbAd
SY0F  S0000F 0Ly F 2000 % 12T+ 900 F WULTF 600 F 9002 ¥ IS8T F 65T F €90 F
950 1000 16°LY 8000 12T 070 v9'6T 62T 5097 AR T4 8T°C 69°0
(toT (8000 (Tz's6 (100 (zve (To (60°2€ (8e'T (TT°99 (68°cv (8L¢ (ze'T
-17°0) -1000) -19°0) -900'0) -€00'0) -¥0°0) -812) -127T) - 66'S2) -G.'9) -650) -90°0) uydjop
950 1000 16'LY 8000 12T 070 v9'6T 62T 5097 zese 8T°C 69°0 z panods-jeardonued
JANIES 0T00F 8578 F S00F 609 F Y00 F SLTrF 600 F 65V F LE0F Y00 F
GL'0 ¥20°0 er'19T 90°0 609 TT°0 66 9z'T iz 0S0F8€E 8.1 970 €
(€60 (ve00 (86222 (zTo (8r2T 10 (v298 (se'T (Toze ety (sTZ (ozo =6H
-850) -100) -28°7) -7100) ~G000) -100) -€2T)  -—8TT) -¥8'22) -25°€) -rTy) - 2T0) 14
GL'0 ¥20°0 67702 2900 609 TT°0 66 92T wie 8¢ 8.1 9T0 =31 3]eyMm papesy-uojsN
190 ¥00°0 ee'T 100 200 100 680 120 ¥S'19 €5 €97 970 T 3]eyMm paxeaq s,uewbuo
860 €000 9/°€92 500 20 8T°0 18'50T ¥0'0 6ETY 9T'S 28T v€0 T 3[eyM I3| |1
¥00'0 F 100 S
(€200 =bH
~900°0) T
€000 100 2100 6000 €000 ZT0 260 €00 FASKANS £195T or'T 890 =31 a[eym oeqdwnH
86'0 0z0 G/'T/ST oT'T €685 90°0 90°€€9 18T 89z €zt 1T¢e 820 T a[eym a1y asfed
YTO0F Y00 F LTOF €eTF STTF 18TF LrOF YT F 208 ¥ LL0F
¥5'0 100 v'9F £9°GT G20 20'sC 65T 96°0T AN} 298¢  ©S0F08€E 826 S0'T
(£90 (ot0 (00°ze (zvo (seL2 (LLe (eszT (65°T (soes (vev (teLt (z81
- 07'0) -€00) -G2'6) -60°0) -0.'22) -27'0) -606)  —990) - 6T'%2) -92¢) -9zT)  -820)
¥5'0 L0°0 £9'GT S20 20'se 65T 96°0T AN} 298¢ 08'€ 826 S0'T z 3leym wusds premg
WZFIES 4
(2201 =6H
-Gg8'g) T
9.0 200 1€'8 ¥0'0 15°.€ 050 20¢ 1€ 68'GY Ge'l 10T 05T =31 3[eym paxesq sJalAnD
JrAES €000 F YrA TS G000 ¥ FARAS €00 F S00T ¥ €90 F 88T ¥ oTT+ ITTF
150 100 80'T¢E 100 LEY LT0 6E VT 98'0 680, 98TF169 19°€ €S'T
(e0'T (to0 (vv'68 (zo0 (92T (0z0 (zeve (tTe (g9°zoT (zeotT (08's (98¢
-210) -+000) -€5T)  —S000) -G000) -210) -G9T)  -220) - €'6€) -€6€) -2€27  -620)
9e'0 100 82 100 870 6T°0 8z'L ¥2'0 9502 179 1.2 €70 € uiydjop ssousog
G6'0 200 186 €00 90°'6T 80°0 S0v 970 vT°0L 89 veY 0z0 T a[eym paxeaq s,|[1Aute|g
9S:6H ad bH us pPD 1S £l sy uz no Uun 1D u sweu uowwod

Arch Environ Contam Toxicol. Author manuscript; available in PMC 2017 January 01.

SUBaIR]9I papurlS JO sa19ads 9T JO anssiy JaAl| ul (ssew 1am ‘B/6M) syuswia|a ade Jo (Juawainseaw a1buls 10) 35 F ueaw pue (sbuel) uelps|N
€ 9|qel
NIST Author Manuscript

NIST Author Manuscript NIST Author Manuscript



Page 30

Hansen et al.

painseaw Ajuo Ainassw = BH

onel 85:6H pue painsesw sjusWa|s aoe] |8 = 31

900 F 1000 F 1T8EF Y00 F WweF 600 F ooz ¥ ITOF 69°LF 00§ ¥ IS0 F STOF
59'0 200 €798 TT°0 68'8 G20 €0'TY L0T €219 veeT AR 890  &F
(e0T (0z'0 (g2 12817 (eTT (€6'85 (LLz (90°€€9 (tre (8e'sve (eT"95T ([ (98¢ =6H
- €00°0) -200°0) -900°0) -500'0) -€00'0) -¥0°0) -G8'0) -€0°0) —-2LYT) -06'T) -65°0) -G00) 1€
9.0 070 186 200 €97 zT0 60'6 v0'T ISy 009 €97 Ze0 =31 sa|dues |1V
L007F €000 F €C9CF 600 F 08€F 200% YOET ¥ 0¥ GZ6F GE0F YT0F
6.0 2100 v5'Z8 120 6T'6 TT°0 €5°Ge 680 9597 GZZTFEIS 85°€ 70 8
(860 (5200 (8T°86T (670 (v9's2 (To (Lz9L (zez (2992 (¥9°6T (891 (980 =bH
-15°0) -1+000) -02€) -100)  —1000)  —900) -9127)  —6T0) - €8'€7) -19%) -0r'z)  —S00) 9
98'0 100 96°LL 0T'0 159 TT°0 670 1.0 12T 689 1€ veo =31 urydjop padiis
eTo0F 1000 F €000 ¥ 80T+ L00F 1207 88 F Ge0F €20F 0T
G50 9000  ¥6'EFILTL 2100 1.2 IT0  ¥2T¥86L 11T 66'/G  GS'E€ ¥ S0'6 £2°€ 650 =0H
23:6H ad bH us pPD IS EIS S uz no U 10 u sweu uowwod

NIST Author Manuscript

NIST Author Manuscript

NIST Author Manuscript

Arch Environ Contam Toxicol. Author manuscript; available in PMC 2017 January 01.



Page 31

‘nej s, [|epusy dLsweRIed-uou UM palenafes suoneaiod,

'(50°0 > d) SyuswW=a|e 8dkJ] UBBMISQ UOITR|31109 JuediyubIS
¥

Hansen et al.

NIST Author Manuscript

‘N — ‘0=d ‘0=d ‘A — ‘A —
L2e00=d 20000 #C000=0 oorh=g ,5000=d ggeg-g ,6200=0  gpo-d  grpo=d gge0=d
96010 216970 £668E°0 1652°0 25610 12910 L1670~ 0T 0- L2ST0 819T0  dd
L1000>d  1000>d  7¢,9=g ,7000>d gego=g ,5000=d v000=d yee0=d ogoo=d
98290 €0TL0  0v90'0-  Zve60  €ST00-  926v'0-  £S0S°0- vZlT0  €6T€0- BH
0>d : =
#H000>E erh=a LT000>d  gogg=d LE100=0  ,qr0=d zzro=d vog0=d
£6.05°0 T96T°0 29990 92800  [Ivb0-  ¥092°0- 6€82°0 02800  US
azo=d ,1000>d ¢ rg-d ggpg=d ,2000=0 geyg=d gpgo=d
S9TZ'0 $899°0 86v2'0  2LvE0-  B0SS0- €EVE0  GETTO- PO
210=d 91T0=d gog0=d L0g0=d L5€00=0d greg=g
0690°0- 18820  9Sv0°0-  968T°0- 0T8E0 v98T0 IS
1890=d ,1000=0  ecg0=d gego=d epT0=0
€880°0-  2/S50-  TIGE0- 08800  00vZ0- 9S
0850=0¢ 8ye0=d G6T0=d ¥8.0=0
vEOT'0-  vhLTO- 16€2°0 £1500 SV
‘0=d
*mmoo_ v2e0=d 006'0=0
pCSC00 6220 ¥€200- UZ
8800=0¢ 0.£0=0
orTE0- 99910  ND
gr90=4d
V600 U
BH us o) 1S s sy uz no uw 1D

(T€ =) SUL3IL]8D PAPURIIS JO JBAI| UI SUOITRIIUAILOD JUSLLB|S 808.) USaMIaQ SaSA[eue UOIR[a1I0d JO S1Nsay

¥ alqeL

NIST Author Manuscript

NIST Author Manuscript

Arch Environ Contam Toxicol. Author manuscript; available in PMC 2017 January 01.



Page 32

Hansen et al.

19°0 000 et 100 200 100 80 1270 519 £5°e £9°2 910 ApmissIyL  ajeym pasesq s,uewbuo
R R ST N 1a> R R R R R B R pZRIRASNY
_ _ 2,21 _ _ - _ - _ - _ - Nm.m_um:mo o1410ed
ZT-10 - 8'26-€0 61T-9T  STI1-1d> - 62€2T 700 SE6-865  £97-0'9 9T - L6-6¢ ‘z7Rder
71T Ja>  L'0z1-0'88 - Le8T - 01992 90  £986-08v  88Z¢8 g5 80 e ‘TONUERY
86°0 £00°0 92°€92 500 2.0 810 18'S0T 00 6ETY 9T’ 281 vE0 AprissiyL  ajeym Ja|iI
- - - - - - G279 - 201-5¢ 16 - - ggBlIRISNY
£00°0 100  £20°0-900°0 6000 £00°0 Zro 260 8200 r2xAns £1°95T ov'T 890 AprissiyL  efeym yoeqdwiny
- §'0-50'0 6Lr-TY - 85500 - - - - - - - pZ BBV
6T 1a>  v19T-82L - 11T - €51 1a> ST ST 99 - e ‘TgBPRUED "Oy1oed
- - - €0 - - - - - - - - gritzeid
86°0 020 G/'TIST 9T'T £6'8S 90°0 90°€€9 181 5928 £zet 7€ 820 AprissiyL  ejeym Jaj1 asfed
R R - 60 - N - R R N . R chm%n
190-0v0  O0T0-€00 0022626  2¢v0-600 §E/2-022 [L2-Zv'0 €821-606 6GT-990 GSO'ES6TvZ  ¥Ev-92€ TELT-92T 28'1-820 Apmis syl ejeym wusds yremq
- - 10 - 1a> - - . . . ; i peeunuabiy
60  ¥80-820  6IVI-65C - §8T-LT - 90TT - £9T-L'TT 87-80 860  2T'0-80°0 62 ‘gz ' UBRUBMANPSN
92°0 200  1L0T-S8 00 1528 050 z20°€ L€ 68'SY el 102 05T AprissIyL  8JeyM paxeaq s,Je1AND
- - - S0-T0 - - - - - - - - Vot
Z1-20 0T-00  6TL-TO - 0z-1a > - yesz-1d> 8020 Vw1-2'92 S8-6'v - Z1-0T 9z-pZ® RISV
62 97-1a > 06-10 > ze-12 v'91-€0 - Ze-T0 6950 068-29T  ¥'€25C - ges1a> £2-2ZBUIO PUe veder
v'1-£0 TeIa>  gIzv-1a> 6'2-10 > 0z-1a > - 9.0z-z0 9T1a>  TT/2-STT  06/-T0 g0z  Toas 1z-#r°PERY
- 9'e-1a > 0v6€-50 - Z1-1a> - - - 8YST-68 L0810 §9-€T 9£0-200 £r-gUBRUBLBIPSN
€0T-2T0  T00-¥000  v¥'68-€5T €200-G00'0 T9ZT-G000 020-2T0 2Z¥E-S9T T1'2-220 G920T-VE6E ZEOT-€6'C  08'G2€C 98'€-620 ApmssiyL  uiydiop esouspiog
01 500 8vz - z9 - 52 86 v 95 - £9°0 zin
560 200 186 £0°0 90'6T 80°0 S0 910 vT0L 89 Ve 020 AprissIyL  eleym paxeaq s,a|jiAure|g
9S:6H ad BH us pD 1S e V4 uz no un 1D 15800 40 uoibey sa10ads

Arch Environ Contam Toxicol. Author manuscript; available in PMC 2017 January 01.

‘31dnnw a1eaipul sabuel ‘pajduies sjewiue ajbuls ayealpul sanjeA ajbuls ‘uoibas Aq (ssew 1om ‘B/6r) suoneIuUaIU0I JaAI| JUBL|S 3dB4] UBaJR]S)
G 3|qel
NIST Author Manuscript

NIST Author Manuscript NIST Author Manuscript



Page 33

Hansen et al.

z1 200 5811 - TS 90 0zy - 1'8e 10T 92z z0 p-2/ VRaee
0T-100 97-1a > 1Te-6'0 ) 1'62-T0 TO 02509  L0-0 oTT-66  9T8-T2 L'e  101a> IZ~9 29 8T 41 ‘5T ZONERY
LZT-170 ¥'s-1a > 0Z€1-8°0 <0 06-10 > - gTEE6T - ZEET-T8  ¢68-TT  6G€00 80-200  99-95 ZI /- BSUBISUPIN
86'0-/S0 G20'0-¥00'0 8T'86T-0Z€  6v'0-100 ¥9'52-L000 LT0-900 [29/-9TZ 222-6T0 29'9/-€8'€C ¥96T-L97  89v-O0rZ 980500 Apms syl uiydiop padins
- 01 S0T-T'0Z - el - - - 9ge 8's £e - op ‘zz°H%ed ‘M
- - 87180 0500 - - vZ-0T - - - - - 56 pgOPON
- - - €0-1a> - - - - - - - - griizeig
160600  T0'0-2000  [Z'66-250  £€0'0-S000  GE/-S000 8G0-800 9E¥I-88°0 6€7-TC0  2§86-2L6C 0962-LLC  99v—¥0Z T9T-80°0 ApmssiyL  uiydiop Jauuids
- 90-1a > 0vE€T - 1121 - - - - - - - pZEIRISTY
- Ty - - Ll - - - L0T 98y 62 - £g®PeN
z1 01-1a> 966-2¢ - §259'6T - 621-LT L0 §le-TZ 90897 - §0-1a> 25-85°°S UMON
7' 1-60 1a>  6TT-%000 - §1-T0 - LTE09 - 98796 0940 8050  €0-T0 Lp 'y g UBOUBLISIDIN
880 1700 68'T 1700 100 80°0 $8°0 92°0 8E'SPT 89°€T 187 vZ0 ApmssiyL  ejeym wisds
_ R - 80-T°0 _ _ - - _ - _ _ chm%n
- - 796rvE £/-1a > 0T-10°0 - geeT-67 900 9TT-2€  9¥1-9°€ 1582 - 9 61 'sTONERY
- - ¥8'v¢e - - - - - - - - - Apnissiyl  uiydjop payrool-ybnoy
- 10 ZIT-LT - £VI-€'9 - LSSY - 81-6'9T V61T ZT-T1T 1as Gy pzOWIRd 'S
0'7-10°0 10 69510 - 9/-20 - 91202 Z0  ZEIT-TOT  vwbI-TZT T80 %90 po-1p ZOWERY
020 200 19T v0'0 009 150 A% 43 8LL¢ AR or'e 19°C fpmssiyL  oreym wuads AwbAd
- - 8162 . 60 - €2l - TS 09 gt - pellzeid
560 100 8zevT 500 or't FAR0 8'85 120 ZLYT 06'T 6v'Z 0Z'0 ApmissiyL  sjeym Jaj i1y AwbAd
- 1a> 9'06-8'S - - - - - - - - - pZBIRISTY
- - 0eT-T0 - - - 780 - - - - - 0r '6g°H18d
- - - z0-1d> - - - - - - - - gritzeid
TOT-TT0  800'0-/000  TZ'S6-T90  T0'0-9000  Zvr'2-€000 LT0-¥00 60/€-8TZ 8ET-TZT  TT'99-66GZ 68€-GL'9  8LE-6G0 2E£T-900 ApmssiyL  uiydjop panods eordosiued
0T-L0 70-10> TvT-€1 - 12-0'8 - 8529  80-€0 L2z 6712 - v'0-20 gZ®IBAsnY
- - 6'LYT - 9T - - 85T TlE - - - ge 'ggurder
£6'0-850 ¥E0'0-¥T00 86'2/228T  2T'0-100 8TZ1-G000 ¥T'0-T00 ©.98-€2T GET-8TT  102E-¥82Z CIv—2S€  STZ—2r'T 020-2T0 Apmis syl 8jeym papeay-uojal
23:6H ad BH us pD 15 EIN 3V4 uz no un 10 15e0D 40 uoibiay sa10ads

NIST Author Manuscript

NIST Author Manuscript

NIST Author Manuscript

Arch Environ Contam Toxicol. Author manuscript; available in PMC 2017 January 01.



Page 34

Hansen et al.

" ‘|e 19 Jopea
2(666T) 'l p _\,_QN

¢ ‘|e 18 sowa
(€102) | 3 o

¢ ‘e 18 me
(z66T) | 3 o

y ‘|e 18 %8a(Qs|0
'2(866T) '[e 19 >4380s8] :NN

¢ 1919
(686T) ! og

¢ ‘|e 19 Sa|aulo
(8002) I lauiod,

' / ‘e 18 XJ9
' ¥66T) 9)¢el,

‘(z00z) ouelbLI00BN pUR HpIoIS,,

‘(6002) "[e 19 Japug-weyoys
! ‘|e 18 Jese|3-11po
(e002) I 13-1mp o

‘(z66T) "[2 18 orzuoal,

»(e2002) '[e 10 o__wuo‘_u%
'»(100Z) pueydIeN pue o__mvo‘_u_N

»(0002) "2 0 olIepoI4

»(2702) "2 18 alue||ag .

»(6002) "2 18 awelleg,

»(866T) 1218 s_m_&m

‘(1002) 'le 38 \sﬁw

‘(e266T) "2 10 %._N

'S9OURI9J84 JO 1S1| BY) Ul payesipul ‘(£00Z 1ezeAllA pue BueA) ainisiow 9,0/ BuILINSSe Ssew 18Mm 0} Ssew AIp Woly pauaAuod SIUBWRINSERIN,,

W1l Uondeap ay) Mojeg=1d >

1a> 96 TY -

¢'1-80

S0'0-€0°0 vI-€T 1as> §le-T'6Z 9e-1'e ze 1as> ARG

23:6H

po

1S as sy uz no un 10 1520 40 uoifay sa1nads

NIST Author Manuscript

NIST Author Manuscript NIST Author Manuscript

Arch Environ Contam Toxicol. Author manuscript; available in PMC 2017 January 01.



Page 35

Hansen et al.

y ‘|e 19 ajuewelsn
'2(€002) ' a.,

‘ 1599 pue Aius
(666T) 159G P H,

‘ Jadsy pue |19
(9.6T) 4adsw pue || PO,

! ‘|e 18 01YJ33A02IR
(066T) | 1y _>_NNV

! ‘[e 18 ueAu
(2102) I d
! ‘[e 19 usy
(z002) I 0

' ‘le 18 aipu
(qt66T) I p Ve

‘(o1 ‘e 19 eeliH
(0102) I H .

‘ ‘|e 18 opu
(£002) 1 p m_bu

‘ ‘|e 18 opu
(9002) 1 p m_mm

¢ ‘e 18 elogn
(1002) | q v_mm

! ‘|e 18 sowa
(€102) "1 1 e

¢ ‘e 18 ae0A|0
2(2102) '[e 18 820K Hop

‘ T) ‘T2 19 Ja1ebue]
(066T) 'l ] e

¢ ‘|e 18 plie
(6867T) "2 30 pai m_mm

! ‘|e 18 01YJ33A02IR
(z66T) | 1y _\,_Qm

! ‘e 18 1|]8.10)
(666T) ‘1238 111 mmm

! ‘|e 18 O}|3po.
2(02002) I 119p umw

! [¢] ue 99
(566T) YO P 1,z

¢ ‘e 18 meT]
(e002) I oz

¢ ‘[e 18 Alane
'»(8002) I 1

‘ ‘e 19 Jadwa
(¥66T) I Mz

4 uel ue Suos.e,
'»(T002) UeyD p amm

4 ‘le18 9 IR
2(666T) ' all _._NN

‘2(966T) 19| A UBA pue poom,,

NIST Author Manuscript

NIST Author Manuscript NIST Author Manuscript

Arch Environ Contam Toxicol. Author manuscript; available in PMC 2017 January 01.



Page 36

Hansen et al.

y ‘|e 1@ ouun
'2(#002) ' i,

‘He ‘e 1a seg
2(BE002) 'I o

! ‘e 19 Sse
»(0002) '| n_%

‘(e ‘|e 1o alpu
(e166T1) | u<um

¢ 9el
(v66T) 3l .>%

‘(200Z) ouelbLN0oBA pUR 1]]3101S »

! ‘le 18 Jese|3-111po
(e002) I 13-11p o,

4 T) ‘|e 18 19euo
»(866T) '[219 1 g

‘ ‘e 10 akeye
'2(9002) | Yy ._mm
'»(02002) "1e 1 O1RMII3PIED,

H(e ‘|e 18 01Yyd3l||apJe:
»(22002) ' 14201 19p. o%

4 ‘| 18 01Y22I||8pJe:
2(0002) I 142011 19p. o%

‘ ‘[e 19 1jade
2(0002) "[e 318 11| Qe

‘ ‘[e 18 Ja1bn
2(1002) I by

¢ ‘[e 18 Jaibn
(€66T) I onv, -

'2(2002) UNSO-Z3ed pue %_m:m_mm.

: ‘e 18 sefan
2(0002) I I mE

'»(2002) BUNSO-Z8kd pue mNc:Nc_.mm_m:mmm

' ‘e 18 me
(9z66T) I e

¢ e
(966T) e

' ‘|e 19 SUIO
(266T) | it} @m

: ‘|e 19 X93(QsS|0o
»(666T) "[e 19 930S _._mw

‘ ‘[e 18 neaubanbno
'2(L66T) 'l m_m "

! ‘e 18 |oliezze
(TT02) 1238 |01 _>_§

‘ ‘[e1s Aaxjoe
(e002) "1 BN

NIST Author Manuscript

NIST Author Manuscript

NIST Author Manuscript

Arch Environ Contam Toxicol. Author manuscript; available in PMC 2017 January 01.



Page 37

Hansen et al.

! ‘|e 18 DjS|alsal
(9002) ‘1e 18 pys|ar .omN

‘ ‘|e 18 oue}
(#86T) I | »

¢ ‘le 18 epuo
(€861) I p ImN

‘ ‘|e 19 esnb
'2(8002) 'l <w )

! ‘e 18 me
(T66T) I 1,

NIST Author Manuscript

NIST Author Manuscript

NIST Author Manuscript

Arch Environ Contam Toxicol. Author manuscript; available in PMC 2017 January 01.



	Abstract
	Introduction
	Materials and Methods
	Sample collection and processing
	Analytical methods
	Sample preparation
	Calibration methods and sample measurements

	Quality Assurance
	Statistical Analysis

	Results and Discussion
	Trace Element Concentrations in Stranded Cetaceans
	Correlations Between Trace Elements
	Trace Element Trends Relative to Age Class and Sex
	Trace Element Concentrations Relative to Phylogenetic Group
	Geographic Comparison of Trace Element Concentrations
	Trace Element Case Studies in Individual Animals

	Conclusions
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5

