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ARTICLE INFO ABSTRACT

Keywords: Quantification of contaminant concentrations in baleen whales is important for individual and population level
Marine health assessments but is difficult due to large migrations and infrequent resighings. The use of baleen allows for a
Mammal multiyear retrospective analysis of contaminant concentrations without having to collect repeated samples from
?:;iccl:l};gy the same individual. Here we provide case studies of mercury analysis using cold vapor atomic absorption
Whale spectroscopy in three individual humpback whales (Megaptera novaeangliae), a 44.5-year-old female and two
Physiology males aged >35 and 66 years, over approximately three years of baleen growth. Mercury concentrations in the
Baleen female's baleen were consistently 2-3 times higher than in either male. Age did not affect mercury concentrations

in baleen; the younger male had comparable levels to the older male. In the female, mercury concentrations in the
baleen did not change markedly during pregnancy but mercury did spike during the first half of lactation. Stable
isotope profiles suggest that diet likely drove the female's high mercury concentrations. In conclusion, variations
in baleen mercury content can be highly individualistic. Future studies should compare sexes as well as different
populations and species to determine how the concentrations of mercury and other contaminants vary by life

history parameters and geography.

1. Introduction

Baleen whales are long lived and have the potential to accumulate
toxic concentrations of contaminants, such as mercury, in their meta-
bolically active tissues. Mercury is an endocrine disruptor (Iavicoli et al.,
2009; Rice et al., 2014) and the release of mercury during activities that
are mediated by the endocrine system (e.g., fasting and pregnancy) may
interfere with normal functions. Therefore, effective conservation and
management of baleen whales requires an improved understanding of
their contaminant exposure. Contaminants can damage the functioning
of systems throughout the body, leading to declines in health, as well as
elevated mortality and reduced natality (reviewed in Wolfe et al., 1998).
Unfortunately, contaminant information is lacking for many baleen
whales due to the inherent difficulties of studying large underwater
species with long lifespans and extensive migrations.
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Baleen is a continuously growing keratinous tissue that hangs from
the upper jaw of mysticete whales and functions as a filter feeding
apparatus that is unique to this clade (Schell et al., 1989). Humpback
whales (Megaptera novaeangliae) have approximately 600 total baleen
plates (Werth et al., 2018) and each plate is triangular, and composed of
long a-keratin bundles embedded in a fingernail-like calcium-salt matrix
(Werth et al., 2020). Like many other mammalian external keratinous
tissues (e.g., hair, nails, claws, and hooves), baleen grows slowly at its
base throughout life (Fudge et al., 2009), although the rate of growth can
vary by individual, age, and body condition. Because the baleen plates
are continuously growing and are composed mainly of material derived
from food, they can provide a temporal record of contaminant exposure,
including exposure to mercury (Hobson et al., 2004). The concentration
of mercury in baleen is positively correlated with mercury concentration
in metabolically active tissues such as muscle, liver, and kidney (Hobson
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et al., 2004) and is a useful tool to examine multi-year exposure patterns.
Baleen can be collected at necropsy or during harvest and many baleen
plates from various whale populations are stored in museum collections,
making it an ideal tissue type for retrospective contaminant analysis.
Inorganic mercury in marine systems can be converted to methylmer-
cury by bacteria, which can then bioaccumulate in animals and biomagnify
in food webs (Boudou and Ribeyre, 1997; Kidd et al., 2012; Morel et al.,
1998). Methylmercury levels in phytoplankton are up to 10° times higher
than in surrounding seawater (Lee and Fisher, 2016). Higher trophic level
organisms (e.g., toothed whales that consume mammals) will generally
have higher methylmercury body burdens than species that consume lower
trophic level organisms (Haraguchi et al., 2000; Simmonds et al., 2002).
Baleen whales eat relatively low on the trophic scale, with many species
eating zooplankton and small schooling fish. Humpback whales eat a
varied diet consisting of krill and various schooling fish (e.g., anchovy
(Engraulidae), herring (Clupeidae), sand lance (Ammodytes), capelin (Mal-
lotus villosus)) (Clapham et al., 1997; Soerensen et al., 2010). However, the
long lifespan of the humpback whale (>90 years; Chittleborough, 1959)
can result in high contaminant body burdens through bioaccumulation.
In addition to long lifespans, humpback whales also exhibit dramatic
changes in body condition across the year; fat is gained prior to south-
ward migration and lost during migration, overwinter fasting, and
pregnancy. Body condition changes can influence body burdens of
contaminants (Bengtson Nash et al., 2013; Polischuk et al., 2002), with
higher concentrations of contaminants during periods of low body con-
dition. Humpback whales are capital breeders that fast during migration
and breeding, utilizing large blubber energy stores that are developed
during the summer feeding season (Chittleborough, 1965; Clapham,
2018). Due to extreme fluctuations in lipid stores, periods of breeding or
fasting may represent a phase of elevated risk of heightened mercury
concentrations (i.e., in circulating plasma) to both individuals and
nutritionally dependent young (Bengtson Nash et al., 2013). During
periods of fasting or high metabolic demands, mercury can be released
from fat reserves and become bioavailable and result in the redistribution
of mercury across the body (Bengtson Nash et al., 2013; Debier et al.,
2006). When mercury is in plasma, it can travel to tissues that are more
sensitive to contaminants, such as the brain and thyroid (Aschner an
Aschner, 1990; Mori et al., 2006; Wada et al., 2009; Watanabe et al.,
1999). These repeated changes in body mass that occur in humpback
whales during migration and pregnancy may therefore result in increased
exposure to bioavailable mercury and other contaminants during
particularly sensitive periods of development (e.g., pregnancy).
Mercury concentrations in baleen have the potential to serve as a
useful indicator of mercury (and other contaminant) body burden during
and across annual cycle stages of migration, breeding, pregnancy and
lactation. Mercury exposure damages numerous life systems, including
the reproductive system, further exacerbating cetacean population de-
clines. Marine pollution, especially that of nearshore feeding habitats
critical to migratory species such as humpback whales, has reached crisis
levels (Selin, 2009; Strode et al., 2010). To date, there have been no
studies examining mercury content over multiple years in this species.
Quantifying how mercury accumulates and offloads during various life
stages could be useful for understanding possible deleterious health
effects of mercury in this important population. Our study provides a case
study of mercury levels in baleen of three humpback whales: a
44.5-year-old female who experienced two pregnancies during the
baleen growth period, and two males, a >35-year-old and 66-year-old, all
from the North Pacific population. The female was expected to have
lower concentrations of mercury than the males as she would have off-
loading capabilities through pregnancy and lactation. The >35-year-old
male was expected to have lower concentrations than the 66-year-old
whale, as the older whale had more time to accumulate mercury.
Baleen has been shown to correlate with organ tissues (Hobson et al.,
2004) and the results of this study may help guide future work on
contaminant concentrations in baleen with the goal of yielding valuable
multiyear analyses on pollutant exposures in large free-living cetaceans.
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Table 1. Life history information of the three humpback whales (Megaptera
novaeangliae) used In this study. Age was determined via earplug analysis and
year of birth is approximate. Cause of death was determined by findings at
necropsies.

Whale ID Sex Age (Appx. year of birth) Length (m) Cause of death
SEAK 68 Female 44.5 (1956) 13.87 Ship strike
SEAK 441 Male 66 (1950) 13.90 Chronic Illness
SEAK 1536 Male >35 (<1983) 11.80 Ship strike

2. Methods
2.1. Study animals

We studied the baleen recovered during necropsy of one female
(SEAK 68) and two male (SEAK 441, SEAK 1536) humpback whales
(Table 1). All three were from the North Pacific population and were
found dead on beaches in southeast Alaska. Lactation periods are
expected to last for approximately 10 months after conception; concep-
tion was averaged to occur in January (most conceptions are likely to
occur December through February). Fasting periods occur when the
whales are migrating to Hawai'i and back and occur in the winter months,
from approximately October until May.

SEAK 68 was an adult female that was first reported in the Alaska
fluke catalog in 1975 and was seen with a calf five of the thirteen years
she was spotted; her pregnancies were tracked through the fluke catalog.
She was found dead in 2001 in Glacier Bay, Alaska and upon examination
was determined to be pregnant (fetus length 39.2 cm), with cause of
death identified as ship strike (Gulland, 2001). Earplug analysis indicates
she was approximately 44.5 years old (Gabriele et al., 2010) and previous
studies (Lowe et al., 2021) using stable isotopes (SI) show her baleen
covers 3.5 years of growth from 1998-2001.

SEAK 441 was an adult male (66 years old) that was one of the longest
sighted humpbacks in the world, with a sighting record spanning 45
years (Gabriele et al., 2021). His baleen record spans 4.5 years from
2012-2016 (Lowe et al., 2021). He was first sighted in 1972 and died in
2016 (Gabriele et al., 2021). His necropsy showed extensive external
whale lice, scattered superficial erosions and ulcerations suggestive of
generalized debilitation or immunosuppression, multiple tissue in-
fections, and multiple severe caudal vertebrae abnormalities indicative of
prolonged disease (Gabriele et al., 2021). Measurement of blubber during
necropsy indicated poor body condition and low oil content.

SEAK 1536 was found dead in 2018 and estimated to be > 35 years
old based on sighting history (Savage, 2018). Extensive hemorrhaging
and bone fractures suggest that he was killed by a ship strike (Savage,
2018). His baleen was grown over approximately 4 years, from
2015-2018.

2.2. Baleen cleaning and estimating date of growth

Baleen was removed from each whale during necropsy or from the
beach after the whale died and, if necessary, cleaned of any remaining

Table 2. Total mercury concentrations in the baleen of three
humpback whales (Megaptera novaeangliae) in ug mercury per
gram of baleen powder. Whale ID includes sex and age as
determined from necropsy, sighting history and/or earplug
analysis.

Whale ID (sex, age) Avg +SD (ug/g)

SEAK 68 (F, 44.5) 1.12 £+ 0.22
During pregnancy 1.00 + 0.15
During lactation 1.34 £+ 0.20

SEAK 1536 (M, >35) 0.40 + 0.08

SEAK 441 (M, 66) 0.35 + 0.26
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Figure 1. Total mercury concentrations (ug mercury per g baleen powder) from
three humpback whales (Megaptera novaeangliae). X axis indicates stranding ID
along with sex (M/F).

tissue and sent to Northern Arizona University (Flagstaff, AZ) for anal-
ysis. Baleen plates were then marked at each centimeter from the base to
the tip along the posterior face of each plate, starting approximately 1 cm
from the labial edge lengthwise. The newest grown baleen, at the base of
the plate, was designated as the “zero cm” point and was assigned an
estimated growth date of the day before the whale was found dead.
Baleen for two of the whales (SEAK 68, SEAK 441) had previously been
analyzed for stable isotopes of nitrogen, allowing estimation of growth
rate of the baleen plate via counting the number of annual cycles in ratio
of 1°N/MN (615N) (for full methodology see Rogers et al., in preparation).
Briefly, the 5!°N changes seasonally as whales migrate between isoto-
pically distinct summer and winter latitudes (Hobson et al., 2004; Hob-
son and Schell, 1998; Lubetkin et al., 2008) and each year was
determined from 8'°N peaks after smoothing from four nearest neigh-
bors. For SEAK 1536 and SEAK 441, every 4 cm was sampled for total
mercury. SEAK 68 was sampled with a 1-11 cm range due to extensive

SEAK 68, 44.5 year old female
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prior analysis of her baleen plate that did not allow for evenly spaced
sampling.

2.3. Mercury analysis

We measured total mercury; however, mercury incorporated into
baleen keratin is likely to be nearly all methylated, similar to what has
been found in feathers (Furness et al., 1986; Furness, 1993). Baleen was
powdered using an electric rotary grinder (Dremel Model 395 Type 5) to
abrade a short (<1.0 cm) transverse groove across the posterior face of
the plate, with the powder collected on a piece of weigh paper (Rogers
et al., in preparation). Total number of baleen samples was n = 20 for
SEAK 68, n = 15 for SEAK 441, and n = 15 for SEAK 1536.

To extract the powdered baleen for mercury, 15-93 mg of dried
baleen tissue was used per sample. Each sample underwent an open acid
digestion (adapted from Furness, 1993) by adding 1.5 mL hydrochloric
acid (HC; Fisher Chemical), 1 mL of 5% potassium permanganate in
0.1% HCI (KMnOy; Fisher Chemical, Waltham, MA), 100-200uL
hydrogen peroxide (H202), and 7 mL deionized (DI) water and digest-
ing overnight at room temperature. After 12-15 h, samples were capped
and put into a hot water bath at 85°C for 2 h. Samples were filtered using
glass fiber syringe filters (0.45 um). Each sample was diluted to 15 mL
with DI water prior to analysis. QA/QC samples, extraction blanks, and a
certified reference standard (10 ppb Hg tuna fish flesh homogenate;
IAEA-436) were prepared along with samples to ensure quality control
and determine extraction efficiencies (X extraction efficiency 99%).
Standards were made from 1000 pg/mL Hg standard stock (PerkinElmer,
Waltham, MA) and serially diluted to 10 ppb, 5 ppb, and 0.5 ppb con-
centrations. An analysis QC sample (10 ppm Hg; Inorganic Ventures) was
diluted to 1 ppb and run as an unknown sample. Prior to analysis, 100 uL
hydroxylamine hydrochloride (NH2OH e HCl; Medivators) was added to
each sample. Total Hg concentrations were analyzed using a FIMS-100

Figure 2. Total mercury concentrations and &'°N
along a baleen plate from SEAK 68, a 44.5-year-old
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cold-vapor atomic absorption analyzer with an auto-sampling unit
(PerkinElmer, Waltham, MA) and argon gas. Tin (II) chloride dihydrate
(SnCly; Fischer Chemical, Waltham, MA) was used as the reductant and
HCI as the carrier solution.

2.4. Statistical analysis

Statistical analyses were done using R 4.0.2 (R Core Team, 2020),
package ‘nlme’. To understand how mercury content changed between
individuals, we used mixed linear effects (nlme package, Bates et al., 2011)
to model the dependent variable (mercury concentration) as a function of
individual (whale ID). As samples were obtained from a single baleen plate
for each individual, we included the distance from baseline (cm) from each
sample as random factors. The models were constructed as follows:

Mercury concentration ~ WhaleID, random = list(~1lcm)

3. Results

Total mercury was detectable in all samples, ranging from 0.096 —
1.65 pg/g. Total mercury concentrations varied among individuals
(Table 2; Figure 1). The two male whales (Figures 3, 4) had lower,
relatively stable mercury concentrations throughout the baleen growth
period compared to the female (Table 2, Figure 1). The average total
mercury concentration of the baleen in the 44.5-year-old female was 30%
higher during lactation than at other points during her baleen growth
(Table 1, Figure 2), with the two highest mercury concentrations
occurring during the first half of lactation. The older male that died from

SEAK 441, 66 year old male
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a chronic illness showed fluctuations in mercury concentration during
the last 6-9 months of life, with an increase in mercury at 8 cm (0.79
pg/g) and then a decrease to a low value at 6 cm (0.16 pg/g) before rising
again to the highest level seen along the plate at 4 cm (1.05 pg/g,
approximately four months before death) (Figure 3). The >35-year-old
male had relatively low and stable mercury concentrations, with a dip
(16 cm) during the winter/fasting season before death and the highest
concentration occurring just before death (in summer, Figure 4).

4. Discussion

Total mercury was detected in all samples along the baleen plates for
the three humpback whales, demonstrating that this sample type is viable
for analysis of multi-year patterns of mercury concentrations. Total
mercury concentration did not vary based on fasting or feeding season.
The female showed consistently higher total mercury levels than did the
two males and had much larger variation along the length of the baleen.
Total mercury concentrations were highest during the expected period of
lactation compared to pregnancy and nonpregnancy. Individual variation
in total mercury accumulation could be due to sex, age, or diet, among
other factors.

During the gestation period, contaminants can be transferred to the
fetus through the placenta (Chen et al., 2014; Clarkson et al., 2007) or via
milk during lactation (Habran et al., 2011, 2013; Noél et al., 2016).
Methylmercury is lipophilic and readily binds to proteins (Lin et al.,
2012; Steele and Opella, 1997); whale milk has high fat and protein
content (Lauer and Baker, 1969; Ohta et al., 1953), making it likely that
methylmercury transfers to the neonate through milk. Female striped
dolphins (Stenella coeruleoalba) were estimated to lose 4-9% of their

Figure 3. Total mercury concentrations and
5'°N along a baleen plate from SEAK 441, a
66-year-old male humpback whale (Mega-
ptera novaeangliae). Dates are extrapolated

1.5 . ; . . via stable isotope analysis from date of
Foraging periods Fasting periods denth. 1 T
5K o ) By s eath. Top panel is total mercury concen-
® opping (6N rising) trations in ug of mercury per gram of dried
baleen powder. Lower panel shows 5'°N (%o,
N blue) versus air with gray boxes representing
S 1.0 areas of expected feeding periods; line is
o) smoothed from four nearest neighbors. Sta-
= ble isotope inference of prey consumption
:%’ can be determined via troughs; peaks do not
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SEAK 1536, >35 year old male
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Figure 4. Total mercury concentrations and
5'°N along a baleen plate from SEAK 1536, a
>35-year-old male humpback whale (Mega-
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ptera novaeangliae). Dates are extrapolated
via stable isotope analysis from date of
death. Top panel is total mercury concen-
trations in ug of mercury per gram of dried
baleen powder. Lower panel shows 8'°N (%o,
blue) versus air with gray boxes representing
areas of expected feeding periods; line is
smoothed from four nearest neighbors. Sta-
ble isotope inference of prey consumption
can be determined via troughs; peaks do not
represent an increase in fish consumption.
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organochlorine loads during gestation and 72-91% during lactation,
showing that, for some species, the bulk of pollutant offloading occurs
during lactation (Tanabe et al., 1982). However, we did not find differ-
ences in total mercury concentrations during either pregnancy and,
rather than a decline, we observed an increase during lactation. This
could be due to the excretion and offloading differences in contaminants
between adipose tissues and circulating levels. It is possible that the
mercury levels in humpback blubber might decline during lactation and
increase in circulating concentrations, leading to an increase in mercury
in the baleen. Minke whale baleen was significantly correlated with
concentrations in tissues such as kidney, liver and muscle (Hobson et al.,
2004), showing that baleen could be a good indicator of internal con-
taminants. However, how the patterns of mercury accumulation and
offloading in various humpback whale sample types (i.e., organs, baleen)
change during migration, fasting, pregnancy, and lactation warrants
further investigation with larger sample sizes to determine how well
baleen reflects each internal tissue.

Elevated total mercury concentrations in the female compared to the
two males could be due to individual differences in prey consumption.
Nitrogen isotopes are commonly used to assess diet and quantification of
5'°N allowed for insight into the prey consumption of two of the three
whales (SEAK 68 and SEAK 441; Rogers et al., in preparation). The 51°N
analysis revealed that SEAK 68 was likely consuming mostly small fish
whereas SEAK 441 preyed on zooplankton (Figures 1 and 2; Rogers et al.,
in preparation). Differences in diet could account for the higher con-
centration of total mercury in the baleen of SEAK 68 compared with
SEAK 441 because fish are at a higher trophic level than zooplankton.

SEAK 1536 fed on both zooplankton and fish, depending on year, but did
not show an increase in total mercury concentration that coincided with
a switch to fish consumption. Future analysis should account for indi-
vidual variation in diet and its influence on contaminant uptake.
Because methylmercury bioaccumulates, we expected that total mer-
cury concentration in baleen would increase with age in both males and
females, as seen in the tissues of other marine mammals (Wagemann and
Muir, 1984; Wagemann et al., 1998), including polar bear hair (Dietz et al.,
2006), beluga whale teeth (Outridge et al., 2002) and minke whale baleen
(Hobson et al., 2004). However, the 66-year-old male in the study had a
mean concentration of mercury that was similar to that of the
>35-year-old male, and both were approximately a third of that observed
in the 44.5-year-old female, a difference that is likely due to diet (see
above). It is also possible that the >35-year-old male was closer in age to
the 66-year-old whale, explaining why they had similar mercury concen-
trations in their baleen; since the >35-year-old male is a minimum of 35, it
is possible that both whales are 60 + years old. Due to the small sample
size, it is unknown if males’ mercury concentrations asymptote as they age
or if the individuals in these case studies represent their age classes. The
relationship between age and mercury, as well as tissue tropism of mercury
in whales, warrants further study with a larger sample size of humpback
whales from various areas and of different sexes and age classes.
Mercury concentrations in the baleen of minke (Balaenoptera acutor-
ostrata, Hobson et al., 2004) and bowhead whales (Eubalaena glacilias;
Pomerleau et al., 2018) peaked at ~0.58-0.59 pg/g; the female hump-
back whale in this study peaked at 1.66 pg/g. Minke and humpback
whales feed on similar prey (flexible feeders that will eat krill, capelin
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(M. villosus), and herring; Nemoto, 1970; Skaug et al., 1997) but minke
whales are much smaller (8-9 m) than humpbacks (~15 m) and off-
loading rates of mercury are slower in larger animals (Kidd et al., 2012;
Trudel and Rasmussen, 2006). Because of this, long-lived cetacean spe-
cies should be examined for contaminant concentrations regardless of
their prey preferences, because animals that feed low on the trophic scale
may still harbor unexpectedly high concentrations of contaminants.
Future studies should compare baleen mercury concentrations from a
variety of species throughout the world to better understand the con-
servation and management implications.

The accumulation of contaminants into biologically inactive tissues
such as baleen, hair, and feathers outside of the growth zone, raises the
question of how much of a contaminant is offloaded from the animal
when those tissues are shed. Humpback whales grow approximately 15 g
of baleen per plate per year (Werth et al., 2020). Given approximately
600 plates per individual (Werth et al., 2018), the total amount of baleen
grown per year is ~9000 g. The female with high mercury concentrations
would therefore offload ~10,080 pg of mercury per year into her baleen
plates. For the two males (SEAK 1536 and SEAK 441), the mean mercury
concentrations were much lower, making the average mercury offload
~3,600 and 3,150 pg per year, respectively. Mercury concentration in
minke whale baleen is positively correlated with mercury concentration
in metabolically active tissues, such as muscle, liver and kidney (Hobson
et al., 2004). Necropsy teams should routinely collect both baleen and
internal samples when possible so that this relationship can be assessed
for humpback whales. Studies examining how mercury is incorporated
into baleen and the affinity of mercury for keratin will be useful to
determine how baleen reflects other body tissues.

Baleen is a useful tissue type for multi-year studies, but the growth
rate, and thus the resolution for mercury, is too low to determine patterns
over days or weeks. Additionally, baleen is opportunistically available
only from deceased individuals, so baleen studies must be retrospective.
Historic baleen samples go back as far as the late 19 century for some
species  (https://arctos.database.museum/guid/DMNS:Mamm:6700),
making it possible to examine contaminant increases over timescales
greater than a century. We recommend, future studies examining mer-
cury concentrations in baleen model the effects of sex, diet, habitat use,
body size, populations, and species.

5. Conclusion

Sampling the same individual whale at different ages can reveal how
mercury accumulation changes as the animal migrates and fasts, and for
females, as she gestates and lactates; these are important factors in un-
derstanding how certain sexes or populations might be at risk for mer-
cury toxicity. Even though marine mammals are exposed to toxic
concentrations of mercury (Lopez-Berenguer et al., 2020; Wagemann
et al., 1998), few whale studies examine accumulation across life stages,
likely due to the difficulty of obtaining temporal records of mercury
accumulation in free-living cetaceans. Use of baleen could produce
enough data to assess population-wide levels of contamination, which is
important for both ecological monitoring as well as informing groups that
consume baleen whales. Mercury exposure will continue to increase with
anthropogenic development, creating a need for additional bio-
monitoring techniques, such as the use of baleen, in order to track the
impacts of pollution and of global efforts to combat it.
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