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Mercury fisa gflobafl contamfinant that bfioaccumuflates fin a tfissue-specfiffic manner fin flongflfived predators such as
Steflfler sea flfions (SSL). Bone fisa weflfl-preserved materfiafl amenabfle for studyfing mfiffflennfiaf] scafle trends; however,
fIfittfle fis known about the dfistrfibutfion and varfiabfiflfity of totafl mercury concentratfions ([THg]) wfithfin findfivfiduafl
bones and among bone eflements fin SSL. We assessed SSL bone [THg] varfiabfifIfity wfith respect to physfioflogfic age,
bone type, flongfitudfinaflfty wfithfin a bone, and among bone eflements. Pup bones (mean + SD; 31.4 + 13.58 ppb) had
greater [THg] than aduflts (7.9 + 1.91 ppb). There were greater and more varfiabfle [THg] wfithfin findfivfiduafl flong

bones near epfiphyses compared to mfid-dfiaphystis. Pup spongy bone finrfibs (62.7 + 44.79 ppb) had greater [THg]
than flong bones (23.5 + 8.83 ppb) and phaflanges (19.6 £ 10.78 ppb). These dfifferences are flfkefly due to
varfiabfiflfity finbone composfitfion, growth, and turnover rate. Thfis study finforms standardfized sampflfing procedures

for [THg] fin bone to fimprove finterpretatfions of mercury varfiabfiflfity over tfime and space.

1. Introduction

Mercury (Hg) fisa gflobafl contamfinant wfith documented rfisks to the
heaflth and resfiflfience of many mammafls (Woflfe et afl, 1998; Lfian et afl,
2020; Kennedy et afl, 2021). Totafl mercury concentratfions ([THg]) are
deffined as the combfined concentratfions of &flforms of mercury present.
Monomethyflmercury (MeHg"), an organfic, bficavafiflabfle form of Hg,
bfioaccumuflates and bfiomagnfiffies, to reflatfivefly hfigh concentratfions fin
some tfissues of flongflfived pfiscfivores, such as the Steflfler sea flfin
(Eumetopias jubatus, SSL). MeHg" fis fingested vfia prey, moved finto the
bfloodstream through severafl mechanfisms (fie., dfiffusfion, peptfide
transporters), and transported by peptfide transporters throughout the
body (Wang et afl, 2011; Bradfley et afl, 2017), where fit accumuflates fin
some organs, such as the flfiver, kfidney, heart, brafin, and muscfle
(Cflarkson et afl,, 2007; Karfita et afl,, 2018; Casteflflfinfi et afl, 2022). Other
organs, such as bone, have reflatfivefly flow [THg] concentratfions
compared wfith fur, flfiver, and kfidney (Broussard et afl, 2002; Correa et
afl, 2014; Karfita et afl, 2018). In hfigh concentratfions, MeHg" can

finduce changes fin the behavfior, neurochemfistry, reproductfion, and

fimmune system functfion of mammafls by finhfibfitfing enzymes, thereby
affectfing protefin functfions (Broussard et afl, 2002; Scheuhammer et afl,
2007; Kennedy et afl, 2019). Thfis can cause a varfiety of organfismaf] flevefl
effects that may fimpact reproductfion and survfivafl, such as the reductfion
of cognfitfive and motor fiflfls reduced fetafl morphometrfics (fie., body
wefight, hefight, head cfircumference), reduced fertfiflfity, and suppressfion
of fimportant flymphocytes and other crucfiafl fimmune system protefins
(Das et afl, 2008; Scheuhammer et afl, 2015; Bjgrkflund et afl, 2019;
Kennedy et afl, 2019; Levfin et afl, 2020; Lfian et afl., 2020; Kennedy et afl,
2021; Yiiksefl et afl, 2022). Reproductfive femafles, neonates, and fetuses
are the mafin cohorts of concern for Hg exposure and toxficosfis due to
transpflacentaf] transfer (Rea et afl,, 2013; Noefl et afl,, 2016; Kooyomijfian,
2021).

SSL are of partficuflar finterest for Hg studfies because they are flong-
flfived meso-predators and consfidered ecosystem sentfinefls (Agufirre and
Tabor, 2004; CasteflfIfinfi et afl., 2012; Rea et afl., 2013; Ross, 2000). Thefir
fIfife hfistory and trophfic posfitfion fincreases [THg] fin thefir tfissues through
bficaccumuflatfion and bfiomagnfifficatfion fin comparfison to other marfine
mammafls wfith shorter fifie spans or flower trophfic flevefl feeders, such as
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some ffiflter feeders (e.g., some bafleen whafles) and grazers (e.g., Sfirenfia)
(Envfironmentafl Protectfion Agency, 2020; Diez and Whfitacre, 2009). SSL
are an fimportant subsfistence specfies for coastafl Aflaska communfitfies.
SSL aflso have an fintegrated management need wfith commercfiafl ffisherfies
as both share many of the same ffish resources (NOAA Ffisherfies, 2021).

Recent research found hfigh [THg] fin fur and bflood assocfiated wfith
reduced pup numbers at some SSL rookerfies (Rea et afl, 2020). The SSL
popuflatfions around Aflaska decflfined finthe flate 1970s, wfith a decrease of
~80 % of the popuflatfion from the 1970s-2000s (NOAA Ffisherfies, 2021;
Sweeney et afl,, 2023). Due to the known presence of voflcanos, a naturafl
mercury source, fin some areas wfith popuflatfion decflfines, mercury has

been studfied as a possfibfle factor flfimfifing the recovery of meta-
popuflatfions fin the Afleutfian Isflands foflflowfing the orfigfinafl popuflatfion
decflfine (Rea et afl, 2013; Correa et afl, 2014; Kennedy et afl, 2019; Rea
et afl, 2020). Current monfitorfing of [THg] fin SSL fis mostfly conducted
uffifififing pup fur sampfles; hfigh [THg] has been fidentfiffied fin SSL pups of
the western Afleutfian Isflands, wfith ongofing popuflatfion decflfines (Rea
et afl, 2020).

To study hfistorfic [THg] trends, a weflfl-preserved archfivafl tfissue fis
needed, such as bone. Bone generaflfly has flow [THg] and fis not consfid-
ered a major target organ; thus, fis finfrequentfly uffiflfized for Hg studfies.
However, wfith new, hfighfly-sensfitfive, cost-effectfive anaflytficafl tech-
nfiques, bone [THg] can be accuratefly quantfiffied (Avery et afl, 2023)
usfing a dfirect mercury anaflyzer. Bone fis weflfl-preserved over tfime and fis
avafiflabfle fin museum archfives and archaeoflogficafl sfites for flong-term
retrospectfive anaflyses (Mfisartfi et afl, 2009; Dosfi et afl, 2018; Gufiry
and Hunt, 2020; Gufiry and Szpak, 2020).

Bone provfides fimportant functfions, such as structure, support, pro-
tectfion, mfineraf] storage, and bflood &flfl productfion (Bfiga et afl, 2019).
The majorfity of studfies finvestfigatfing Hg fin bone finvoflve human specfi-
mens. Hg fin bone fis assocfiated wfith bone mfinerafl densfity floss and can
have dfirect and findfirect effects on bone turnover (Jfin et afl, 2002).
Wfithfin an findfivfiduafl bone, there are two basfic structuraflfly dfifferent
bone types: an outer dense flayer of cortficafl (compact) bone and an finner
porous flayer of trabecuflar (spongy) bone. In humans, spongy bone
typficaflfly contafins greater and more varfiabfle [THg] than compact bone
(Rasmussen et afl., 2013; Zfiofla-Frankowska et afl., 2017).

Long bones may be dfivfided finto three mafin anatomficaf] flocatfions: the
dfiaphysfis, epfiphysfis, and metaphysfis (Bfiga et afl., 2019). Physfioflogficafl
processes occurrfing fin bone, such as growth and remodeflfing, fifikefly fin-
ffluence the fincorporatfion of Hg finto bone, thus fimpactfing Hg varfiabfiflfity
throughout the bone. Durfing bone growth, hyaflfine cartfiflage proflfifera-
tfion extends flong bones at the epfiphyseafl pflates untfifl aduflthood (Bfiga et
afl, 2019). In addfitfion to bone growth, bone remodeflfing occurs
throughout an findfivfiduafls fififetfime finffluenced by mechanficafl stress and
mfineraf] uffiflfizatfion (Bfiga et afl, 2019). Rasmussen et afl. (2013) found
that the [THg] fin compact bone of a human femur or humerus dfid not
vary throughout the dfiaphysfis; fffitfle fis known about [THg] fin spongy
bone. Bone eflements refer to dfifferent bones fin a skefleton (e.g., femur,
rfib, mandfibfle). Human studfies have found dfifferent [THg] fin the
compact (Aflvarez-Fernandez et afl, 2022) and spongy bone of some efl-
ements (Rasmussen et afl, 2013). These dfifferences of [THg] fin bone
eflements may be due to bone turnover rates, mechanficafl stress, or hy-
droxyapatfite mfinerafl composfitfion (Rasmussen et afl, 2013; Rasmussen
et afl, 2017; Aflvarez-Fernandez et afl, 2022). There are few non-human
mammaflfian studfies that provfide finsfight finto Hg varfiabfiflfity between
compact and spongy bone, wfithfin findfivfiduafl bones, and among skefletafl
eflements. Thfis partficuflarfly fifimfis finterpretatfion for marfine mammafl
specfies that are expected to have dfifferent mechanficafl stressors due to
mode of flocomotfion than thefir terrestrfiafl counterparts.

These dfifferences and varfiabfiflfity of [THg] need to be understood, fif
bones or bone fragments are to be used finretrospectfive studfies of [THg]
wifith fifimfited or no access to preferred matrfices (e.g., fur, whfiskers). Thfis
study utfiflfizes hfistorfic and modern SSL bones to finform finterpretatfions of
modern, hfistorfic, and archaeoflogficafl bone Hg anaflyses. Our mafin ob-
jectfives were to assess dfifferences fin bone [THg] among physfioflogficafl
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age categorfies of SSL, finvestfigate the dfifferences and vafiabfiflfity of
[THg] fin findfivfiduaf] flong bone types and bone flocatfions, and determfine
the dfifferences of [THg] among seflect bone eflements fin SSL skefletons.
We hypothesfized that Hg woufld vary fin SSL bone based on age of the

findfivfiduafl anfimaf], bone type, bone flocatfion, and bone eflement.
2. Methods
2.1. Sample acquisition

Hfistorfic (< 200 years before present) SSL bones were obtafined from
the Unfiversfity of Aflaska Museum of the North (UAMN, n = 29) archfive.
Modern SSL bones (2000 to 2020 CE) were obtafined from Natfionafl
Oceanfic and Atmospherfic Admfinfistratfion (NOAA; n = 12) and Aflaska
Department of Ffish and Game (ADF&G; n = 11) fiefld coflflectfions of
deceased pups found at rookerfies. Efforts to expand sampfle sfizes were
made through queryfing muflfipfle museums and strandfing centers for SSL
bones. Due to the necessary destructfive sampflfing procedure requests for
bones were denfied by Natfionafl Museums. UAMN aflflowed access to no
provenfience data specfimens, whfich was flfimfited for SSL; therefore, there
are no archaeoflogy permfits or flocafl group permfissfions that appfly to thfis
study. Sampfles coflflected from NOAA and ADF&G ffiefld coflflectfions were
fifimfited to pups due to the tfimfing of coflflectfion, durfing the puppfing
season, and the tfime constrafints and abfiflfity to acqufire and transport
sampfles.

Age categorfies were deffined based on the degree of epfiphysfis fusfion
(Davfis, 1987). The epfiphysfis and dfiaphysfis fin pup bones were
compfletefly separate, connected by a flarge wedge of cartfiflage; fetuses
were dfifferentfiated from pups based on sfize and ffhufidfiflfled flungs durfing
necropsfies (Hooper and Hardfing, 1995; Sfiew et afl, 2009). Juvenfifle
bones were partfiaflfly fused, havfing some remnants of cartfiflage at the
epfiphyseafl pflate observed as a gap (approxfimatefly 1 to 5 mm) between
the dfiaphysfis and epfiphysfis. Aduflt bones were fiflfly fused wfith no gap
between the epfiphysfis and dfiaphysfis. Based on these bone characterfis-
tfics and resuflts obtafined (see Resuflts sectfion), these four age categorfies
of fetuses (stfiflflbomn), pups (newborn to 3 months), juvenfifles (4 months to
5 years), and aduflts (> 5 years) were combfined finto two age group-fings:
pups (stfiflflbom to 3 months) and non-pups (4 months to >5 years). SSL
researchers often cflassfify age of flfive anfimafls dfifferentfly (Caflkfins and
Pfitcher, 1982), however, due to osteoflogficafl agfing crfiterfia, our age
categorfies are flfimfited as descrfibed.

2.2. Sample preparation

2.2.1. Within-bone sampling locations

Long bones (fi.e., femur, tfibfia) from SSL pups (n= 5) and non-pups (n
= 5) were flongfitudfinaflfly sub-sampfled to quantfify the varfiabfiflfity fin
[THg] among bone flocatfions. Each flong bone was vertficaflfly cut aflong
the coronafl pflane (Ffig. 1) wfith a Dremefl™ toofl and 1% finch dfiamond
bflade (Robert Bosch Toofl Corporatfion, Mt. Prospect, IL). Subsampfles of
compact and spongy bone were obtafined at seven dfifferent flocatfions
aflong the bone uffiflfiAing a Dremefl™ wfith a % finch dfiamond bflade
(Robert Bosch Toofl Corporatfion, Mt. Prospect, IL). These flocatfions
fincfluded two epfiphysfis flocatfions: proxfimafl epfiphysfis (PE) and dfistafl
epfiphysfis (DE) and ffive dfiaphysfis flocatfions: proxfimafl 1 (P1; proxfimafl
pofint of dfiaphysfis cflosest to metaphyseafl pflate), proxfimafl 2 (P2; haflfway
between the mfidpofint of the dfiaphysfis and the metaphyseafl pflate on the
proxfimafl end), mfidpofint of dfiaphysfis (MI), dfistafl 1 (D1; dfistafl pofint of
dfiaphysfis cflosest to metaphyseafl pflate), and dfistafl 2 (D2; haflfway be-
tween the mfidpofint of the dfiaphysfis and the metaphyseafl pflate on the
dfistafl end) (Ffig. 1). In non-pups, 0.2 g of compact and spongy bone were
sampfled at each flocatfion.

Pups have a very thfin flayer of compact bone (~1 mm) on the outer
portfion of the bone, as weflfl as a compact bone coflflar formed at the
mfidpofint of the dfiaphysfis durfing fetafl deveflopment (Bfiga et afl., 2019).
Due to thfis deveflopmentafl flfimfitatfion, pup compact bone was onfly
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Fig. 1. Subsampflfing flocatfions for non-pup Steflfler sea flfin flong bones (tfibfias). Two bone types, compact bone (bflack) and spongy bone (whfite), were sampfled from
flong bones sectfioned through the coronafl pflane for totafl mercury anaflysfis. The seven flocatfions aflong the flong bone from proxfimafl to dfistafl end on bone fincflude:
proxfimaf] epfiphysfis (PE), proxfimafl 1 (P1), proxfimafl 2 (P2), mfidpofint of dfiaphysfis (MI), dfistafl 2 (D2), dfistafl 1 (D1), and dfistaf] epfiphysfis (DE).

sampfled fin the mfidpofint of the dfiaphysfis (MI) or bone coflflar (Ffig. 2). In
pups, the areas at the end of the dfiaphysfis adjacent to the metaphysfis
have a more condensed spongy bone (flabefled “transfitfion bone”) and
were sampfled at two flocatfions (P1 and D1), whfifle spongy bone was
sampfled at three flocatfions (P2, MI, and D2; Ffig. 2).

2.2.2. Comparisons among bone elements

To determfine varfiabfiflfity fin [THg] among dfifferent bone eflements
wfithfin the same findfivfiduafl skefleton, muflfipfle bone eflements were
coflflected from SSL pups (n = 7) and non-pups (n = 7). Bone eflements
fincfluded the occfipfitaf], nasafl turbfinate, mandfibfle, thfird or fourth rfib,
flong bone, and phaflange (Tabfle 1). These bone eflements were chosen
based on reflevant comparfisons to prevfious studfies (Correa et afl, 2014;
Rasmussen et afl, 2013; Rasmussen et afl, 2017; Aflvarez-Fernandez et
afl, 2022) and due to thefir common avafiflabfiflfity fin museum archfives and
archaeoflogficafl sfites. Specfifficaflfly, the nasafl turbfinate and occfipfitafl
flocatfions were chosen as the fleast destructfive sampflfing sfites on the
skuflfls, as no fimportant flandmarks on the daflfl are fimpacted after sam-
pflfing (S. Brunner, personafl communficatfion). A 0.2 g subsampfle of
compact and spongy bone was excfised from each bone eflement usfing a
Dremefl™ toofl wfith a % finch reguflar bflade. The occfipfitafl was subsampfled
usfing a DeWaflt ™ dfffl wfith a dfiamond 12-mm dfif¥l bfit (DeWaflt In-
dustrfiafl Toofl Company, Towson, MD). The subsampfle of bone was taken
from the MI flocatfion fin the flong bones, mandfibfles, rfibs, and occfipfitafls.
Phaflanges usuaflfly requfired the whofle bone to be sampfled. Nasafl turbfi-
nates were sampfled at the most superfficfiafl portfion of the turbfinates to

Fig. 2. Subsampflfing flocatfions for pup Steflfler sea flfion flong bones (femurs).
Three bone types, compact bone (bflack), spongy bone (whfite), and transfitfion
bone (whfite dashed) were sampfled from flong bones sectfioned through the
coronafl pflane for totafl mercury anaflysfis. These seven flocatfions aflong the bones
from dfistaf] to proxfimafl end on bone fincflude: dfistaf] epfiphysfis (DE), dfistafl 1 (D1),
dfistafl 2 (D2), mfidpofint of dfiaphysfis (MI), proxfimafl 2 (P2), proxfimafl 1 (P1), and

proxfimaf] epfiphysfis (PE).

mfinfimfize damage to the skuflfl

2.2.3. Bone preparation

To cflean the bones, sampfles were pflaced fin gflass test tubes, covered
fin ufltrapure water, and agfitated usfing a sonficator (Eflma Ufltrasonfics,
Sfingen am Hohentwfiefl, Germany) on the sweep settfing at 37 kHz and
40 "C for 15 mfin. Next, the water fineach test tube was dfiscarded. If the
water contafined vfiffibfle partficuflates, the ufltrapure water was repflaced,
and sonficatfion was repeated for an addfitfionafl 15 mfin. The process was
repeated untfifl the water remafined cflear, typficaflfly two sonficator cycfles
per sampfle. The bone sampfles were then pflaced finto scfintfiflflatfion vfiafls
and freeze-drfied for 24 to 48 h (Labconco Corporatfion, Kansas Cfity,
MO). Thfis procedure was modfiffied from Mfisartfi et afl, 2009. Compact
and spongy bone were further separated usfing chfisefls and homogenfized
fin a ayomfiflfl (Retsch GmbH, Haan, Germany) usfing 5 mfl jar adapters.
The homogenfized bones were then pflaced fin Eppendorf mficrocentrfifuge
tubes untfifl THg quantfifficatfion.

2.3. Total mercury analysis

In preflfimfinary stages of finvestfigatfion, Hg was quantfiffied fin bone
fragments wfithout homogenfizatfion. These fragment sampfles fincfluded
ffive pup flong bone dfiaphyses, wfith ffive spongy flocatfions and one
compact flocatfion (n = 30; bone flocatfion portfion of thfis study) and one
juvenfifle compact and spongy bone (n = 2; age categorfies portfion of thfis
study). Whfifle most technficafl repflficates of bone fragments (n = 23 of 32)
met our fincflusfion crfiterfia of reflatfive standard devfiatfion (RSD) < 15 %,
approxfimatefly one-thfird of the non-homogenfized fragments (12 of 32)
had an RSD > 15 % rangfing from 15.08 % to 41.02 %. To quantfitatfivefly
determfine outflfiers of technficafl repflficates, the medfian absoflute devfiatfion
(MAD) was uffififized (Leys et afl, 2013). Any technficafl repflficate vaflue
greater than MAD was removed as an oufflfier (n = 6 of 13). Unfortu-
natefly, due to rarfity of specfimen and smaflfl sampfle mass, Hg anaflysfis for
these fragments coufld not be repeated ufiflfAfing the homogenfizatfion
procedure. Affl subsequent bone anaflyses were conducted on homoge-
nfized specfimens to decrease varfiabfiflfity fin technficafl repflficates (Avery
et afl, 2023).

Totafl mercury fin &Fl SSL bones was anaflyzed usfing a Nfippon MA-
3000 dfirect mercury anaflyzer (Nfippon Instruments Corporatfion,
Tokyo, Japan) at the Unfiversfity of Aflaska Fafirbanks fin the Marfine
Ecotoxficoflogy and Trophfic Assessment Laboratory (METAL) foflflowfing
the methods of Avery et afl. (2023). The dfirect mercury anaflysfis assay
utfiflfizes totafl thermafl combustfion of the sampfle, gofld amaflgamatfion, and
atomfic absorptfion spectroscopy to quantfify THg. The practficafl method
detectfion ffinft was caflcuflated as the mean of &Fl bflanks +5 x SD
(0.0418 ng) wfith an approxfimate bone mass of 10 to 40 mg run fin

tifipflficate. The detectfion fFirftof a 10 to 40 mg sampfle fis1.25 to 5.00 ng
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Table 1
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Summary of Steflfler sea flfion bone eflements used for totafl mercury concentratfion ([THg]) comparfison anaflyses. Tabfle shows age groups: pups (fetus to 3 months) and
non-pups (4 months to >5 years) aflong wfith bone types (compact, spongy) and bone eflements (flong bone, phaflange, 1fib, mandfibfle, nasafl turbfinate, occfipfitaf]) avafiflabfle for
comparfisons of [THg]. Numbers findficate sampfle sfizes. Dashes findficate that no sampfle was avafiflabfle. Based on bone avafiflabfiflfity, pup bone eflements were compared

fin one modefl and non-pup bone eflements were compared fin another.

Age group Bone type Long bone Phaflange Rfib Mandfibfle Nasafl turbfinate Occfipfitafl
Pup Compact 7 5 6 - - -
Spongy 7 5 6 -
Non-pup Compact - - 7
Spongy - - 4 - 4

of THg per gram (fi.e., ppb) of bone. The Nfippon anaflyzer was caflfibrated
to the flowest pofint of 0.05 ng of THg. Each run of approxfimatefly 20
unfique bone sampfles fincfluded three bflanks (empty sampfle boats), two
fifiqfid standards (10 and 100 ppb), as weflfl as approprfiate matrfix and
concentratfion matched standard reference materfiafls (SRMs). ATl bflanks
were typficaflfly around 0.002 ng of Hg. Three certfiffied SRMs were run fin
dupflficate wfith each assay: Bonemeafl 1486 (reference vaflue 2.3 + 1.4
ppb, steamed bone meafl, matrfix match), Spfinach 1570a (reference vaflue
29.7 £+ 2.1 ppb, drfied spfinach fleaves, flow concentratfion match), and
DORM-4 (reference vaflue 412 + 36 ppb; ffish protefin, hfigh concentratfion
match). Percent recoverfies based on 15 runs were 103.2 + 6.1 % (91.6 to
110.4 %, 10 ppb Hg soflutfion), 101.6 + 4.3 % (97.2 to 111.4 %, 100 ppb
Hg soflutfion), 89.2 + 17.8 % (52.3 to 110.5 %, Bonemeafl 1486), 87.2
+ 5.0 % (78.8 to 94.0 %, Spfinach 1570a), and 92.7 + 4.0 % (86.4 to 98.5
%, DORM-4). Aflthough Bonemeafl 1486 recovery was flower and more
varfiabfle than other SRM types, measurements were aflways wfithfin

the accepted reference range between 0.9 and 3.7 ppb.

2.4. Statistical analysis

The computer program R (versfion 4.2.2; R Core Team, 2021) was
used for ¥l statfistficafl anaflyses. Dfifferences were consfidered sfignfifficant
at a < 0.05 and trends where 0.05 < a < 0.10. Vaflues are presented as
mean + standard devfiatfion (SD) unfless otherwfise noted.

2.4.1. Age categories

Twenty flong bones were used to evafluate dfifferences fin[THg] among
age categorfies (3 fetuses, 9 pups, 5 juvenfifles, 3 aduflts) fin a repeated
measures ANOVA wfith findfivfiduafl SSL as the wfithfin-subject factor and
age group and bone type as between-subject factors. The Akafike Infor-
matfion Crfiterfion (AIC) metrfic was used to determfine the best ffittfing
modefl, where the flowest AIC determfined the best ffit. Pafired t-tests wfith
estfimated margfinafl means post hoc tests were compfleted to assess dfif-
ferences among age categorfies. Thfis repeated measure ANOVA provfided
statfistficaf] justfifficatfion for the age groupfings of pups (fetuses and pups)
and non-pups (juvenfifles and aduflts) and f& further expflafined fin the Re-
suflts sectfion. These two age groups were used for &flsubsequent statfis-

tficaf] anaflyses to fincrease statfistficafl power.

2.4.2. Structural bone type comparisons

We used flong bones (n = 20) to evafluate dfifferences fin [THg] be-
tween bone type (compact and spongy) fina repeated measures ANOVA
wfith findfivfiduafl SSL as the wfithfin-subject factor and age group (pups,
non-pups) and bone type as between-subject factors. Compact and
spongy bone were examfined separatefly fin #¥lsubsequent statfistficafl an-

aflyses fin thfis study.

2.4.3. Within-bone sampling locations

To fidentfify varfiabfiflfity fin [THg] among findfivfiduaf] flong bone floca-
tfions and to ffind a recommended/fleast varfiabfle sampflfing flocatfion for
ongofing study of faunafl remafins, a subset of ten flong bones (5 pups, 5
non-pups), were sampfled at seven flocatfions as descrfibed above. We ran
separate repeated measures ANOVAs for pups and non-pups usfing fin-
dfivfiduafl SSL as the wifithfin-subject factor, and bone flocatfion and age

category as the between-subject factors. Age category was fincfluded as a
factor fin the modefls to ensure that there were no sfignfifficant dfifferences
between age categorfies and to evafluate our decfisfion to combfine four age
categorfies finto two age groups. Estfimated margfinafl means post hoc tests
were used to determfine dfifferences fin each flocatfion. We further evaflu-
ated whether pup transfitfion bone was more representatfive of [THg] fin
compact or spongy bone by usfing repeated measures ANOVA on bone
type (compact, spongy, transfitfion). Homogenefity of varfiance Levene's
test was used to determfine equafl or unequafl varfiance among bone

flocatfions.

2.4.4. Comparisons among bone elements

To determfine varfiabfiflfity fin [THg] among dfifferent bone eflements
wfithfin the same findfivfiduaf], we conducted repeated measures ANOVAs
usfing findfivfiduaf]l SSL as the wfithfin-subject factor and bone eflement and
age category as the between-subject factors. Pups and non-pups were
run fin separate modefls to test dfifferences fin bone eflements wfithfin these
age groups. Age groups coufld not be combfined finto one modefl due to the
fifimfited avafiflabfiflfity of bone eflements (Tabfle 1). The pup modef] fincfluded
compact and spongy bone from flong bones, phaflanges, and rfibs (n = 7;
Tabfle 1). The non-pup compact bone modefl fincfluded pafired mandfibfles,
occfipfitafls, and nasafl turbfinates from findfivfiduaf] skuflfls (n = 7; Tabfle 1).
The non-pup spongy bone modefl fincfluded mandfibfles and occfipfitafls from
findfivfiduaf] skuflfls (n = 4; Tabfle 1); nasafl turbfinates had finsuffficfient mass

of spongy bone for Hg anaflysfis.
3. Results

3.1. Age categories

Among d¥l four age categorfies (fetuses, pups, juvenfifles, aduflts), no
dfifferences were found fin spongy bone [THg] (F @16 = 2:204, p =
0.127). However, pups had greater [THg] fin compact bone (31.37 +
13.58 ppb) than aduflts (7.88 + 1.91 ppb) (F (.16 5.83, p = 0.01; Ffig.
3). In addfitfion, we fidentfiffied a trend of pup [THg] greater than
juvenfifle [THg] (p = 0.06, Ffig. 3), whfifle no dfifferences were found be-
tween [THg] finjuvenfifle and aduflt compact bone (p = 0.75). Due to smaflfl
sampfle sfize and statfistficaf] dfifferences found fin our age category com-
parfisons, we created two age groupfings used for &flsubsequent anaflyses:
(1) pups, fincfludfing fetuses and pups, and (2) non-pups, fincfludfing ju-
venfifles and aduflts.

3.2. Structural bone type comparisons

No dfifference was found between pup compact and spongy bone
[THg] (F; ;4= 0.695, p= 0.42; 31.21 + 13.03 ppb and 36.64 + 24.08
ppb, respectfivefly). Non-pups had greater [THg] finspongy bone (20.46 +
8.79 ppb) when compared to compact bone (11.01 + 5.03 ppb; F 1.19)
= 7.30, p = 0.03). Subsequent comparfisons evafluated compact and

spongy bone fin separate modefls.

3.3. Within-bone sampling locations

In pups, the onfly avafiflabfle compact bone sampfle was the MI;
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Fig. 3. Age dfifferences finbone totafl mercury concentratfions ([THg]; ppb = ng/ g)
of compact and spongy bone types from Steflfler sea flfin flong bones. Age
categorfies fincflude fetus (stfiflflbom), pup (newborn to 3 months), juvenfifle (4
months to 5 years), and aduflt (> 5 years). Asterfisks represent sfignfifficant dfif-
ferences wfithfin bone type across age categorfies (p < 0.05). Pup compact bone
had sfignfifficantfly greater [THg] compared wfith aduflts (p = 0.03), fidentfiffied
wfith asterfisks. Vaflues are presented as mean [THg] + 1 SD.

therefore, a comparfison of muflifipfle compact bone flocatfions fin pups was
not possfibfle. [THg] were greater fin spongy bone (55.02 + 27.44 ppb)
compared wfith compact bone (29.35 + 10.32 ppb) at the MI flocatfion fin
pups (p = 0.04). There was no sfignfifficant dfifference fin [THg] fin spongy
and transfitfion bone (p = 0.34) fin pups; further anaflyses combfined
spongy and transfitfion bone Hg measurements and refer to #flas spongy
bone. Spongy bone [THg] fin pups dfiffered by bone flocatfions (F G27) =
3.74, p = 0.01); specfifficaflfly, [THg] of P1 (88.05 + 34.46 ppb) > P2
(58.92 + 39.87 ppb; p= 0.05), MI (55.02 + 27.44 ppb; p= 0.02), and D2
(49.35 + 24.91 ppb; p < 0.01; Ffig. 4). In the dfistafl bone flocatfions, [THg]
finDE (79.82 + 27.38 ppb) > D2 (49.36 = 24.91 ppb, p = 0.04; Ffig. 4).
There was equafl varfiance of [THg] among pup bone flocatfions when
assessed wfith a homogenefity of varfiance test (p = 1).

Non-pup compact bone showed greater [THg] fin proxfimaf] and dfistafl
bone flocatfions near the epfiphyses (F ©6.18) = 9.56, p < 0.01; Ffig. 5)
compared wfith mfid-dfiaphysfis flocatfions. Specfifficaflfly, compact bone
[THg] at P1 (35.74 = 25.11 ppb) > PE (22.72 + 6.04 ppb; p= 0.05), P2

(13.40 + 4.86 ppb; p < 0.01), and MI (22.93 + 14.63 ppb; p < 0.01).
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Fig. 5. Bone flocatfion totafl mercury concentratfions ([THg]; ppb = ng/g) fin
Steflfler sea flfin tfibfias (n = 5) of non-pups. Bone flocatfions on the x-axfis are fin
order from most proxfimafl to most dfistafl flocatfions (proxfimafl epfiphysfis (PE),
proxfimafl 1 (P1), proxfimafl 2 (P2), mfidpofint of dfiaphysfis (MI), dfistafl 2 (D2),
dfistafl 1 (D1), and dfistafl epfiphysfis (DE)). Vaflues are presented as mean [THg] + 1
SD. Letters findficate sfignfifficant dfifferences (p < 0.05). Dfifferent fletters findfi-cate
sfignfifficant dfifferences (p < 0.05), whfifle the same fletter findficates no dfif-ference
observed. A and B denote dfifferences wfithfin spongy bone type among flocatfions,
wififle X and Y fidentfify dfifferences among flocatfions wfithfin the compact bone
type. Bars wfith no fletters were not sfignfifficantfly dfifferent from

other flocatfions.

Compact bone [THg] at D1 (31.30 + 13.30 ppb) > PE (22.72 + 6.04
ppb; p= 0.02), P2(13.40 + 4.86 ppb; p< 0.01), MI (22.93 + 14.63 ppb; p
< 0.01), and D2 (15.75 + 6.23 ppb; p < 0.01), whfifle compact bone
[THg] at D2 (15.75 + 6.23 ppb) > P1 (35.74 + 25.11 ppb; p < 0.01).
Spongy bone [THg] fin non-pups were greater fin flocatfions near the
proxfimaf] epfiphyseafl pflate of the flong bones (F 6.24) = 4.66, p < 0.01).
Greater spongy bone [THg] were found fin P1 (92.12 + 80.59 ppb)
compared wfithP2 (21.50 = 11.29 ppb; p= 0.04), MI (18.63 + 2.94 ppb; p
= 0.03), D2 (18.43 + 10.26 ppb; p = 0.03), and DE (30.38 + 17.32 ppb;
p = 0.03). Compact (F 6.28) = 2.87, p = 0.03) and spongy (F(6,28) =
4.10, p < 0.01) bone of non-pups showed an unequafl varfiance fin bone
flocatfions when quantfifyfing the varfiance usfing homogenefity of varfiance
tests. In spongy bone, we observed greater varfiatfion fin [THg] near the
epfiphyses finboth P1 (p < 0.008) and DE (p < 0.04) flocatfions (Ffig. 5). In
compact bone, we saw varfiatfion fin [THg] fin severafl dfifferent flocatfions

[A Transition
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Ml D2 D1 DE

Bone Location

Fig. 4. Bone flocatfion totafl mercury concentratfions ([THg]; ppb = ng/g) fin Steflfler sea flfion femurs (n = 5) of pups. Bone flocatfions on the x-axfis are finorder from most
proxfimaf] to most dfistafl flocatfions (proxfimafl epfiphysfis (PE), proxfimafl 1 (P1), proxfimafl 2 (P2), mfidpofint of dfiaphysfis (MI), dfistafl 2 (D2), dfistafl 1 (D1), and dfistafl
epfiphysfis (DE)). [THg] fin transfitfion and spongy bone were not sfignfifficantfly dfifferent (p = 0.34). Spongy bone had greater [THg] near the epfiphyses on the proxfimafl and
dfistafl flocatfions (p < 0.01). Onfly one flocatfion for compact bone was sampfled fin pups, so a comparfison of [THg] fincompact bone flocatfions was not possfibfle. Vaflues are
presented as the mean [THg] + 1 SD. Dfifferent fletters findficate sfignfifficant dfifferences (p < 0.05), whfifle the same fletter findficates no dfifference observed.

Bars wfith no fletters were not sfignfifficantfly dfifferent from other flocatfions.
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aflong the bone fin both proxfimafl (PE, p < 0.03; P1, p < 0.03; P2, p <
0.02) and dfistafl (D2, p = 0.05) flocatfions (Ffig. 5).

3.4. Comparisons among bone elements

In pups, [THg] fin compact bone among bone eflements were not
sfignfifficantfly dfifferent (F a7 = 2.23, p = 0.17). Spongy bone fin rfibs
(62.72 £ 44.79 ppb) had greater [THg] than spongy bone fin flong bones
(23.51 + 8.83 ppb; p = 0.03) and phaflanges (19.60 + 10.78 ppb; p =
0.01) overaflfl (Ffig. 6).

In non-pup compact bone, [THg] were greater fin nasafl turbfinates
(44.66 + 26.67 ppb) compared wfith compact bone finmandfibfles (11.23 +
6.84 ppb; p < 0.01) and occfipfitafls (12.52 =+ 7.15 ppb; p < 0.01) (Ffig.
7). Spongy bone of mandfibfles and occfipfitafls fin non-pups dfid not
dfiffer fin [THg] (F1,2) = 0.12, p = 0.76) between eflements.

4. Discussion

Thfis study quantfiffied the varfiabfiflfity of [THg] fin SSL bone among age
categorfies, bone types, bone flocatfions, and bone eflements. Due to an
expectatfion of bfioaccumuflatfion of Hg, we hypothesfized that oflder fin-
dfivfiduafls woufld have greater [THg] than younger findfivfiduafls however,
we found sfignfifficantfly greater [THg] fin pup compact bone compared
wfith aduflts. We hypothesfized that [THg] fin compact bone woufld be
simfiflar among bone flocatfions, whfifle spongy bone [THg] woufld be more
varfiabfle due to bone growth processes. As expected, non-pups had
greater [THg] fin spongy bone compared wfith compact bone, and pups
showed no sfignfifficant dfifference fin [THg] between these two bone types.
Pups and non-pups had greater and more varfiabfle [THg] fin bone floca-
tfions near the epfiphyses compared to mfid-dfiaphysfis flocatfions. Ffinaflfly,
we hypothesfized that [THg] woufld be greater fin short axfiafl bone efle-
ments (rfibs) compared wfith flong bone eflements wfithfin an findfivfiduafl SSL
skefleton. In pup bone eflements, spongy bone [THg] fin rfibs was greater
than fin flong bones and phaflanges. In non-pup bone eflements, compact
bone fin nasafl turbfinates had greater [THg] compared wfith mandfibfles
and occfipfitafls. The heterogeneous dfistrfibutfion of [THg] among bone
types, flocatfions, and eflements may be finffluenced by severafl factors, such
as bone turnover rates, mechanficafl stressors, bflood suppfly, bone growth,
and/or bone mfineraflfizatfion dfiscussed beflow (Rasmussen et afl., 2013;

Rasmussen et afl, 2017; Aflvarez-Fernandez et afl, 2022).

4.1. SSL age categories

Durfing gestatfion fin pfinnfipeds, Hg fis transferred prfimarfifly through
the pflacenta to the fetus (and to a smaflfler extent through subsequent
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Fig. 6. Bone eflement (phaflanges, flong bones, rfibs) totafl mercury concentratfion
([THg]; ppb = ng/g) of findfivfiduaf] Steflfler sea flfion pup spongy bone. Indfivfiduafls
represented wfith connected flfines. Rfibs had sfignfifficantfly greater [THg] than
flong bones (p = 0.03) and phaflanges (p = 0.01).
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Fig. 7. Bone eflement (occfipfitafls, mandfibfles, nasafl turbfinates) totafl mercury
concentratfion ([THg]; ppb = ng/g) of findfivfiduafl Steflfler sea flfion non-pup
compact bone. Indfivfiduafls represented wfith connected flfines. Nasafl turbfinates
had sfignfifficantfly greater [THg] than occfipfitafls (p < 0.01) and mandfibfles (p
< 0.01).

nursfing), such that fetuses and newborn pups coufld have sfimfiflar [THg]
to thefir dams (Rea et afl,, 2013; Noefl et afl, 2016; Grajewska et afl,, 2019;
Kooyomjfian, 2021; Tayflor et afl, 2022). Aflthough there are no mother-
pup pafirs among our specfimens, fit fis reasonabfle that bone [THg] of
young pups and fetuses resuflt from the [THg] of prey fin the maternafl
dfiet durfing gestatfion. Maternafl dfiets can vary greatfly by regfion of
foragfing (Scherer et afl, 2015; Sfincflafir and Zeppeflfin, 2002; Sfincflafir et
afl, 2013; Lander et afl, 2020), as can the [THg] finsea flfin prey (Cyr et
afl, 2019, Trfifarfi et afl, 2024). Regfionafl dfifferences fin [THg] fin the hafir
of young Steflfler sea flfion pups have been documented wfith sfignfiffi-cantfly
hfigher [THg] finpups sampfled finthe western and centrafl Afleutfian Isflands
compared to other regfions fin Aflaska and Russfia (Rea et afl, 2020). The
sampfles finour study flfikefly orfigfinated from dfifferent regfions fin Aflaska as
some museum specfimens had no provenfience data avafifl-abfle, and thus
the patterns of [THg] among age categorfies fin thfis study were flfkefly
confounded by the regfionafl varfiabfiflfity fin prey [THg] wfithfin these
dfifferent food webs. Other factors, such as the decade the bone was
sampfled, sex of the findfivfiduaf], trophfic flevefl, dfivfing behavfior, and body
condfitfion may aflso fimpact the [THg] fin the bone of an findfivfiduafl
(Peterson et afl, 2015; Peterson et afl, 2018; Cyr et afl, 2019; Souflen et
afl, 2022), however these data were not avafiflabfle for the majorfity of our
specfimens.

Physfioflogficafl age and turnover rate of the bone fitseflf may aflso
fimpact [THg] due to the dfifferences finthe mafin components of the bone,
and how these components change as bone matures. It fis possfibfle that
Hg fi refleased from mature (oflder) bone due to flarge hydroxyapatfite
mfineraf] crystafls and flower coflflagen content fin mature bone, ffinfifing Hg
retentfion finbone and causfing flower [THg] (Currey et afl., 1996; Bafifley et
afl, 1999; Akkus et afl, 2004; Aflvarez-Fernandez et afl, 2022).
Compared wfith mature bone, recentfly devefloped bone (newer) has
smaflfler hydroxyapatfite mfinerafl crystafls and a hfigher coflflagen content,
potentfiaflfly fleadfing to more bfindfing of Hg and greater [THg] and vfice
versa (Akkus et afl,, 2004). It fisunknown when the bones fin the current
study were flast remodefled durfing flfife, but the tfimfing of thfis remodeflfing

coufld fimpact the [THg] wfithfin and between dfifferent age categorfies.

4.2. Structural bone type comparisons

Most studfies evafluatfing bone [THg] uffififized compact bone onfly. In
the few studfies that anaflyzed both compact and spongy bone, greater
and more varfiabfle [THg] were typficaflfly found finspongy bone (Lanocha
et afl, 2013; Rasmussen et afl, 2013; Rasmussen et afl, 2017; Zfiofla-
Frankowska et afl, 2017). Consfistent wfith these prfior studfies, we found
that non-pups aflso showed greater [THg] fin spongy bone compared to
compact bone. Spongy bone fin pups and non-pups had greater varfiance
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than compact bone.

Compact bone has bflood vessefls runnfing finthe center of each osteon
through the centrafl canafl, whereas spongy bone has more bflood vessefls
and red bone marrow runnfing throughout the trabecuflae (Bfiga et afl,
2019). The fincreased surface area of contact between the red bone
marrow (where red bflood ceflfls are produced fin spongy bone) and the
bflood that fis transportfing dfietary THg coufld contrfibute to the greater
[THg] finspongy bone than compact bone of non-pups.

We observed no dfifferences fin [THg] between compact and spongy
bone wfithfin the combfined pup age group; thfis flack of dfifference may
have been finffluenced by greater [THg] fin fetafl compact bone fin com-
bfinatfion wfith pups contrfibutfing hfigher [THg] fin spongy bone. Further,
dflcomponents of the bone are rapfidfly devefloped fin utero, derfived from
maternafl reserves, suggestfing that the flack of dfistfinct dfifferences be-
tween spongy and compact bone fin these earfly stages of fetafl and pup
deveflopment fis not unexpected. In non-pups, bone types have had more
tfime to dfifferentfiate and fincorporate Hg from heterogenous prey sour-
ces, possfibfly contrfibutfing to the dfifferences fin [THg] we observed.
However, the smafffl sampfle sfize of bones from each age category,
partficuflarfly for fetus and aduflt age categorfies, fifinfis our finterpretatfions.
Specfifficaflfly, fincreasfing the sampfle sfize from fetuses, as fetafl sampfles
demonstrated an opposfite trend between spongy and compact bone
[THg] than the other three age categorfies, woufld fimprove our under-
standfing of deveflopmentafl changes fin [THg] finbone. The mechanfism of
Hg deposfitfion finto bone fi poorfly understood, but some studfies suggest
that Hg may be stored as MeHg" fin the organfic components of bones
(Rasmussen et afl, 2008), where others suggest that Hg may repflace
caflefium fin the hydroxyapatfite of bones (Cervfinfi-Sfiflva et afl, 2021). Hg
may be fimpactfing the storage capacfity of bone for essentfiafl eflements (e.
g., caflcfium, phosphorus) by finteractfing dfifferentfly wfith other chemficafl
eflements fin bone apatfite (Cfiosek et afl, 2023).

4.3. Within-bone sampling locations

Pups had greater [THg] fin spongy bone flocatfions near the epfiphysfis
compared wfith mfid-dfiaphysfis flocatfions, fifkefly reflated to the tfimfing of
the formatfion of the epfiphysfis and epfiphyseafl pflates fin young anfimafls.
Some pfinnfiped studfies suggest that the greatest maternafl contrfibutfion of
Hg and MeHg", the form of Hg finffish and of most toxficoflogficafl concern, fis
transferred to neonates durfing flate gestatfion vfia the pflacenta (Gra-
jewska et afl, 2019) and at the onset of nursfing (Noefl et afl, 2016). In
humans, epfiphysfis bone deveflopment occurs fin flate gestatfion through
the perfipartum perfiod. Hfigh maternafl [THg] durfing flate gestatfion coufld
be fincorporated finto the deveflopfing fetafl bone, thus fleadfing to greater
[THg] finactfivefly growfing bone (Bfiga et afl., 2019). Postpartum sources of
Hg for pups are flfimfited to the dam's mfiflk, whfich contafins flow amounts of
Hg finhumans, as weflflas pfinnfipeds (Oskarsson et afl., 1995; Oskarsson et
afl., 1998; Hfitchcock et afl., 2017).

In both pups and non-pups, flocatfions near the epfiphyses had greater
[THg] compared wfith mfid-dfiaphysfis flocatfions. Thfis coufld be due to the
contfinued bone profififeratfion and eflongatfion process that occurs at the
epfiphyseafl pflate untfifl aduflthood when hyaflfine cartfiflage proflfiferatfion no
flonger occurs fin the epfiphyseafl pflate (Bfiga et afl, 2019). The flocatfions
near and around the epfiphyses may have more varfiabfle [THg] due to
hfigh metaboflfic actfivfity and ceflfluflar proflfiferatfion of cartfiflage as flong
bones grow. Greater [THg] were found fin cartfiflage compared wfith
spongy bone fin humans and red foxes (Vulpes vulpes) (Lanocha et afl,
2012; Lanocha et afl, 2013). Durfing bone eflongatfion, when cartfiflage
ceflfls undergo apoptosfis, Hg from cartfiflage coufld be refleased and taken
up by nearby osteogenfic ceflfls, fincreasting [THg] at and around the
epfiphyseafl pflates. These bone processes may fimpact the [THg] fin pups
and juvenfifles that experfience rapfid bone growth. A more extensfive study
wfith fincreased sampfle sfizes wfithfin each age category woufld be needed to
finvestfigate dfifferences fin [THg] among juvenfifles, sub-aduflts, and
aduflts.

Whfifle pup THg was reflatfivefly consfistent throughout the flength of the
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bone, non-pup bones had greater varfiabfiflfity fin the proxfimafl end of the
flong bone. The consfistent dfistrfibutfion of Hg across bone flocatfions fin
pups coufld be a resuflt of the formatfion and deveflopment process
occurrfing fina short tfime span finutero and more consfistent overaflfl bone
composfitfion. In non-pups, compact bone showed heterogeneous dfistrfi-
butfion of Hg, wfith proxfimafl and dfistafl bone flocatfions havfing greater and
more varfiabfle [THg] compared wfith mfid-dfiaphysfis bone flocatfions.
Further, spongy bone showed greater and more varfiabfle [THg] fin
proxfimafl bone flocatfions compared wfith the mfid-dfiaphysfis and dfistafl
bone flocatfions. Thfis coufld represent non-pup bone proflfiferatfion at the
epfiphyseaf] pflate as weflfl as remodeflfing and thfickenfing occurrfing over
flong tfime perfiods thus fincreasfing overaflfl bone composfitfion varfiabfiflfity
and Hg deposfitfion characterfistfics fin oflder bone. Specfifficaflfly, fin non-
pups, spongy bone was more varfiabfle near the proxfimafl epfiphysfis
compared to &¥l other flocatfions aflong the bone, suggestfing that the
proxfimafl epfiphysfis may have greater deposfitfion potentfiafl for Hg due to
cartfiflage profififeratfion at the epfiphyseafl pflate.

Prevfious studfies fin humans quantfifyfing Hg wfithfin findfivfiduaf] flong
bones (fie., femur, humerus) reported no dfifferences fin [THg] among
compact bone dfiaphysfis flocatfions, concfludfing that the bone remodeflfing
rate was constant aflong the bone (Rasmussen et afl, 2013). However, we
found greater [THg] fin bone flocatfions near the epfiphyseafl pflates for
both compact and spongy bone finpups and non-pups and more varfiabfle
[THg] fin bone flocatfions near the epfiphyseafl pflates for compact and
spongy bone finnon-pups. Rasmussen et afl,, 2013 was based fin Denmark
and measured Hg fin compact bone fin two medfievafl human femurs and
humerfi. The ffirst findfivfiduafl had Hg that ranged from about 50 ng/g to
125 ng/g fin the femur and about 35 ng/g to 125 ng/g fin the humerus
(Rasmussen et afl, 2013). The second findfivfiduafl had Hg that ranged
from about 20 ng/g to 190 ng/g fin the femur and about 20 ng/g to 50
ng/g finthe humerus (Rasmussen et afl, 2013). In comparfison, our study
averagfing [THg] of 5 non-pup SSL tfibfias compact bone ranged from
about 13 ng/g to 36 ng/g (Ffig. 5).

4.4. Comparisons among bone elements

Prevfious studfies fin humans have found [THg] dfifferences among
dfifferent bone eflements for both compact and spongy bone (Rasmussen
et afl, 2013; Rasmussen et afl, 2017; Aflvarez-Fernandez et afl, 2022).
Sfimfiflarfly, our study showed greater [THg] finspongy bone from the axfiafl
skefleton compared to eflements from the appendficuflar skefleton fin SSL
pups; there were greater 1fib (axfiafl bone eflement) [THg] fin spongy bone
compared wfith phaflanges and flong bones (appendficuflar bone eflements).
In contrast, we found no dfifferences fin [THg] fin compact bone among
rfibs, phaflanges, and flong bones fin pups.

Aflvarez-Fernandez et afl., 2022 flooked at three findfivfiduafl skefletons
fin Spafin. Bone eflements of group 1 (fi.e,, fiflfium, rfibs, spfine) ranged from
about 2 ng/g to 39 ng/g of Hg, whfifle bone eflements of group 2 (fie., flong
bones, cranfia) ranged from about 1 ng/g to 18 ng/g of Hg (Aflvarez-
Fernandez et afl,, 2022). Rasmussen et afl., 2013 flooked at two findfivfiduaf]
skefletons fin Denmark. Bone eflements from group 1 (fie., fifffium rfibs,
spfine) ranged from about 301 ng/g to 1500+ ng/g of Hg, whfifle bone
eflements of group 2 (fi.e., flong bones) ranged from about 0 ng/g to 300
ng/g. In comparfison to our study, for the pups that we had bone efle-
ments from both group 1 and 2, bone eflements from group 1 (fi.e., rfibs)
ranged from about 7 ng/g to 124 ng/g of Hg, whfifle bone eflements of
group 2 (fie., flong bones) ranged from about 10 ng/g to 32 ng/g of Hg.
Unfortunatefly, the aduflt SSLs fin thfis study dfid not have enough bone
eflements avafiflabfle to make thfis comparfison.

Prevfious studfies have postuflated that fin humans, short bones fin the
axfiofl skefleton have faster turnover rates and greater and more varfiabfle
[THg], representatfive of recent Hg finffluxes compared wfith flong bones fin
the appendficuflar skefleton (Hedges et afl, 2007; Rasmussen et afl, 2013;
Aflvarez-Fernandez et afl, 2022). Assumfing that the most recent Hg
fintake fisthe greatest (whfich may not be accurate due to recent dfiet and
bone metaboflfic actfivfity), non-pups may demonstrate thfis pattern as the
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bones have devefloped over years and have dfifferent turnover rates. We
woufld expect pups not to share thfis pattern due to the fast growth rate fin
utero. We dfid, however, fidentfify dfifferences fin [THg] fin pup bone efle-
ments, where [THg] were greater fin short bones/rfibs (axfiafl skefleton)
than flong bones (appendficuflar skefleton). We dfid not have the bones
avafiflabfle for thfis bone eflement comparfison fin non-pups.

If coflflagen fis a prfimary bfindfing sfite for Hg fin bone (see dfiscussfion
under Age Categorfies), then the percent coflflagen fin dfifferent bone efle-
ments coufld fimpact the [THg] fin dfifferent bone eflements. Cflark et afl.
(2017) found hfigh coflflagen yfieflds fin the phaflanges and tarsafls of rfinged
seafls (Pusa hispida), finthe mandfibfles and tarsafls of Phoca spp., and finthe
tfibs, scapuflas, and tarsafls of sea otters (Enhydra lutris). Therefore, any
bones that have been turned over just before death, have faster turnover
rates fingenerafl (possfibfly rfibs), or contafin hfigher percentages of coflflagen
may have had fincreased [THg]. Other eflements, such as femurs, humerfi,
and cranfiums, were aflso measured for percent coflflagen (Cflark et afl,
2017).

Human studfies that have found greater [THg] finsome bone eflements
routfinefly exposed to hfigh flevefls of mechanficafl stress (e.g., rfibs, vertebra)
pose the mechanical stress hypothesis as an expflanatfion (Rasmussen et afl,
2017). Mechanficafl stresses pflaced on the dfifferent bone eflements due to
varfied flocomotfion patterns, specfifficaflfly between bfipedafl and quadru-
pedafl mammafls, coufld contrfibute to observed dfifferences fin [THg].
Bfipedafl mammafls have hfigher mechanficafl stresses on thefir vertebrae
and other axfiafl skefleton bone eflements to stabfiflfize thefir spfine and
mafintafin posture (Bobyn et afl, 2014; Yavuzer, 2020), whereas
quadrupedafl mammafls may have hfigher mechanficafl stress on thefir flong
bones and other appendficuflar skefleton bone eflements to be abfle to
mafintafin a dfifferent posture and move on fland.

Quadrupedafl semfi-aquatfic marfine mammafls, such as pfinnfipeds,
have dfifferent mechanficafl stressors on fland (waflkfing, runnfing) and fin
water (swfimmfing, dfivfing). For exampfle, SSLs use thefir fore fflfippers for
propuflsfion finthe water and both thefir fore and hfind fflfippers for waflkfing
movements on fland (Frfiedman and Leftwfich, 2014; Leahy et afl, 2021).
Some pfinnfiped specfies show greater varfiabfiflfity fin carbon and nfitrogen
stabfle fisotopes fin the appendficuflar skefleton compared wfith the axfiafl
skefleton, suggestfing hfigher mechanficafl stress or turnover rates on the
appendficuflar skefleton due to wefight-bearfing functfions on fland and
propuflsfion functfions finthe water of quadruped phocfid seafls (Cflark et afl,
2017). Gravfity aflso contrfibutes to mammaflfian bone anatomy and me-
chanficafl stressors fin terrestrfiafl and marfine systems. Our [THg] data do
not support the mechanical stress hypothesis fin SSL, as we dfid not see
greater or more varfiabfle [THg] finbones of hfigh mechanficafl stress finsea
fifions (fore ftlfippers, hfind fflfippers); however, we had very flfimfitd bone
eflements from pups and as young anfimafls, many of these mechanficafl
stressors may not yet be reflevant. A future study fincorporatfing flarger
sampfle sfizes of these bones and addfitfionafl bone eflements (e.g., cervficafl
and thoracfic vertebrae) fin oflder findfivfiduafls woufld aflflow us to better
assess the reflatfionshfip between Hg deposfitfion and mechanficafl stress.

The dfifferent proportfions of spongy and compact bone finthe varfious
bone eflements coufld aflso expflafin substantfiafl varfiabfiflfity fin [THg], as
spongy bone, often contafinfing red bone marrow, has more dfirect contact
wfith bflood vessefls and cfircuflatfing Hg compared to compact bone.
Therefore, bones wfith hfigh bflood fflow or hfigher proportfions of spongy
bone may have greater [THg]. It fsunknown why greater [THg] fin axfiafl
bone eflements compared wfith appendficuflar bone eflements are often
found finstudfies of human bones, but bones surrounded by organs (axfiafl
bone eflements) that are hfighfly vascuflarfized and accumuflate more Hg
than bone, may consequentfly have greater Hg exposure fincreasfing
[THg] finthe bone. We observed greater [THg] finspongy bone finthe rfibs
than fin the flong bones and phaflanges fin pups, whfich fis consfistent wfith
thfis proposed expflanatfion. However, marfine mammafls, especfiaflfly those
usfing pachyosteoscflerosfis as baflflast to offset bflubber buoyancy, or those
adapted to deep dfives, may generaflfly have flarger proportfions of
compact bone (Zottfi et afl., 2009; George et afl., 2016). The quantfifficatfion
of the ratfio of compact to spongy bone fin both terrestrfiafl and marfine
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mammafl bone eflements shoufld be a topfic for future research as thfis may
affect [THg] finbone eflements.

None of the non-pups finour study had pafired axfiafl and appendficuflar
bone eflements for these comparfisons. However, we observed dfifferences
fin bone eflements from the skuflfls of non-pups: the nasafl turbfinates had
greater [THg] than the occfipfitafls and mandfibfles. The nasafl turbfinates
may have greater [THg] when SSLs consume a dfiet hfigh fin Hg, as the
nasafl turbfinates are smaflf], thfin flayers of bone expected to have a faster
turnover rate compared wfith dense compact bone eflements fin the body.
Turbfinates are covered wfith a mucous membrane fin flifivfing organfisms,
and they have a flarge surface area fin the nasafl cavfity for heat exchange,
water baflance, and oflfactfion (Rommefl et afl, 2009), creatfing the same
bflood-rfich envfironment descrfibed near the axfiafl skefleton eflements. Due
to thefir smaflf] sfize and fragfiflfity, fit fis possfibfle that some spongy bone from
the nasafl turbfinates contamfinated the compact bone sampfle when
separatfing the compact and spongy bone types.

4.5. Bone sampling recommendations

It fis fimportant to understand the [THg] vafiabfiflfity and how con-
centratfions finterreflate fin bone flocatfions, bone eflements, and among
dfifferent findfivfiduafls to fidentfify standardfized bone flocatfions and bone
eflements for future Hg sampflfing fin marfine mammafls. [THg] ranges fin
bone flocatfions, types, and eflements show vafiabfiflfity of [THg] wfithfin
and among findfivfiduafls. Therefore, studfies anaflyzfing and comparfing
[THg] from dfifferent bone flocatfions, bone types, or bone eflements
shoufld proceed wfith cautfion as the substantfiafl amount of varfiabfiflfity
may fimpact the outcomes and finterpretatfions.

From the resuflts of thfis study, we concflude that compact bone at the
mfidpofint of the dfiaphysfis fis the most consfistent and fleast varfiabfle
flocatfion for sampflfing and measurfing [THg] aflong the bone. Compact
bone at the mfidpofint of the dfiaphysfis shows fless varfiabfiflfity compared to
spongy bone and other compact bone flocatfions. In pups, the mfidpofint of
the dfiaphysfis (Ffig. 3) flocatfion fis the onfly compact bone sampflfing optfion
due to flfimfited ossfifficatfion and avafiflabfiflfity.

Determfinfing whfich bone eflement to sampfle wiffldepend on the goafls
of each findfivfiduaf]l study. Rfib spongy bone had greater [THg] fin pups
compared to other bone eflements, and, therefore, fit coufld be a good
representatfive bone to detect dfifferences fin [THg] fin SSL pups and
posstibfly oflder findfivfiduafls. In modern sampflfing studfies, rfibs are refla-
tfivefly easy to access and fidentfify fin a dead anfimafl In future, when
sampflfing from subsfistence-harvested or stranded anfimafls, a rfib woufld
be a good optfion as a standard bone eflement to sampfle and to detect
dfifferences fin [THg] among findfivfiduafls. However, rfibs/phaflanges are
fless usefufl for archaeoflogy fFiefld coflflectfions. When muflfipfle rfibs/pha-
flanges are found together fin a mfidden, fit fis fimpossfibfle, wfithout the use
of genetfics (Hodgetts, 1999; Boreflfla et afl, 2017), to determfine fif they
came from the same or dfifferent findfivfiduafls or to fidentfify the specfies
wfith certafinty. Therefore, rfibs and phaflanges may not be usefufl fin
studyfing Hg over flong tfime perfiods, where archaeoflogficafl sampfles need
to be anaflyzed. Spongy bone from flong bones (and aflso phaflanges, but
fidentfifficatfion fissues are Simfiflar to rfibs) had generaflfly flower [THg]
compared wfith rfibs, but sffflseemed to capture smaflfl dfifferences among
findfivfiduafls and may, therefore, be a conservatfive sampflfing optfion.

Mandfibfles and occfipfitafls had reflatfivefly flow [THg] for most of the
non-pup findfivfiduafls compared wfith the nasafl turbfinates wfith overaflfl
flow varfiabfiflfity. To detect dfifferences fin [THg], a bone eflement that can
capture these dfifferences fsneeded. Because there were no dfifferences fin
[THg] fin mandfibfles and occfipfitafls among findfivfiduafls, they mfight not be
usefufl bone eflements to sampfle. In addfitfion, bones wfith flow [THg] make fit
more dfiffficuflt to acqufire Hg data that are above the detectfion fFinft
(0.0418 ng fin thfis study), resufltfing fin greater sampfle mass requfired for
accurate [THg] measurements. Anaflyzfing bone eflements that provfide
consfistent above the detectfion ffinfi [THg] wiFl be most usefufl and
beneffit the quaflfity controfl statfistfics. When uffiflififing museum specfimens
and finarchaeoflogficafl studfies, the best practfice fisto use the fleast amount
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of bone possfibfle and sampfle fin flocatfions on the bone that are mfinfimaflfly
destructfive to preserve fimportant flandmarks and the overaflfl bone
fintegrfity.

Aflthough we found no pubflfished comparabfle data on [THg] fin nasafl
turbfinates, SSL nasafl turbfinates fin thfis study had greater [THg]
compared wfith mandfibfles and occfipfitafls demonstrated dfifferences fin
concentratfions among findfivfiduafls. Nasafl turbfinates coufld provfide a
good mfinfimaflfly destructfive sampflfing flocatfion on the skuflf], but [THg] fin
nasaf] turbfinates may be strongfly affected by smaflfler-scafle changes finan
findfivfiduafls behavfior, such as breathfing, dfivfing, heat floss, and/or nasafl
parasfites (Fay and Furman, 1982). Because of the hfigh surface area,
nasafl turbfinates may aflso be prone to externafl contamfinatfion. And,
turbfinates aflso pose the same fidentfifficatfion flfimfitatfions fin archaeoflogficafl
coflflectfions as do rfibs and phaflanges.

4.6. General conclusions

Despfite flogfistficaf] chaflflenges of sampflfing bone materfiafl and accessfing
a robust sampfle number consfistentfly across age categorfies for the hard
to study Steflfler sea flfion, we findficate some sfignfifficant ffindfings that
shoufld drfive seflectfion of sampflfing protocofls for consfistency and optfi-
mfizatfion finHg studfies. More data are needed to determfine whether fitfis
possfibfle to make precfise and repeatabfle recommendatfions about the
[THg] finbone flocatfions and bone eflements for future sampflfing. A more
robust sampflfing regfime, fincfludfing mufltfipfle bone eflements of the
appendficuflar and axfiafl skefleton from fetuses, pups, juvenfifles, and aduflts
woufld be fideafl to more deffinfitfivefly descrfibe the factors finvoflved fin
[THg] and thefir varfiabfiflfity. Knowfing provenfience, such as geographfic
regfions, physficafl condfitfions of the findfivfiduafl, and physfioflogficafl condfi-
tfions of the findfivfiduafls woufld aflso be heflpfufl fin further finvestfigatfing
[THg] finbone. Whfifle bone offers a unfique medfium to study flong term,
potentfiaflfly mfiffflennfiof] scafle temporafl changes wfith approprfiate spec-
fimen, when makfing decfisfions regardfing wfifldflfie and human heaflth rfisk
assessments, varfiabfiflfity of bone [THg] needs to be consfidered fin
experfimentaf] desfign and specfimen sampflfing. Thfis study found [THg]
hfighfly varfiabfle, dfifferences between bone types, flongfitudfinaflfly wfithfin
bones, among bone eflements fin a sfingfle findfivfiduafl, and unexpected
dfifferences between age cflasses. Studfies shoufld consfider these when
deveflopfing sampflfing protocofl.

Thfis study provfides gufidance to finterpretfing findfivfiduafl bone [THg]
measures fin SSL. [THg] varfies wfithfin an findfivfiduefl bone, as weflfl as
across dfifferent bone eflements fin thfis quadrupedaf]l marfine mammafl and
thus need to be studfied fin more depth. Addfitfionafl research fisneeded to
determfine the mechanfisms of Hg deposfitfion finto bone, as weflfl as the

fintrfinsfic and extrfinsfic factors that fimpact bone [THg].
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