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Abstract

Environmental microplastics are widely documentedharine life and bioaccumulation
may present risks to marine predators. Investigataf microplastics in marine mammals
are increasing, though none have examined animatsely consumed by humans.
Here, we investigate microplastic exposure in thehern fur sealCallorhinus ursinus),

a species consumed by humans, using fecal matéfeakexamined 44 feces (scat) at sites
encompassing the seals’ eastern Pacific rangeipluttontamination control measures
were implemented, including field and laboratorptrols. Fragments were the most
common microplastic recovered, in 55% (24/44) @it sd no controls (range 1 to 86
fragments/scat, mean 16.6, sd 19.1). Microplagier$ were recovered from 41% of
scats (18/44), though some controls containeddibenfounding fiber results. Fecal
analysis documented northern fur seal exposuradmplastics throughout their eastern

Pacific range.

Keywords: northern fur sealicroplastics, marine debris, bioaccumulation, faci

Ocean, trophic transfer.

| ntroduction

Synthetic plastic particles of generally less thaam in size, broadly regarded as

microplastics (Andrady, 2011; Arthur et al., 20@ggory and Andrady, 2003), are

widely characterized as environmental contaminghtsirady, 2011; Barnes et al., 2009;



Moore, 2008; Rilling, 2012; Rochman et al., 20B)llution of aquatic ecosystems by
microplastics has received considerable atten#onérson et al., 2016; Brown et al.,
2010; Eriksen et al., 2013; Jambek et al., 201% &ad Thompson, 2014; Thompson,
2015) as have the absolute and relative threasepted by microplastic pollution
(Koelmans et al., 2017; Lithner et al., 2011; Roehmet al., 2016; Wilcox et al., 2015).
Microplastics are reported from the marine envirentrworldwide (Andrady, 2011,
Arthur et al., 2009; Browne et al. 2011; Cole et2010; Eriksen et al., 2013; GESAMP,
2015; Ivar do Sul and Costa, 2014; Law et al., 2Q@i8her et al., 2014nd in marine

animals (Boerger et al., 2010; Foekema et al., 2Ddsher et al., 2015).

Multiple attributes of microplastic pollution aré @ncern. Ingestion can be problematic
simply due to the internal mechanical impacts esthdurable particles (Wright et al.,
2013) as has been shown in invertebrate (Cole,2@l5; Sussarellu et al., 2016) and
vertebrate studies (Peda et al., 2016). Some cladsmised to manufacture plastic
polymers pose environmental and health hazardieriertet al., 2011) and can leach from
ingested plastics into animal tissues (Engler, 20&Pasova et al., 2009; Koelmans et al.,
2014; Teuten et al., 2007Accretion of pathogenic bacteria on “sticky” micralb

biofilms that develop on environmental microplasiiE an emerging concern (Galloway
et al., 2017; Kirstein et al., 2016; Rummel et2017). Further, some persistent organic
pollutants present in the environment preferentiatisorb and become concentrated on
plastic in the marine environment (Mato et al., PORios et al., 2007; Rochman et al.,
2012; Teuten et al., 2007). Hydrophobic, microptaassociated toxins may have lethal

and non-lethal developmental effects on organisxpssed to them including via trophic



transfer of contaminated particles (Batel et &11& Engler, 2012). For example,
polychlorinated biphenyls impact physiology andvstal in Atlantic salmon
(lwanowicz, et al., 2005; Lerner et al., 2007) anthipeds, the latter via carcinogenic

action (Ylitalo et al., 2005).

Bioaccumulation of microplastic particles and agstec toxins within marine food webs
is a potential threat (Engler, 2012; Eriksson andid@, 2003; Wright et al., 2013).
Microplastic trophic transfer has been observedeargentally in zooplankton (Setalé et
al., 2014) and from mussels to crabs (Farrell aalddh, 2013). Trophic transfer has also
been reported in a predatory fish (Ferreira e28l1,8) and microplastics have been
documented in fish (Rochman et al., 2015) and Besa(Rochman et al., 201%n
Cauwenberghe and Janssen, 3da#dsale for human consumption. A recent study by
Nelms et al. (2018) is the first to experimentalgmonstrate trophic transfer of

microplastic particles from fish to a captive marmammal.

Understanding of the fate and impacts of microptashgested by animals directly or
indirectly through prey is increasing. Laboratorperiments show ingestion of
polystyrene particles negatively affects oystersugh a suite of ecophysiological effects
(Sussarellu et al., 2016) and microplastic uptakiheé musseMytilus edulis, results in
particle circulatory and tissue deposition (Browrale, 2008; Farrell and Nelson, 2013;
von Moos et al., 2012). Detrimental effects of isigen are also known in marine
zooplankton (Cole et al., 2013; Cole et al., 2Q%¥e et al., 2013), lugworms (Besseling

et al., 2013; Wright et al., 2013) and corals (k¢alal., 2015). European sea bass,



Dicentrarchus labrax, fed microplastics showed abnormal intestinaldhigty (Peda et
al., 2016) and Japanese medaka fi¥lyzias |atipes, exposed to virgin polyethylene
particles and polyethylene with chemicals absofb&t the marine environment
expressed hepatic stress (Rochman et al., 20180). i8ported effects in omnivores and
predators (Peda et al. 2016; Rochman et al. 2011%H)2highlight concerns regarding

bioaccumulation of microplastics and associateth®i upper trophic-level organisms.

A handful of studies have examined microplastidytimn in wild marine mammals,
primarily through necropsy of stranded individuaf.21 odontocete digestive tracts
examined from animals that stranded or died irefigs by-catch in Ireland contained
microplastic (Lusher et al. 2017). The gastrointedtiract of a stranded True’s beaked
whale,Mesoplodon mirus, calf also yielded microplastics (Lusher et ab12). Fossi et
al. (2012) examined the blubber of five strandedifhalesBalaenoptera physalus, and
documented relevant phthalate concentrations indbthe five whales, indicating pre-
mortem exposure to plastic; phthalate concentratiorfin whale tissues were

subsequently proposed as a proxy for pelagic miastip pollution (Fossi et al., 2014).

Fewer studies have investigated microplastic poltuin living, wild, free-ranging
marine mammals. Reports of small plastic preseat#at (feces) were mentioned in diet
studies of Hooker’s sea lions (McMahon et al.,198%] Eriksson and Burton (2003)
recovered plastic from the scat of southern henaispfur sealsirctocephalus spp.
Notably, Eriksson and Burton (2003) postulateddisaccumulation of plastics in these

seals via a near-island, oceanic foodweb with tbhgimate prey species fish of the



family Myctophidae. These authors were among tis¢ o recognize the parallel
between the bioaccumulation of plastic in marinemmel foodwebs to that of pesticides,

portending the future nexus of these two typestfirapogenic pollution.

Understanding the extent of biologically meaningfapacts of microplastic pollution on
the health or fitness of individuals or populatisemains nascent and to date primarily
focused on the hypotheses of microplastics as tovéar the transport of contaminants
or rafting species (Teuten et al., 2007; Teutead.e2009; Wright et al., 2013).
Investigations of microplastic pollution are chalied by the potential for sample
contamination both in the field and laboratorynasroplastics (particularly fibers) are
widespread (Lusher et al., 2017; Nelms et al., 20L&lle et al., 2014; Woodall et al.,
2015). Rigorous, transparent, field-based and éxygertal investigations that contribute
to understanding the exposure of wildlife to midespic pollution are warranted

particularly for species of conservation and cuataoncern.

Here, we examine fecal material to investigate eyp® of wild northern fur seals to
microplastic pollution. Bioaccumulation of micropte in this species is of interest as
these seals are harvested for subsistence by maligecommunities. Our research
objective is to investigate if microplastics aregent in northern fur seal scat and

describe any microplastics recovered.

Materials and M ethods

Field Methods



Northern fur seal scat was collected for microptaahalyses from 16 July to 14 October
2015 at three colonies throughout the species’ddritates (U.S.) geographic range.
Locations included St. Paul Island, AK (57.18° NQ227° W), Bogoslof Island, AK
(53.93° N, 168.03° W), and San Miguel Island CA.(3 N, 120.44° W) (Figure 1). A
total of 44 northern fur seal scats were collettgthand using medical grade nitrile
gloves and placed into sterile, polyethylene "WHhiak" 207ml sample collection bags.
Due to the high site fidelity of individual nortlmefur seals on shore (Baker et al., 1995)
scat collection across sites was employed to avagbossibility of collecting multiple
scats from the same animal; as such, scats armeddo be from individual fur seals.
Scat was visually inspectedsitu and samples selected to minimize inclusion of
sediment. For example, samples deposited on rook fa@ored over those found on
sand or soil. Care was taken to avoid plastic fdmertamination of samples during
collection in the field by preventing contact oflection bags and gloves with plastic

items, such as synthetic fleece clothing.

A minimum of two substrate samples were collectdtkre available, from each study
site to serve as controls. Not all areas withirhestady site could be sampled. For
example, in areas with exclusively rock cobbleangé boulder substrate, sample
collection was not possible. As such, substratepgacollection was necessarily
opportunistic and focused on study site areas cte&raed by sandy substrate (beaches).
Substrate samples were collected to explore thenfiat contamination of scat samples

with any microplastics present in substrate, as agterve as controls for scat sample



collection techniques. Substrate was collectedgusierile polyethylene "Whirl-Pak"
sample collection bags ranging in size from 208&4ml and gloves as described
above for scat samples. Substrate samples weeet| from the mid-intertidal to high-
tide line with sampling conducted as near the hida-ine as possible. Approximately

200g of substrate was collected from the surfaceto depth.

All samples were labeled with date of collectioamnple type (scat or substrate), and
location. Samples were collected under the authofithe U.S. National Marine
Fisheries Service (NMFS), Marine Mammal Marine Bectibn Act research permit

#14327-01 issued to the Marine Mammal Laboratory.

Laboratory Methods

Scat samples were frozen and stored in the saropéeton bags until thawed in the
unopened bags at room temperature overnight griprdcessing. All material in each
fecal sample was processed. Thawed fecal mateashomogenized in the sample bags
by adding 1 to 3 drops of DafttUltra Original Dishwashing Liquid soap and
approximately 75ml of water followed by manual agdan of re-sealed sample bags. The
resulting fecal slurry was rinsed with water thrbugyo stacked, cylindrical stainless-
steel mesh sieves each of 20cm diameter, 5cm depitivith mesh sizes of 500pum and
250um, respectively. Sieving of the fecal slurrysviecilitated by the use of a clean
metal spatula and sieve walls were carefully ringéaterial remaining in the 500um
sieve was visually inspected using a LUXO brandKhzaster IM12D model Fluorescent

Magnifier at 2.2 times magnification to identifyregpicuous microplastics. Microplastics



identified at this stage were extracted from th@ 5@ sieve with antimagnetic stainless

steel ultra-fine tip forceps and archived in newn2@lass scintillation vials.

To investigate the presence of smaller, crypticragtastics, the remaining material in
both sieves, inclusive of sieve walls, was cargftilsed with water into conical
unbleached paper filters fitted over glass jarkeFpaper containing the sieved sample
material was folded tightly effectively creating@aled filter paper “envelope.” The
envelope with sample inside was placed in a dryorogn overnight to desiccate the
sieved sample matrix. Initially, the dried samplatnx was decanted from the filter
paper into new 20ml glass scintillation vials usedtore samples until further
processing, but concern arose regarding the abdlignsure full sample transfer. To
reduce the possibility of sample loss during trandtie entire folded filter paper
envelope with processed sample intact was substyyédgced into the glass

scintillation vials for storage prior to furtherqmessing.

Further processing of sieved samples to identifyroplastics was adapted from methods
detailed in Masura et al. (2015) and summarizedvibehll material in vials was emptied
using distilled water and the mass of dried, lath&ials and caps measured. Samples
were dried to determine dry mass, exposed to 308«olggn peroxide ($O,) at 75°C to
digest most organic material, and placed in a sawolution to increase the solution
density. Samples remained in a density separasggonical funnel covered with
aluminum foil sheeting) overnight to allow lowemséy material to rise and higher

density material to sink. Higher density materiatihe bottom of the funnel was drained



off and the remaining lower density, suspended natecluding putative microplastics
sieved through a custom-made sieve with Nytex ni28bm diameter, 5cm depth) with
pore size of 330um and dried while covered withmahwm foil sheeting overnight.
Sample remaining was visually inspected using gmPus C0111 dissecting

microscope at 40X magnification.

All recovered microplastics were visually classifi® one of four particle types:
fragments, fibers, film, and foam. Each partickgardless of type, was subsequently
assigned to one of five size ranges: <lmm, 1 to 2&hta 5mm, 5 to 10mm, and >10mm
using the longest axis. Recovered particle col® atao determined visually and
recorded. Microplastics recovered after full prateg were archived in their original

sample vials.

Substrate samples were also processed using thedsadetailed in Masura et al. (2015)
as summarized below. Two hundred grams of substyatbe entire sample if less than
200g, was used and mass recorded. The wet sedwasrithen dried and dry mass
determined. The dry sample material was exposed t&gual volume of potassium
metaphosphate to disaggregate the sediment, &icijtthe presentation of individual
sediment particles, rather than clumps. This samgl&ix was washed and the material
was dried again after being rinsed in a cylindrgtainless-steel sieve with pore size of
330um. The sample was then mixed in 150ml of lithmetatungstate to allow for
separation of lower density material from highengity material. All liquid was then

poured off and the solution containing lower densigterial rinsed again in a 330um
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sieve. The material remaining on the sieve wasstegired to a beaker and dried. The
sample material remaining was subject to the wedpge oxidation, visual inspection,

and recovery of microplastics as described abowvedat samples.

These methods are applicable for the determinationany common plastics including
polyethylene (0.91-0.97 g/mL), polypropylene (OgdthL), polyvinyl chloride (1.4
g/mL), and polystyrene (1.05 g/mL). Microplastidods was thus operationally defined
as any solid material in the appropriate size rg@dg&mm to 5 mm) that is resistant to
wet peroxide oxidation, exhibits flotation in a 5SMACI (d=1.15 g/mL) or ~5.4 M
lithium metatungstate (d=1.62 g/mL) solution, andsequently passes positive visual
inspection under a microscope at 40X power. Vigugection was inclusive of putative
microplastic particles remaining intact after plegdimanipulation and scoring using

forceps.

Contamination control measures were implementezlitiirout project activities

including focused attention on laboratory hygieDering all laboratory work, cotton
laboratory coats were worn over street clothing mitrile gloves used. All materials used
were carefully washed, dried with low-lint wipesdanspected visually for any plastic
material that could contaminate samples. As desdrébove, metal and glass equipment
and supplies were used wherever possible. A plaatish was included as an identified
laboratory control sample and brush tines and a@pstg of the handle collected for
analysis. In addition to the substrate sample ot)ttwo additional types of laboratory

controls were designed to specifically reveal amytamination of both scat and substrate
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samples during processing. First, blank samplesc@uiural blanks) were processed
contemporaneously and identically to actual sampldseach batch of samples to
evaluate and serve as controls for potential com@inon during processing by nitrile
gloves, sample collection bags, filter paper, digflwng soap, faucet plumbing and rinse
water, or other procedural sources. Second, whiea¢hed) filtration papers placed
inside a standard glass petri dish were expos#tetair in the laboratory immediately
adjacent to sample processing locations for thatour of sample processing. These
filters were visually inspected daily using a digs®y microscope at 40X magnification
for airborne microplastic deposition. When not lgemanipulated, a watch glass covered

samples at all times during processing to furtherinmze potential contamination.

A Perkin-Elmer Spectrum 100 Fourier-transform irédca(FTIR) spectrometer was used
to identify the polymer composition of two repretgive microplastics fragments from
scat samples and the plastic laboratory brush alonScans were compared to cataloged

scans to determine the polymer-type.

Satistical analysis

Logistic regression analysis was used to evaluattenpial differences in the prevalence
(presence/absence) of microplastic in scat andsuegby study site) and controls
(blank and air). We also tested whether scat saw@eanted from filter paper during
processing differed from those processed withrfpgper intact. The number of

microplastic items recovered from each positive@andefined as a sample containing

12



at least one microplastic particle, were also aedyfor differences among study site,
particle type, and processing (with and withougfilpaper) using linear models.
Normality was improved by log-transforming the nuenbf microplastic particles per

positive sample prior to fitting linear models.

Results

Microplastic fragments and fibers were recoveredfinorthern fur seal scat at all study
sites; no foams or films were recovered from s&atotal of 398 microplastic fragments
and 186 fibers were documented in the 44 scatsiexaniTable 1 and 2). Contamination
controls revealed no scat contamination with notlegenous microplastic fragments, as
evidenced by the absence of any microplastic fragsne substrate samples or
laboratory controls. However, some fibers were veoed from controls as presented in

Table 2.

Microplastic Fragments

Microplastic fragments were the most common typpaoticle recovered, present in 55%
of scats (24/44) across all sites and accountin§36é6 of all particles recovered (Table
1). Fifteen scat samples (10 from St. Paul Islardi®from San Miguel Island) decanted
into scintillation vials during initial processitad lower (p = 0.01) presence of
fragments (4/15 samples or 27%) than those prodesisiein their filter paper envelopes

(20/29 samples or 69%). However, controlling fas tfference in processing method,
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there was no difference in the probability of preseof microplastic fragments in scat by

location (p = 0.28).

The number of microplastic fragments per positiva sanged from 1 to 86 and was
highly variable at all locations (Table 1). Thetdizution of the number of fragments per
positive scat was right-skewed and normality wagrowed by log-transforming the data.
As noted above, four of the 15 scat samples (thiozme St. Paul Island and one from San
Miguel Island) decanted into scintillation vialsrohg initial processing contained
microplastic fragments. The number of fragmentsitbin those four samples was
significantly lower than among samples processeteir filter paper envelopes (p =
0.03). Among the 20 samples positive for fragmamis processed with their filter paper
envelopes, those from St. Paul Island had sigmiflgdigher numbers of fragments per

scat than those from Bogoslof Island or San Migsiahd (p = 0.005).

Of the 398 microplastic fragments recovered froat,sall but one were identified and

recovered after wet peroxide oxidation and dersgfyaration treatments. All fragments
recovered after these treatments (N = 397) wergawhicolor. A single fragment, blue in
color and 7mm long by 2mm wide, was recovered feo§t. Paul Island scat after initial

sieving at 500um. All recovered fragments possessagllar edges.

Most microplastic fragments recovered from sca®gB#ere <1lmm in size though all

size classes up to 10mm were recovered (TablehB)n€xt most numerous fragment

14



size class was 2 to 5mm, representing 10% of ediwvered fragments. Just two fragments

were recovered from 5 to 10mm in size; no fragmeseie recovered >10mm in size.

No contamination of scat samples with non-endogemaigroplastic fragments was
found; no microplastic fragments were recoverechfemy laboratory controls

(procedural blanks or filters exposed to air) dytate samples at any site (Table 1).

The polymer composition of two fragments from tweats collected on St. Paul Island
including the blue plastic fragment described abawve one representative white
fragment, was low density polyethylene. Fundingttions prevented comprehensive
FTIR analysis of additional recovered fragmentse identified laboratory control
sample (plastic brush) was composed of differehtrpers than recovered fragments

tested; brush tines were polyvinyl chloride andshrbandle scrapings were found to be

polypropylene.
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Table 1. Number and size of microplastic fragmeetevered from northern fur seal scat
and control samples (procedural blanks, filtersosegl to air in the laboratory near
sample processing, and substrate samples). Megmédrgs per positive sample

calculations include only those scats containinigast one microplastic fragment.

Number of fragments/size class
Samples Mean number of
L ocation Sample Sa'.“p'e with fragmentg/positive (mm) Total
Type Size fragments sample (sd)

<1 | 12| 25| 510 | >10
St. Paul Is., AK Scat 18 10 28.0 (sd 26.4) 287 P47 |1 2 0 280
Bogoslof Is., AK Scat 17 10 9.3 (sd 7.4) 66 v 0] D 0 93
San Miguel Is., CA Scat 9 4 6.3 (sd 3.0) 2p 1 2 0 0 25
Subtotal Scat a4 24 16.6 (sd 19.1) 325 | 32 | 39 2 0 398
Substrate control | g oo 6 0 0 (0) ol o d o 0 0
(all sites pooled)
Laboratory control Blank 19 0 0 (0) 0 q ¢ 0 Q 0
Laboratory control Filter-air 19 0 0 (0) 0 q ¢ 0 g o

Microplastic fibers

Seventy-one microplastic fibers were recovered framthern fur seal scat at all study
sites (Table 2). Fibers were present in 41% afedk samples (18/44). The proportion of
scats positive for microplastic fibers did not diflepending upon whether samples were
decanted into scintillation vials or processed whikir filter paper envelopes (p = 0.46).
There was also no difference in the proportioncats positive for microplastic fibers

among locations (p = 0.37). The number of fibenspmsitive scat ranged from 1 to 18.

Fibers recovered from scat samples included al dasses though smaller fibers were
more common (Table 2). Over 70% of fibers recovevece in the smallest two size

classes, together accounting for fibers <2mm ia.9kn additional 28% of fibers
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recovered from scat were between 2 and 10mm in Sie=color of fibers recovered

from scat samples included black, white, purplagbted, yellow, and clear.

A total of 45 microplastic fibers were also recaaefrom substrate samples for both
Alaska locations; no fibers were found in San Midgekand substrate (Table 2). The
number of fibers per positive substrate sampleedrigpm 11 to 18. The color of fibers

recovered from substrate included black, whiteeband red.

Unlike microplastic fragments, fibers were foundahoratory controls, including
procedural blanks and filters exposed to air (T@&hld-orty-seven percent (9/19) of
procedural blanks contained one or more fiberpositive blanks, from 1 to 6 fibers
were recovered per sample; on averagesd.2,1 fibers per positive blank. In total, 22
fibers were recovered from procedural blanks. Thgonity of fibers recovered from
procedural blanks were <1mm in size (13/22) (T&)l& he color of fibers recovered

from procedural blanks included black, white, pargilue, and green.

Microplastic fibers were also recovered from fit@xposed to ambient laboratory air
near locations where samples were being proceSssenty-four percent (14/19) of air
filters were positive for fibers. Of positive filg from 1 to 10 fibers were recovered per
filter, on average 3.5d 2.6 fibers per positive filter. Of the 49 fibeecovered from air
filters, 41 or 84% were <1mm in size, with the remray 8 fibers 1 to 2mm in size (Table
2). The color of fibers recovered from filters imded black, white, purple, blue, red, and

clear.
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As there were multiple control samples in which noydastic fibers were found, we

tested whether there were any differences in peexal (presence/absence) among the
study locations and the three control classes guha@l blank, filter exposed to air, and
substrate). Among all sample types, air filter colstwere found to have a significantly

higher prevalence of microplastic fibers than scabstrate, or procedural blanks (p =

0.04). We also tested the log-transformed numbébefs per positive sample, i.e.

limited to samples with at least one fiber, forslmple typesSubstrate had

significantly higher numbers of fiber than othemgde types (p = 0.002).

Table 2. Number and size of microplastic fiberoxered from northern fur seal scat and
control samples (procedural blanks, filters expdsedir in the laboratory near sample
processing, and substrate). The mean number o&ffer sample calculation includes

only those samples positive for fibers.

Number of fiber g/size class (mm
L ocation S?%‘Z}' € Sa;rj;zl € Savl;?f Aes o;vlf Ft?gr ng(r)n;) t(ie:/e Sl Total
fibers sample (sd) <1 1-2 | 25| 510 | >10

St. Paul Is., AK Scat 18 9 3.1(sd 3.2) 2D 2 D 0 28
Bogoslof Is., AK Scat 17 7 5.1(sd 3.9) 16 5 L D 36
San Miguel Is., CA Scat 9 2 3.5(sd 0.7) 3 3 0 o 7
Subtotal Scat 44 18 3.78 (sd 3.4) 39 21 10 1 0 71
St. Paul Is., AK Substrate 2 2 11.5(sd 0.7 b 53 1 23
Bogoslof Is., AK Substrate| 2 2 11.0 (sd 4.2) 4 8 3 0 22
San Miguel Is., CA Substratg 2 0 0 (sd 0.0) 0 00 0 0
Laboratory control Blank 19 9 2.4 (sd 2.1) 1B (0] 5 0 22
Laboratory control Filter-air 19 14 3.5(sd 2.6) 4 8 0 0 0 49
Total 102 48 23 13 1 187

Microplastic foam and film




No microplastic foam was recovered from scat ootatory controls. Two foam patrticles
were recovered from one substrate sample from SgnéWlisland. These two foam
particles were 1 to 2mm, and 2 to 5mm, in sizeeesypely. No microplastic film was

recovered from any sample type or control sample.

Discussion

This study is the first to investigate and docuntbatpresence of microplastic pollution
in northern fur seals, a North Pacific Ocean piedipf conservation and cultural
importance. The Eastern Pacific Stock of the nortlfigr seal is depleted due to a
persistent decline in abundance owing to unknowrses (Muto et al., 2016; Towell et
al., 2006). Northern fur seals are also a subsistésod source and cultural resource for
Native Aleut communities. The presence of micrapdgsollution in seals at all study
sites and in over one-half of all scats examinedotmrate the occurrence of this type of

pollution in upper trophic-level marine predators.

The finding that the proportion of scats containmigroplastic fragments, and number of
fragments found per positive scat, was signifigalttver for the minority of samples
processed by decanting into scintillation vialssusrthose processed in their filter paper
envelopes suggest some microplastic fragments M«etg lost during the decanting
process, perhaps remaining attached to the fiipep An alternative explanation, that

the filter paper itself was contaminated with muestic fragments, is refuted by the fact
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that no fragments were found in any of the procaldoianks, which included filter paper.
In consideration of these findings, the reportedrall prevalence of microplastic
fragments in scat (55%) is likely to be negativielgsed. Actual prevalence of fragments
in scat may be more closely approximated by the 69%tats processed in their filter
paper envelopes (20/29) that contained fragments.tD suspected fragment loss, the
number of fragments per positive scat at St. Pdahtl and San Miguel Island is likely

underestimated.

The prevalence of microplastic pollution we repsmdifficult to place in context as few
studies of this anthropogenic pollution in wild nm& mammals have been conducted.
Eriksson and Burton (2003) recovered a total of di&4ll plastic particles from 145 scats
of Southern Ocean fur seafsctocephalus spp., in the early to mid-1990s though only
reported data for scat samples positive for plaptiecluding comparison of frequency of
occurrence. A later study éf ctocephalus spp. (Ryan et al., 2016) at different locations
using the methods of Eriksson and Burton (2003hdowmio plastic. Microplastics were
recoveregost mortem from the digestive tracts of 12% of 107 harbolsd#oca

vitulina, in the Netherlands, but none recovered from @@tvo Rebolledo et al., 2013).
However, the harbor seals examined had all diedrasult of a phocine distemper virus
mass mortality (Harkonen et al., 2006) and intdgtien of these results in relation to
healthy animals uncertain. In a study of captiveygealsHalichoerus grypus, fed wild-
caught Atlantic mackerefcomber scombrus, Nelms et al. (2018) showed that nearly
one-half (48%) of grey seal scats contained miastps, somewhat lower than the 55%

to 69% prevalence of microplastic fragments we refoo wild, free-ranging northern fur
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seals. The contamination protocols employed by Nedtal. (2018) and in this study

increase confidence in these estimates.

Our predominance of fragments is consistent wiét teported for pinnipeds (Eriksson
and Burton, 2003; Nelms et al., 2018). The numlibéragments per positive scat we
report is greater than the 1 to 4 reported for Bitdithern Ocean fur seals, possibly as a
result of Eriksson and Burton (2003) focusing aasfit>= 500um. Our recovery of
fragments sized 330um to 500um allowed for a greste range, and likely number, of
fragments recovered. This is also reflected insmoallest size class representing over
80% all fragments recovered. Our second most confragment size class at 2 to 5mm
is the most common fragment size recovered fronitgon Ocean fur seals (Eriksson
and Burton, 2003). The predominance of smaller oplastic fragments is biologically
meaningful as the bioavailability of microplastinsreases with decreasing patrticle size
allowing uptake by organisms in lower trophic gail@alloway et al., 2017; Wright et
al., 2013). The majority of fragments recovereceharthe smallest size category indicate
high bioavailability at multiple trophic tiers whianay facilitate trophic transfer of this

pollution.

With the exception of the single blue microplastagment recovered during the initial
500um sieving, the white color of all fragmentsonsgred after full processing is
unexplained. Virgin experimental polyethylene maestic particles have been shown to
be resistant to color bleaching during oxidatiomfanic material with 30% 1@, at

55°C for 7 days (Avia et al., 2015), though we aatreliminate the possibility that our
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higher HO, processing temperature of 75°C resulted in particler bleaching. Particles
recovered here have also been ingested and p&sesadh the gastrointestinal tracts of,
at minimum, one mammalian predator (northern faf)s&astrointestinal residence time
of microplastics transported in food webs and aased exposure to animal generated
digestive acids might also affect color, thougls isiunknown. Environmental
conditions, including photo-degradation, that resumacroplastic fragmentation to
microplastic may also fade polymer coloration (Aamtly, 2015). The above
notwithstanding, white was also the most commonorcol plastic recovered from
Southern Ocean fur seal scat (Eriksson and Bu2ta®3) as well as North Pacific pelagic
predatory fish (Choy and Drazen, 2013). It is palssiish are disproportionately
ingesting white-colored microplastics, perhaps wuenhanced visibility/contrast of this

color particle, and this is subsequently reflectepredators’ scat.

The lack of differences among study sites in tlogprtion of scats positive for
microplastic fragments was surprising given theetsity of sites and underscores the
pervasive nature of this pollution. The three stadgs, spanning over 4,500km and 23
degrees latitude, vary in climate and relationsbipuman population centers. St. Paul
Island is a subarctic Bering Sea island over 50Grom mainland Alaska with
approximately 500 residents, primarily Native Alask (U.S. Census, 2010). Bogoslof
Island is an uninhabited, undeveloped 0.62 kabarctic island 379 km southeast of St.
Paul Island and presently experiencing morphologanges due to active vulcanism
(USGS, 2018). In contrast, San Miguel Island isuald®O0km offshore of the heavily

populated and developed California coastline. Tdresistency of microplastic fragments
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in scat from these three locations, coupled withahsence of fragments in any substrate

samples, suggests seals are ingesting microplastsesa.

Summer foraging locations and associated prey ddages of fur seals at the three
study sites are geographically distinct (Kuhn et2014; Zeppelin and Orr, 2010)
implying the seals are exposed to microplasticytioh via diverse prey taxa.
Distribution of seals from all the study locatiaths overlap to some degree during the
winter through spring migration. Thus, while miclagtics recovered from scat in this
study seem likely to reflect foraging during Jutydugh October, the possibility exists
that the microplastics derived from a common mignategion and were retained in the

seals’ digestive systems for some months.

Fur seals in the Eastern Pacific Ocean consume2ispecies of prey including
cephalopods, polychaete worms, and fish (Zeppelth@rr, 2010; Zeppelin and Ream,
2006). Among the numerous forage fish are thogheofamily Myctophidae, previously
implicated in the trophic transfer of microplastiosSouthern Ocean fur seals (Eriksson
and Burton, 2003). The higher number of microptaBagments in St. Paul Island seal
scat may reflect ingestion of prey species withatgemicroplastic burden. Our data do
not allow discernment of the origin of microplastiecovered to direct ingestion, indirect
ingestion via prey, or incidental ingestion via taminated seawater while foraging.
However, the bioavailability of the smaller-sizedgments recovered, coupled with
varied fur seal foraging locations and diet, aneststent with widespread trophic transfer

of microplastic pollution to a top ocean predatarrther, the absence of any microplastic
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fragments in any substrate samples or laboratamyrais strongly support that recovered
microplastic fragments were endogenous to scateandot attributable to field or

laboratory contamination.

Though microplastic fibers were recovered from mewhat lesser proportion of scats
than fragments, unlike fragments, fibers were edsovered from laboratory controls
including procedural blanks confounding interpretatiue to probable contamination.
The finding that air filter controls were more lik¢o be positive for fibers than other
sample types indicates airborne contamination blyiant fibers almost certainly
occurred during laboratory processing. All fibetars found in scat, except one (yellow),
were also recovered from controls further sugggstontamination. It is possible fibers
recovered from substrate and scat samples wergendos. However, the four colors of
fibers found in substrate, white, black, blue, aed were also found both in scat and
controls, preventing definitive determination oflegenous fiber in substrate. The higher
number of fibers per positive sample for Alaskastidie may also reflect higher

substrate sample masses as compared to scat.

The difficulty in conducting microplastic studieselto potential contamination is
increasingly acknowledged (Lusher et al., 2017 nideét al., 2018; Nuelle et al., 2014;
Woodall et al., 2015). Laboratory processing of g for microplastics within a
positive pressure laminar flow hood as employedibims et al. (2018) is optimal,
though we show this may not be as critical for in@gt recovery versus fiber.

Reasonable laboratory contamination control measaseemployed here appear effective
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for microplastic fragment analysis. The absencanyf microplastic fragments in any
substrate samples or laboratory controls stronggypsrt that microplastic fragments
reported here were endogenous to scat and arétribtiable to field or laboratory
contamination. The difficulty in microplastic fibanalysis due to contamination has led
some studies to omit fibers from consideration (Bek al., 2014; Goldstein and
Goodwin, 2013; van Cauwenberghe et al., 2013) dondeasic science approach to fiber
analysis recommended (Woodall et al., 2015). Comamnon may also occur during
sample collection in the field, even when contartiammeasures are employed and
collection dedicated to microplastic study (Lusetal., 2017, Hidalgo-Ruz et al., 2012).
As such, use of archived environmental samplegct@t opportunistically or for other
investigations and subsequently analyzed for mlestjzs require conservative
interpretation, particularly with regard to fibe@ontamination control measures and
assessment, as well as the use of extensive saomgi®ls, is warranted in microplastic
research. Reporting of detailed methodology inekisif contamination control measures
and outcomes, as we report here, is important\taram research on microplastic

pollution.

Conclusions

We demonstrate that northern fur seals are exposedcroplastic pollution throughout

their U.S. range as evidenced by fragment excraéticcat. The non-invasive collection

and examination of fecal material for evaluating@sure of northern fur seals to

microplastic pollution was effective, though contaation control measures indicated an
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unknown level of contamination with microplastibdrs. Due to unknown ingestion and
egestion rates of microplastic by seals, explonatibalternative, humane sample
matrices to detect exposure to environmental glastmarine mammals, inclusive of
phthalate tracers, is recommended. Equally imporsaime ongoing evaluation of the

relative threat posed by microplastic bioaccumatatn top predators, including humans.
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Figure 1. Location of study sites where northemstal fecal samples were collected in
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