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Plastic pollution is a contaminant of global concern, as it is present even in remote ecosystems – like the Arctic.
Arctic seabirds are vulnerable to ingesting plastic pollution, and these ingested particles are shed in the form of
microplastics via guano. This suggests that Arctic seabird guano may act as a vector for the movement of
microplastics into and around northern ecosystems. While contaminant-laden guano deposition patterns create
a clear concentration gradient of chemicals around seabird colonies, this has not yet been investigatedwith plas-
tic pollution. Here we tested whether a contaminant gradient of plastic pollution exists around a seabird colony
that is primarily comprised of northern fulmars (Fulmarus glacialis) in the Canadian Arctic. Atmospheric deposi-
tion, surfacewater, and surface sediment sampleswere collected below the cliff-side of the colony and at increas-
ing intervals of 1 km from the colony. Fulmars were also collected when foraging away from their colony.
Microplastics and other anthropogenic microparticles were identified in all three environmental matrices as
well as fulmar guano. Fibers were themost common shape in fulmar guano, atmospheric deposition and surface
sediment, and fragments were the most common shape in surface water. We did not find a gradient of
microplastic concentrations in environmental matrices related to distance from the colony. Combined, these re-
sults suggest that fulmars are not the primary source of microplastic around this colony. Further research is war-
ranted to understand sources ofmicroplastics to the areas around the colonies, including towhat extent seabirds
transport and concentrate microplastics in Arctic ecosystems, and whether concentrations proximate to large
colonies may be species dependent.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Plastic pollution is a pervasive contaminant found throughout the
globe, including remote ecosystems like the high Arctic. A variety of
sources and pathways bring plastic pollution to the Arctic, including
fishing and shipping vessels as well as long range transport via the
atmosphere, (Bergmann et al., 2019), ocean currents (Cózar et al.,
2017), and sea-ice (Peeken et al., 2018). Local litter from land is
also a contributor due to a lack of infrastructure to manage waste
(Linnebjerg et al., 2021). Plastic pollution is complex in that it is
both a physical and chemical stressor ranging in size and material
type (Rochman et al., 2019). Although the most tangible plastic pol-
lution across the marine environment are macroplastics (>5 mm),
there is an increasing interest in microplastics (<5 mm).
Microplastics are a result of macroplastics breaking up in the envi-
ronment as well as entering directly from road run-off (e.g., tire
dust; Kole et al., 2017), residential effluent (e.g., microbeads or
microfibers; Napper and Thompson, 2016), and industrial activities
(e.g., pre-production pellets; textiles; Mahon et al., 2017).

Microplastics have been identified in a variety of Arctic biota, includ-
ing benthic organisms (Fang et al., 2018), fish (Morgana et al., 2018;
Kühn et al., 2018), cetaceans (Finley, 2001; Moore et al., 2020), and sea-
birds (Trevail et al., 2015; Poon et al., 2017; Baak et al., 2020). The ubiq-
uity of microplastics in the Arctic environment and its wildlife have led
to anurgent need to understand the transport, fate, and impacts of these
small particles. Seabirds are often used as bioindicators of ecosystem
health (Piatt and Sydeman, 2007; Mallory et al., 2010) and have suc-
cessfully been used to monitor the abundance and distribution of ma-
rine plastics (van Franeker and Law, 2015). Seabird studies have
provided evidence of plastic ingestion and internal retention (van
Franeker and Law, 2015), aswell as latitudinal gradientswith less inges-
tion closer to the poles (Provencher et al., 2017; Avery-Gomm et al.,
2018).

Migratory seabirds such as northern fulmar (Fulmarus glacialis;
herein after fulmar) have been a long-standing indicator of plastic pol-
lution in the Arctic environment (Provencher et al., 2017). Plastic debris
has been documented in the stomachs and digestive tracts of fulmars
since the 1970s (Bourne, 1976; Baltz and Morejohn, 1976), and have
been used as a biological indicator in the North Sea since the 1980s
(van Franeker et al., 2011). There are several fulmar breeding colonies
in the Arctic, with themajority located on sheer cliffs and often near po-
lynyas (i.e. open water surrounded by sea-ice; Mallory, 2006). Fulmars
are generalist, opportunistic predators consuming zooplankton, squid,
and fish and frequently feed on the water's surface (Mallory et al.,
2012). During the breeding season, fulmars will fly hundreds of kilome-
ters from their nest to feed but will return to central locations. Fulmars
integrate across the environment surrounding their colonies; thus,
studying these seabirds at their breeding colony provides valuable in-
formation on recent environmental conditions (Mallory, 2006).

Seabird guano has been reported as a vector for chemical contami-
nants to enter and concentrate in the areas surrounding colonies
(Blais et al., 2005; Sühring et al., 2021). Higher levels of contaminants
in environmental matrices around fulmar colonies (Blais et al., 2005)
suggests this pattern may also be true for microplastics, as they have
also been found in fulmar guano (Provencher et al., 2018). However,
no studies have examined whether microplastics concentrate below
seabird colonies as found with chemical contaminants.

During the 2018 breeding season, we collected samples around the
Qaqulluit National Wildlife Area (NWA) on the eastern shores of Baffin
Island to evaluate the fate and contamination of microplastics in an Arc-
tic ecosystem. In 2018, Qaqulluit was home to ~25,000 breeding pairs of
fulmars (Mallory et al., 2020). Fulmars are generally present in this area
for approximately 75 days each breeding season (Gaston et al., 2006). In
this study, we quantified and characterized microplastics in atmo-
spheric deposition, surface water, and surface sediment in 1 km incre-
ments away from the fulmar colony. Our objective was to determine if
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microplastics decreased as distance from the colony increased (i.e. a de-
creasing gradient), and to explore patterns of microplastics across sam-
ple matrices to assess the sources and fate of microparticles in this
coastal ecosystem. Due to the environmental ubiquity and diversity of
microplastics, we expected the presence of microplastics in all matrix
types to have a diverse morphological and material makeup. Given
that guano is known as a vector for contaminants to areas around colo-
nies, and that microplastics are found in seabird guano (Provencher
et al., 2018; Bourdages et al., 2020), we predicted that the abundance
of microplastics would decrease as distance from the colony increased,
resulting in a concentration gradient – suggesting that fulmars are a
source of microplastics to this region.

2. Materials and methods

2.1. Field sampling

Field sampling was conducted 10–12 August 2018 around the
Qaqulluit NWA located in the Qikiqtani Region of Nunavut near the
community of Qikiqtarjuaq (Fig. 1; Fig. S1). Sampling locations were
identified through Inuit Qaujimajatuqangit (IQ), or Inuit traditional
knowledge, shared by local communitymembers of Qikiqtarjuaqduring
the collaborative planning and fieldwork portions of the study. IQ re-
garding environmental factors such as wind and ocean current patterns
around Qaqulluit were determining factors in choosing sampling loca-
tions. Three environmental matrices were sampled and included atmo-
spheric deposition, surface water, and surface sediment. In this paper
we also include data collected from fulmar guano, which is reported in
Bourdages et al. (2020). Environmental matrix samples were collected
directly underneath the fulmar colony, on the western edge of the col-
ony (~0.5 km), and at 1 km increments up to 12 km away from the col-
ony. Sampling occurred on the southern edge of the island and
continued in a southwestern direction away from the colony.

Atmospheric deposition samplingwas conducted using a passive air
sampler consisting of pre-cleaned, medium-sized glass petri dishes
lined on the top and bottom with double sided sticky tape. These pas-
sive sampling devices were assembled in a clean cabinet at Environ-
ment and Climate Change Canada's National Wildlife Research Centre
prior to field sampling. At each site, three open devices (for a total of
six open surfaces) were laid out in a random orientation on the ground
(n = 3) within a 2.5 m radius of one another and between 5 and 15 m
above the high tide mark. Passive samplers were deployed for
24–48 h periods due to time constraints in deploying all samples in
one day. Upon retrieval, passive samplers were taped closed, labeled
and stored in resealable plastic sampling bags. Samples are reported in
particles/m2/per day.

Surface water samples were taken in 1 km increments away from
the colony with a total of 11 sites (n = 1 sample per site). Surface
water trawls were conducted for 10 min using a nylon 100 μm surface
trawl (Hydro-Bios, Cat: 438214, Denmark) with a trawl opening of
70 × 40 cm and a bag length of 260 cm. Once a 10-min trawl was com-
pleted, the trawl net was rinsed from the outside with seawater to en-
sure all particulate matter was captured in the cod end. The cod-end
was then removed, and the contents were rinsed into ametal funnel ap-
paratus with a 100 μm filter. Once all particulates were rinsed into the
funnel, the filter was removed and placed into a pink resealable plastic
sampling bag (n = 5). Excessive filter clogging occurred due to the
high abundance of phytoplankton. Therefore, this last filtering step
was halted for some samples, for which the filter and undrained water
mixed with particulates were rinsed into a pink resealable plastic sam-
pling bag (n = 6). All samples were kept cool and stored for transport.

Surface sediment samples were also taken in 1 km increments away
from the colony, for a total of 12 sites,with three replicates taken at each
site (n = 3). Sample replicates were at least 50 cm apart, 1–5 m below
the highest tide mark (i.e., the wrack line) and ≤5 cm beneath the sur-
face. Samples were acquired by scooping sediment from the surface



Fig. 1. Aerial map depicting the location of the Qaqulluit National Wildlife Area. The star indicates the fulmar colony; the black box indicates the sampling area; the arrow indicates the
direction in which sampling was conducted.
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directly into pre-cleaned glass jars. The jar opening was covered with
tinfoil and closedwith a lid. The glass jarswere then kept in field coolers
until transport to the lab, where they were refrigerated until analysis.

Northern fulmars were sampled by members of Acadia University,
Environment and Climate Change Canada, and local Inuit hunters from
Qikiqtarjuaq. We shot fulmars with a 12-gauge shotgun while birds
were feeding away from their breeding colonies. Carcasses were stored
in individual bags, frozen, and shipped to Iqaluit where they were dis-
sected at Nunavut Arctic College, and shipped to Acadia University
and Carleton University for analysis. Further details can be found in
Baak et al. (2020).

2.2. Laboratory analysis

Suspected microplastics and other anthropogenic microparticles
(hereafter anthropogenic microparticles) from atmospheric deposition
were quantified via stereo microscopy (Stereo-microscope, AmScope,
3

Irvine, CA, USA). When a microparticle was identified, it was circled
with a fine-tipped marker, numbered, and categorized by shape (i.e.
fiber, fiber bundle, fragment, film, foam) and broad colors (i.e. black,
blue, brown, clear, green, grey, orange, red, pink, purple, yellow, white;
Provencher et al., 2017). Quantification was only conducted on the bot-
tom of each petri-dish. To account for procedural contamination during
laboratory processing, a laboratory blank (i.e., a clean petri-dish lined
with double-sided tape) was placed on the benchtop for the duration of
processing one sample and repeated for every 10 samples (n = 5).

Surface water samples and affiliated field filters were transferred
from resealable plastic bags into cleaned glass beakers. Each filter was
thoroughly rinsed with deionized water into the glass beaker. Field fil-
ters were inspected after rinsing and any particles remaining on the fil-
ters were recorded. To reduce sample volume before further processing,
sampleswerefiltered through 80 μmnylonfilters (MS®NylonMesh Fil-
ter,Membrane Solutions); any organicmaterial>80 μmwasplaced into
a separate clean beaker for digestion. Samples were then treated with
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30% hydrogen peroxide (H2O2), placed in a water bath and heated to
50 °C for 24 to 48 h.

Due to a high abundance of organic matter, chemical digestions were
unsuccessful. Thus, these samples were analyzed using a metal spoon
and inspected one spoonful at a time. Identified particles were quantified
following the same protocol outlined previously. Due to time constraints,
only five sampleswere completed at the time of this study. The remaining
six sampleswere not quantitative and thuswe did not include them in the
overview of concentrations among matrices or regression analysis. For
every sample processed, laboratory blanks were taken using deionized
water in clean beakers covered with aluminum foil, which were uncov-
ered and exposed to air each time the sample was exposed to air (n= 5).

Surface sediment sampleswere transferred to clean pre-weighed bea-
kers prior to processing. Samples were then covered with aluminum foil,
placed into a drying oven at 50 °Cuntil dry andweighed to acquire the dry
weight (g). They were then treated with 30% H2O2 and heated in a water
bath at 50 °C to digest organic material. Following the H2O2 treatment,
~300–400 ml of filtered calcium chloride (CaCl2) solution was added to
the samples, stirred for 2min, and left overnight to separate. After separa-
tion, the supernatant was filtered through an 80 μm nylon filter (MS®
Nylon Mesh Filter, Membrane Solutions). The filters were inspected via
stereo microscopy (LeicaS9, Leica Microsystems Inc.) and all suspected
anthropogenic microparticles were extracted, placed onto double-sided
tape, labeled and categorized by shape and color. Laboratory blanks
were processed for each site (i.e. one blank for every three samples)
and followed the same protocols as for the water sample blanks (n =
12). After sample processing was complete, the laboratory blanks were
filtered through clean 80 μm nylon filters, which were inspected via ste-
reo microscopy, and any particles found were recorded.

The last approximately 10 cm of the gastrointestinal tracts (GIT) of
fulmars (n= 27; including a segment of the small intestine and the clo-
aca; referred as guano hereinafter) were chemically digested using 10%
potassium hydroxide (KOH) heated to 50 °C for 24–48 h until most of
the organic material was visibly digested. The samples were then fil-
tered through 80 μm nylon filters and inspected via stereo microscopy.
Further details can be found in Bourdages et al. (2020).

2.3. Microparticle identification

A sub-sample of suspected anthropogenic particles from each matrix
was identified using Raman Spectroscopy with an Xplora Plus (Horiba
Scientific) equipped with LabSpec6 software to determine material type.
Spectra were generated and compared to Bio-Rad and SLoPP/SLoPP-E
spectral libraries (Munno et al., 2020)with spectral peaks of known func-
tional groups. This allows for the identification of each particle to the cor-
responding material type. Our sub-sampling strategy was to chemically
analyze 10%of each color/shapeper sample. Particle countswere rounded
up to whole numbers, and thus if a sample had between one and ten
particles of a specific color/shape (e.g., blue fiber), one particle was in-
cluded in Raman analysis. For atmospheric deposition samples, particles
were engrained into the double-sided tape, making it difficult to remove
particles for analysis without jeopardizing their structural integrity. As a
result, we chemically analyzed a smaller sub-sample in atmospheric de-
position samples. When larger particles were unable to provide a clear
spectrum via Raman spectroscopy, they were analyzed using Fourier-
transform infrared spectroscopy (FTIR) with an FPA-based Alpha II FTIR
setup equipped with OPUS/3D technology (Bruker Corporation). All
sub-sampled particles were photographed (Leica MEB125, Leica
Microsystems Inc.) and measured (ImageJ) prior to chemical analysis.

In total, 5% (N = 39) of suspected anthropogenic microparticles
were chemically analyzed in atmospheric deposition samples, 14%
(N = 145) in surface water, 36% (N = 55) in surface sediment, and
100% (N = 24) in fulmar guano. Across all matrices, 95% of analyzed
particleswere verified as anthropogenic (which includesmicroplastics),
thus validating our ability to identify anthropogenic particles using
stereomicroscopy. Material identities were classified based on material
4

type (e.g., polyethylene, polypropylene). In cases where the base poly-
mer could not be identified, we categorized particles as anthropogenic
cellulosic, anthropogenic unknown, or unknown. Undyed cellulosic par-
ticles were included as natural particles. Dyed particles with a “cotton”
or “cellulosic” identity (e.g., blue cotton) were classified as anthropo-
genic cellulosic. Individual particles that were dyed, but where no un-
derlying material could be identified, were classified as anthropogenic
unknown. When spectra could not be matched with anything in the li-
brary, they were classified as unknown.

2.4. QA/QC

Quality control and clean laboratory techniques were employed
while processing samples. Laboratory technicians wore white cotton
lab coats during digestions and quantification to prevent procedural
contamination. Additionally, HEPA filtration systems were present
throughout all processing and quantification stages to mitigate labora-
tory contamination. Laboratory blanks were included throughout the
processing stages. The number of suspectedmicroparticles found in lab-
oratory blanks for corresponding field samples was subtracted by color/
shape (Table S1). It is worth noting that field blanks were not acquired,
although some pink particles were found in our water samples –
matching the sampling bags. Because we did not have field blanks,
these particles were not subtracted from the overall counts. We consid-
ered a subtraction, but upon spectral analysis only 9% of the pink parti-
cles chemically analyzed returned a spectral match used in the
production of resealable bags (e.g., polyethylene). This led us to believe
the bags led to relatively low contamination.

2.5. Statistical analysis

All quantitative samples were included in statistical analyses, includ-
ing samples without suspected anthropogenic microparticles. Concentra-
tions were derived through a series of equations (Table S2):
1) atmospheric deposition concentration was determined by calculating
the area of the sample dish and extrapolating up to m2/day; 2) surface
water concentration was derived through calculating the area and vol-
ume sampled through the manta trawl, and reported as particles/m3;
and 3) surface sediment concentrations were derived by dividing the
number of particles by dry weight (g) of sediment analyzed. A simple lin-
ear regression was used to determine the relationship between distance
from the colony and anthropogenicmicroparticle concentration for atmo-
spheric deposition and surface sediment. A linear regression was not run
on surfacewater due to a lack in statistical power.Weusednon-metric di-
mensional scaling analysis (nMDS) to examine patterns of assemblage
structure of microplastics among matrices. We used proportions of
microparticle color, size, shape and material type to make four separate
two-dimensional ordinations. nMDS plots were run using Bray-Curtis
dissimilarity with transformed data – we added 0.0001 to each zero
value to remove zeroes without excluding datapoints. We used the func-
tion ‘metaMDS’ from the vegan community ecology package in R
(Oksanen et al., 2008). To determine whether there were significant dif-
ferences between the assemblage structures of microplastic by color,
size, shape or material type among matrices, we ran PERMANOVAs for
each plot independently using the ‘adonis2’ in the vegan community ecol-
ogy package (Oksanen et al., 2008) in R. Differences were considered sig-
nificant when p < 0.05. All analyses were conducted in R v 3.6.1 (R Core
Team, 2019), and all means are reported ± standard deviation.

3. Results and discussion

3.1. Presence and characterization of microplastics and other anthropo-
genic microparticles

Suspected microplastics and other anthropogenic microparticles
(hereinafter called microparticles) were found in each matrix sampled.



Fig. 2. Suspected anthropogenic microparticle concentrations found in each matrix relative to distance from colony (distance increases from left to right). A: Atmospheric deposition
samples with a mean concentration (±SD) per day of suspected microparticles; B: surface water samples with concentration of suspected microparticles—excluding the qualitative
samples; C: surface sediment samples with mean concentrations (±SD) of suspected microparticles; D: northern fulmar samples separated by sex with mean number (±SD) of
suspected microparticles per guano sample.
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After blank subtraction, the mean number of microparticles identified
within amatrix were 2433± 1235 particles/m2/day in atmospheric de-
position samples, 1.01 ± 0.815 particles/m3 in surface water samples,
0.010 ± 0.006 particles/g in surface sediment samples, and 0.889 ±
1.09 particles/individual in fulmars (Fig. 2).Microparticleswere present
in all matrices in and around the Qaqulluit NWA, as expected based on
microparticles previously identified in Qaqulluit fulmar gastrointestinal
tracts (Baak et al., 2020) and their guano (Bourdages et al., 2020). Mi-
croparticle concentrations in surface water samples collected around
the colonywere lower than concentrations reported south of the colony
inDavis Strait in 2017 (Huntington et al., 2020), but higher than concen-
trations found in other parts of the Arctic (Lusher et al., 2015). The sur-
face sediment concentrations were also unexpectedly low compared to
other studies in the Arctic (Bergmann et al., 2017; Tekman et al., 2017).
However, this study evaluated coastal surface sediments below the
Fig. 3. Proportion of microparticle shape (i.e. fiber, fiber bundle, film, foam, fragment) across al
fulmar guano).
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highest tide mark rather than off-shore, deep-sea samples, which
could contribute to differences in concentrations.

Microparticle morphologies ranged across matrices (Fig. 3). While
fibers were the dominant shape in three matrices (i.e. atmospheric de-
position, surface sediment, fulmar guano) the proportions ranged
from 64 to 96%. In atmospheric deposition samples, 81% of microparti-
cles were fibers, 18% fragments, and 1% film. In surface water samples,
64% of microparticles were fragments, 35% fibers, 0.5% foam, 0.4% film,
and 0.2% fiber bundle. In surface sediment, 65% of microparticles were
fibers, 33% fragments, and 1.8% film. In fulmar guano samples, 96% of
suspected microparticles were fibers and 4% were fragments. The high
occurrence of fiberswas expected based on their high prevalence across
marine systems elsewhere (Desforges et al., 2014; Courtene-Jones et al.,
2017). Additionally, fragments were the most common type identified
in surface water samples. Although this was unexpected, spectroscopy
l samples in each matrix (i.e. atmospheric deposition, surface water, surface sediment and
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confirmed that these were paint-derived fragments, which may origi-
nate from the bottom of local hunting boats and shipping/tourism ves-
sels. In fact, a high proportion of green particles were identified inwater
samples which were removed because they were the same color as our
sampling vessel, and even with these removed, the paint-fragments
were a large proportion of the particles found in the surface water.

Microparticle color also varied across matrices (Fig. S2). The major-
ity ofmicroparticles in atmospheric depositionwere red (56%) followed
by blue (17%), and black, (11%; Fig. S2). Microparticles extracted from
surface water were mostly blue (37%), followed by grey (33%) and
pink (10%; Fig. S2). In surface sediment samples, the most common
color was blue (58%) followed by grey (14%) and pink (7%; Fig. S2). In
fulmar guano samples, themost common colorwas blue (58%) followed
by white (20%) and red (16%; Fig. S2). The high abundance of red fibers
in atmospheric sampleswas unexpected, given that blue fibers are often
themost observed color in a variety of ecosystems (Barrows et al., 2018;
Gago et al., 2018; Morgana et al., 2018), which was observed in our
water and sediment samples.

Of the sub-sampled microparticles, size varied across matrices
(Fig. S3). In atmospheric deposition samples, the most common size
fraction was 1–2 mm (24%) followed by 200–300 μm (18%) and
300–400 μm (10%; Fig. S3). In surface water samples, 1–2 mm (22%)
was also the most common size fraction followed by 200–300 μm
(10%) and 300–400 μm (10%; Fig. S3). In surface sediment samples,
200–300 μm (16%) and 600–700 μm (16%) were the most common
size fractions observed followed by 400–500 μm(11%; Fig. S3). In fulmar
guano samples, 200-300 μm (17%) and 1–2 mm (17%) were the most
common size fraction followed by 100–200 μm(13%; Fig. S3).Micropar-
ticle sizes identified in surface water samples were comparable to those
observed in other studies conducted in the Canadian Arctic. Huntington
et al. (2020) also reported the majority of surface water microparticles
to be 1–2mm in length, although they reported a large size range of mi-
croparticles in surface sediments (0.25–300 μm). This difference could
simply be due to sampling location, i.e. onshore vs. offshore. Micropar-
ticle sizes that we found in fulmar guano samples were smaller than
those previously identified in fulmar gastrointestinal tracts (Baak
et al., 2020). This is to be expected based on the claim that fulmars are
shedding plastics in the formofmicroparticles (Provencher et al., 2018).
Fig. 4. Outlining material types identified in sub-sampled particles in each matrix (A: atmosph
spectrum matching a synthetic dye or other anthropogenic compound were categorized as
“unknown”.
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Raman analysis identified a variety of material types across matrices
(Fig. 4). In atmospheric deposition samples, anthropogenic cellulosic
(45%) was themost commonly identifiedmaterial type followed by an-
thropogenic unknown (24%) and polypropylene (10%; Fig. 4). In surface
water samples, paint-derived (48%) materials were most commonly
identified followed by polyester (22%), and anthropogenic unknown
(9%; Fig. 4). In surface sediment samples, anthropogenic cellulosic
(28%) was the most commonly identified material followed by polyes-
ter (22%) and paint-derived materials (17%; Fig. 4). In fulmar samples,
anthropogenic unknown (46%) was the most common material type
followed by anthropogenic cellulosic (21%) and polyester (29%;
Fig. 4). In surface water samples, the high abundance of paint-derived
microparticles was expected based on observations during the visual
identification process. Paint-derivedmicroparticles were also identified
in sediments. Across all samples except for surface water, there was a
relatively high abundance of anthropogenic cellulosic microparticles.
In sediment samples collected across the Canadian Arctic Archipelago,
Athey et al. (2020) reported 12% (78/624) of identified microfibers
were cellulosic, lower than what we identified in our surface sediment
samples (28%). Our data suggest that there may be a higher abundance
of anthropogenic cellulosic microparticles in the region than previously
thought (Fig. 4).

3.2. Concentration of microplastics and proximity to colony

The trends for how microparticle concentrations varied with dis-
tance from the fulmar colony was not consistent across all matrices,
and there were no significant relationships (Fig. 5; atmospheric deposi-
tion p=0.86; surface sediment p=0.11). Thus, contrary to our predic-
tion, microplastic concentration did not decrease as distance from the
colony increased, at least at the scale and for the colony examined in
this study (up to10km from the colony). The absence of a concentration
gradient is contrary to what is observed with guano-based inputs of
other chemical compounds and nutrients (e.g., Brimble et al., 2009;
González-Bergonzoni et al., 2017; Mosbech et al., 2018). Brimble et al.
(2009) evaluated the transport of nutrients and trace elements by ful-
mars, and found a non-linear concentration gradient relative to the ful-
mar colony. Our results suggest that fulmars are not a significant source
eric deposition; B: surface water; C: surface sediment; D: fulmar guano). Particles with a
“anthropogenic unknown”; particles with no clear spectra match were categorized as



Fig. 5. Non-significant relationship (A: atmospheric deposition p= 0.86; C: surface sediment p= 0.11) between the distance from the seabird colony and the number of microparticles
identified in each matrix. No regression was run on surface water samples (B) due to a lack in statistical power.
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of microplastics in this region and/or that microplastics do not follow
this pattern due to their differences in physical or chemical properties.
Despite this, microplastics and other anthropogenic particles were
found in all matrices. Thus, while we know that fulmars can be
biovectors of microplastics (Bourdages et al., 2020), this study suggests
that theymay not be the only source ofmicroplastics to this coastal eco-
system. Still, they are likely a source, e.g., our guano samples were
mostly fibers, similar to what we observed in atmospheric deposition
and surface sediment samples. Fragments, however, were the predom-
inant shape found in surface water samples and were not observed in
guano which suggests a different source. It is important to consider hy-
drodynamic parameters (e.g. current velocity, turbidity, turbulence)
and meteorological factors (e.g. wind, temperature, humidity) when
trying to parse out microplastic fate (Rocha-Santos and Duarte, 2015).
This is especially true in the Arctic where these factors are subject to
rapid change. Thus, in environments like coastal Arctic ecosystems
where seabirds could be excreting large quantities of microplastics,
any gradient around the colony may be undetectable because smaller
particles are subject to complex wind regimes often found in eastern
Baffin Island.

Our findingsmay be influenced by the species and density of nesting
birds in the region. For example, Bourdages et al. (2020) found that al-
though fulmars are more likely to have accumulated plastics in their
stomachs, thick-billed murres (Uria lomvia) likely deposit more
microplastics in and around their colonies on an annual basis due to
their breeding habits and physiology (e.g. excrete more often than ful-
mars). Bourdages et al. (2020) also estimated that fulmars could be in-
troducing roughly 3.3 million particles via guano per breeding season
around the Qaqulluit NWA while murres were estimated to deposit
roughly 45.5 million particles via guano per breeding season at Akpait
NWA— south of Qaqulluit. Bourdages et al. (2020) suggests that these
differences could be attributed to the murre's higher excretion rate as
well as themurre colony being five times larger than the fulmar colony.
Future research should test the prediction that the concentration gradi-
ent for microplastics may differ among colonies, influenced by species,
colony size, and perhaps local characteristics of water currents and
other physical features. This should be done using a wider variety of en-
vironmental samples from around colonies to address fate and trans-
port questions throughout the ecosystem.
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3.3. Microparticle community composition within matrices

Four separate nMDS plots were run (i.e. microparticle size, color,
shape, and material type; Fig. 6) to compare the microparticle commu-
nity compositionwithin eachmatrix. The nMDSusingmicroparticle size
suggested there were similarities among matrices, although a
PERMANOVA determined significant difference among matrices (p =
0.041). It is unclearwhat is driving this significance as all matrices over-
lapped to a great extent (Fig 6a). The nMDS using microparticle color
suggested that fulmar guano, surface water, and sediment overlapped
in color,while atmospheric deposition samples are completely indepen-
dent in terms of color. As expected from the plot, a PERMANOVA
showed a significant difference (p = 0.001) among matrices, likely
due to the high quantity of red fibers in atmospheric deposition
(Figs. 6b, S2). The nMDS examining shape (i.e. fiber, fiber bundle, frag-
ment, film, foam) suggested that there were differences in the micro-
particle communities among matrices (Fig. 6c), which was confirmed
byPERMANOVA (p=0.001). Therewas a slight overlap between the at-
mospheric deposition and fulmar guanomatrices suggesting a similarity
(Fig. 3).When fulmars excretewaste, the guano is dried on the cliffs and
likely gets lifted into the air and turns to “dust”, which could be the
mechanism driving some of this observation.

The nMDS using microparticle material type suggested similar pat-
terns among atmospheric deposition, sediment, and fulmar guano
(Fig. 6d), and PERMANOVA returned a significant difference (p =
0.001) among matrices, likely driven by surface water. We expect that
the abundance of fragments extracted in surface water (Fig. 3) and the
high percentage of paint-derived material types (Fig. 4) has led to this
significant result. These differences between color, shape and material
type suggest that there are multiple sources of microplastics in the
area around the Qaqulluit NWA.

Our analyses provide some interesting insights about the sources
and fate of microparticles around a seabird breeding colony and begs
the question as to why microparticle community differences exist. Per-
haps the dissimilarities of microparticle shapes amongmatrices are due
to the different sources (e.g., guano, shipping vessels, atmospheric de-
position), but also perhaps the movement of particles once they have
been introduced to the ecosystem. Boats and vessels in the region are
a likely source of paint-derived particles in the water samples. As



Fig. 6. Non-metric multi-dimensional plots depicting similarities between microparticle community and matrix, i.e. northern fulmar, atmospheric deposition, surface water, and surface sediment. Each point is a sample. The ellipsoids represent the
groupings of samples within each matrix; the more the ellipsoids overlap, the more similar the community is among matrices. A: Microparticle size (stress value = 0.12); B: microparticle color (stress value = 0.13); C: microparticle shape (stress
value= 0.013). Only two shapeswere identified in the fulmar samples. D:Microparticlematerial type (stress value= 0.21) PERMANOVA indicated significant differences (p<0.05) in each scenario (microparticle size p= 0.041;microparticle color
p = 0.001; microparticle shape p = 0.001; microparticle material type p = 0.001).
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commercial shipping increases in the Arctic (e.g., Dawson et al., 2020),
we anticipate an increase in the introduction of anthropogenic particles,
and consequently monitoring protected areas and sensitive habitats for
these contaminants seemswarranted. The environmental fate of micro-
particles likely varies by shape, and can also be altered due to environ-
mentally induced changes such as biofouling altering the buoyancy of
particles (Kooi et al., 2017; Kaiser et al., 2017).

Seabirds are well-established vectors and concentrators of nutrients
and contaminants near their colonies (De La Peña-Lastra, 2021) through
guano deposition, often resulting in concentration gradients (Gonzalez-
Bergonzoni et al. 2017). At one northern fulmar colony in the Canadian
Arctic, we found evidence of microplastic pollution in three types of en-
vironmental matrices near the colony, but no evidence of a concentra-
tion gradient around the colony. Additionally, our results suggest
significant differences in microparticle community composition
among matrices. These observations suggest that while fulmars are a
potential source of microplastic pollution, there are other sources con-
tributing to the abundance of microparticles observed in this system.
As wework toward amore holistic monitoring effort across the circum-
polar Arctic, large migratory seabird colonies and their surrounding en-
vironmentsmay play a vital role in understanding the fate and transport
of this contaminant in Arctic ecosystems.
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