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Ingestion of microplastics has been documented across marine species, but exposure remains sparsely described
in many seabird species. We assess microplastic (between 0.2 and 5.0 mm) ingestion in two Northwestern Atantic
- breeding species for which exposure to microplastics is entirely or largely undescribed: Common Terns (Sterna
hirundo) and Roseate Terns (S. dougallii). Common Tern microplastic load did not vary between life stages (p =
0.590); microplastic load did differ in Common Tern adults breeding at two of three colonies explored (p =
0.002), with no other regional differences observed. Roseate Terns ingested significantly more microplastics than
Common Terns (p = 0.007). Our results show that microplastic ingestion by terns varies regionally and inter-
specifically, but not by life stage, trends potentially explained by dietary differences. We provide the first
quantification of microplastic fiber ingestion by terns in the Northwestern Atlantic and identify trophic dynamics
related to microplastic ingestion, representing an important step toward understanding the risk of the pollutant

to terns across regions, as well as toward the use of terns as potential bioindicators of microplastics.

1. Introduction

Microplastic pollution is widespread in marine ecosystems, and
ingestion of this pollutant suite has been documented in most organisms
investigated (Jambeck et al., 2015; GESAMP, 2015; Provencher et al.,
2017; Secretariat of the Convention on Biological Diversity et al., 2012),
even as far back as the 1970s (Connors et al., 2017). The ingestion of
microplastics, which are defined as plastic particles between 1.0 pm and
5.0 mm in size (Frias and Nash, 2019), has been shown to cause various
detrimental impacts to marine organisms including tissue damage,
impaired physical development or growth, and the possible leaching of
toxic chemicals into body tissues (Anbumani & Kakkar, 2018; Carbery
et al., 2018; Gall and Thompson, 2015; Rochman et al., 2013; Tanaka
et al., 2020). Thus, with estimates of 2 million tons of microplastic fibers
alone entering global marine systems annually, it is crucial to gain an
understanding of the prevalence of the pollutant across marine organ-
isms (Mishra et al., 2019). While the need to understand microplastic
pollution has been recognized for decades (Qin et al., 2020), methods for

* Corresponding author.

the isolation and identification of microplastics have only recently
become sufficiently reliable, leaving many systems sparsely described or
entirely undescribed. Establishing microplastic levels present across
systems is critical to subsequently address more complex questions
relating to microplastic trophic transport, ingestion risk, and manage-
ment options (Granek et al., 2020).

Seabirds are one of the most threatened groups of birds due to a
range of anthropogenic threats (Dias et al., 2019), and there is growing
concern for their conservation as we continue to gain understanding of
microplastic pollution in marine environments (Wilcox et al., 2015).
Additionally, seabirds have been explored as useful bioindicators of
marine macroplastics (Acampora et al., 2016; Avery-Gomm et al.,
2018), and therefore likely have potential to be used similarly for
monitoring microplastics both in the environment and in their prey
items (Avery-Gomm et al., 2018), many of which are ecologically and
economically important. Although macroplastic ingestion has been
studied in a number of seabirds (Provencher et al., 2014), many species
and systems remain under-described or entirely undescribed when it
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comes to microplastic ingestion.

Terns are small, migratory seabirds in the larid family that represent
one group for which microplastic exposure is under-described despite
conservation concerns (Arnold et al., 2020; Gochfeld and Burger, 2020).
We are aware of few studies globally that address plastic ingestion by
terns, and fewer that specifically investigate microplastic ingestion by
terns in the Northwestern Atlantic (Braune and Gaskin, 1982; Hays and
Cormons, 1974; Moser and Lee, 1992; Rapp et al., 2017), where a sig-
nificant number of populations breed each year (Arnold et al., 2020;
Gochfeld and Burger, 2020). Previous studies in the region have found
small numbers of plastic particles (of unreported size) in the stomachs of
terns (Braune and Gaskin, 1982; Moser and Lee, 1992) and others have
found microplastic particles (as small as 1.0 mm) in tern pellets
(regurgitated indigestible materials; Hays and Cormons, 1974). Other
research has found no incidence of plastic ingestion by select species of
tern in the region (Rapp et al., 2017). Because the tern diet consists of
fishes from taxa and age classes known to ingest smaller plastics
(Hipfner et al., 2018; Lenz et al., 2016; Peters, 2018), low incidences of
macroplastics found in the few previous studies conducted in terns are
unsurprising, and we expect that terns would instead be more likely
impacted by plastics in the currently under-explored micro size range,
including one of the most ubiquitous microplastic morphologies,
microfibers (Athey and Erdle, 2021). Therefore, examining the inci-
dence of ingestion of these smaller plastics by terns is important for
understanding the risk of microplastic pollution to tern species. It is also
an important starting point for assessing the trophic dynamics of
ingestion and the value of terns as indicators for this pollutant suite,
which includes numerous polymers, blends of materials, as well as
differing morphologies and sizes (Rochman et al., 2019).

Our study aims to fill these gaps in knowledge by investigating
microplastic ingestion in two species of tern breeding in the North-
western Atlantic: the Common Tern (Sterna hirundo), which is state
threatened in the study region, and the Roseate Tern (S. dougallii), which
is federally endangered (Arnold et al., 2020; Gochfeld and Burger,
2020). Specifically, we aim to 1) describe and quantify microplastic
ingestion levels, 2) identify any differences in microplastic ingestion
between adults and pre-fledge chicks, 3) identify any geographical
patterns in microplastic ingestion by New Hampshire (NH)-, Massa-
chusetts (MA)-, and New Jersey (NH)-breeding Common Terns, and 4)
identify any interspecific variation in microplastic ingestion. In
addressing these questions, our study aims to establish current rates of
microplastic ingestion experienced by terns while also gaining a pre-
liminary understanding of the mechanisms of plastic ingestion across life
stages, colonies, and species, a first step toward assessing the potential
use of terns as indicators for the pollutant.

Previous research indicates that microplastics are present in most
marine systems (Mishra et al., 2019; Provencher et al., 2017), therefore,
both of the species and life stages investigated in this study are expected
to experience some degree of microplastic ingestion. We expect that
small, fish-specialized seabirds like terns are most likely to ingest plas-
tics via secondary ingestion (i.e. through their prey items as opposed to
via primary ingestion directly from the environment), therefore, because
adults of both tern species investigated feed their chicks a similar di-
versity of fishes to that which they consume themselves (Nisbet, 1973),
we expect the two life stages (aim 2) to exhibit similar microplastic
loads. Adult and young terns may, however, ingest fishes of different
sizes due to their different gape limitations. Therefore, we expect adults
to ingest a higher proportion of microplastics on the large end of the size
distibution as compared to chicks, as microplastic size tends to correlate
with body size across species (Jams et al., 2020). When addressing
microplastic ingestion across the three colonies (aim 3), we expect to see
some differences in the abundance of microplastics ingested due to likely
underlying regional differences in microplastic pollution in the envi-
ronment and the prey base (Auta et al., 2017; Cohen et al., 2019; Welden
and Lusher, 2017). Because adult terns across NJ, MA, and NH are ex-
pected to ingest fishes of similar size, and again assuming body size
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correlates with the size of plastics ingested in fishes (Jams et al., 2020),
we do not expect to see any differences in the size of microplastics
ingested across the three colonies. Lastly (aim 4), because Common and
Roseate terns vary in the major prey species they rely on (Arnold et al.,
2020; Gochfeld and Burger, 2020), and assuming that those major prey
species might vary in their microplastic ingestion, the two are expected
to vary in their microplastic load. Because the two species ingest prey
items of similar size, we do not expect them to differ in the sizes of
microplastics they consume (Jams et al., 2020).

2. Methods
2.1. Study location and sample collection

Fecal samples were collected at three sites: White and Seavey Island,
NH (42.9685, —70.6255), Monomoy National Wildlife Refuge, MA
(41.5419, —70.0069), and Barnegat Bay Islands, NJ (39.6365,
—74.2099; Fig. 1). Adult Common Tern fecal samples were collected at
all three sites; samples from Common Tern chicks were collected in NH
and NJ only. Samples from Roseate Tern chicks were only collected at
the NH site, as the species does not nest in large numbers at the other
sites.

Samples were collected in the summer (May-August) of 2019 during
established colony monitoring and management activities performed
annually throughout the breeding season. Samples were collected from
Common Tern adults when they defecated as a defense response to
human presence in their colony, and from pre-fledged (<15 days old)
Common and Roseate tern chicks when they defecated in response to
handling for regular banding and monitoring procedures. Fecal samples
were not collected from adult Roseate Terns, as the species does not
regularly defecate as a defense response. For each sample collected, the
entire fecal deposit was scraped into a glass scintillation vial using a
wooden popsicle stick and was stored at —20 °C until laboratory
processing.

To reduce microplastic contamination during field sampling, fecal
samples were only collected from non-synthetic substrates including
skin, cotton, rock, vegetation, and metal. Samples were stored in sterile
glass scintillation vials that were resealed immediately after sample
deposition to reduce airborne contamination (as per Brander et al.,
2020). Field control blanks were collected alongside fecal sample
collection on White and Seavey Island in NH for analysis using the same
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Fig. 1. Map of the Northeastern U.S. coast showing the location of the tern
colonies from which we collected fecal samples in summer 2019. Colonies are
located at White and Seavey Island, NH, Monomoy National Wildlife Refuge,
MA, and Barnegat Bay, NJ.
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procedures applied to the fecal samples. The field controls consisted of a
fecal sample substitute (canned pumpkin puree) which was dropped on
the various collection substrates and then sampled as we would feces.
Blanks of the fecal substitute alone were also collected and analyzed so
as not to confound environmental microplastics with those present in
the substitute itself.

2.2. Microplastic isolation and identification

Fecal samples were dried for ~24 h at 65 °C to allow for measure-
ment of their dry weight. After drying and weighing, the samples were
transferred into reaction beakers, during which step the wooden sticks
used to collect the samples were boiled for 20 min in 40 mL of DI water
to release any fecal matter caught in the wood. After the boil step, the
samples were dried for a second time (for ~24 h at 65 °C) before un-
dergoing chemical digestion to remove biogenic materials. The samples
were digested using a wet peroxide oxidation reaction (solution con-
taining equal parts of 0.05 M Fe(I) solution and 30% H3O2). The
resulting solution was diluted with 360 mL of DI water and vacuum
filtered through a 2.0 pm paper filter (as per Hidalgo-Ruz et al., 2012).
Each filter was visually inspected for potential microplastics under a
dissecting scope. Particles suspected to be microplastic based on lack of
cellular structure, presence of uniform color and morphology, and low
degree of brittleness (as per Hidalgo-Ruz et al., 2012) were enumerated.
In half of the fecal samples analyzed, the suspected microplastic parti-
cles were also removed from the filter, characterized by shape and color,
and stored between glass cover slides for further analysis.

To control for contamination during microplastic isolation in the lab,
cotton clothing was worn during processing, and all work surfaces were
cleaned before use with a lint roller. Any DI water used during sample
processing was filtered twice through an 11.0 pm filter, and the Fe(II)
solution used in the chemical digestion was filtered twice through a
25.0 pm filter before use to reduce water- and solution-borne micro-
plastic contamination. All glassware and equipment used during sample
processing was rinsed three times with filtered DI water before use, and
filters (11.0 pm) and foil was placed over the top of beakers during
drying and digestion to allow for evaporation while maintaining control
of air-borne contamination (Brander et al., 2020). To further control for
air-borne contamination, we conducted the chemical digestion and
sample filtration under a fume hood and conducted all microscope work
under a plastic sheet. Procedural control blanks, which underwent the
same methods as the fecal samples and field controls (i.e., drying,
chemical digestion, filtration, and microscope inspection), were pro-
cessed alongside a subset of the fecal samples (Brander et al., 2020).

For each fecal sample from which suspected microplastics were
collected, a subset of 25-30% of the total isolated fibers was randomly
selected for material type identification and further characterization.
Fragments only represented 14.6% of the particles isolated from the
fecal samples and were therefore excluded from such analyses due to
small samples sizes; thus, all further analyses described refer to fibers
alone. Each fiber underwent identification in the Brander Lab at Oregon
State University using a Thermo Nicolet is 30 Fourier-transformed
infrared spectrometer (FTIR) and an iN5 microscope fitted with an
Attenuated Total Reflectance (ATR) accessory and germanium tip. A
gold-plated slide containing one fiber in a drop of 70% filtered ethanol,
to avoid fiber loss during transport, was placed on the pFTIR for each
reading. Ethanol was allowed to evaporate once the slide was placed
under the pFTIR microscope. The reflectance of the fiber was measured
using a fixed aperture (128 to 512 scans) on the cleanest and largest
section of the fiber. A geranium tip probe was inserted into the machine
and lowered to make contact into ~1-2 pm of the material surface of the
sample for additional spectral analysis. The spectral outputs from both
methods (overall reflectance and attenuated reflectance) were
compared to FTIR spectral libraries (Cowger et al., 2021) with a mini-
mum threshold of 70% used to determine the material identity of each
particle (per recommendations from Cowger et al., 2020). Using Open
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Specy (Cowger et al.,, 2021), spectra were baseline corrected and
smoothed, and matched to microplastic-specific spectral libraries. Based
on the FTIR results, each fiber was characterized into one of four cate-
gories: synthetic, semi-synthetic, dyed natural (natural fibers, typically
cellulose, with a manufactured dye applied), and natural (per ap-
proaches described in Baechler et al., 2020 and Harris et al., 2021).
Particles characterized as synthetic, semi-synthetic, and dyed natural
were considered anthropogenically derived, and were examined in
ImageJ for physical characterization including color and length.

2.3. Data analysis

We measured the relative abundance of microplastics (the number of
microplastics per gram of feces; hereafter referred to as microplastic
load) for each fecal sample collected across our species, state, and life
stage groups. To do so, the relative proportion of each particle category
(synthetic, semi-synthetic, dyed natural, and natural) in each fecal
sample was estimated based on the FTIR results from the subset of fibers
isolated from each sample. The microplastic load for each particle
category was then calculated for each fecal sample by multiplying the
total microplastic load observed in that sample by the proportion of
particles of each category from that sample group. Means comparisons
were used to compare microplastic load between species, between life
stages, and across states. Because our data were not normally distrib-
uted, even after transformation efforts (Shapiro-Wilk test p < 0.001
regardless of log or square root transformation), we used non-parametric
tests including the Kruskal-Wallis one-way ANOVA (KW) and the Mann-
Whitney Wilcoxon rank sum test (MWW). Like the microplastic load
data, the fiber length data were also not normally distributed (Shapiro-
Wilk test p < 0.001 for all transformations attempted), thus we used the
same non-parametric means tests to compare particle lengths between
groups. All statistical tests were performed in R (R Core Team 2021
Version 4.1.1).

3. Results
3.1. Particle characteristics and identification

From the 120 fecal samples and 25 controls analyzed, we isolated
571 suspected microplastic fibers. 87.5% of the fecal samples contained
microplastic loads that were higher than the average load found in
blanks. From a randomly selected subset of 237 suspected microfibers
chosen for FTIR analysis, 170 produced usable spectra (spectral results
detailed in Table A2 and Fig. Al). These fibers accounted for 29.8% of
the total microfiber samples collected, and of them, 123 were collected
from fecal samples and 47 from controls. Of the 123 suspected micro-
plastic fibers with usable spectra isolated from fecal samples, 17.9%
were synthetic, 0.8% were semi-synthetic, 45.5% were dyed natural,
and 35.8% were natural (i.e. 64.2% were anthropogenically-derived).
Many of the anthropogenically-derived fibers isolated from fecal sam-
ples were blue (42.5%), with other well-represented colors including
transparent (11.3%), gray (10.4%), pink (10.3%), black (6.6%), and
multicolored (i.e. characterized by >1 color; 4.7%). The fibers isolated
from our controls showed similar trends, with a makeup of 19.1% syn-
thetic, 2.1% semi-synthetic, 59.6% dyed natural, and 19.1% natural
(80.8% anthropogenically-derived). Many of the anthropogenically-
derived particles isolated from the controls were also blue (47.3%),
with other well-represented colors including gray (11.8%), pink
(11.8%), transparent (7.5%), black (4.3%), and multicolor (4.3%).

3.2. Microplastic prevalence and size

Microplastic fiber load was measured and reported as the number of
synthetic fibers per gram of feces, which was calculated by multiplying
the total fiber count observed per gram of feces by the proportion of
FTIR-analyzed samples identified as synthetic for the sample group. To
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add context to subsequent values, we note that fecal samples had an
average mass of 0.03 g. Though the results reported here refer to esti-
mates for synthetic fiber load only, we note that the results for the other
anthropogenically derived fibers (semi-synthetics and dyed naturals)
follow the same trends as those reported for synthetic fibers (Table Al
and Figs. 2-5). Unlike our reporting for microplastic fiber load, our size
results are detailed for all anthropogenically derived fibers (synthetic,
semi-synthetic, and dyed natural), as the sample size of synthetic fibers
alone was too small to make robust comparisons between groups.

Our controls, which account for both field and laboratory contami-
nation, contained significantly fewer microplastics than fecal samples
(MWW W = 436.0, p < 0.001 two-tailed). Common Tern adults and
chicks (on the colony in NH) had similar microplastic loads (MWW W =
382.0, p = 0.590 two-tailed; Table Al and Fig. 2), although adults
ingested significantly larger fibers than chicks (MWW, W = 82.0, p =
0.015 two-tailed; Fig. 3), with adults ingesting fibers with a mean length
of 2.3 + 1.2 mm and chicks those with a mean length of 1.1 + 0.7 mm.
Results from the assessment of microplastic fiber load in Common Tern
adults across states (Table A1 and Fig. 4) showed that birds breeding in
NH had a significantly lower microplastic burden than those breeding in
MA (KW p = 0.010, X2 =9.1, df = 2; MWW W = 377.0, p = 0.002 two-
tailed), but that their microplastic fiber load did not differ from that of
birds breeding in NJ (KW p = 010, X2 =9.1,df =2, MWW W = 187.0, p
= 0.109 two-tailed). The microplastic fiber load found in NJ birds also
did not differ from that of birds in MA (KW p = 0.010, Xz =9.1,df =2;
MWW W = 237.0, p = 0.194 two-tailed). The size of fibers ingested by
Common Terns in the three states did not differ from one another (KW
¥% = 2.5, p = 0.281, df = 2). In NH, Roseate Tern chicks had a signifi-
cantly higher microplastic load than Common Tern chicks (MWW W =
155.0, p = 0.007 two-tailed; Fig. 5), with Roseate Terns ingesting 2.8
times the load of Common Terns (Table Al). The length of anthropo-
genic fibers ingested did not differ between the two species (MWW W =
50.5, p = 0.531 two-tailed).

4. Discussion

Our study provides the first recorded observation of microplastic
fiber ingestion by Common Terns in the Northwestern Atlantic, and by
Roseate Terns globally, both of which are ecologically important species
that play key predatory roles in marine ecosystems. Specifically, we
found that terns breeding on colonies in the Northwestern Atlantic
dispel means of approximately 50 to 250 microplastic fibers and 115 to
550 other anthropogenically derived microfibers (semi-synthetic and
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dyed natural) per gram of feces. Though the numbers reported are
elevated slightly past their actual value due to contamination, we
believe this estimate represents a minimum microfiber load ingested by
these terns, as additional microplastics fibers may lodge in gut tissue or
be expelled through regurgitation (Lavers et al., 2019). For example, a
preliminary analysis of NH-breeding Common Tern pellets from 2019
showed microplastic loads of similar magnitudes to those reported here
for fecal samples (McDowell et al., 2021). Furthermore, our methods
likely missed smaller microplastic fibers (<200 pm in length) due to
biases in the visual identification and physical removal of microfibers
from the filters. For these reasons, the actual microplastic load experi-
enced by the terns is almost certainly higher than reported here, though
the exact magnitude of the potential difference remains unknown.

Microplastic fiber load did not differ between Common Tern adults
and chicks. This result provides support for our assumption that sec-
ondary ingestion is the leading microplastic ingestion mechanism in
terns. If terns instead ingested microplastics via primary ingestion (i.e.,
directly out of the water column or terrestrial environment), we would
have expected to see varying microplastic loads between life stages;
specifically, we would expect pre-fledge chicks to ingest fewer micro-
plastics than adults, as chicks only interact with a small range of the
terrestrial environment while adults interact with a larger range of both
the terrestrial and aquatic environments. While we are aware of few
papers that investigate age-driven differences in microplastic ingestion
specifically, the results from studies comparing plastic (mainly macro-
plastic) ingestion in chick and adult birds are quite variable, with adults
of some species ingesting more plastic than chicks (Avery-Gomm et al.,
2013; Spear et al., 1995), while some species have higher ingestion in
chicks (Acampora et al., 2014; Van Franeker and Meijboom, 2002), and
others, like ours, show little difference in plastic load between the life
stages (Acampora et al., 2016; Spear et al., 1995). While the two life
stages in our study ingested similar microplastic loads, the
anthropogenically-derived fibers ingested by chicks were significantly
smaller in length than those ingested by adults. If we assume secondary
ingestion of fibers and if microplastic size varies with body size (Jams
et al., 2020), the observation that chicks ingest smaller fibers may
potentially be a result of their diet containing fewer fish on the large end
of the prey size spectrum as compared with adults, as chicks are limited
on the upper size threshold by gape size. However, this is speculative,
and more data are needed for confirmation.

Of the three sites explored in this study, the birds in MA exhibited the
highest microplastic loads, followed by those in NJ and NH, with no
differences observed in the sizes of fibers ingested. Only the sites with

200+

% 150

[¥] oe

& a

K=l °

2 °

[}

2

%= 1001

e

- o °
g 8| &
Q.

o

4

2

£ 501
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synthetic microfibers per gram of feces collected from
adult (3+ years old; n = 26) and chick (<15 days old;
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Fig. 3. Distribution of lengths of anthropogenically derived microfibers collected from Common Tern (Sterna hirundo) adults (3+ years old) and chicks (<15 days
old) on White and Seavey Island, NH in 2019. Mann-Whitney Wilcoxon tests revealed a significant difference between the two life stages (p = 0.013).
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Fig. 4. Boxplot showing the estimated number of synthetic
microfibers per gram of feces collected from Common Tern
(Sterna hirundo) adults breeding in NH, NJ, and MA in 2019. A
Kruskal-Wallis test indicated significant differences across the
groups (p = 0.010). Locations with different letters represent
significant differences according to post-hoc Mann-Whitney
Wilcoxon tests. Horizontal dashed line indicates estimated
number of microfibers per gram of feces introduced through
field and lab contamination.
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the lowest (NH) and highest (MA) microplastic loads differed signifi-
cantly from one another. There are many possible explanations for why
birds at different colonies might experience variation in microplastic
load, including system-specific oceanographic dynamics (Auta et al.,
2017; Cohen et al., 2019; Welden and Lusher, 2017) and anthropogenic
uses (Quesadas-Rojas et al., 2021) leading to geographically differing
microplastic levels in the environment and in prey items ingested by the
seabirds. The results might also be explained by dietary differences, as
terns across colonies can vary greatly in diet. For example, Common
Terns at the colony in MA feed primarily on sand lances (Ammodytes
spp.; Staudinger et al., 2020), unlike other colonies in the region that
tend to have more variable diets (Arnold et al., 2020). While there are no
data detailing microplastic ingestion for tern prey items in the North-
western Atlantic nor those within the appropriate age/size class (juve-
nile fishes ~1-6 cm in length; Black, 2006), studies conducted elsewhere
found higher prevalence of microplastic fiber ingestion in bottom-
dwelling sand lance (Pacific sand lance, A. personatus) than in pelagic
herring (Pacific herring, Clupea pallasii), the Atlantic relative (Atlantic
herring, C. harengus) of which is a common prey item for terns in NJ and
NH (Bertram et al., 2016; Hipfner et al., 2018). Therefore, it is possible

that similar trends could occur within the Northwestern Atlantic prey
base, leading to elevated microplastic load in tern populations that rely
heavily on sand lances. Regardless of the mechanism behind the
geographical differences in microfiber load observed, the fact that
members of the same species display those differences in their feces is
promising for the use of Common Terns as indicators of microplastic
pollution (in their prey items and possibly by proxy in their
environments).

Common and Roseate terns differed significantly in their micro-
plastic fiber load when sampled at a single colony in NH, which we
anticipated based on dietary differences between the two species. Dif-
ferences in plastic ingestion between closely related species living and
breeding in mixed-species colonies is not uncommon (Caldwell et al.,
2020). However, our results, which showed that Roseate Terns ingested
more microfibers, were of particular interest because Roseate Terns in
NH primarily consume sand lances (Ammodytes spp.) while Common
Terns forage more often on herrings (C. harengus and Alosa spp.) and
hakes (Merliccius sp. and Urophycis sp.). The increased ingestion of
microfibers by Roseate Terns may therefore, as speculatedc for MA
Common Terns, be the result of higher levels of microplastic ingestion in
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the sand lances they rely on (Arnold et al., 2020; Gochfeld and Burger,
2020). This again assumes secondary ingestion as the driving mecha-
nism of microplastic exposure in terns, as is supported by the results of
this study. The speculation that sand lance ingestion, rather than that of
other prey items, is driving our results is just one hypothesis, and sam-
pling of prey items will be necessary to test the theory. As we expected,
Common and Roseate terns of the same life stage did not differ in the size
of plastics ingested, a trend which may again be attributed to micro-
plastic size correlating with body size (Jams et al., 2020), as the two
seabird species tend to ingest fishes of a similar size. While we do not
know the relative threat that the ingestion of the microplastic levels
observed here pose to our study species, there is concern over the fact
that federally endangered Roseate Terns were found to ingest elevated
levels of the pollutant as compared with their co-occurring, congeneric
counterparts.

Because only a few studies have assessed microplastic loads in
seabird feces, we cannot make a conclusive statement regarding the
severity of microplastic ingestion in the species and colonies described
by our study as compared with others. That being said, our results are
approximately 2500 to 12,500 times higher than a recent study which
found that guano collected from Northern Fulmar (Fulmarus glacialis) in
the Arctic contained a mean of 0.02 plastic particles per gram of fecal
matter (Hamilton et al., 2021). Our results are approximately 4 to 20
times higher than those found in another study on Northern Fulmar
guano, which found an average of 12.79 microplastics/g feces (Pro-
vencher et al., 2018). It should be noted that in both studies mentioned,
the samples referred to “guano” were collected by removing fecal pre-
cursor samples from dissected sections of the end of the seabird GI tract,
therefore, their results are not necessarily directly comparable to ours.
Both of these studies were, however, conducted in geographical areas for
which models estimated lower concentrations of microplastics than
were estimated for our study areas in the Northwestern Atlantic (Van
Sebille et al., 2015), presenting a possible non-methodology-driven
explanation for the differences in microplastic load observed.

Because there is still no concrete understanding of how microplastics
within the size range we observed might impact the health of seabirds,
we also cannot make any conclusion about the physical risk of the
pollutant to our study individuals. That being said, one experimental
study did find that the ingestion of plastic particles as small as 5.00 mm
in size was responsible for the transfer of toxic plastic additives into
seabird body tissues (Tanaka et al., 2020), therefore it is plausible to
assume that similar leaching of chemicals might occur in terns that

ingest plastic fibers of sizes within that same order of magnitude, which
represents the high end of the size range of microplastics found in our
study. However, it is unclear whether the volumes of chemicals that
might realistically leach from microplastics into body tissues do so in
appreciable amounts compared to other sources of exposure (Bank,
2022). Though information on the physical impacts of microplastic
ingestion in seabirds is lacking, the baseline understanding that this
study provides regarding microplastic ingestion by terns is an important
starting point for understanding the relative threat of plastic pollution to
terns and other small seabirds in the Northwestern Atlantic.

5. Conclusions

The results of our study provide valuable quantifications and char-
acterizations of microplastic ingestion levels for Common and Roseate
terns breeding in the Northwestern Atlantic, while also illuminating
dynamics and mechanisms of microplastic ingestion between life stages,
geographical areas, and species. Our study also investigates these same
trends in non-synthetic anthropogenic microfibers (many of which are
cellulose with a manufactured dye and chemicals applied). Inclusion of
these fibers has recently been identified as an important step toward
understanding the entire suite of anthropogenic microfibers (which in-
cludes microplastics) polluting marine organisms, as they make up a
significant proportion of the pollutant suite and have been under-
estimated in the past (Athey and Erdle, 2021).

Our findings show potential for the use of terns (specifically, Com-
mon Terns) as bioindicators for anthropogenic microfibers (including
microplastics), and they provide increased understanding of the trophic
transfer of this persistent pollutant suite. Specifically, our results suggest
that terns primarily ingest anthropogenic microfibers through secondary
consumption, and that variation in diet may result in different levels of
exposure to the pollutant. Future work should focus on robust sampling
of microfibers ingested by tern prey fishes, of those present in the surface
waters surrounding the colonies and foraging grounds, and of those that
might be lodged in body tissue or expelled via alternate means (regur-
gitated pellets).
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Summary (sample size, frequency of occurrence, and mean =+ standard deviation) of synthetic (plastic), semi-synthetic, and dyed natural fibers estimated in Common
Tern (Sterna hirundo) and Roseate Tern (S. dougallii) adults and chicks breeding in NH, MA, and NJ in 2019. Controls encompass both field and laboratory contam-
ination and numbers reported for biological (fecal) samples were not corrected to account for contamination.

Sample size Mean # synthetic fibers/g feces

Mean # semi-synthetic fibers/g feces Mean # dyed natural fibers/g feces

Common Tern

Chick
NH 27 49.5 + 40.8 3.2+26 134.1 +£110.5
Adult
NH 26 89.4 + 197.5 5.8 £12.7 242.3 + 535.2
NJ 20 108.3 +133.8 7.00 £+ 8.6 293.5 + 362.6
MA 19 173.5 + 265.8 11.2+17.2 470.1 + 720.3
Roseate Tern
Chick
NH 21 141.3 + 186.7 9.1+121 382.7 + 506.0
Controls 25 19.3 £23.5 1.2+15 52.3 £ 63.7
Table A2

Results, including color, length (mm), and material type (from two spectral libraries: Omnic [Primpke et al., 2018] and OpenSpecy [Cowger et al., 2021]) for each
particle isolated from tern feces (n = 123). Particle length was only collected and reported for anthropogenically derived fibers.

Color Length (mm) Material type Omnic % Match Material type Open Specy % match
(Omnic) (OpenSpecy)
Transparent 2.2 Polyethylene terephthalate 86.56 Fibre Polyester 96
Transparent 1.6 Polyethylene terephthalate 88.67 Polyethylene Terepthalate 96
Multicolor 4.5 Polyethylene terephthalate 88.63 Polyethylene Terepthalate 98
Gray na Cellulose Acetate Filter ATR 64 94.18 Cellulose 97
Transparent na Cellulose Acetate Filter ATR 64 91.74 Fibre Viscose 95
Pink 0.4 Cellulose Acetate Filter ATR 64 84.45 Cellulose 98
Blue 1.6 Poly(Vinyl Acetate:Ethyelene) 70.07 Acrylic 82
Transparent na Cellulose Acetate Filter ATR 64 88.92 Cellulose 95
Blue 2 Cellulose Acetate Filter ATR 64 91.93 Cellulose 97
Blue 2 Cellulose Acetate Filter ATR 64 85.93 Cellulose 95
Transparent na Wool Raw Cashmere Mongolia #267 88.51 Wool Raw Cashmere Mongolia 91
Blue 0.6 Fibre Cotton Combers #47 91.95 Cellulose 98
Pink 1.2 Cellulose Acetate Filter ATR 64 91.58 Cellulose 98
Black 1.4 Poly(acrylonitrile) 74.25 Acrylic 87
Blue 1.3 Cellulose Acetate Filter ATR 64 84.78 Celllulose 98
Blue 0.4 Cellulose #31 80.04 Cellulose 97
Multicoclor 4.6 Cellulose Acetate Filter ATR 64 87.2 Cellulose 98
Transparent na Cellulose Acetate Filter ATR 64 91.14 Cellulose 99

(continued on next page)
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Table A2 (continued)

Color Length (mm) Material type Omnic % Match Material type Open Specy % match
(Omnic) (OpenSpecy)

Pink 0.8 Cellulose Acetate Filter ATR 64 89.29 Cellulose 99
Transparent na Cellulose #31 84.52 Cellulose 98
Blue 1.5 Fibre Polyester 76.1 Polyvinylchloride 84
Orange 2 Cellulose Acetate Filter ATR 64 81.56 Cellulose 95
Transparent 1.6 Polyethylene terephthalate 94.08 PET 96
Transparent na Cellulose Acetate Filter ATR 64 97.43 Cellulose 97
Transparent na Cellulose Acetate Filter ATR 64 91.03 Cellulose 97
Black 3.2 Phenoxy Resin 61.47 Polyvinylchloride 83
Transparent na Cellulose Acetate Filter ATR 64 94.93 Cellulose 98
Blue 3.6 Wool Raw Cashmere Mongolia #267 84.35 Fur Dog 96
Transparent na Cellulose Acetate Filter ATR 64 91.36 Cellulose 98
Transparent na Cellulose #31 83.67 Cellulose 97
Transparent na Cellulose #31 86.56 Cellulose 98
Transparent na Cellulose Acetate Filter ATR 64 92.7 Cellulose 98
Transparent na Cellulose Acetate Filter ATR 64 93.84 Cellulose 98
Blue 0.8 Methyl Alcohol, 99.9% Spectrophotometric grade 71.37 Cellulose 97
Pink 5.4 Fur Dog #62 89.38 Fur Wild Boar 85
Blue 0.6 Cellulose Acetate Filter ATR 64 79.44 Cellulose 98
Blue 1.1 Fibre Linen #122 56.39 NA

Transparent na Cellulose Acetate Filter ATR 64 89.02 Cellulose 98
Transparent na Cellulose Acetate Filter ATR 64 72.39 Cellulose 95
White na Cellulose Acetate Filter ATR 64 87.02 Cellulose 96
White na Cellulose acetate filter ATR 64 92 Cellulose 97
White na Cellulose Acetate Filter ATR 64 93.02 Cellulose 97
White na Cellulose Acetate Filter ATR 64 94.42 Cellulose 93
White na Fibre Cotton Comberse #47 88.29 Cellulose 97
Transparent na Cellulose #31 84.25 Cellulose 98
White na Cellulose Acetate Filter ATR 64 86.74 Cellulose 98
Blue 0.5 Indigo Synthetic 76.13 Fibre Linen 89
Blue 2.3 Cellulose Acetate Filter ATR 64 91.1 Cellulose 99
Blue na Cellulose#31 83.88 Cellulose 98
Pink na Cellulose Acetate Filter ATR 64 84.12 Cardboard/Cellulose 97
White na Cellulose Acetate Filter ATR 64 95.13 Cellulose 98
Blue 1.7 Cellulose Acetate Filter ATR 64 92.32 Cardboard/Cellulose 97
Black 0.6 Cellulose#31 87.57 Cardboard/Cellulose 97
White na Cellulose Acetate Filter ATR 64 92.67 Algae Fucus Serratus 70
White na Cellulose acetate filter ATR 64 93.27 Cellulose 98
White na Cellulose #31 83.87 Cellulose 96
White na Cellulose acetate filter ATR 64 91.14 Cardboard/Cellulose 94
Gray 1.7 Cellulose Acetate Filter ATR 64 86.43 Cellulose 97
White 0.9 Nylon 6#147 92.08 Polyamide 95
Yellow 1.4 Cellulose #31 87.92 Cellulose 98
White na Cellulose Acetate Filter ATR 64 93.97 Cellulose 95
White 9.1 Polyethylene terephthalate #136 86.12 Polyethylene Terepthalate 98
Red 1.6 Wool Raw Cashmere Afghanistan #266 73.16 Fibre Tussah Silk 83
White na Cellulose Acetate Filter ATR 64 92.63 Cellulose 98
White na Cellulose acetate filter ATR 64 92.54 Cellulose 98
Black 3.3 Cellulose Acetate Filter ATR 64 89.34 Cellulose 98
Multicolor 2.1 Fibre Linen #122 83.12 Cellulose 85
Transparent na Fur Dog #62 82.92 Fur Red Deer 85
Transparent na Fibre Cotton Combers #47 75.13 Cellulose 94
Transparent na Cellulose Acetate Filter ATR 64 93.16 Cellulose 98
Blue 1 Fibre Cotton Combers #47 69.81 Cellulose 93
Transparent na Fibre Linen #122 43.93 NA

Blue 1.5 Cellulose Acetate Filter ATR 64 84.26 Cellulose 90
Blue 1.7 Cellulose Acetate Filter ATR 64 92.37 Cellulose 97
Multicolor 2.2 Cellulose #31 90.74 Cardboard/Cellulose 95
Multicolor 0.9 Cellulose Acetate Filter ATR 64 88.61 Cellulose 96
Blue 0.4 Fibre Linen #122 76.97 Cellulose 94
Transparent na Cellulose Acetate Filter ATR 64 91.73 Cellulose 98
Gray 1.4 Cellulose Acetate Filter ATR 64 83.48 Cellulose 64
Black 3.9 Polyethylene terephthalate 87.58 Polyethylene terepthalate 98
Blue 1.2 Cellulose #31 85 Cellulose 96
Gray 0.6 Cellulose #31 82.8 Cellulose 98
Pink 1.8 Cellulose #31 91.08 Cardboard/Cellulose 98
Blue 0.4 Cellulose Acetate Filter ATR 64 88.73 Cellulose 98
Transparent na Cellulose Acetate Filter ATR 64 93.05 Cellulose 98
Transparent 0.8 Nylon 90.11 Polyamide 6 97
Blue 1.6 Cellulose Acetate Filter ATR 64 96.81 Cellulose 97
Blue 0.6 Cellulose Acetate Filter ATR 64 92.96 Cellulose 97
Blue 1.1 Cellulose Acetate Filter ATR 64 83.8 Cellulose 96
Blue na Cellulose Acetate Filter ATR 64 93.68 Cellulose 98
Transparent na Cellulose Acetate Filter ATR 64 91.35 Cellulose 97

(continued on next page)
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Color Length (mm) Material type Omnic % Match Material type Open Specy % match
(Omnic) (OpenSpecy)

Transparent na Cellulose #31 88.03 Cellulose 98
Blue 1 Fibre Polyester 82.16 NA

Purple 4.9 Cellulose #31 85.27 Cellulose 98
Gray 0.8 Wool Raw Cashmere Mongolia #267 83.32 Fur Dog 94
Green 2.3 Polyethylene terephthalate 93.72 PET 99
Transparent na Wool Raw Cashmere Mongolia #267 89.98 Wool Raw Cashmere Mongolia 89
Blue na Fibre Linen #122 85.13 Cardboard/Cellulose 97
Gray na Cellulose Acetate Filter ATR 64 90.55 Cellulose 98
Purple na Cellulose Acetate Filter ATR 64 92.71 Cellulose 98
Transparent na Cellulose Acetate Filter ATR 64 94.69 Cellulose 98
Purple 1.6 Polyethylene terephthalate 84.57 Polyesterterpthalate 99
Pink 0.7 Cellulose Acetate Filter ATR 64 91.94 Cardboard/Cellulose 95
Transparent 3.3 Epoxide Resin 87.27 Polyester 98
Transparent 7.7 Copolyamide 74.02 Copolyamide 90
Transparent 2.4 Polyethylene Terephtalate 86.54 Polyester 87
Multicolor 1.9 Cellulose #31 74.95 Cellulose 97
Red 0.7 Cellulose Acetate Filter ATR 64 86.43 Cellulose 98
Blue 1 Cellulose Acetate Filter ATR 64 95.37 Cellulose 97
Transparent 1.4 Polytetrfluoroethylene 97.41 Teflon/PFTE 98
Multicolor na Cellulose Acetate Filter ATR 64 93.74 Cellulose 99
Blue 0.5 Cellulose #31 86.33 Cellulose 98
Pink 1.1 Fur Dog #62 74.26 Fur Red Deer 83
Blue 0.4 Cellulose #31 86.62 Cellulose 97
Transparent 2 Fibre Polyamide 92.75 Fibre Polyamide 96
Transparent 1.4 Polyethylene Terephtalate 87.19 Polyesterterpthalate 98
Transparent 2 Polyethylene Terephtalate 79.57 Polyethylene terepthalate 98
Pink 0.7 Cellulose #31 91.43 Cellulose 98
Purple 0.6 Hydroxyethyl Cellulose #100 62.18 Cardboard/Cellulose 96
Blue 4.7 Methyl Alcohol Spectrophotometric Grade 70.24 Cellulose 98
Blue 2.5 Cellulose Acetate Filter ATR 64 64.06 Cellulose 97
Transparent na Cellulose #31 81.58 Cellulose 93
Transparent na Cellulose Acetate Filter ATR 64 82.01 Cellulose 93
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Fig. Al. Example of Fourier-transformed infrared spectroscopy - attenuated total reflectance (FTIR-ATR) results for two microplastic fibers (a and b) isolated from
tern feces. Spectral images from the fibers are stacked atop images of the top two match results from the Omnic Library (Primpke et al., 2018). Tables containing the
top 10 match results from the Omnic library are stacked below the spectra. Fiber a (length = 2.0 mm) is Polyamide (92.75% confidence of top match) and fiber b

(length = 2.0 mm) is Polyester (79.57% confidence of top match).

References

Acampora, H., Schuyler, Q.A., Townsend, K.A., Hardesty, B.D., 2014. Comparing plastic
ingestion in juvenile and adult stranded short-tailed shearwaters (Puffinus
tenuirostris) in eastern Australia. Mar. Pollut. Bull. 78 (1-2), 63-68. https://doi.org/
10.1016/j.marpolbul.2013.11.009.

Acampora, H., Lyashevska, O., Van Franeker, J.A., O’Connor, 1., 2016. The use of
beached bird surveys for marine plastic litter monitoring in Ireland. Mar. Environ.
Res. 120, 122-129. https://doi.org/10.1016/j.marenvres.2016.08.002.

Anbumani, S., Kakkar, P., 2018. Ecotoxicological effects of microplastics on biota: a
review. Environ. Sci. Pollut. Res. Int. 25 (15), 14373-14396.

Arnold, J.M., Oswald, S.A., Nisbet, I.C.T., Pyle, P., Patten, M.A., 2020. Common tern
(Sterna hirundo). In: Birds of the World. https://birdsoftheworld.org/bow/sp
ecies/comter/cur/introduction.

Athey, S.N., Erdle, L.M., 2021. Are we underestimating anthropogenic microfiber
pollution? A critical review of occurrence, methods, and reporting. Environ. Toxicol.
Chem. 00 (00), 1-16. https://doi.org/10.1002/etc.5173.

Auta, H.S., Emenike, C.U., Fauziah, S.H., 2017. Distribution and importance of
microplastics in the marine environment: a review of the sources, fate, effects, and
potential solutions. Environ. Int. 102, 165-176. https://doi.org/10.1016/j.
envint.2017.02.013.

10

Avery-Gomm, S., Provencher, J.F., Morgan, K.H., Bertram, D.F., 2013. Plastic ingestion
in marine-associated bird species from the eastern North Pacific. Mar. Pollut. Bull. 72
(1), 257-259. https://doi.org/10.1016/j.marpolbul.2013.04.021.

Avery-Gomm, S., Provencher, J.F., Liboiron, M., Poon, F.E., Smith, P.A., 2018. Plastic
pollution in the Labrador Sea: an assessment using the seabird northern fulmar
Fulmarus glacialis as a biological monitoring species. Mar. Pollut. Bull. 127,
817-822. https://doi.org/10.1016/j.marpolbul.2017.10.001.

Baechler, B.R., Granek, E.F., Mazzone, S.J., Nielsen-Pincus, M., Brander, S.M., 2020.
Microplastic exposure by razor clam recreational harvester-consumers along a
sparsely populated coastline. Front. Mar. Sci. https://doi.org/10.3389/
fmars.2020.588481.

Bank, M.S., 2022. Microplastic in the Environment: Pattern and Process. Springer
International Publishing. https://doi.org/10.1007/978-3-030-78627-4.

Bertram, D., Robinson, C., Hennekes, M., Galbraith, M., Dangerfield, N., Gauthier, S.,
Woo, K., 2016. Plastic ingestion by Pacific Sand Lance (Ammodytes personatus) in
the Salish Sea. In: Paper Presented at the Salish Sea Ecosystem Conference,
Vancouver, BC, Canada.

Black, A.L., 2006. Foraging Area Characteristics of Arctic Terns (Sterna paradisaea) and
Common Terns (Sterna hirundo) Breeding on Machias Seal Island. University of New
Brunswick, Canada (masters thesis).

Brander, S., Renick, V., Foley, M., Rochman, C., Steele, C., Woo, M., Carr, S., Helm, P.,
Andrews, R., Box, C., Lusher, A., Cherniak, S., 2020. Sampling and QA/QC: a guide


https://doi.org/10.1016/j.marpolbul.2013.11.009
https://doi.org/10.1016/j.marpolbul.2013.11.009
https://doi.org/10.1016/j.marenvres.2016.08.002
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf9000
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf9000
https://birdsoftheworld.org/bow/species/comter/cur/introduction
https://birdsoftheworld.org/bow/species/comter/cur/introduction
https://doi.org/10.1002/etc.5173
https://doi.org/10.1016/j.envint.2017.02.013
https://doi.org/10.1016/j.envint.2017.02.013
https://doi.org/10.1016/j.marpolbul.2013.04.021
https://doi.org/10.1016/j.marpolbul.2017.10.001
https://doi.org/10.3389/fmars.2020.588481
https://doi.org/10.3389/fmars.2020.588481
https://doi.org/10.1007/978-3-030-78627-4
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140920265585
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140920265585
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140920265585
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140920265585
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140920493944
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140920493944
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140920493944
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140920507280
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140920507280

A. Caldwell et al.

for scientists investigating the occurrence of microplastics across matrices. Appl.
Spectrosc. 74 (9), 1099-1125.

Braune, B.M., Gaskin, D.E., 1982. Feeding ecology of nonbreeding populations of larids
off Deer Island, New Brunswick. Auk 99 (1), 67-76. https://doi.org/10.2307/
4086022.

Caldwell, A., Seavey, J., Craig, E., 2020. Foraging strategy impacts plastic ingestion risk
in seabirds. Limnol. Oceanogr. Lett. 5 (1), 163-168. https://doi.org/10.1002/
1012.10126.

Carbery, M., O’Connor, W., Palanisami, T., 2018. Trophic transfer of microplastics and
mixed contaminants in the marine food web and implications for human health.
Environ. Int. 115 https://doi.org/10.1016/j.envint.2018.03.007.

Cohen, J.H., Internicola, A.M., Mason, R.A., Kukulka, T., 2019. Observations and
simulations of microplastic debris in a tide, wind, and freshwater-driven estuarine
environment: the Delaware Bay. Environ. Sci. Technol. 53 (24), 14204-14211.
https://doi.org/10.1021/acs.est.9b04814.

Connors, K.A., Dyer, S.D., Belanger, S.E., 2017. Advancing the quality of environmental
microplastic research. Environ. Toxicol. Chem. 36 (7), 1697-1703. https://doi.org/
10.1002/etc.3829.

Cowger, W., Gray, A., Christiansen, S.H., Christiansen, S.H., Christiansen, S.H.,
DeFrond, H., Deshpande, A.D., Hemabessiere, L., Lee, E., Mill, L., Munno, K.,
Ossmann, B.E., Ossmann, B.E., Pittroff, M., Rochman, C., Sarau, G., Sarau, G.,
Tarby, S., Primpke, S., 2020. Critical review of processing and classification
techniques for images and spectra in microplastic research. Appl. Spectrosc. 74 (9),
989-1010.

Cowger, W., Steinmetz, Z., Gray, A., Munno, K., Lynch, J., Hapich, H., Primpke, S., De
Frond, H., Rochman, C., Herodotou, O., 2021. Microplastic spectral classification
needs an open source community: open specy to the rescue! Anal. Chem. 93 (21),
7543-7548. https://doi.org/10.1021/acs.analchem.1c00123.

Dias, M.P., Martin, R., Pearmain, E.J., Burfield, I.J., Small, C., Phillips, R.A., Yates, O.,
Lascelles, B., Borboroglu, P.G., Croxall, J.P., 2019. Threats to seabirds: a global
assessment. Biol. Conserv. 237, 525-537. https://doi.org/10.1016/j.
biocon.2019.06.033.

Frias, J.P.G.L., Nash, R., 2019. Microplastics: finding a consensus on the definition. Mar.
Pollut. Bull. 138, 145-147. https://doi.org/10.1016/j.marpolbul.2018.11.022.
Gall, S.C., Thompson, R.C., 2015. The impact of debris on marine life. Mar. Pollut. Bull.

92 (1-2), 170-179. https://doi.org/10.1016/j.marpolbul.2014.12.041.

GESAMP, 2015. Sources, fate and effects of microplastics in the marine environment: a
global assessment. In: Kershaw, P.J. (Ed.), (IMO/FAO/UNESCO-IOC/UNIDO/IAEA/
UN/UNEP/UNDP Joint Group of Experts on the Scientific Aspects of Marine
Environmental Protection). Rep. Study. GESAMP No. 90, 96 p.

Gochfeld, M., Burger, J., 2020. Roseate tern (Sterna dougallii). In: Birds of the World.
https://birdsoftheworld.org/bow/species/roster/cur/introduction.

Granek, E.F., Brander, S.M., Holland, E.B., 2020. Microplastics in aquatic organisms:
improving understanding and identifying research directions for the next decade.
Limnol. Oceanogr. Lett. 5 (1), 1-4. https://doi.org/10.1002/1012.10145.

Hamilton, B.M., Bourdages, M.P.T., Geoffroy, C., Vermaire, J.C., Mallory, M.L.,
Rochman, C.M., Provencher, J.F., 2021. Microplastics around an Arctic seabird
colony: particle community composition varies across environmental matrices. Sci.
Total Environ. 773, 145536 https://doi.org/10.1016/j.scitotenv.2021.145536.

Harris, L.S.T., La Beur, L., Olsen, A.Y., Smith, A., Eggers, L., Pedersen, E., Van
Brocklin, J., Brander, S.M., Larson, S., 2021. Temporal variability of microparticles
under the Seattle aquarium, Washington state: documenting the global Covid-19
pandemic. Environ. Toxicol. Chem. 00 (00), 1-14. https://doi.org/10.1002/
etc.5190.

Hays, H., Cormons, G., 1974. Plastic particles found in tern pellets, on coastal beaches
and at factory sites. Mar. Pollut. Bull. 5 (3), 44-46. https://doi.org/10.1016/0025-
326X(74)90234-3.

Hidalgo-Ruz, V., Gutow, L., Thompson, R.C., Thiel, M., 2012. Microplastics in the marine
environment: a review of the methods used for identification and quantification.
Environ. Sci. Technol. 46 (6), 3060-3075. https://doi.org/10.1021/es2031505.

Hipfner, J.M., Galbraith, M., Tucker, S., Studholme, K.R., Domalik, A.D., Pearson, S.F.,
Good, T.P., Ross, P.S., Hodum, P., 2018. Two forage fishes as potential conduits for
the vertical transfer of microfibres in northeastern Pacific Ocean food webs. Environ.
Pollut. 239, 215-222. https://doi.org/10.1016/j.envpol.2018.04.009.

Jambeck, J.R., Geyer, R., Wilcox, C., Siegler, T.R., Perryman, M., Andrady, A.,
Narayan, R., Law, K.L., 2015. Plastic waste inputs from land into the ocean. Science
347 (6223), 768-771. https://doi.org/10.1126/science.1260352.

Jams, 1.B., Windsor, F.M., Poudevigne-Durance, T., Ormerod, S.J., Durance, 1., 2020.
Estimating the size distribution of plastics ingested by animals. Nat. Commun. 11
(1), 1594. https://doi.org/10.1038/541467-020-15406-6.

Lavers, J.L., Stivaktakis, G., Hutton, L., Bond, A.L., 2019. Detection of ultrafine plastics
ingested by seabirds using tissue digestion. Mar. Pollut. Bull. 142, 470-474. https://
doi.org/10.1016/j.marpolbul.2019.04.001.

Lenz, R., Enders, K., Beer, S., Sgrensen, T.K., Stedmon, C.A., 2016. Analysis of
Microplastic in the Stomachs of Herring and Cod From the North Sea and Baltic Sea.
https://doi.org/10.13140/RG.2.1.1625.1769.

McDowell, L., Wardinsky, K., Cheng, L., Caldwell, A., Brown, B., Craig, E., 2021.
Evaluating Regurgitated Pellets as Indicators of Microplastic Ingestion by NH-
breeding Seabirds [Poster]. University of New Hampshire. Undergraduate Research
Conference.

Marine Pollution Bulletin 177 (2022) 113560

Mishra, S., Rath, C.Charan, Das, A.P., 2019. Marine microfiber pollution: a review on
present status and future challenges. Mar. Pollut. Bull. 140, 188-197. https://doi.
org/10.1016/j.marpolbul.2019.01.039.

Moser, M.L., Lee, D.S., 1992. A fourteen-year survey of plastic ingestion by Western
North Atlantic seabirds. Colon. Waterbirds 15 (1), 83. https://doi.org/10.2307/
1521357.

Nisbet, I.C.T., 1973. Courtship-feeding, egg-size and breeding success in common terns.
Nature 241 (5385), 141-142. https://doi.org/10.1038/241141a0.

Peters, W., 2018. Microplastic Fibres in Pacific sand Lance (Ammodytes personatus)
Burying Habitats in the Strait of Georgia, British Columbia, Canada. Simon Fraser
University, Canada (masters thesis).

Primpke, S., Wirth, M., Lorenz, C., Gerdts, G., 2018. Reference database design for the
automated analysis of microplastic samples based on fourier transform infrared
(FTIR) spectroscopy. Anal. Bioanal. Chem. 410 (21), 5131-5141. https://doi.org/
10.1007/500216-018-1156-x.

Provencher, J.F., Bond, A.L., Hedd, A., Montevecchi, W.A., Muzaffar, S.B., Courchesne, S.
J., Gilchrist, H.G., Jamieson, S.E., Merkel, F.R., Falk, K., Durinck, J., Mallory, M.L.,
2014. Prevalence of marine debris in marine birds from the North Atlantic. Mar.
Pollut. Bull. 84 (1-2), 411-417. https://doi.org/10.1016/j.marpolbul.2014.04.044.

Provencher, J.F., Bond, A.L., Avery-Gomm, S., Borrelle, S.B., Bravo Rebolledo, E.L.,
Hammer, S., Kiihn, S., Lavers, J.L., Mallory, M.L., Trevail, A., van Franeker, J.A.,
2017. Quantifying ingested debris in marine megafauna: a review and
recommendations for standardization. Anal. Methods 9 (9), 1454-1469. https://doi.
org/10.1039/C6AY02419J.

Provencher, J.F., Vermaire, J.C., Avery-Gomm, S., Braune, B.M., Mallory, M.L., 2018.
Garbage in guano? Microplastic debris found in faecal precursors of seabirds known
to ingest plastics. Sci. Total Environ. 644, 1477-1484. https://doi.org/10.1016/j.
scitotenv.2018.07.101.

Qin, F., Dy, J., Gao, J., Liu, G., Song, Y., Yang, A., Wang, H., Ding, Y., Wang, Q., 2020.
Bibliometric profile of global microplastics research from 2004 to 2019. Int. J.
Environ. Res. Public Health 17 (16), 5639. https://doi.org/10.3390/
ijerph17165639.

Quesadas-Rojas, M., Enriquez, C., Valle-Levinson, A., 2021. Natural and anthropogenic
effects on microplastic distribution in a hypersaline lagoon. Sci. Total Environ. 776,
145803 https://doi.org/10.1016/j.scitotenv.2021.145803.

Rapp, D.C., Youngren, S.M., Hartzell, P., David Hyrenbach, K., 2017. Community-wide
patterns of plastic ingestion in seabirds breeding at French Frigate Shoals,
Northwestern Hawaiian Islands. Mar. Pollut. Bull. 123 (1-2), 269-278. https://doi.
org/10.1016/j.marpolbul.2017.08.047.

Rochman, C., Brookson, C., Bikker, J., Djuric, N., Earn, A., Bucci, K., Athey, S.,
Huntington, A., Mcllwraith, H., Munno, K., De Frond, H., Kolomijeca, A., Erdle, L.,
Grbic, J., Bayoumi, M., Borrelle, S., Wu, T., Santoro, S., Werbowski, L., Hung, C.,
2019. Rethinking microplastics as a diverse contaminant suite. Environ. Toxicol.
Chem. 38, 703-711. https://doi.org/10.1002/etc.4371.

Rochman, C.M., Hoh, E., Kurobe, T., Teh, S.J., 2013. Ingested plastic transfers hazardous
chemicals to fish and induces hepatic stress. Sci. Rep. 3 (1) https://doi.org/10.1038/
srep03263.

Secretariat of the Convention on Biological Diversity, United Nations Environment
Programme, Global Environment Facility, Scientific and Technical Advisory Panel,
2012. Impacts of marine debris on biodiversity: current status and potential
solutions. Available from. http://www.deslibris.ca/ID/242832. Accessed March
2019.

Spear, L.B., Ainley, D.G., Ribic, C.A., 1995. Incidence of plastic in seabirds from the
tropical pacific, 1984-1991: relation with distribution of species, sex, age, season,
year and body weight. Mar. Environ. Res. 40 (2), 123-146. https://doi.org/10.1016/
0141-1136(94)00140-K.

Staudinger, M.D., Goyert, H., Suca, J.J., Coleman, K., Welch, L., Llopiz, J.K., Wiley, D.,
Altman, I, Applegate, A., Auster, P., Baumann, H., Beaty, J., Boelke, D., Kaufman, L.,
Loring, P., Moxley, J., Paton, S., Powers, K., Richardson, D., Steinmetz, H., 2020. The
role of sand lances (Ammodytes sp.) in the Northwest Atlantic ecosystem: a synthesis
of current knowledge with implications for conservation and management. Fish Fish.
21 (3), 522-556. https://doi.org/10.1111/faf.12445.

Tanaka, K., Watanuki, Y., Takada, H., Ishizuka, M., Yamashita, R., Kazama, M., Hiki, N.,
Kashiwada, F., Mizukawa, K., Mizukawa, H., Hyrenbach, D., Hester, M., Ikenaka, Y.,
Nakayama, S.M.M., 2020. In vivo accumulation of plastic-derived chemicals into
seabird tissues. Curr. Biol. 30 (4), 723-728.e3. https://doi.org/10.1016/j.
cub.2019.12.037.

Van Franeker, J., Meijboom, A., 2002. Litter NSV; marine litter monitoring by northern
fulmars (a pilot study). In: Wageningen, Alterra, 2002. Alterra-Rapport 401, 72 Pp.

Van Sebille, E., Wilcox, C., Lebreton, L., Maximenko, N., Hardesty, B.D., van Franeker, J.
A., Eriksen, M., Siegel, D., Galgani, F., Law, K.L., 2015. A global inventory of small
floating plastic debris. Environ. Res. Lett. 10 (12), 124006 https://doi.org/10.1088/
1748-9326/10/12/124006.

Welden, N.A., Lusher, A.L., 2017. Impacts of changing ocean circulation on the
distribution of marine microplastic litter. Integr. Environ. Assess. Manag. 13 (3),
483-487. https://doi.org/10.1002/ieam.1911.

Wilcox, C., Van Sebille, E., Hardesty, B.D., 2015. Threat of plastic pollution to seabirds is
global, pervasive, and increasing. Proc. Natl. Acad. Sci. 112 (38), 11899-11904.
https://doi.org/10.1073/pnas.1502108112.

11


http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140920507280
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140920507280
https://doi.org/10.2307/4086022
https://doi.org/10.2307/4086022
https://doi.org/10.1002/lol2.10126
https://doi.org/10.1002/lol2.10126
https://doi.org/10.1016/j.envint.2018.03.007
https://doi.org/10.1021/acs.est.9b04814
https://doi.org/10.1002/etc.3829
https://doi.org/10.1002/etc.3829
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140921143448
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140921143448
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140921143448
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140921143448
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140921143448
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140921143448
https://doi.org/10.1021/acs.analchem.1c00123
https://doi.org/10.1016/j.biocon.2019.06.033
https://doi.org/10.1016/j.biocon.2019.06.033
https://doi.org/10.1016/j.marpolbul.2018.11.022
https://doi.org/10.1016/j.marpolbul.2014.12.041
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140927302138
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140927302138
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140927302138
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140927302138
https://birdsoftheworld.org/bow/species/roster/cur/introduction
https://doi.org/10.1002/lol2.10145
https://doi.org/10.1016/j.scitotenv.2021.145536
https://doi.org/10.1002/etc.5190
https://doi.org/10.1002/etc.5190
https://doi.org/10.1016/0025-326X(74)90234-3
https://doi.org/10.1016/0025-326X(74)90234-3
https://doi.org/10.1021/es2031505
https://doi.org/10.1016/j.envpol.2018.04.009
https://doi.org/10.1126/science.1260352
https://doi.org/10.1038/s41467-020-15406-6
https://doi.org/10.1016/j.marpolbul.2019.04.001
https://doi.org/10.1016/j.marpolbul.2019.04.001
https://doi.org/10.13140/RG.2.1.1625.1769
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140932129485
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140932129485
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140932129485
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140932129485
https://doi.org/10.1016/j.marpolbul.2019.01.039
https://doi.org/10.1016/j.marpolbul.2019.01.039
https://doi.org/10.2307/1521357
https://doi.org/10.2307/1521357
https://doi.org/10.1038/241141a0
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140924104501
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140924104501
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140924104501
https://doi.org/10.1007/s00216-018-1156-x
https://doi.org/10.1007/s00216-018-1156-x
https://doi.org/10.1016/j.marpolbul.2014.04.044
https://doi.org/10.1039/C6AY02419J
https://doi.org/10.1039/C6AY02419J
https://doi.org/10.1016/j.scitotenv.2018.07.101
https://doi.org/10.1016/j.scitotenv.2018.07.101
https://doi.org/10.3390/ijerph17165639
https://doi.org/10.3390/ijerph17165639
https://doi.org/10.1016/j.scitotenv.2021.145803
https://doi.org/10.1016/j.marpolbul.2017.08.047
https://doi.org/10.1016/j.marpolbul.2017.08.047
https://doi.org/10.1002/etc.4371
https://doi.org/10.1038/srep03263
https://doi.org/10.1038/srep03263
http://www.deslibris.ca/ID/242832
https://doi.org/10.1016/0141-1136(94)00140-K
https://doi.org/10.1016/0141-1136(94)00140-K
https://doi.org/10.1111/faf.12445
https://doi.org/10.1016/j.cub.2019.12.037
https://doi.org/10.1016/j.cub.2019.12.037
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140933424687
http://refhub.elsevier.com/S0025-326X(22)00242-9/rf202203140933424687
https://doi.org/10.1088/1748-9326/10/12/124006
https://doi.org/10.1088/1748-9326/10/12/124006
https://doi.org/10.1002/ieam.1911
https://doi.org/10.1073/pnas.1502108112

	Incidence of microplastic fiber ingestion by Common Terns (Sterna hirundo) and Roseate Terns (S. dougallii) breeding in the ...
	1 Introduction
	2 Methods
	2.1 Study location and sample collection
	2.2 Microplastic isolation and identification
	2.3 Data analysis

	3 Results
	3.1 Particle characteristics and identification
	3.2 Microplastic prevalence and size

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Appendix
	References


