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A B S T R A C T

Northern Fulmars (Fulmarus glacialis) are a pelagic seabird species distributed at northern and polar latitudes.
They are often used as an indicator of plastic pollution in the North Sea region, but data are lacking from higher
latitudes, especially when it comes to chicks. Here, we investigated amounts of ingested plastic and their char-
acteristics in fulmar chicks from the Faroe Islands. Plastic particles (�1 mm) in chicks of two age classes were
searched using a digestion method with KOH. In addition, to evaluate if additive tissue burden reflects plastic
ingestion, we measured liver tissue concentrations of two pollutant classes associated with plastic materials:
polybrominated diphenyl ethers (PBDEs) and several dechloranes, using gas chromatography with high-resolution
mass spectrometry. The most common shape was hard fragment (81%) and the most common polymer was
polyethylene (73%). Plastic contamination did not differ between either age class, and we found no correlation
between neither the amount and mass of plastic particles and the concentration of additives. After comparison
with previous studies on adult fulmars, we do not recommend using chicks for biomonitoring adults because
chicks seem to ingest more plastics than adults.
1. Introduction

Plastic pollution occurs in both abiotic and biotic compartments of
ecosystems, even in remote regions such as the Arctic (Bergmann et al.,
2022; Collard and Ask, 2021; Mishra et al., 2021) as determined by the
Conservation of Arctic Flora and Fauna (CAFF, Irons et al., 2015). Data on
plastics collected at the ocean's surface indicate that some of these
plastics arrived in the Arctic after a long period at sea, and some studies
have suggested that a significant, though unquantified, fraction came
from sources located up to several thousands of kilometers away (C�ozar
et al., 2017; Lusher et al., 2015). Plastics in the Arctic can also originate
from various marine and local activities such as discharges from fisheries,
ship traffic, oil and gas exploration, aquaculture, or tourism (Grøsvik
et al., 2018). Arctic organisms could become more exposed to plastic
debris in the future because of the expected impacts of climate change in
polar regions. For example, the Arctic sea ice contains microplastics (�5
mm, Arthur et al., 2009) and can act as a temporary sink for plastic
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(Obbard et al., 2014; Peeken et al., 2018) but higher temperatures will
lead to further melting of Arctic sea ice, thereby releasing microplastics
into sea water. In addition, the melting of the sea ice will open new routes
for maritime traffic, likely releasingmore plastic particles into themarine
environment (e.g. Bergmann et al., 2022).

Plastics are assumed to enter the European Arctic from regions further
south with marine currents through the passage between Scotland and
Iceland (C�ozar et al., 2017). In that passage, the Faroe Islands (hereafter
the Faroes) are part of the connection between Arctic and Atlantic re-
gions, and marine ecosystems around the Faroes could be more exposed
to plastic pollution because of their location. In addition, there are major
fisheries in Faroese waters (Taconet et al., 2019) and they are close to a
major fishery around Iceland (Halsband and Herzke, 2019), which can
generate vast amounts of plastic waste, as recorded in the Barents Sea
(Grøsvik et al., 2018; Novikov et al., 2021). Given the geographic posi-
tion of the Faroes between the Arctic and the Atlantic and the high
exposure to plastic pollution organisms can undergo there, those islands
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Table 1
Averaged biometric measurements of the collected fulmar chicks per age class,
with standard deviation.

Age class Body
mass (g)

Wing
length
(cm)

Culmen
length (cm)

Head þ bill
length (cm)

Gonys
length
(cm)

Young (n
¼ 10)

291.7 �
84.0

4.8 � 0.9 2.5 � 0.2 6.4 � 0.6 1.1 � 0.1

Old (n ¼
10)

869.8 �
236.8

17.7 � 4.0 3.4 � 0.3 8.7 � 0.7 1.4 � 0.1

All (n ¼
20)

580.7 �
339.3

11.3 � 7.1 2.9 � 0.5 7.5 � 1.3 1.3 � 0.2
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constitute a useful area to study plastic pollution. Among those organ-
isms, the fulmar is of particular interest because their fledglings are eaten
by Faroese humans (Svanberg, 2021). Consequently, assessing plastic
burdens and plastic additive levels in Faroese fulmars and understanding
the role of plastic ingestion in the occurrence of those additives is of
interest for fulmar and human health reasons. Given this, the Faroes
constitute an area worthy of investigation in the frame of plastic
pollution.

In the Arctic, the ingestion of plastic has been reported in several
species ranging from the small amphipod Gammarus setosus to the large
polar bear Ursus maritimus (Collard and Ask, 2021). Seabird species are
particularly affected by marine debris and plastic pollution is a major
threat for them, because larger loads of marine plastics in the
gastro-intestinal tract can lead to gut obstruction and reduction of body
condition and consequently to higher mortality rates (Roman et al., 2019;
Wilcox et al., 2015). The frequency of occurrence of plastics can differ
among seabirds in a given area. For example, in the Arctic, fulmars have a
higher frequency of occurrence of ingested plastic pieces than Black-legged
Kittiwakes (Rissa tridactyla), Thick-billed Murres (Uria lomvia) and Black
Guillemots (Cepphus grylle) (Baak et al., 2020b). Two ecological and
morphological features help explain why fulmars exhibit higher levels of
ingested plastics than other species. (1) The opening between the pro-
ventriculus and the gizzard is narrow, preventing the fulmars from
regurgitating the gizzard content where hard particles accumulate. (2)
They feed at the sea surface, where floating plastics are found (Provencher
et al., 2014). The first report of plastic ingestion by fulmars was made in
Scotland (Furness, 1985) but studies about plastic ingestion by fulmars
come mostly from Canada and the North Sea (e.g. Collard and Ask, 2021;
Poon et al., 2017; van Franeker et al., 2021). In 2008, the fulmar was
proposed as an indicator species of marine plastic debris by the Oslo-Paris
Convention for the Protection of theMarine Environment of the North-East
Atlantic (OSPAR) and a long-term threshold for the fulmar Ecological
Quality Objective (EcoQO) in the North Sea was defined: “There should be
less than 10% of northern fulmars (Fulmarus glacialis) having more than
0.1 g of plastic particles in the stomach of 50–100 beach-washed fulmars
from each of 4–5 areas of the North Sea over a period of at least five years”
(OSPAR, 2008; OSPAR Commission London, 2010). However, this EcoQO
is not well-grounded scientifically because of a lack of data that can be
used to determine a quantity at which negative effects can be observed for
fulmars and other ecosystem components (van Franeker et al., 2011). A
study on fulmars from the Faroes showed that 90% of the birds had plastic
in their stomachs and 40% of those exceeded the EcoQO defined by van
Franeker et al. (2021).

The consequences of plastic ingestion are not well known, especially
in Arctic marine organisms (Halsband and Herzke, 2019). Regarding
fulmars, both toxicological and physical impacts are suspected to occur.
Because of their gizzardmorphology, Procellariiformes have a higher risk
of obstruction (Furness, 1985). Thus, dozens of plastic items trapped in
the gizzard could affect digestion, although this has not been studied in
wild seabirds (Collard and Ask, 2021). Plastics may have many
embedded chemicals and there is evidence that they can adsorb toxic
pollutants from the surrounding water, thus potentially enhancing the
bioaccumulation of contaminants along the food web by ingestion
(Teuten et al., 2007, 2009; Hale et al., 2010). Polybrominated diphenyl
ethers (PBDEs) and dechloranes are two groups of organic pollutants
used as flame retardants in several commonly-used products such as in
textiles, electronic devices, or plastics among others (Betts et al., 2006;
Chen and Hale, 2010; World Health Organization, 2006). PBDEs are
found in all environmental compartments in Europe including the at-
mosphere, sediment and biota (Law et al., 2006). Birds, particularly, can
be highly polluted by PBDEs, sometimes more than top predators (Chen
and Hale, 2010). PBDEs are known to modify gene expression and alter
thyroid functions and behavior (e.g. Guigueno and Fernie, 2017; Mor-
tensen et al., 2022). In fulmars, PBDEs have been found in eggs, juveniles,
and adults (F€angstr€om et al., 2005). In addition, high plastic levels have
been related to high levels of the congener BDE209 (Neumann et al.,
2

2021). Dechlorane Plus (DP) and dechloranes 602, 603, 604 have been
used since the 1978 ban of dechlorane in the United States because of its
toxicity (Feo et al., 2012). As with PBDEs, dechloranes have been found
in the environment (Sverko et al., 2011) and have also been detected in
the Arctic biota, including seabirds (e.g. AMAP, 2017; Verreault et al.,
2018). To our knowledge, only two field studies reported the occurrence
of dechloranes in fulmars (Mortensen et al., 2022; Sühring et al., 2022),
the first one suggesting an association between DP occurrence and
physiological and hormonal alterations (Mortensen et al., 2022) and the
second one showing non-detectable levels of DP isomers in the liver.

Although plastic ingestion by fulmars has been studied for decades in
someregions, two important knowledgegaps remain. (1)What is theplastic
burden in the intestine, particularly for early life stages? (2)What is the link
between plastic burden and associated additives in liver tissue? Our main
goal was to help fill those gaps in three ways. (1) Measure and report the
quantity (number and mass) and relative frequency of occurrence of
ingested plastics in fulmar chicks of two age classes. (2) Provide data for
both the intestineand stomachcontents, the formerbeingusually ignored in
similar studies. (3) Determine the correlation between plastic burden and
both dechloranes and PBDEs concentrations in fulmar livers. Thus, our
studyprovidesnewdataon fulmar chicks formonitoringplastic pollution in
northern regions and will help us understand the potential links between
plastic ingestionandassociatedadditives in a species consumedbyhumans.

2. Materials and methods

2.1. Bird specimens

In summer 2020, 10 living two-week old chicks and 10 living six-
week old chicks (hereafter young and old chicks, respectively, Table 1
& Table S1) were collected in St�ora Dímun, Faroes (61.70�N; �6.75�E),
and stored at �20 �C until further processing.
2.2. Fulmar dissection and extraction of plastic particles

All birds were dissected following van Franeker (2004) for moni-
toring plastic ingestion by fulmars, and the gastrointestinal tract was
collected with its contents. The intestine and the stomach (proventriculus
and gizzard) were then separated, and the contents from each was
immersed in a solution of 10% KOHwith a volume ratio 1:3 (tissue:KOH)
(Rochman et al., 2015).

Samples were shaken using a low-profile laboratory shaker (IKA HS
501 digital, Staufen, Germany) at 100 rpm. After 2 days, the solutions
were sieved (20 μm). The retained particles were rinsed with milliQ
water and poured into a filtration unit. That mixture was then vacuum-
filtered (5 μm acetate cellulose membrane). Only particles larger than
1 mm (OSPAR guidelines, OSPAR, 2008) were analyzed by spectroscopy
and included in our study.
2.3. Identification of plastic polymers

All collected particles were analyzed except for gastrolith-like parti-
cles when the number per individual was>50. In this case, particles were
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pooled and a 10% subsample was randomly chosen for analysis. The
polymer identification procedure was adapted from Neumann et al.
(2021). Identifications were performed using the Fourier Transform
Infrared (FTIR) Spectrometry technique (infrared spectrometer Cary 630
with Diamond Attenuated total reflectance (ATR), Agilent technology,
Santa Clara, US) in the Norwegian Institute of Air Research (NILU). The
windows for detection of spectra were set between 4000 and 650 cm�1

and resolution was set at 8 cm�1. Between each particle analysis, the
diamond crystal was cleaned and scans were collected to adjust for
background noise. The obtained spectra were compared to a modified
ATR Demo reference library at NILU. Matches were ranked from 0 to 1
(Hit Quality Index), a particle was identified if its score was �0.7. If a
satisfying match could not be obtained, the particle was sliced and its
spectrum was determined a second time. If the second match did not
reach 0.7, the particle was classified as “Undetermined”. Each particle
was then classified as either plastic, gastrolith, or other.

2.4. Characteristics of plastic particles

The plastic particles were sorted using the ‘Save the North Sea’ pro-
tocol into industrial (pellet) and user (fragment, thread, sheet, foamed
(van Franeker, 2004);). The particles were placed on a
millimeter-gridded paper and photographed (Canon 500D, Tokyo,
Japan) before their identification by FTIR. Size measurements of plastic
particles were performed (using Image J: v1.52). As recommended by
Hartmann et al. (2019), only the largest dimension was measured.
Plastics were assigned to one of eight color groups recommended by
Provencher et al. (2017): off/white–clear; grey–silver; black; blue-
–purple; green; orange–brown; red–pink, or yellow. The plastic particles
were weighed per polymer and per individual. Industrial and user plas-
tics were separately weighed. The gastroliths and other particles were
weighed per individual (Quintix64-1S, Sartorius AG, G€ottingen,
Germany).

2.5. Preventing and quantifying contamination by plastic particles

Although our study was limited to particles visible with the naked eye
-which are less prone to originate from the contamination of the working
environment-our samples were treated with precaution from the
perspective of investigating smaller particles (<1 mm) in the future.
Therefore, each step, from the dissection of the birds until the selection of
particles for identification, was performed to prevent any microplastic
cross-contamination.

To reduce airborne contamination, all laboratory work was per-
formed under a fume hood. Glassware and dissection tools were scru-
pulously washed using filtered milliQ water. Three times during the
dissection period, procedural blanks were made for the two sample types
(stomach and intestine). None of them contained any particle>1 mm. All
the filtering membranes, including blanks, were retained for future
studies of smaller microplastic particles.

2.6. Associated additives

We used methods for determining additives associated with plastics
modified from Carlsson et al. (2014) and Herzke et al. (2016).

2.6.1. Isotopic dilution
Liver and plastic samples were spiked with an internal standard (IS)

including 13C labeled PBDEs �28, �47, �99, �153, �183, �197, �206
and�209 and 13C labeled Dechlorane Plus syn and Dechlorane 602 prior
to extraction (Cambridge Isotope Laboratory; CIL, Tewksbury, MA, USA).

2.6.2. Liver samples
Two grams of liver tissue were homogenized with pre-treated sodium

sulphate (600C, 8h) (Merck, Darmstadt Germany) and extracted three
times with 40 ml, 30 ml, and 30 ml cyclohexane: acetone mixtures (ratio
3

3:1) in an ultrasonic water bath for 10 min. The extract was concentrated
in an RapidVap evaporation vacuum system (labconco, MO, USA) until
they were dry and an aliquot of the extract was used for lipid determi-
nation. Samples were cleaned-up and fractionated using the EZprep 123
sample prep system (Fluid Management Systems; FMS, Billerica, MA,
USA) and the prepacked 0.5 g fat removal kit with 6 g acidic silica col-
umn connected to a 4 g basic aluminum oxide column. The column set
was washed with 20 ml of n-hexane and then samples were loaded with
10 ml of n-hexane and eluted with 150 ml of n-hexane. The basic
aluminum oxide column was reversed and eluted with 50 ml dichloro-
methane, which was collected and evaporated. 13C PCB159 was used as a
recovery standard.

2.6.3. Instrumental analysis
Liver samples were analyzed for a suite of PBDEs (17, 28, 47, 49, 66,

71, 77, 85 99, 100, 119, 126, 138, 153, 154, 156, 183, 184, 191, 196,
197, 202 206, 207 and 209) (Wellington laboratories, Ontario, Canada
and CIL, Andover, U.S.A.) and Dechlorane Plus (syn and anti) and
Dechloranes 602, 603, 604 (CIL, MA, USA). For analyte detection, we
used gas chromatography with high-resolution accurate mass spectrom-
etry (GC-HRAM) (TRACE 1310-Q ExactiveTM GC OrbitrapTM, Thermo
Fisher Scientific, Waltham, MA, USA). The GC-HRAMwas equipped with
a 15 m RTx 1614 MS column (0.25 μm id and 0.1 μm film thickness,
Restek Corp, Bellefonte, PA, USA). Helium was used as a carrier gas at a
flow rate of 1.6 mL/min. More information regarding the method can be
found in Carlsson et al. (2014) and Herzke et al. (2016).

2.6.4. Quality assurance
All glassware was initially burnt at 450 �C for 8 h and rinsed with n-

hexane and acetone. For each sample, new equipment was used to avoid
cross-contamination. Laboratory tools were rinsed in acetone and
cyclohexane in an ultrasonic water bath. In addition, sample preparation
was carried out in a laminar flow clean cabinet (Bigneat Ltd. Waterloo-
ville, Hampshire, UK).

For a batch of 10 liver samples, two laboratory blanks and standard
reference materials (SRMs) were analyzed for quality control of the
method. WMF-03 freeze-dried fish tissue (Wellington laboratories Inc.,
Ontario, Canada) was used as reference material.

The limit of detection (LOD) was set at average blank level þ 3 x
standard deviation for each congener and the limit of quantification
(LOQ) was calculated as average blank level þ 10 x standard deviation.

2.7. Data analyses

All data analyses were conducted with R statistical software (R Core
Team, 2022; version 4.0.3). Data handling regarding plastic particles
alone was performed using the «tidyverse » collection of libraries
(Wickham et al., 2019). All means and standard deviations were calcu-
lated using the “summarySE” function from the “Rmisc” package (Hope,
2013). Assumption of normality was verified using the Shapiro-Wilk test.
Neither the mass nor the number of plastic particles in each group were
normally distributed. Therefore, Mann-Whitney tests were performed to
compare the mass and number of plastic particles among groups. Data
related to associated pollutants were checked for normality using the
Shapiro-Wilk test. Correlations between plastic numbers or plastic mass,
and all the dechlorane and PBDE congeners were tested with a Spear-
man's rank-order test. The PBDE and dechlorane congeners concentra-
tions were compared between the two age classes by using a
Mann-Whitney test. The threshold for statistical significance was set at
0.1 to reduce Type-2 statistical error.

3. Results

Plastic was found in 95% of all fulmar chicks. A total of 248 plastic
particles were found in the stomach contents: 79 in the young chicks (n¼
10) and 169 in the old chicks (n ¼ 10). The only bird without plastic in
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either the stomach or the intestine was the smallest (youngest) individ-
ual. In contrast to the stomach contents, only one piece of plastic was
found in the intestine contents. The difference between the two organs
was significant (p ¼ 0.0051; df ¼ 19.01). We therefore focused only on
stomach contents in the rest of our study.
3.1. Plastic burden & gastroliths

The average number of plastic particles per bird was 12.4 � 17.5
(standard deviation, SD) and the average mass was 0.15 g per bird
(Table 2). In young and old chicks, 8.0 � 9.3 SD and 16.8 � 22.7 SD
plastic particles per bird were found on average, respectively. We
determined no significant difference between the two groups, neither in
number (p¼ 0.24, W¼ 66) nor in mass (p¼ 0.43, W¼ 61). Forty percent
of the chicks exceeded the EcoQO threshold (0.1 g). Five of them were
old chicks and three were young chicks (Table S2). Themaximummass of
plastics found in a single bird was 872 mg, in a two-week old chick.

Besides plastic, gastroliths were another common hard particle found
in the stomachs. On average, 6.8 � 4.56 SD and 45.9 � 53.53 SD gas-
troliths per bird, and 0.05 � 0.05 mg and 0.51 � 0.66 mg per bird were
found in the young and the old chicks, respectively.
3.2. Plastic polymers

Four different plastic polymers were identified using FTIR spectros-
copy: 181 particles of polyethylene (PE), 56 particles of polypropylene
(PP), 8 particles of polystyrene (PS) and 3 particles of polyethylene
terephthalate (PET) (Fig. 1A). The number of PE particles and their mass
per bird was significantly higher than PS and PET (p ¼ 2.5 � 10�6). The
number of PP particles and their mass was significantly higher than PS
and PET (p ¼ 0.0003). The other differences were not significant. For
each polymer, there was no significant difference in the number or mass
between the two groups of chicks.
3.3. Shapes & colors

Combining both age classes, 201 fragments, 37 sheets, 6 threads, 2
pellets and 2 foamed particles were identified (Fig. 1B). Sheetlike par-
ticles were significantly more abundant in old chicks (p ¼ 0.049) while
the other types did not differ between the two age classes (p > 0.1).

Overall, 127 particles of plastic were classified as yellow, 62 as white,
24 as orange-brown, 12 as black, 8 as red-pink, 6 as green, 5 as blue-
purple and 4 as grey (Fig. 1C). The number of yellow particles per bird
was significantly higher than the others (p < 0.1) except white particles
(p¼ 0.546). Black, blue-purple, green, grey and red-purple particles were
less abundant and no statistically significant differences were detected
among them (p > 0.1). All colors were represented in similar numbers in
both age classes.
Table 2
Overview of the average number and mass of plastic per individual.

Number of plastics Mass of plastics (mg)

Young chicks
Average (�SD) 8.0 � 9.3 0.16 � 0.26
Median 5 0.06
Minimum 0 0
Maximum 30 872

Old chicks
Average (�SD) 16.8 � 22.7 0.14 � 0.15
Median 8 0.1
Minimum 2 5.8
Maximum 78 492

Total average (�SD) 12.4 � 17.5 0.15 � 0.21
Total median 7.5 0.08
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3.4. Associated additives in liver

Among the 22 targeted PBDE congeners, five were not detected
(BDE85, BDE138, BDE156, BDE184 and BDE191) and 4 were detected in
each fulmar chick (BDE49, BDE119, BDE153 and BDE154). The lowest
concentration of PBDE congeners was 0.0002 ng/g w.w. of BDE17 in an
old chick and the highest was 2.065 ng/g w.w. of BDE209 in an old chick
(Table S3). The congener BDE209 was above the limit of detection in five
birds. No significant positive correlation between the concentration of
each congener and the total level of PBDEs, and both plastic mass and
plastic numbers could be found (Spearman test, p > 0.1). Significant
differences between age classes were evident in the concentrations of
several PBDE congeners. Younger chicks had significant higher levels of
BDE153, 183, 202 (Mann-Whitney; W ¼ 84, p ¼ 0.0089; W ¼ 76, p ¼
0.049; W ¼ 79, p ¼ 0.0288; respectively), and the summed levels of all
PBDE congeners analyzed were also higher in younger chicks (Mann-
Whitney; W ¼ 79, p ¼ 0.0288).

When considering all the targeted dechloranes, all birds had at least
one of the dechloranes detected in their liver. Dec601 and Dec604 were
not detected in any bird but both syn- and anti-DP were detected in 19
birds out of 20. As with PBDEs, we found no significant correlation be-
tween either the plastic mass or the plastic number and the concentration
of each dechlorane congener separately or combined (Spearman test).
Similarly to PBDEs, younger chicks showed significantly higher con-
centrations of dechloranes than older chicks (Dec602: Mann-Whitney
test; W ¼ 100, p ¼ 1.08 � 10�5; Dec603: W ¼ 92, p ¼ 0.0015; anti-DP:
W ¼ 94, p ¼ 0.00032 and syn-DP: W ¼ 91, p ¼ 0.0022). Consequently,
the total concentration of all the dechlorane congeners analyzed was also
significantly higher in young chicks (Mann-Whitney test; W ¼ 100, p ¼
1.08 � 10�5; Table 3).

4. Discussion

Our study provides further evidence that young Northern Fulmar
chicks ingest plastic debris. We also showed that two families of associ-
ated additives are detectable in all chicks sampled. We found no link
between plastic numbers and masses, and the concentrations of those
pollutants but our results supported that early life stages of fulmars are
worth investigating. Indeed, young chicks had ingested as many or more
plastics than older birds from the Faroes (Tanaka et al., 2019; van Fra-
neker, 2012) and the levels of some PBDE congeners or dechloranes are
as high as in other organisms (Vorkamp et al., 2015). In addition, there
was an important difference between plastic burden in the stomachs and
in the intestine, raising questions about the retention time of those par-
ticles in the stomachs and about the parameters influencing the transfer
of plastics along the digestive tract. Our study provides answers on how
much fulmar chicks are contaminated by plastic but also shows that the
impacts and processing of those particles are poorly known.

4.1. Egestion of plastic pieces

Only one piece of plastic was found in an intestine, compared to the
much higher plastic burdens found in the stomachs. To our knowledge,
no studies provided information on plastic occurrence in the intestine of
birds from the Faroes, but similar results have been reported in previous
studies where adults were investigated (Furness, 1985; Terepocki et al.,
2017). In stranded adult fulmars from the U.S.A., four out of 16 birds had
one plastic piece in their intestine and one had two pieces (Terepocki
et al., 2017). The fulmars from Scotland had no plastic piece in their
intestine (n ¼ 13, Furness, 1985). The minimal size of plastic was not
mentioned by Furness (1985) but was also 1 mm in the study of Ter-
epocki et al. (2017), making the comparison with the latter one more
reliable. Although not quantified, plastics were more frequently found in
the gizzard in our study, which is also supported by other studies (Mal-
lory, 2008; Terepocki et al., 2017). Once ingested, a plastic piece passes
the esophagus to reach the proventriculus, a large glandular stomach



Fig. 1. Distribution of polymers (A), shapes (B) and colors (C) within all ingested plastic particles. B–P: blue-purple, O–B: orange-brown, PE: polyethylene, PET:
polyethylene terephthalate, PP: polypropylene, PS: polystyrene.

Table 3
Averaged levels of BDE209, all PBDE congeners together and some dechloranes in both age classes, with standard deviations. All values are expressed in ng/g wet
weight. Dec: dechlorane, anti-DP: anti isomer of dechlorane plus, syn-DP: syn isomer of dechlorane plus, PBDE: polybrominated diphenyl ether.

Age class BDE209 All PBDEs Dec-602 Dec-603 Syn-DP Anti-DP All dec

Young (n ¼ 10) 0.744 � 0.558 1.300 � 0.693 0.357 � 0.339 0.0059 � 0.0027 0.015 � 0.0055 0.071 � 0.0386 0.449 � 0.346
Old (n ¼ 10) 0.476 � 0.530 0.759 � 0.605 0.058 � 0.027 0.0016 � 0.0014 0.007 � 0.003 0.027 � 0.0013 0.094 � 0.038
All (n ¼ 20) 0.610 � 0.561 1.029 � 0.704 0.207 � 0.283 0.0038 � 0.0031 0.011 � 0.006 0.049 � 0.036 0.271 � 0.304
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where digestion starts (van Franeker et al., 2005). After, the plastic piece
reaches the muscular stomach, the gizzard, it is ground up before it
reaches the intestine (Furness, 1985; Terepocki et al., 2017; van Franeker
and Law, 2015). Therefore, plastics found in the gizzard are assumed to
be too large to reach the intestine (van Franeker and Law, 2015) but are
also assumed to be smaller than those found in the proventriculus (Ter-
epocki et al., 2017). The single plastic piece found in the intestine in our
study suggests that indeed some plastics can be egested after a fewweeks.
The great difference between the number of plastics found in the stom-
achs and in the intestine in both young and old chicks, might be
explained by a slow grinding of plastic pieces in the gizzard, leading to a
long retention time, in combination with a decreasing environmental
exposure. That decreasing exposure also could be explained by the
increasing foraging distance traveled by the parents (Weimerskirch et al.,
2001). The retention time of plastic pieces in the fulmar digestive tract
has been investigated in several studies with different results, going up to
an estimated 1 year for a plastic to be egested (e.g. Ryan and Jackson,
1987; Terepocki et al., 2017). If plastic pieces can indeed stay in the
gizzard for such a long time, first-year fulmars should be the most
contaminated age class. They do not breed and therefore do not empty
their proventriculus during the breeding season to feed their chicks.
Moreover, there seems to be a gradual decrease in plastic burden from
5

first-year to adult fulmars. This has been suggested by previous studies
(van Franeker et al., 2022) and needs further investigation to be
confirmed.

4.2. The role of parental transfer

The chicks used in our study were not fledged, hence all ingested
plastic particles came either from parental regurgitation or were found by
the chick itself in or around the nest. The plastic quantities recorded in
our study are thought to result from feeding by both parents. The plastic
pieces found in the stomachs in our study might also have come from the
nest. Previous studies have shown that seabirds can use plastic when
building their nests (e.g. Thompson et al., 2020; Votier et al., 2011).
Northern Gannets Morus bassanus used preferably rope and nets in their
nets (Votier et al., 2011) whereas the Herring Gull Larus argentatusmostly
used sheetlike pieces in nests (Thompson et al., 2020). In our study,
chicks ingested mostly hard fragments, sheet and thread-like particles
representing only 17% of all ingested pieces. To our knowledge, no study
reported the use of plastic in fulmar nests. Such a study would give an
overview of the plastics directly available for the chicks in the nest, and
help quantify the parental transfer of plastic particles.
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4.3. Age class differences

Despite their consumption by humans, the high number of breeding
pairs, the location of the islands and their year-round availability, there is
a limited amount of data (Table 4) available for Faroese fulmars, and data
are scattered across several age classes. In our study, the frequency of
occurrence of ingested plastic debris was very high (95% of birds
examined) despite the very young age of the birds. Another study that
used samples from the Faroes also found similar frequencies of occur-
rence (91%, van Franeker, 2012). Data on plastics ingested by Faroese
fulmars were collected in 1997 on 35 individuals with a relative occur-
rence of 51% but the bird ages are unknown (J F Provencher et al., 2014).
Although plastic occurrence seemed to increase with chick age, the
average mass of plastic reported per individual bird has been relatively
stable across Faroese studies: 0.12 g and 0.21 g (van Franeker, 2012; van
Franeker et al., 2005, respectively) and 0.15 in our study (Table 4).

However, both the average and median of ingested plastic particles
per fulmar individual was highly variable. Another study focusing on
fulmar chicks showed a result different than ours: in Ireland, only 29% of
sampled chicks’ regurgitates (n ¼ 14) contained plastic (Acampora et al.,
2017). Our results are more alarming and could be explained by differ-
ences in sample collection or chick age (which was not mentioned) or by
the location of the Faroes making them more susceptible to plastic
pollution. The bird age seems to be a factor influencing the levels of
ingested plastics (van Franeker and Law, 2015), younger birds ingesting
-or retaining-more plastics than older ones (van Franeker, 2012; van
Franeker et al., 2022). As with other seabirds, when young fulmars are
fledged, they could be less selective than adults when feeding as adults
(Sk�orka and W�ojcik, 2008; van Franeker, 2012). Also, the regurgitation
of proventricular content while feeding chicks can explain that quantities
of plastics are higher in chicks than in post-breeding adults which
regularly unloaded their proventriculus to feed their chicks (Mallory,
2008; Van Franeker and Meijboom, 2002; van Franeker et al., 2005,
2011). Both points could explain why first year fulmars are the pre-
dominant age class displaying high plastic pollution levels (Tulatz, 2021;
van Franeker et al., 2021). In our study, no significant differences—in
terms of quantity or mass—were found between chick age categories.
This may result from our small sample sizes, the short time between
sampling young and old chicks, or the high variability in the amounts of
plastic consumed. Also, studies compared here investigated different age
classes, in different sampling years with different sample sizes. However,
those studies involved older birds than in our study. This highlights first
that despite their young age, chicks are highly contaminated by plastic
from the first weeks of their life. Second, since fulmar chicks seem to have
more plastics than adults in their stomach, they are inappropriate for
biomonitoring adult plastic consumption. Using chicks could therefore
lead to an overestimation of plastic levels in the marine environment.
Chicks are fed by the parents through partial regurgitation of the stomach
content, potentially unloading an amount of plastics that is not repre-
sentative of the environmental contamination. Besides, chicks could
ingest plastic present in or around the nest in addition to the food from
the parents, biasing the assessment of plastic pollution in the surrounding
marine environment. Also plastic ingestion by chicks is important
because fledglings are consumed by Faroese humans and chick diets
affect their morbidity and mortality rates as well as their fitness if they
become adults.
Table 4
Available data on plastic ingestion by fulmars from the Faroes. FO: frequency of occu

Sampling year (n) Age class Limit of detection FO (%

1997 (35) Unknown NM 51
2002 (38) Adults 1 mm 92
2005–2009 (371) Fledgling to adult NM 91
2010 Fledglings NM NM
2020 (20) Chicks 1 mm 95

6

4.4. Colors & polymers

Theplastics collected inour studyweremostly yellowandwhite (51.2%
and 25.0% respectively). Light-colored plastics could be mistaken for food
and light colors seem to be most common in floating marine debris, thus
these frequencies seem to reflect the bioavailability of such items (Kühn
et al., 2015). In fact, white and yellow were also the major colors of plastic
found in Great Skua (Stercorarius skua) pellets from the Faroes (Hammer
et al., 2016). Martí et al. (2020) included data from C�ozar et al. (2017)
where a prevalence of yellow-brown colors was found. Moreover, they
observed an increase of white items along with an increasing distance from
the land (Martí et al., 2020). In fact, PE, PP, PS and PET turn yellow as a
result of environmental oxidation and weathering processes (Andrady,
2017), likely explaining the prevalence of yellow plastic particles in the
marine environment, and consequently, in fulmars.

As previously observed in fulmars from the Faroes, PE, PP and PS
were also the most ingested polymers in our study (Ask et al., 2020; Kühn
and van Franeker, 2020; Tanaka et al., 2019, our study). This can be
explained by their high production worldwide (Geyer et al., 2017),
ubiquity in the environment, including in the Arctic (Halsband and
Herzke, 2019; H€anninen et al., 2021) and low densities, which make
them float at the sea surface, where fulmars feed.
4.5. Potential effects of plastic ingestion

Plastics are known to affect biota through the leaching of associated
chemicals such as PBDEs (Neumann et al., 2021; Rochman et al., 2014;
Tanaka et al., 2013, 2015). In our study, two families of plastic related
additives were investigated. We detected BDE209 in only five birds,
representing 25% of the birds collected, but this result is still quite
alarming. Our sample sizes were low and thus poorly representative.
Future work should be done, with more birds, to facilitate more accurate
estimation. In the Arctic, several organisms were found with detectable
levels of dechloranes (e.g. AMAP, 2017; Verreault et al., 2018) but to our
knowledge, fulmars were investigated only twice and only adults were
sampled (Mortensen et al., 2022; Sühring et al., 2022). Levels of dech-
loranes in our study are very similar to those found in other organisms
(e.g. Vorkamp et al., 2015) despite the chicks young ages. However, it is
challenging to draw any conclusion because other studies of Arctic spe-
cies did not focus on fulmars, focused on other fulmar age classes (e.g.
Schlabach et al., 2018, 2011; Vorkamp et al., 2015) or investigated only
adults (Mortensen et al., 2022). We showed that early stages of an Arctic
seabird were exposed to both PBDEs and dechloranes. They can be
exposed during egg formation, during development in the egg, and by
feeding by their parents. The long-term effects of exposure to plastic
particles are unknown and require further studies. From a human health
perspective, studying young fulmars is of interest because fledglings are
the only age class consumed by the Faroese humans. Fledglings are 2–3
weeks older than the chicks that we sampled. Therefore, one could expect
similar additive levels in fulmars consumed by humans, raising questions
about fulmar meat as a source of pollutants.
4.6. Plastics & gastroliths

We showed that gizzards regularly contain gastroliths, as also shown
by Matthews (1949). Gastroliths improve mechanical digestion by
rrence, NM: not mentioned.

) Number/ind. Mass (g/ind.) Study

1.7 NM Provencher et al. (2014)
7 0.09 van Franeker et al., 2005
15 0.21 van Franeker, 2012
16.5 NM Tanaka et al. (2019)
12.4 0.15 Our study
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grinding “hard” food but have been poorly studied in seabirds (Downs
et al., 2019). Some plastic pieces could also play a similar role. If
confirmed, the occurrence of certain plastic polymers or shapes could
then improve the processing of both food and other plastic items through
the gizzard. The retention time of ingested plastic would then also
depend on the plastics that act as gastroliths. Retention times are critical
to estimate because they influence the leaching of pollutants into the
tissues (e.g. Kühn and van Franeker, 2020).

4.7. Geographical comparison & OSPAR

In Europe, differences between EcoQ performances are quantified
along OSPAR regions. Most recent data show that fulmars found in the
English Channel and the North Sea are more contaminated than those
found in the Faroes, Iceland, North of Norway and Svalbard (Kühn et al.,
2021; Trevail et al., 2015). Those differences are assumed to be a
consequence of different bioavailability of plastic in the foraging areas,
despite long foraging distances (Edwards et al., 2013; Kühn and van
Franeker, 2020). The levels of pollution are correlated with regions of
intense human coastal and marine activities (Kühn and van Franeker,
2012). In addition to bioavailability of plastics in a region, the age of the
bird plays a role. In the Faroes, young age classes ingest more plastics
than adults and have as much plastic in their stomachs as adults from the
more-polluted North Sea (van Franeker, 2012). Fulmars have a higher
load of plastic than other sympatric species (Baak et al., 2020a; Furness,
1985). This can be explained by the fact that Procellariiformes, especially
fulmars, forage at the sea surface where plastic pieces are more abundant,
have a low degree of dietary specialization, and seldom regurgitate
indigestible stomach contents (Ryan, 1987), unless provisioning their
chicks. Those islands are of interest for several reasons: the availability of
fulmars, fulmar consumption by the local human population, and their
location. The Faroes are at the border of the Arctic and Atlantic Oceans
and near where marine currents enter the Arctic with floating plastics
from further south. They also have major fisheries in their waters, likely
providing plastic waste from fishing equipment. These arguments points
towards the need for an extension of the existing monitoring program in
the North Sea (OSPAR, 2008) towards the Faroes region.

5. Conclusions

Our study showed that fulmar chicks are contaminated with both
plastic particles and plastic additives. A high proportion of chicks had
ingested plastics, most likely through parental transfer, with unknown
consequences for their health, longevity and fitness. Chicks have higher
plastic burdens in their stomachs than older life stages and could ingest
plastic present in or around the nest in addition to the regurgitates from
the parents, and are therefore not recommended in the frame of plastic
pollution biomonitoring, as the data are not directly comparable with
existing data sets for older birds. No correlation was found between the
levels of any pollutant analyzed in our study and the current plastic load
in the stomachs, indicating that those pollutants alone are not suitable
substitutes for plastic monitoring. The link between ingested plastic and
levels of associated chemicals in tissues requires further investigation,
especially in early life stages. Understanding the physical and toxico-
logical impacts of plastic ingestion in juveniles will help understanding
the effects at both individual and the population levels. In addition,
fledglings are consumed by Faroese humans, and therefore require more
toxicological investigations.

Ethical statement

The anatomy of the fulmar digestive system precludes regurgitates as
proxies of plastic burdens (Dehnhard et al., 2019). Besides, non-lethal
methods are not yet sufficiently developed and cannot be used at the
moment. Because of the remoteness of the study site and the age classes
targeted, we could not collect stranded birds. We sampled 10 individuals
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of each age class as a compromise between the number of samples and
the potential impact on the fulmar population. In the Faroes, year-round
collections of unlimited numbers of fulmar eggs or birds are allowed
because it is not protected. The collection of birds was performed by
cervical dislocation by skilled and experienced staff on chosen nests ac-
cording to their accessibility and the certainty of aging.

Author contributions

F.C.: Conceptualization, Methodology, Resources, Writing-Original
Draft, Writing-Review & Editing, Supervision, Project Administration,
Funding Acquisition, S.L.: Investigation, Data Curation & Analysis,
Writing-Original Draft, Writing-Review & Editing, Visualization, J.D.:
Resources, Writing-Review& Editing, C.H.: Resources, Writing-Review&
Editing, D.H.: Resources, Experimental design, Writing-Review & Edit-
ing, M.H.: Investigation, Writing-Review & Editing, F.T.: Investigation,
Writing-Review& Editing, G.W.G.: Resources, Writing-Review& Editing,
A.T.: Resources, Writing-Review & Editing, Supervision.

Funding

This work was funded by the Fram Centre Research Programme
“Plastic in the Arctic” through the PlastFul project (PA072018) and
supported by the Norwegian Polar Institute and the PlastPoll project
funded by the Research Council of Norway (#275172).

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

The authors thank Ingar Wasbotten (Akvaplan-niva) for help in the
organization and logistics of the lab work and the anonymous reviewers.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.watbs.2022.100079.

References

Acampora, H., Newton, S., O'Connor, I., 2017. Opportunistic sampling to quantify plastics
in the diet of unfledged black legged Kittiwakes (Rissa tridactyla), northern fulmars
(Fulmarus glacialis) and great cormorants (Phalacrocorax carbo). Mar. Pollut. Bull.
119, 171–174. https://doi.org/10.1016/j.marpolbul.2017.04.016.

AMAP, 2017. AMAP Assessment 2016: Chemicals of Emerging Arctic Concern (Oslo,
Norway).

Andrady, A.L., 2017. The plastic in microplastics: a review. Mar. Pollut. Bull. 119, 12–22.
https://doi.org/10.1016/j.marpolbul.2017.01.082.

Arthur, C.D., Baker, J., Bamford, H. (Eds.), 2009. Proceedings of the International
Research Workshop on the Occurrence, Effects and Fate of Microplastic Marine
Debris. Tacoma. Sept 9-11, 2008.

Ask, A., Cusa, M., Danielsen, J., Wing Gabrielsen, G., Strand, J., 2020. Plastic
Characterization in Northern Fulmars (Fulmarus glacialis), TemaNord. Nordic Council
of Ministers. https://doi.org/10.6027/temanord2020-537.

Baak, J.E., Linnebjerg, J.F., Barry, T., Gavrilo, M.V., Mallory, M.L., Price, C.,
Provencher, J.F., 2020a. Plastic ingestion by seabirds in the circumpolar Arctic: a
review. Environ. Rev. 28, 506–516. https://doi.org/10.1139/er-2020-0029.

Baak, J.E., Provencher, J.F., Mallory, M.L., 2020b. Plastic ingestion by four seabird
species in the Canadian Arctic: comparisons across species and time. Mar. Pollut. Bull.
158, 111386. https://doi.org/10.1016/j.marpolbul.2020.111386.

Bergmann, M., Collard, F., Fabres, J., Gabrielsen, G.W., Provencher, J.F., Rochman, C.M.,
van Sebille, E., Tekman, M.B., 2022. Plastic pollution in the arctic. Nat. Rev. Earth
Environ. 3, 323–337. https://doi.org/10.1038/s43017-022-00279-8.

Betts, K.S., Cooney, C.M., Renner, R., Thrall, L., 2006. A new flame retardant in the air |
News Briefs: assessing the technologies of the future ’ A new use for wikis ’ U.S. plan
requires CO2 emissions cuts ’ Stronger federal role for e-waste recycling ’ Sub-
Saharan Africa goes lead-free ’ Getting out in front. Environ. Sci. Technol. 40,
1090–1095. https://doi.org/10.1021/es062632c.

https://doi.org/10.1016/j.watbs.2022.100079
https://doi.org/10.1016/j.watbs.2022.100079
https://doi.org/10.1016/j.marpolbul.2017.04.016
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref2
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref2
https://doi.org/10.1016/j.marpolbul.2017.01.082
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref4
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref4
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref4
https://doi.org/10.6027/temanord2020-537
https://doi.org/10.1139/er-2020-0029
https://doi.org/10.1016/j.marpolbul.2020.111386
https://doi.org/10.1038/s43017-022-00279-8
https://doi.org/10.1021/es062632c


F. Collard et al. Water Biology and Security xxx (xxxx) xxx
Carlsson, P., Herzke, D., Kallenborn, R., 2014. Polychlorinated biphenyls (PCBs),
polybrominated diphenyl ethers (PBDEs) and perfluorinated alkylated substances
(PFASs) in traditional seafood items from western Greenland. Environ. Sci. Pollut.
Res. 21, 4741–4750. https://doi.org/10.1007/s11356-013-2435-x.

Chen, D., Hale, R.C., 2010. A global review of polybrominated diphenyl ether flame
retardant contamination in birds. Environ. Int. 36, 800–811. https://doi.org/
10.1016/j.envint.2010.05.013.

Collard, F., Ask, A., 2021. Plastic ingestion by Arctic fauna: a review. Sci. Total Environ.
786, 147462. https://doi.org/10.1016/j.scitotenv.2021.147462.

C�ozar, A., Martí, E., Duarte, C.M., García-de-Lomas, J., van Sebille, E., Ballatore, T.J.,
Eguíluz, V.M., Gonz�alez-Gordillo, J.I., Pedrotti, M.L., Echevarría, F., Troubl�e, R.,
Irigoien, X., 2017. The arctic ocean as a dead end for floating plastics in the North
atlantic branch of the thermohaline circulation. Sci. Adv. 3.

Dehnhard, N., Herzke, D., Gabrielsen, G.W., Anker-Nilssen, T., Ask, A.V., Christensen-
Dalsgaard, S., Descamps, S., Hallanger, I.G., Hanssen, S.A., Langset, M., Monclús, L.,
O'Hanlon, N.J., Reiertsen, T.K., Strøm, H., 2019. Seabirds as Indicators of
Distribution, Trends and Population Level Effects of Plastics in the Arctic Marine
Environment. Workshop Report, Trondheim, Norway.

Downs, C.T., Bredin, I.P., Wragg, P.D., 2019. More than eating dirt: a review of avian
geophagy. Afr. Zool. 54, 1–19. https://doi.org/10.1080/15627020.2019.1570335.

Edwards, E.W.J., Quinn, L.R., Wakefield, E.D., Miller, P.I., Thompson, P.M., 2013.
Tracking a northern fulmar from a Scottish nesting site to the Charlie-Gibbs Fracture
Zone: evidence of linkage between coastal breeding seabirds and Mid-Atlantic Ridge
feeding sites. Deep Sea Res. Part II Top. Stud. Oceanogr. 98, 438–444. https://
doi.org/10.1016/j.dsr2.2013.04.011.

F€angstr€om, B., Athanasiadou, M., Athanassiadis, I., Bignert, A., Grandjean, P., Weihe, P.,
Bergman, Å., 2005. Polybrominated diphenyl ethers and traditional organochlorine
pollutants in fulmars (Fulmarus glacialis) from the Faroe Islands. Chemosphere 60,
836–843. https://doi.org/10.1016/j.chemosphere.2005.01.065.

Feo, M.L., Bar�on, E., Eljarrat, E., Barcel�o, D., 2012. Dechlorane Plus and related
compounds in aquatic and terrestrial biota: a review. Anal. Bioanal. Chem. 404,
2625–2637. https://doi.org/10.1007/s00216-012-6161-x.

Furness, R.W., 1985. Plastic particle pollution: accumulation by procellariiform seabirds
at Scottish Colonies. Mar. Pollut. Bull. 16, 103–106. https://doi.org/10.1016/0025-
326X(85)90531-4.

Geyer, R., Jambeck, J.R., Law, K.L., 2017. Production, use, and fate of all plastics ever
made. Sci. Adv. 3, e1700782. https://doi.org/10.1126/sciadv.1700782.

Grøsvik, B.E., Prokhorova, T., Eriksen, E., Krivosheya, P., Horneland, P.A.,
Prozorkevich, D., 2018. Assessment of marine litter in the Barents Sea, a part of the
joint Norwegian–Russian ecosystem survey. Front. Mar. Sci. 5. https://doi.org/
10.3389/fmars.2018.00072.

Guigueno, M.F., Fernie, K.J., 2017. Birds and flame retardants: a review of the toxic
effects on birds of historical and novel flame retardants. Environ. Res. 154, 398–424.
https://doi.org/10.1016/j.envres.2016.12.033.

Hale, S.E., Martin, T.J., Goss, K.-U., Arp, H.P.H., Werner, D., 2010. Partitioning of
organochlorine pesticides from water to polyethylene passive samplers. Environ.
Pollut. 158, 2511–2517. https://doi.org/10.1016/j.envpol.2010.03.010.

Halsband, C., Herzke, D., 2019. Plastic litter in the European Arctic: what do we know?
Emerg. Contam. 5, 308–318. https://doi.org/10.1016/j.emcon.2019.11.001.

Hammer, S., Nager, R.G., Johnson, P.C.D., Furness, R.W., Provencher, J.F., 2016. Plastic
debris in great skua (Stercorarius skua) pellets corresponds to seabird prey species.
Mar. Pollut. Bull. 103, 206–210. https://doi.org/10.1016/j.marpolbul.2015.12.018.

H€anninen, J., Weckstr€om, M., Pawłowska, J., Szyma�nska, N., Uurasj€arvi, E.,
Zajaczkowski, M., Hartikainen, S., Vuorinen, I., 2021. Plastic debris composition and
concentration in the arctic ocean, the North sea and the baltic sea. Mar. Pollut. Bull.
165, 112150. https://doi.org/10.1016/j.marpolbul.2021.112150.

Hartmann, N.B., Hüffer, T., Thompson, R.C., Hassell€ov, M., Verschoor, A., Daugaard, A.E.,
Rist, S., Karlsson, T., Brennholt, N., Cole, M., Herrling, M.P., Hess, M.C., Ivleva, N.P.,
Lusher, A.L., Wagner, M., 2019. Are We Speaking the Same Language?
Recommendations for a Definition and Categorization Framework for Plastic Debris.
Environ. Sci. Technol. 53, 1039–1047. https://doi.org/10.1021/acs.est.8b05297.

Herzke, D., Anker-Nilssen, T., Nøst, T.H., G€otsch, A., Christensen-Dalsgaard, S.,
Langset, M., Fangel, K., Koelmans, A.A., 2016. Negligible impact of ingested
microplastics on tissue concentrations of persistent organic pollutants in northern
fulmars off coastal Norway. Environ. Sci. Technol. 50, 1924–1933. https://doi.org/
10.1021/acs.est.5b04663.

Hope, R.M., 2013. Rmisc: Ryan Miscellaneous. R package version 1.5. https://CRAN.R-p
roject.org/package¼Rmisc.

Irons, D., Petersen, A., Anker-Nilssen, T., Artukhin, Y., Barrett, R., Boertmann, D.,
Gavrilo, M., Gilchrist, H.G., Hansen, E., Hario, M., Kuletz, K., Mallory, M.L.,
Merkel, F.R., Mosbech, A., Labansen, A., Olsen, B., €Osterblom, H., Reid, J.,
Robertson, G.J., R€onka, M., Strøm, H., 2015. Circumpolar Seabird Monitoring Plan
(CAFF Monitoring Report No. 17). Akureyri, Iceland.

Kühn, S., van Franeker, J.A., 2012. Plastic ingestion by the northern fulmar (Fulmarus
glacialis) in Iceland. Mar. Pollut. Bull. 64, 1252–1254.

Kühn, S., van Franeker, J.A., 2020. Quantitative overview of marine debris ingested by
marine megafauna. Mar. Pollut. Bull. 151, 110858. https://doi.org/10.1016/
j.marpolbul.2019.110858.

Kühn, S., Bravo Rebolledo, E.L., Van Franeker, J.A., 2015. Deleterious effects of litter on
marine life. Berlin. In: Bergmann, M., Gutow, L., Klages, M. (Eds.), Marine
Anthropogenic Litter, p. 447. https://doi.org/10.1007/978-3-319-16510-3_4.

Kühn, S., van Oyen, A., Bravo Rebolledo, E.L., Ask, A.V., van Franeker, J.A., 2021.
Polymer types ingested by northern fulmars (Fulmarus glacialis) and southern
hemisphere relatives. Environ. Sci. Pollut. Res. 28, 1643–1655. https://doi.org/
10.1007/s11356-020-10540-6.
8

Law, R.J., Allchin, C.R., de Boer, J., Covaci, A., Herzke, D., Lepom, P., Morris, S.,
Tronczynski, J., de Wit, C.A., 2006. Levels and trends of brominated flame retardants
in the European environment. Chemosphere 64, 187–208. https://doi.org/10.1016/
j.chemosphere.2005.12.007.

Lusher, A.L., Tirelli, V., O'Connor, I., Officer, R., 2015. Microplastics in Arctic polar
waters: the first reported values of particles in surface and sub-surface samples. Sci.
Rep. 5, 14947. https://doi.org/10.1038/srep14947.

Mallory, M.L., 2008. Marine plastic debris in northern fulmars from the Canadian high
Arctic. Mar. Pollut. Bull. 56, 1501–1504. https://doi.org/10.1016/
j.marpolbul.2008.04.017.

Martí, E., Martin, C., Galli, M., Echevarría, F., Duarte, C.M., C�ozar, A., 2020. The colors of
the ocean plastics. Environ. Sci. Technol. 54, 6594–6601. https://doi.org/10.1021/
acs.est.9b06400.

Matthews, L.H., 1949. The origin of stomach oil in the petrels, with comparative
observations on the avian proventriculus. Ibis 91, 373–392. https://doi.org/
10.1111/j.1474-919X.1949.tb02288.x.

Mishra, A.K., Singh, J., Mishra, P.P., 2021. Microplastics in polar regions: an early
warning to the world's pristine ecosystem. Sci. Total Environ. 784, 147149. https://
doi.org/10.1016/j.scitotenv.2021.147149.

Mortensen, Å.-K., Verreault, J., François, A., Houde, M., Giraudo, M., Dam, M.,
Jenssen, B.M., 2022. Flame retardants and their associations with thyroid hormone-
related variables in northern fulmars from the Faroe Islands. Sci. Total Environ. 806,
150506. https://doi.org/10.1016/j.scitotenv.2021.150506.

Neumann, S., Harju, M., Herzke, D., Anker-Nilssen, T., Christensen-Dalsgaard, S.,
Langset, M., Gabrielsen, G.W., 2021. Ingested plastics in northern fulmars (Fulmarus
glacialis): a pathway for polybrominated diphenyl ether (PBDE) exposure? Sci. Total
Environ. 146313. https://doi.org/10.1016/j.scitotenv.2021.146313.

Novikov, M.A., Gorbacheva, E.A., Prokhorova, T.A., Kharlamova, M.N., 2021.
Composition and distribution of marine anthropogenic litter in the Barents Sea.
Oceanology 61, 48–57. https://doi.org/10.1134/S0001437021010148.

Obbard, R.W., Sadri, S., Wong, Y.Q., Khitun, A.A., Baker, I., Thompson, R.C., 2014. Global
warming releases microplastic legacy frozen in Arctic Sea ice. Earth's Future 2,
315–320. https://doi.org/10.1002/2014EF000240.

OSPAR Comission, 2008. Background document for the EcoQO on plastic particles in
stomachs of seabirds.

OSPAR Commission London, 2010. The OSPAR System of Ecological Quality Objectives
for the North Sea: a Contribution to OSPAR's Quality Status Report 2010, a
Contribution to OSPAR's Quality Status Report 2010. Ministerie van Verkeer en
Waterstaat.

Peeken, I., Primpke, S., Beyer, B., Gütermann, J., Katlein, C., Krumpen, T., Bergmann, M.,
Hehemann, L., Gerdts, G., 2018. Arctic sea ice is an important temporal sink and
means of transport for microplastic. Nat. Commun. 9, 1505. https://doi.org/
10.1038/s41467-018-03825-5.

Poon, F.E., Provencher, J.F., Mallory, M.L., Braune, B.M., Smith, P.A., 2017. Levels of
ingested debris vary across species in Canadian Arctic seabirds. Mar. Pollut. Bull. 116,
517–520. https://doi.org/10.1016/j.marpolbul.2016.11.051.

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, 411–417. https://doi.org/10.1016/
j.marpolbul.2014.04.044.

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, 411–417.

Provencher, J.F., Bond, A.L., Avery-Gomm, S., Borrelle, S.B., Bravo Rebolledo, E.L.,
Hammer, S., Kühn, 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, 1454–1469. https://doi.org/
10.1039/C6AY02419J.

R Core Team, 2022. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/.

Rochman, C.M., Kurobe, T., Flores, I., Teh, S.J., 2014. Early warning signs of endocrine
disruption in adult fish from the ingestion of polyethylene with and without sorbed
chemical pollutants from the marine environment. Sci. Total Environ. 493, 656–661.
https://doi.org/10.1016/j.scitotenv.2014.06.051.

Rochman, C.M., Tahir, A., Williams, S.L., Baxa, D.V., Lam, R., Miller, J.T., Teh, F.-C.,
Werorilangi, S., Teh, S.J., 2015. Anthropogenic debris in seafood: plastic debris and
fibers from textiles in fish and bivalves sold for human consumption. Sci. Rep. 5,
14340. https://doi.org/10.1038/srep14340.

Roman, L., Lowenstine, L., Parsley, L.M., Wilcox, C., Hardesty, B.D., Gilardi, K.,
Hindell, M., 2019. Is plastic ingestion in birds as toxic as we think? Insights from a
plastic feeding experiment. Sci. Total Environ. 665, 660–667. https://doi.org/
10.1016/j.scitotenv.2019.02.184.

Ryan, P.G., 1987. The incidence and characteristics of plastic particles ingested by
seabirds. Mar. Environ. Res. 23, 175–206. https://doi.org/10.1016/0141-1136(87)
90028-6.

Ryan, P., Jackson, S., 1987. The lifespan of ingested plastic particles in seabirds and their
effect on digestive efficiency. Mar. Pollut. Bull. 18, 217–219. https://doi.org/
10.1016/0025-326X(87)90461-9.

Schlabach, M., Remberger, M., Brorstr€om-Lunden, E., Norstr€om, K., Kaj, L., Andersson, H.,
Herzke, D., Borgen, A., Harju, M., 2011. Brominated Flame Retardants (BFR) in the
Nordic Environment (Copenhagen).

Schlabach, M., van Bavel, B., Baz Lomba, J.A., Borgen, A., Gabrielsen, G.W., G€otsch, A.,
Halse, A.K., Hanssen, L., Krogseth, I.S., Nikiforov, V., Nygård, T., Nizzetto, P.B.,

https://doi.org/10.1007/s11356-013-2435-x
https://doi.org/10.1016/j.envint.2010.05.013
https://doi.org/10.1016/j.envint.2010.05.013
https://doi.org/10.1016/j.scitotenv.2021.147462
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref14
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref14
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref14
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref14
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref14
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref14
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref14
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref15
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref15
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref15
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref15
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref15
https://doi.org/10.1080/15627020.2019.1570335
https://doi.org/10.1016/j.dsr2.2013.04.011
https://doi.org/10.1016/j.dsr2.2013.04.011
https://doi.org/10.1016/j.chemosphere.2005.01.065
https://doi.org/10.1007/s00216-012-6161-x
https://doi.org/10.1016/0025-326X(85)90531-4
https://doi.org/10.1016/0025-326X(85)90531-4
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.3389/fmars.2018.00072
https://doi.org/10.3389/fmars.2018.00072
https://doi.org/10.1016/j.envres.2016.12.033
https://doi.org/10.1016/j.envpol.2010.03.010
https://doi.org/10.1016/j.emcon.2019.11.001
https://doi.org/10.1016/j.marpolbul.2015.12.018
https://doi.org/10.1016/j.marpolbul.2021.112150
https://doi.org/10.1021/acs.est.8b05297
https://doi.org/10.1021/acs.est.5b04663
https://doi.org/10.1021/acs.est.5b04663
https://CRAN.R-project.org/package=Rmisc
https://CRAN.R-project.org/package=Rmisc
https://CRAN.R-project.org/package=Rmisc
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref29
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref29
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref29
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref29
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref29
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref29
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref29
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref30
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref30
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref30
https://doi.org/10.1016/j.marpolbul.2019.110858
https://doi.org/10.1016/j.marpolbul.2019.110858
https://doi.org/10.1007/978-3-319-16510-3_4
https://doi.org/10.1007/s11356-020-10540-6
https://doi.org/10.1007/s11356-020-10540-6
https://doi.org/10.1016/j.chemosphere.2005.12.007
https://doi.org/10.1016/j.chemosphere.2005.12.007
https://doi.org/10.1038/srep14947
https://doi.org/10.1016/j.marpolbul.2008.04.017
https://doi.org/10.1016/j.marpolbul.2008.04.017
https://doi.org/10.1021/acs.est.9b06400
https://doi.org/10.1021/acs.est.9b06400
https://doi.org/10.1111/j.1474-919X.1949.tb02288.x
https://doi.org/10.1111/j.1474-919X.1949.tb02288.x
https://doi.org/10.1016/j.scitotenv.2021.147149
https://doi.org/10.1016/j.scitotenv.2021.147149
https://doi.org/10.1016/j.scitotenv.2021.150506
https://doi.org/10.1016/j.scitotenv.2021.146313
https://doi.org/10.1134/S0001437021010148
https://doi.org/10.1002/2014EF000240
http://refhub.elsevier.com/S2772-7351(22)00102-0/optwIflhK1aGh
http://refhub.elsevier.com/S2772-7351(22)00102-0/optwIflhK1aGh
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref45
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref45
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref45
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref45
https://doi.org/10.1038/s41467-018-03825-5
https://doi.org/10.1038/s41467-018-03825-5
https://doi.org/10.1016/j.marpolbul.2016.11.051
https://doi.org/10.1016/j.marpolbul.2014.04.044
https://doi.org/10.1016/j.marpolbul.2014.04.044
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref49
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref49
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref49
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref49
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref49
https://doi.org/10.1039/C6AY02419J
https://doi.org/10.1039/C6AY02419J
https://www.R-project.org/
https://doi.org/10.1016/j.scitotenv.2014.06.051
https://doi.org/10.1038/srep14340
https://doi.org/10.1016/j.scitotenv.2019.02.184
https://doi.org/10.1016/j.scitotenv.2019.02.184
https://doi.org/10.1016/0141-1136(87)90028-6
https://doi.org/10.1016/0141-1136(87)90028-6
https://doi.org/10.1016/0025-326X(87)90461-9
https://doi.org/10.1016/0025-326X(87)90461-9
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref56
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref56
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref56
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref56
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref56


F. Collard et al. Water Biology and Security xxx (xxxx) xxx
Reid, M., Rostkowski, P., Samanipour, S., 2018. Screening Programme 2017 – AMAP
Assessment Compounds. https://doi.org/10.13140/RG.2.2.36121.47200.

Sk�orka, P., W�ojcik, J.D., 2008. Habitat utilisation, feeding tactics and age related feeding
efficiency in the Caspian Gull Larus cachinnans. J. Ornithol. 149, 31–39. https://
doi.org/10.1007/s10336-007-0208-3.

Sühring, R., Baak, J.E., Letcher, R.J., Braune, B.M., de Silva, A., Dey, C., Fernie, K., Lu, Z.,
Mallory, M.L., Avery-Gomm, S., Provencher, J.F., 2022. Co-contaminants of
microplastics in two seabird species from the Canadian Arctic. Environ. Sci.
Ecotechnology 12, 100189. https://doi.org/10.1016/j.ese.2022.100189.

Svanberg, I., 2021. The importance of animal and marine fat in the Faroese cuisine: the
past, present, and future of local food knowledge in an island society. Front. Sustain.
Food Syst. 5. https://doi.org/10.3389/fsufs.2021.599476.

Sverko, E., Tomy, G.T., Reiner, E.J., Li, Y.-F., McCarry, B.E., Arnot, J.A., Law, R.J.,
Hites, R.A., 2011. Dechlorane plus and related compounds in the environment: a
review. Environ. Sci. Technol. 45, 5088–5098. https://doi.org/10.1021/es2003028.

Taconet, M., Kroodsma, D., Fernandes, J.A., 2019. Global Atlas of AIS-Based Fishing
Activity - Challenges and Opportunities (Rome).

Tanaka, K., Takada, H., Yamashita, R., Mizukawa, K., Fukuwaka, M., Watanuki, Y., 2013.
Accumulation of plastic-derived chemicals in tissues of seabirds ingesting marine
plastics. Mar. Pollut. Bull. 69, 219–222. https://doi.org/10.1016/
j.marpolbul.2012.12.010.

Tanaka, K., Takada, H., Yamashita, R., Mizukawa, K., Fukuwaka, M., Watanuki, Y., 2015.
Facilitated leaching of additive-derived PBDEs from plastic by seabirds' stomach oil
and accumulation in tissues. Environ. Sci. Technol. 49, 11799–11807. https://
doi.org/10.1021/acs.est.5b01376.

Tanaka, K., van Franeker, J.A., Deguchi, T., Takada, H., 2019. Piece-by-piece analysis of
additives and manufacturing byproducts in plastics ingested by seabirds: implication
for risk of exposure to seabirds. Mar. Pollut. Bull. 145, 36–41. https://doi.org/
10.1016/j.marpolbul.2019.05.028.

Terepocki, A.K., Brush, A.T., Kleine, L.U., Shugart, G.W., Hodum, P., 2017. Size and
dynamics of microplastic in gastrointestinal tracts of northern fulmars (Fulmarus
glacialis) and sooty shearwaters (Ardenna grisea). Mar. Pollut. Bull. 116, 143–150.
https://doi.org/10.1016/j.marpolbul.2016.12.064.

Teuten, E.L., Rowland, S.J., Galloway, T.S., Thompson, R.C., 2007. Potential for plastics
to transport hydrophobic contaminants. Environ. Sci. Technol. 41, 7759–7764.

Teuten, E.L., Saquing, J.M., Knappe, D.R.U., Barlaz, M.A., Jonsson, S., Bjorn, A.,
Rowland, S.J., Thompson, R.C., Galloway, T.S., Yamashita, R., Ochi, D., Watanuki, Y.,
Moore, C., Viet, P.H., Tana, T.S., Prudente, M., Boonyatumanond, R., Zakaria, M.P.,
Akkhavong, K., Ogata, Y., Hirai, H., Iwasa, S., Mizukawa, K., Hagino, Y., Imamura, A.,
Saha, M., Takada, H., Bj€orn, A., Rowland, S.J., Thompson, R.C., Galloway, T.S.,
Yamashita, R., Ochi, D., Watanuki, Y., Moore, C., Viet, P.H., Tana, T.S., Prudente, M.,
Boonyatumanond, R., Zakaria, M.P., Akkhavong, K., Ogata, Y., Hirai, H., Iwasa, S.,
Mizukawa, K., Hagino, Y., Imamura, A., Saha, M., Takada, H., 2009. Transport and
release of chemicals from plastics to the environment and to wildlife. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 364, 2027–2045. https://doi.org/10.1098/rstb.2008.0284.

Thompson, D.L., Ovenden, T.S., Pennycott, T., Nager, R.G., 2020. The prevalence and
source of plastic incorporated into nests of five seabird species on a small offshore
island. Mar. Pollut. Bull. 154, 111076. https://doi.org/10.1016/
j.marpolbul.2020.111076.

Trevail, A.M., Gabrielsen, G.W., Kühn, S., Van Franeker, J.A., 2015. Elevated levels of
ingested plastic in a high Arctic seabird, the northern fulmar (Fulmarus glacialis).
Polar Biol. 38, 975–981. https://doi.org/10.1007/s00300-015-1657-4.
9

Tulatz, F., 2021. Plastic Ingestion by Northern Fulmars (Fulmarus glacialis) in Svalbard
and Plastic-Related Contaminants. The Arctic University of Norway.

van Franeker, J.A., 2004. Save the North Sea Fulmar-Litter-EcoQO Manual Part 1:
Collection and Dissection Procedures (Wageningen).

van Franeker, J.A., 2012. Plastic ingestion by fulmars at the Faroe Islands. In: The Fulmar
on the Faroe Islands. Torshavn, pp. 82–85.

van Franeker, J.A., Law, K.L., 2015. Seabirds, gyres and global trends in plastic pollution.
Environ. Pollut. 203, 89–96. https://doi.org/10.1016/j.envpol.2015.02.034.

Van Franeker, J., Meijboom, A., 2002. Litter NSV, Marine Litter Monitoring by Northern
Fulmars; a Pilot Study, Alterra-Rapport 401 (Wageningen).

van Franeker, J.A., Heubeck, M., Fairclough, K., Turner, D.M., Grantham, M., Stienen, E.,
Guse, N., Pedersen, J., Olsen, K.-O., Andersson, P.J., Olsen, B., 2005. ‘Save the North
Sea’ Fulmar Study 2002–2004: a Regional Pilot Project for the Fulmar- Litter-EcoQO
in the OSPAR Area (Wageningen).

van Franeker, J.A., Blaize, C., Danielsen, J., Fairclough, K., Gollan, J., Guse, N.,
Hansen, P.-L., Heubeck, M., Jensen, J.-K., Le Guillou, G., Olsen, B., Olsen, K.-O.,
Pedersen, J., Stienen, E.W.M., Turner, D.M., 2011. Monitoring plastic ingestion by
the northern fulmar Fulmarus glacialis in the North Sea. Environ. Pollut. 159,
2609–2615. https://doi.org/10.1016/j.envpol.2011.06.008.

van Franeker, J.A., Kühn, S., Anker-Nilssen, T., Edwards, E.W.J., Gallien, F., Guse, N.,
Kakkonen, J.E., Mallory, M.L., Miles, W., Olsen, K.O., Pedersen, J., Provencher, J.,
Roos, M., Stienen, E., Turner, D.M., van Loon, W.M.G.M., 2021. New tools to evaluate
plastic ingestion by northern fulmars applied to North Sea monitoring data
2002–2018. Mar. Pollut. Bull. 166, 112246. https://doi.org/10.1016/
j.marpolbul.2021.112246.

van Franeker, J.A., Jensen, J.-K., Simonsen, P.J., Bravo Rebolledo, E.L., Kühn, S., 2022.
Plastics in stomachs of northern fulmars Fulmarus glacialis collected at sea off east
Greenland: latitude, age, sex and season. Mar. Biol. 169, 45. https://doi.org/
10.1007/s00227-022-04029-8.

Verreault, J., Letcher, R.J., Gentes, M.-L., Braune, B.M., 2018. Unusually high Deca-BDE
concentrations and new flame retardants in a Canadian Arctic top predator, the
glaucous gull. Sci. Total Environ. 639, 977–987. https://doi.org/10.1016/
j.scitotenv.2018.05.222.

Vorkamp, K., Bossi, R., Rig�et, F.F., Skov, H., Sonne, C., Dietz, R., 2015. Novel brominated
flame retardants and dechlorane plus in Greenland air and biota. Environ. Pollut.
196, 284–291. https://doi.org/10.1016/j.envpol.2014.10.007.

Votier, S.C., Archibald, K., Morgan, G., Morgan, L., 2011. The use of plastic debris as
nesting material by a colonial seabird and associated entanglement mortality. Mar.
Pollut. Bull. 62, 168–172. https://doi.org/10.1016/j.marpolbul.2010.11.009.

Weimerskirch, H., Chastel, O., Cherel, Y., Henden, J.-A., Tveraa, T., 2001. Nest
attendance and foraging movements of northern fulmars rearing chicks at Bjørnøya
Barents Sea. Polar Biol. 24, 83–88. https://doi.org/10.1007/s003000000175.

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L., François, R.,
Grolemund, G., Hayes, A., Henry, L., Hester, J., Kuhn, M., Pedersen, T., Miller, E.,
Bache, S., Müller, K., Ooms, J., Robinson, D., Seidel, D., Spinu, V., Takahashi, K.,
Vaughan, D., Wilke, C., Woo, K., Yutani, H., 2019. Welcome to the tidyverse. J. Open
Source Softw. 4, 1686. https://doi.org/10.21105/joss.01686.

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

World Health Organization, 2006. Evaluation of Certain Food Contaminants. World
Health Organization (Geneva, Switzerland).

https://doi.org/10.13140/RG.2.2.36121.47200
https://doi.org/10.1007/s10336-007-0208-3
https://doi.org/10.1007/s10336-007-0208-3
https://doi.org/10.1016/j.ese.2022.100189
https://doi.org/10.3389/fsufs.2021.599476
https://doi.org/10.1021/es2003028
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref62
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref62
https://doi.org/10.1016/j.marpolbul.2012.12.010
https://doi.org/10.1016/j.marpolbul.2012.12.010
https://doi.org/10.1021/acs.est.5b01376
https://doi.org/10.1021/acs.est.5b01376
https://doi.org/10.1016/j.marpolbul.2019.05.028
https://doi.org/10.1016/j.marpolbul.2019.05.028
https://doi.org/10.1016/j.marpolbul.2016.12.064
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref67
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref67
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref67
https://doi.org/10.1098/rstb.2008.0284
https://doi.org/10.1016/j.marpolbul.2020.111076
https://doi.org/10.1016/j.marpolbul.2020.111076
https://doi.org/10.1007/s00300-015-1657-4
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref71
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref71
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref72
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref72
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref73
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref73
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref73
https://doi.org/10.1016/j.envpol.2015.02.034
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref75
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref75
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref76
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref76
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref76
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref76
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref76
https://doi.org/10.1016/j.envpol.2011.06.008
https://doi.org/10.1016/j.marpolbul.2021.112246
https://doi.org/10.1016/j.marpolbul.2021.112246
https://doi.org/10.1007/s00227-022-04029-8
https://doi.org/10.1007/s00227-022-04029-8
https://doi.org/10.1016/j.scitotenv.2018.05.222
https://doi.org/10.1016/j.scitotenv.2018.05.222
https://doi.org/10.1016/j.envpol.2014.10.007
https://doi.org/10.1016/j.marpolbul.2010.11.009
https://doi.org/10.1007/s003000000175
https://doi.org/10.21105/joss.01686
https://doi.org/10.1073/pnas.1502108112
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref44
http://refhub.elsevier.com/S2772-7351(22)00102-0/sref44

	Plastic ingestion and associated additives in Faroe Islands chicks of the Northern Fulmar Fulmarus glacialis
	1. Introduction
	2. Materials and methods
	2.1. Bird specimens
	2.2. Fulmar dissection and extraction of plastic particles
	2.3. Identification of plastic polymers
	2.4. Characteristics of plastic particles
	2.5. Preventing and quantifying contamination by plastic particles
	2.6. Associated additives
	2.6.1. Isotopic dilution
	2.6.2. Liver samples
	2.6.3. Instrumental analysis
	2.6.4. Quality assurance

	2.7. Data analyses

	3. Results
	3.1. Plastic burden & gastroliths
	3.2. Plastic polymers
	3.3. Shapes & colors
	3.4. Associated additives in liver

	4. Discussion
	4.1. Egestion of plastic pieces
	4.2. The role of parental transfer
	4.3. Age class differences
	4.4. Colors & polymers
	4.5. Potential effects of plastic ingestion
	4.6. Plastics & gastroliths
	4.7. Geographical comparison & OSPAR

	5. Conclusions
	Ethical statement
	Author contributions
	Funding
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References


