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ARTICLE INFO ABSTRACT
Handling editor: Michael Bank For decades, the northern fulmar (Fulmarus glacialis) has been found to ingest and accumulate high loads of
plastic due to its feeding ecology and digestive tract morphology. Plastic ingestion can lead to both physical and
Keywor 49-" ) toxicological effects as ingested plastics can be a pathway for hazardous chemicals into seabirds’ tissues. Many of
Poiybmmmated diphenyl ether these contaminants are ubiquitous in the environment and the contribution of plastic ingestion to the uptake of
Fulmar

those contaminants in seabirds’ tissues is poorly known. In this study we aimed at quantifying several plastic-

Fledgli . . .

Plftiill;i related chemicals (PRCs) -PBDE209, several dechloranes and several phthalate metabolites- and assessing
Microplastic their relationship with plastic burdens (both mass and number) to further investigate their potential use as
Svalbard proxies for plastic ingestion. Blood samples from fulmar fledglings and liver samples from both fledgling and

non-fledgling fulmars were collected for PRC quantification. PBDE209 and dechloranes were quantified in 39

* Corresponding author. Norwegian Institute for Water Research (NIVA), Fram Centre, N-9296, Tromsg, Norway.
E-mail address: france.collard@niva.no (F. Collard).
1 Both authors worked equally on this study and manuscript, and share first co-authorship.

https://doi.org/10.1016/j.chemosphere.2024.141721
Received 12 December 2023; Received in revised form 12 March 2024; Accepted 13 March 2024
Available online 22 March 2024

0045-6535/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:france.collard@niva.no
www.sciencedirect.com/science/journal/00456535
https://www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2024.141721
https://doi.org/10.1016/j.chemosphere.2024.141721
https://doi.org/10.1016/j.chemosphere.2024.141721
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2024.141721&domain=pdf
http://creativecommons.org/licenses/by/4.0/

F. Collard et al.

Chemosphere 355 (2024) 141721

and 33 livers, respectively while phthalates were quantified in plasma. Plastic ingestion in these birds has been
investigated previously and showed a higher prevalence in fledglings. PBDE209 was detected in 28.2 % of the
liver samples. Dechlorane 602 was detected in all samples while Dechloranes 601 and 604 were not detected in
any sample. Dechlorane 603 was detected in 11 individuals (33%). Phthalates were detected in one third of the
analysed blood samples. Overall, no significant positive correlation was found between plastic burdens and PRC
concentrations. However, a significant positive relationship between PBDE209 and plastic number was found in
fledglings, although likely driven by one outlier. Our study shows the complexity of PRC exposure, the timeline
of plastic ingestion and subsequent uptake of PRCs into the tissues in birds, the additional exposure of these
chemicals via their prey, even in a species ingesting high loads of plastic.

1. Introduction

Northern fulmars (Fulmarus glacialis), hereafter called fulmars, are
known to ingest and accumulate high quantities of marine plastic
(Mallory, 2008; Trevail et al., 2015; e.g. Baak et al., 2020; Collard et al.,
2022a; van Franeker et al., 2022; Tulatz et al., 2023). Fulmars feed
opportunistically at the sea surface (Hobson and Welch, 1992) and are
incapable of regurgitating food -or hard items-once they reached the
gizzard (e.g. Furness, 1985), making them prone to accumulating plas-
tics. Therefore, this species is used as a bioindicator for marine plastic
pollution by the Convention for the Protection of the Marine Environ-
ment of the North-East Atlantic (OSPAR Commission, 2008). OSPAR has
established guidelines for monitoring plastic burdens in fulmars and has
defined a long-term Ecological Quality Objective (EcoQO) to qualify the
health status of the marine ecosystem regarding plastic pollution
(OSPAR Commission, 2015; van Franeker et al., 2021). The Arctic
Monitoring and Assessment Programme (AMAP) placed the fulmar as
priority recommendation for monitoring of litter and microplastics in
the Arctic (AMAP, 2021).

Plastic contains many chemicals that can leach out and reach the
organism’s tissues (Teuten et al., 2009; Andrady and Rajapakse, 2016).
Plastic related chemicals (PRCs) could then be used as proxies for plastic
ingestion or exposure. For this purpose, tissue concentrations of plastic
additives have been investigated (e.g.Tanaka et al., 2020). In fulmars,
PRCs were found to be leaching from the ingested plastic pieces into
different tissues (Tanaka et al., 2013, 2020; Neumann et al., 2021)
and/or absorbed from their prey (Fjeld et al., 2004). It was demon-
strated that stomach oil of fulmars is a potent absorbent for several
PRCs, including the phthalate DEHP (Kiihn et al., 2020). Due to their
long lifespan and high trophic level, fulmars can accumulate a broad
range of PRCs in their tissues (Burger and Gochfeld, 2004; Mallory,
2006), reported to induce negative health effects (Guigueno and Fernie,
2017; Mortensen et al., 2022). Among the flame retardants, poly-
brominated diphenyl ether compounds (PBDEs) have been reported to
be transferred through ingested plastic to fish (Rochman et al., 2014)
and procellariform seabirds (Tanaka et al.,, 2013, 2015), including
streaked shearwaters (Calonectris leucomelas) (Tanaka et al., 2020) and
fulmars (Neumann et al., 2021). Specifically, the congener PBDE209
demonstrating high hydrophobicity (Wania, 2003), was found in
different tissues of fulmars that had ingested plastic (Herzke et al., 2016;
Neumann et al., 2021; Collard et al., 2022b). Even though Herzke et al.
(2016) and Collard et al. (2022b) did not report any correlation between
muscle or liver PBDE209 concentrations and plastic loads, a recent study
suggested that PBDE209 could be a potential indicator for plastic
ingestion in fulmars (Siihring et al., 2022).

Dechloranes, another class of flame retardants associated to plastics,
known to bioaccumulate and biomagnify (e.g. Chen and Hale, 2010; de
Wit et al., 2010; de Wit et al., 2020), were paradoxically scarcely studied
in Arctic seabirds (Siihring et al., 2022) despite their negative physio-
logical and hormonal impacts on those organisms (Mortensen et al.,
2022). Dechloranes include several isomers of organochlorides: dech-
lorane (or Mirex©), used as a pesticide until its ban in the United States
in 1978 (Feo et al., 2012), dechlorane plus (DP, both anti- and
syn-isomers used as replacements for Mirex) and dechlorane 602, 603

and 604 congeners. While Mirex has been banned, DP is currently under
assessment by the European Chemicals Agency for inclusion in the list of
“Persistent, bioaccumulative and Toxic (PBT)” chemicals and of “Sub-
stance of very high concern (SVHC)” (ECHA, 2023).

Diesters of phthalic acid (hereafter referred to as “phthalates™) are
used as additives to soften plastic, in particular PVC (Heudorf et al.,
2007), the most common congener being di-(2-ethylhexyl) phthalate
(DEHP). According to previous studies, plastic ingestion can be a
pathway for phthalates, particularly DEHP, into marine organisms such
as zooplankton (Baini et al., 2017), fin whales (Balenoptera physalus)
(Fossi et al., 2012) and seabirds (Hardesty et al., 2015). Hardesty et al.
(2015) found a correlation between plastic burden in two Procellar-
iiformes species (Puffinus tenuirostris and P. pacificus) and DEHP con-
centrations in their preen oil. Based on these findings, they urged to
further investigate this method as a non-lethal monitoring approach for
plastic exposure. However, a study on fulmars from the Canadian Arctic
failed to detect phthalates in preen oil and challenged this approach
(Provencher et al., 2020a). Alternatively, phthalate quantification can
be performed in blood although this, to the best of our knowledge, has
never been investigated in relation to plastic ingestion by seabirds.

This study aims at quantifying the concentrations of three groups of
PRCs (phthalates, PBDE209 and dechloranes) in northern fulmars pre-
viously investigated for plastic loads by Tulatz et al. (2023). Since the
fledglings used in our study were shown to have a higher load of plastic
following parental transfer, we predicted this age class to show higher
concentrations of PRCs. In addition, the second objective was to inves-
tigate the correlation between these chemicals’ concentrations and both
number and mass of ingested plastics to assess their suitability as proxies
for plastic ingestion in the northern fulmar.

2. Materials and methods

The fulmars studied here are the same individuals that were used in a
previous study on plastic ingestion and parental transfer (Tulatz et al.,
2023).

Ethical statement

Liver tissues of fulmars could only be assessed by necropsy, making it
necessary to sacrifice a certain sample size of fulmars. The sampling was
approved by the Governor of Svalbard (permit nr. 20/02252-2) and
sampling methods were in accordance with the Norwegian animal
welfare law and performed by skilled and licensed staff.

2.1. Sampling

Thirty-nine fulmars were collected at sea from a boat in Kongsfjorden
(Svalbard; 78°55'N, 11°56'E), as part of a project registered in ‘Research
in Svalbard’ (RiS-ID 11562), between the 8th and September 11, 2020.
Flightless fledglings were caught using a D-shaped landing net with a
telescopic rod, their blood was collected before they were sacrificed by
cervical dislocation. A shotgun was used to collect older flying birds
(non-fledglings). Blood was therefore only collected in fledglings, the
only individuals caught alive. Between 3 and 4 ml of blood were
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sampled from the brachial vein by using a sterile heparinized plastic
syringe (10 mL Terumo® syringe) and a 23G needle. Blood samples were
transferred into sterile glass vials with plastic screw caps. In addition, 6
field blanks were simultaneously made by using milliQ water instead of
blood. Blood samples were centrifuged to isolate the plasma. Each blood
sample was then transferred into two 1.5 ml Eppendorf tubes. The
Eppendorf tubes were then centrifuged at 500 rotations per minute for 5
min (centrifuge VWR Galaxy 7D 5). The supernatants were pipetted into
sterile glass vials, capped, and frozen.

All dead birds were frozen at —20 °C within 1-4 h after sampling
until further dissection in Tromsg, Norway.

2.2. Dissection

All dissections were performed in the laboratory following a stan-
dard protocol (van Franeker, 2004; OSPAR Commission, 2015). The
liver was sampled in all birds (n = 39). New scalpel blades and gloves
were used for each bird and the tools were rinsed using soap, milliQ
water and ethanol. Birds were weighed (+2 g) and several morpho-
metric measurements were taken. Blood, liver, feathers, pectoral muscle
and fat were collected although this study utilized only plasma and liver.
Blood, and therefore plasma, was sampled from fledglings only.

2.3. Aging and sexing

The birds were confirmed as fledglings by the development state of
their gonads (for males: small black testes; for females: small smooth
ovaries without follicles), large bursa of Fabricius and generally thick
layers of subcutaneous fat (van Franeker, 2004; OSPAR Commission,
2015).

Attempts were made to age the older fulmars by, for instance,
looking at the follicle in females and the presence of marks in the sur-
rounding tissues, and at the testes in males. Unfortunately, we could not
gather enough information on the testes and were therefore not able to
determine previous breeding activity. Consequently, all fulmars that
were not characterized as “fledglings” fall into a single other category:
“non-fledglings”.

2.4. Quantification of plastic-related compounds

Overall, 10 fledglings were analysed for all three plastic-related
chemical groups.

2.4.1. Polybrominated diphenyl ether 209 (PBDE209) and dechloranes

The method used for this study is the same as the one used by Collard
et al. (2022b) modified from Carlsson et al. (2014) and Herzke et al.
(2016).

Liver samples (n = 39 for PBDE209 and n = 33 for dechloranes) were
spiked with an internal standard (IS) including 13C labelled PBDE209
and '3C labelled Dechlorane Plus syn and Dechlorane 602 prior to
extraction (Cambridge Isotope Laboratory; CIL, Tewksbury, MA, USA).

Two grams of liver tissue were homogenised 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
3:1) in an ultrasonic water bath for 10 min. The extract was concen-
trated in a RapidVap evaporation vacuum system (labconco, MO, USA)
until they were dry, and an aliquot of the extract was used for lipid
determination. 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 column connected to a 4 g basic aluminium 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 aluminium oxide column was reversed and eluted with 50 ml
dichloromethane, which was collected and evaporated. '*C PCB159 was
used as a recovery standard.
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Liver samples were analysed for PBDE209 (Wellington laboratories,
Ontario), 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 spectrometry (GC-HRAM) (TRACE
1310-Q Exactive GC Orbitrap™, Thermo Fisher Scientific, Waltham,
MA, USA). The GC-HRAM was equipped with a 15 m RTx 1614 MS
column (0.25 pm id and 0.1 pm 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). The LOD was 0.6 ng/g wet weight (ww)
and the LOQ was 1.99 ng/g ww.

2.4.2. Phthalate metabolites

In total, eight different phthalate metabolites were quantified in
blood plasma of 15 fulmar fledglings: Monomethyl phthalate (MMP,
CAS 4376-18-5), monoethyl phthalate (MEP, CAS 2306-33-4), mono-
iso-butyl phthalate (MIBP, CAS 30833-53-5), mono-n-butyl phthalate
(MNBP, 131-70-4), monobenzyl phthalate (MBzP, CAS 2528-16-7),
mono(2-ethylhexyl) phthalate (MEHP, CAS 4376-20-9), mono(2-ethyl-
5-hydroxyhexyl) phthalate (MEHHP, 40321-99-1) and mono(2-ethyl-
5-oxohexyl) phthalate (MEOHP, CAS 40321-98-0) (Chiron AS, Trond-
heim, Norway).

The method for deconjugation and extraction was based on a pro-
tocol by Jeong et al. (2011) with a few modifications.

Half a millilitre of plasma was added to a 2 ml glass screw cap vial
and added 100 pl 1 M ammonium acetate (Sigma-Aldrich), 20 pl internal
standard (D4-MEP, D4- MIBP, D4-MBzP and D4-MEHP) and 10 pl
B-glucuronidase (BGTurbo® >200,000 units/ml) all purchased from
Chiron AS (Trondheim, Norway). Samples were mixed gently and
incubated at 37 °C for 2 h. Then the samples were diluted with 1 ml 1%
formic acid in acetonitrile (ACN), vortex mixed and sonicated for 10
min, and later centrifuged for 10 min. A 1 ml ion exchange Solid Phase
Extraction (SPE) column (OASIS MAX, Waters) was washed with 1 ml
methanol and conditioned using 20 % methanol in cleaned and deion-
ized milliQ water (Advantage A10, MilliporeSigma, MA, USA). One ml
of 5% ammonium hydroxide solution and the supernatant were added
on top of the SPE column and thoroughly mixed with a Pasteur pipette
before elution on the 12 position SPE manifold which was connected to a
membrane vacuum pump. The column was rinsed with a 1 ml 5%
ammonium hydroxide solution and 1 ml methanol which were dis-
carded. The analytes were eluted using 1 ml 2% formic acid in methanol
into a 2 ml glass. Samples were evaporated under a gentle flow of Ny to
100 pl. Twenty microliters of D4-MOP recovery standard were added.
The sample was transferred and diluted with 300 pl Milli-Q water onto a
Mini-UniPrep 0.45 pm filter and analysed using Liquid Chromatography
with tandem mass spectrometry (LC/MSMS) (Thermo TSQ Vantage). 10
pl were injected into the LC/MSMS with a Waters Acquity BEH C18
column (100 mm x 2.1 mm ID, 1.7 pm particles) and an elution gradient
of 0.1% formic acid in water and 0.1% formic acid in methanol at 0.3
ml/min. The mass spectrometry (MS) was run in the negative mode
using Electro Spray Ionization (ESI) at 310 °C and 2500 V and a capillary
temperature of 300 °C.

The LODs varied among metabolites and ranged between 0.20
(MEOHP, MBzP and MEHHP) and 7.18 ng/ml plasma (MMP). The LOQs
varied also between 0.60 (MEOHP, MBzP and MEHHP) and 14.6 ng/ml
plasma (MMP).

2.4.3. 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. Water-
looville, Hampshire, UK).

For a batch of 10 liver samples, two laboratory blanks and standard
reference materials (SRMs) were analysed for quality control of the
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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 + 3 x standard deviation for each
congener and the limit of quantification (LOQ) was calculated as
average blank level + 10 x standard deviation.

2.5. Data analysis

Statistical data analysis was performed with the statistics program R
(R Core Team, 2019) As none of the data followed a normal distribution
(Shapiro-Wilk tests, p < 0.05 in all cases), non-parametric two-sided
Wilcoxon rank sum tests (Mann Whitney U tests) were used to compare
concentrations of PRCs among groups. A Spearman’s test was used to
measure the degree of correlation between plastic burdens (mass or
number) and PRC concentrations. A p-value of 0.05 was used as a sig-
nificance threshold to accept or reject the null-hypothesis that groups
are equal or different. Values below the limit of detection were set at
“0.5*LOD” for statistic calculations.

3. Results

While the data on ingested plastics by fulmars were previously re-
ported by Tulatz et al. (2023), our study aimed at examining the
numbers and masses of ingested plastics in relation to the concentrations
of plastic-related chemicals.

3.1. PBDE209 in livers

Liver PBDE209 concentrations above the LOD were observed in 11
out of 39 individuals (28.2 %) with a higher proportion in non-fledglings
(38.9%) compared to fledglings (19.0%), and in females (36.4%)
compared to males (17.6%) (Table 1, Fig. 1). Average concentrations did
not significantly differ between non-fledglings and fledglings (2.33 +
1.36 SE vs. 0.52 + 0.12 SE ng/g ww; Wilcoxon rank sum test: w = 146.5;
p = 0.14) nor between females and males (1.88 + 1.11 vs. 0.682 +
0.303 ng/g ww; w = 224; p = 0.19) across both age categories.

Within each age category, we investigated the correlation between
plastic burdens and PBDE209 concentrations. Within non-fledglings, we
did not find a significant relationship when using mass (p = 0.361) nor
when using plastic numbers (p = 0.365). Within fledglings, a significant
positive relationship was however found between PBDE209 and plastic
number (p = 0.028, r = 0.48; Fig. 2a) but not plastic mass (p = 0.112). It
is worth mentioning that this positive correlation is driven by one
extreme value coming from the bird with the highest number of ingested
plastics. When that outlier was removed, the correlation was no longer
significant (p = 0.103, Fig. 2b).

While liver PBDE209 concentrations were below the LOD in both
birds that did not contain plastic, the same was observed for the indi-
vidual with the highest plastic mass. Also, all fledglings with PBDE209
above the LOD (n = 4) had plastic loads higher than 0.1 g, the EcoQO
defined by OSPAR. The highest concentration of PBDE209 in fledglings
was found in an individual with plastic burdens below average but with
one PET item, which was a 7-cm long rope (no item of this type was
found in any of the other stomachs).

Table 1
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3.2. Dechloranes in livers

Dechlorane concentrations were quantified in livers of both fledg-
lings (n = 17) and non-fledglings (n = 16). Only Dechlorane 602
(DEC602) was detected in all samples while Dechloranes 601 and 604
were not detected in any sample. Dechlorane 603 (DEC603) was
detected in 11 individuals (33%). Only one bird -a non-fledgling- did not
show a concentration of the Dechlorane Plus isomers “syn” (syn-DP)
above the LOD, while two birds -one fledgling and one non-fledgling-
had no detected anti-DP isomer in their liver. All fledglings showed
concentrations of DEC602 and syn-DP above LOD and their total con-
centration of all dechloranes ranged from 0.02 to 0.81 ng/g ww. While
all non-fledglings also showed DEC602 concentrations above LOD, their
total concentration of all dechloranes ranged from 0.12 to 3.89 ng/g ww
and was significantly 4.5 times higher than in fledglings (Wilcoxon rank
sum test, W = 28, p < 0.01, Table 2). The total concentrations of
dechloranes also significantly differed between males and females (W =
62, p = 0.007), both age categories included, with males having higher
concentrations than females.

Unexpectedly, when comparing dechlorane concentrations of each
congener separately and as sums for all birds, there was a significant
negative correlation between the number of plastics and DEC602,
DEC603 and the total sum of all dechloranes (Spearman’s test, p =
0.003, 0.012, 0.009 and rho = —0.51, —0.43, —0.45, respectively).
Similarly, the plastic mass was significantly and negatively correlated
with the concentrations of DEC602, DEC603 and the total sum of all
dechloranes (Spearman’s test, p = 0.005, 0.006, 0.048 and rho = —0.48,
—0.46, —0.35, respectively). However, when dechlorane concentrations
and both plastic mass and numbers were compared in fledglings and
non-fledglings separately, no significant correlation was found for any
congener (Spearman tests, p > 0.05).

3.3. Phthalate concentrations in blood (plasma)

We used the determination of phthalate metabolites as a proxy for
the presence/exposure to phthalates. Among the eight phthalate me-
tabolites that were measured in plasma, three were not detected, i.e.,
MMP, MEOHP and MEHHP, and two were only detected in one fledgling
(MEP and MEHP, Table 3, Fig. 3). Five out of 15 fledglings displayed
detectable concentrations of at least one phthalate in their plasma. MBzP
quantifications were impaired for 12 out of 15 blood samples due to
unknown technical issues and no values are given. This metabolite was
however detected in the three samples that could be analysed with a
maximum value of 1.45 ng/ml.

Due to a high proportion of fledglings showing non-detectable con-
centrations of metabolites, statistical analyses could not be run for in-
dividual congeners. We however did not report any differences in plastic
mass between individuals with phthalate metabolites above or below
the LOD (Wilcoxon rank sum test, w = 31, p = 0.513).

4. Discussion

This study provides new data on plasma and liver concentrations of
three groups of PRCs in Svalbard northern fulmars, acknowledged bio-
indicators of marine plastic pollution. Our sampling effort included

Mean and maximum concentrations of PBDE209 in ng/g wet weight and standard errors in fulmar liver and corresponding mean number and mass (g) =+ standard error
of plastics in all birds collected. The LOD was 0.598 ng/g ww and the minimum concentration was <LOD for each category.

N Plastic number Plastic mass Detection rate (%) Mean concentration + SE Maximum concentration
Fledglings 21 57.9 £17.0 0.34 + 0.08 19.0 (n = 4) 0.52 + 0.12 2.18
Non-fledglings 18 10.6 + 3.2 0.05 £ 0.01 389 (m=7) 2.33 £1.36 25.5
Females 22 50.5 + 16.9 0.25 + 0.06 36.4 (n =8) 1.88 +£1.11 25.5
Males 17 17.3 + 3.6 0.15 + 0.08 17.6 (n = 3) 0.68 + 0.30 5.63
Total 39 36.1 £ 10 0.21 + 0.05 28.2 1.36 £+ 0.65 25.5
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Table 2
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Mean liver concentrations + standard error (ng/g ww) of all detected dechlorane congeners, and mean number and mass (g) =+ standard error of plastics in fulmar
fledglings and non-fledglings. DEC: dechlorane, DP: Dechlorane Plus, sumDEC: all dechlorane congeners, F: fledglings, NF: non-fledglings, Fe: females, M: males.

n Plastic number Plastic mass DEC602 DEC603 Syn-DP Anti-DP sumDEC
F 17 58.8 +21.4 0.35 £ 0.10 0.05 £ 0.02 <0.001 0.027 + 0.067 0.059 + 0.075 0.14 £+ 0.05
NF 16 11.8 £ 3.6 0.06 + 0.02 0.57 + 0.22 <0.001 0.014 + 0.002 0.052 + 0.008 0.64 + 0.23
Fe 17 54.2 £21.9 0.26 + 0.07 0.09 + 0.03 <0.001 0.009 + 0.001 0.036 + 0.006 0.14 + 0.03
M 16 17.5 £0.16 0.16 + 0.09 0.53 +£0.23 <0.001 0.034 + 0.018 0.076 + 0.002 0.64 £ 0.23
All 33 36.4 +£11.7 0.21 £+ 0.06 0.31 +£0.12 <0.001 0.021 + 0.009 0.056 + 0.010 0.38 £ 0.12
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Fig. 1. PBDE209 concentrations in fulmars’ (both fledglings and non-fledglings) livers. The dashed line indicates the limit of detection (LOD).
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Fig. 2. Correlation between PBDE209 concentrations in fulmar fledglings’ livers and their corresponding plastic numbers in the stomach, (a) all values included
(Spearman test, p = 0.028, r = 0.48), (b) without the outlier on the top right of plot (a) (Spearman test, p = 0.103).

different age classes with a focus on fledglings that have been less
extensively studied so far. We show that Svalbard fulmar fledglings were
contaminated with dechloranes, PBDE209 and phthalate metabolites,
the latter group contributing the least with one single individual
measured with above LOD values for five metabolites out of the eight
analysed. Previous studies have reported the concentration of these
compounds in fulmars in the Arctic for monitoring purposes (Fangstrom
et al., 2005; Jorundsdottir et al., 2013; Guzzo et al., 2014; Braune et al.,
2015; Padula et al., 2020; Bianchini et al., 2022; Mortensen et al., 2022;
Siihring et al., 2022) (Table 4). However, only a handful have investi-
gated these compounds in relation to ingested plastics (Herzke et al.,
2016; Provencher et al., 2020a; Neumann et al., 2021; Collard et al.,
2022b).

PBDE209 was more frequent and reported at higher concentrations
in non-fledglings and females (both age categories confounded). PBDEs
are persistent organic pollutants that accumulate in seabird tissues and
eggs (Chen and Hale, 2010) and that can biomagnify at different rates
depending on the bromination of the congeners. Fulmars, like many
other seabirds, are exposed to PBDE209 through their diet, via their prey
and ingested plastics. As opportunistic surface-feeders, fulmars feed on

different organisms such as planktonic crustaceans, polychaetas, small
squids and juveniles of fish (Furness and Todd, 1984; Mehlum and
Gabrielsen, 1993). During the chick-rearing season, males and females
make similar foraging trips (Furness and Todd, 1984), have similar diets
(Owen et al., 2013) and provide similar food items to their chicks, which
explain the absence of significant difference in PBDE209 concentration
between age categories. Females were found to have higher (but not
significant) concentrations of PBDE209 which could explain a higher
representativity of fledglings within the female category. However, this
could not be verified given the low number of individuals of each sex in
each age category (10 male non-fledglings vs. 7 male fledglings and 8
female non-fledglings vs. 14 female fledglings), and that only 11 birds
showed PBDE209 concentrations above LOD. Therefore, we chose not to
compare sexes within each age category.

Because fulmars are known to ingest plastic in high quantities, plastic
was suspected to be a major source for tissue PBDE209 of fulmars in an
earlier study (e.g. Neumann et al., 2021). In our study, females ingested
significantly more plastics than males (Tulatz et al., 2023). Two-third of
females were fledglings, likely explaining this difference between sexes.
Females ingested on average 2.8 times more plastic pieces, a ratio that
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Fig. 3. Concentrations of different phthalate metabolites in fulmar fledglings’ plasma (n = 15).

Table 3
Overview of the different phthalate metabolites quantified in 15 fulmar fledg-
lings. The minimum concentration was <LOD for each metabolite.

Number of samples > LOD (n = 15) Maximum concentration (ng/ml)

MMP 0 <LOD
MEP 1 6.99
MEOHP 0 <LOD
MIBP 2 0.44
MNBP 5 2.31
MBzP 3 1.45
MEHHP 0 <LOD
MEHP 1 2.41

was comparable to the mean PBDE209 concentration ratio between
sexes (2.9 times higher in females). The fledglings used in our study were
shown to have ingested more plastics than non-fledglings, their heavier
plastic load being hypothesized to result from parental transfer, at least
partly (Tulatz et al., 2023). When only considering fledglings, we re-
ported a significant and positive correlation between plastic numbers
and PBDE209 concentrations although many of these fledglings showed
PBDE209 concentrations below the LOD. Yet, since such a correlation
was not reported in older birds (i.e., non-fledglings) and one outlier
drove the correlation, this supports Neumann et al. (2021)’s assumption
on PBDE209 being a good indicator of recent exposure through plastic
ingestion. Fulmar fledglings have ingested plastics within the last 50-60
days and therefore show a recent exposure. Among non-fledglings, the
diet likely represents a major exposure source to PBDE209 compared to
ingested plastics, as already reported by Herzke et al. (2016). Alto-
gether, these results restrict the use of PBDE209 as a potential proxy for
plastic ingestion to fledglings.

Phthalates can be metabolised by several classes of organisms (Zhang
et al,, 2021) and subsequently excreted rapidly, depending on their
chemical structure and level of exposure. Accordingly, phthalate esters
that have long alkyl chains and high molecular weights show increasing
hydrophobicity and potential for bioaccumulation and biomagnification
along the food chain (Zhang et al., 2021). Chronic exposure to phtha-
lates can lead to adverse health effects (reviewed in Staples et al., 1997;
and in Zhang et al., 2021). In fish and amphibians, phthalates have been

shown to disturb development and reproduction through disruption of
the thyroid system, reduction in offspring number and decrease in
hatching success, even at environmental relevant concentrations
(reviewed in Oehlmann et al., 2009). Adverse effects have also been
evidenced in humans (reviewed in Benjamin et al., 2017). However,
both concentrations and health effects of phthalates remain largely
unknown among Arctic fauna, including seabirds.

Few studies have reported the occurrence of phthalates in fulmars,
but none have investigated blood plasma. Namely, Padula et al. (2020)
reported the concentrations of the same phthalate congeners (DEHP,
DMP, DEP, BBP, DnOP, DBP) in muscle of seabirds from the Aleutian
archipelago. While Padula et al. (2020) reported the sum of concen-
trations to be ranging from 3.64 to 539.6 ng/g per individual, they did
not report neither congeners nor species concentrations separately.
Another study investigated phthalate concentrations of the same six
congeners in preen oil of fulmars but reported non-detectable concen-
trations (Provencher et al., 2020a). Likewise, the liver and eggs of ful-
mars from the Canadian High Arctic were investigated recently for the
occurrence of several phthalates (Siihring et al., 2022). No phthalate was
detected in eggs, and only di-n-octyl phthalate (DnOP) was detected in
some livers (five out of 10), with the same order of magnitude as re-
ported by Padula et al. (2020), i.e., median of 120 ng/g (Siihring et al.,
2022). In line with the latter studies, we found low frequencies of
occurrence with phthalate being detected in one-third of the samples.
However, the use of different matrices and associated units, as well as
the quantification of metabolites rather than the parent compounds does
not allow a comparison of concentrations across studies.

Interestingly, a similar study investigating phthalate metabolites in
Arctic biota (Routti et al., 2021) reported lower frequency and lower
plasma concentrations in Svalbard polar bears (Ursus maritimus)
compared to our data on fulmars. In polar bears, only two metabolites
showed concentrations above the LOD, i.e., MiBP and MnBP (Routti
et al.,, 2021) while five fledglings from this study showed detectable
concentrations of at least 2 metabolites each. In addition, while the
highest metabolite concentration in polar bears was 1.2 ng/ml (MiBP),
our data showed several metabolites exceeding 1.2 ng/ml, sometimes in
several individual fulmars, with a maximum for MEP of 6.99 ng/ml.
Both studies reported similar LODs for all metabolites, some of them
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Table 4
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Overview of Arctic studies investigating PBDE209, dechloranes and/or phthalates in fulmars with their corresponding results. The study of Padula et al. (2020) was not
included as phthalate concentrations were not provided specifically for the fulmars. All DEC: the sum of dechlorane 601, 602, 603 and 604. “Metabolites all”: the sum
of MMP, MEP, MEOHP, MIBP, MNBP, MBzP, MEHHP, MEHP, DP: Dechlorane Plus, LOD: limit of detection, lw: lipid weight, ww: wet weight. Concentrations are
reported as range minimum-maximum unless stated otherwise. *number of pools, ®: n for PBDE209 analyses, > n for dechlorane analyses.

Tissue PBDE209 Dechloranes Phthalates Studies
Syn + anti DP Others Parent compounds Metabolites (all)
Fat(n=9) <LOD - - - - Fangstrom et al. (2005)
Muscle (n = 24) <LOD - 62 ng/g lw - - - -
Egg (n =19) <LOD - _ _ B
Egg (n = 10) <LOD - - - - Jorundsdoéttir et al.,

Egg (n = 215, 63%)

Muscle (n = 75)

Liver (n = 75)

Ingested plastics (n =
61)

Not reported

<LOD - 259 ng/g ww
<LOD

Only sum PBDE
reported

2013
Braune et al. (2015)
Herzke et al. (2016)

Preen oil (n = 10) - - - DEP: <LOD - Provencher et al.
DEHP: <LOD (2020a)
DBP: <LOD
Liver (n = 15) <LOD-2793ng/glw - - - - Neumann et al. (2021)
Ingested plastics (n = <LOD - 0.340 ng/ - - - -
15) part.
Liver (n = 18) <LOD - 8.20 ng/g <LOD - 0.76 ng/g DEC602: 0.11-1.30 ng/g - - Mortensen et al. (2022)
ww ww ww
Liver (n = 20) <LOD - 2.06 ng/g <LOD - 0.19 ng/g All DEC: 0.026-1.36 ng/g - - Collard et al. (2022b)
ww ww ww
Fat (n = 6) <LOD -4.2ng/gww  <LOD - 1.675 ng/g - - - Siihring et al. (2022)
ww
Brain (n = 10) <LOD <LOD - - -
Muscle (n = 16) <LOD - 0.65 ng/g <LOD - - -
ww
Liver (n = 20) <LOD <LOD - DEP: <LOD -
DEHP: <LOD
DBP: <LOD
Egg (n = 5) <LOD <LOD-13.65 ng/g - DEP: <LOD -
ww DEHP: <LOD
DBP: <LOD
Plasma (n = 15) - - - MEP: <LOD - 6.99 ng/ < LOD - 16.4 ng/ This study
ml, ml
MEHP: <LOD - 2.41
ng/ml
MNBP: <LOD - 3.10

Liver n =39 & n = <LOD - 25.5 ng/g < LOD -0.142 ng/g
33") ww ww

0.039-3.89 ng/g ww

ng/ml

being quite high (e.g., 7.18 ng/ml for MMP) due to the ubiquitous
presence of phthalates in indoor environments, leading to analytical
contamination displayed by blank samples. The reported differences
among polar bears and fulmars can be due to different sources of
exposure and/or the species-specific capacity to metabolize phthalates.

Phthalates are plastic additives, and are added to the plastic matrix
during manufacturing, especially polyvinyl chloride (PVC), to soften the
plastic material (Heudorf et al., 2007). Phthalates are not chemically
bound to the plastic matrix and therefore leach into the environment (e.
g. Heudorf et al., 2007) and plastic ingestion can be a pathway for those
additives to the organisms’ tissues (e.g. Fossi et al., 2012; Hardesty et al.,
2015). Accordingly, we expected a relationship between numbers or
masses of ingested plastic and phthalate concentrations as reported by
an earlier study (based on preen oil of 24 shearwaters) by Hardesty et al.
(2015). However, our data support that phthalate blood metabolites
cannot be considered as reliable proxies of plastic ingestion in fulmars,
as already suggested by Herzke et al. (2016) and Provencher et al.
(2020a). The use and mass proportion of phthalates in plastic matrices is
polymer dependent. PVC did not occur in any of our samples (Tulatz
et al., 2023), suggesting that phthalates came from other polymers
where they are used in smaller proportions, likely explaining the
absence of correlation between plastic burdens and phthalate concen-
trations in our study, but also the high number of values below LOD. On
the other hand, the difference in phthalate concentrations between the

polar bear and the fulmar could be due to the ability of metabolising
parent compounds of phthalates. Living organisms are known to
metabolize phthalates, with some species-specific differences in the
rates of leaching or metabolisation (Vanstreels et al., 2023). Fulmars
could metabolize more efficiently, or more parent compounds, than the
polar bear, possibly resulting in higher metabolite concentrations in
fulmars compared to polar bears. The metabolisation of phthalate is also
poorly known in seabirds (Vanstreels et al., 2023) and therefore it
cannot be assessed whether fulmars are more exposed to phthalates than
polar bears. The high loads of plastics found in the fulmars collected for
this study certainly constitute a source of phthalates, but the importance
of that source, compared to the food or environment, is unknown.
Further studies quantifying phthalates or phthalate metabolites in blood
plasma and in ingested plastics in the same organism are needed to
disentangle the influence of ingested plastics on the phthalate contam-
ination of birds, and how fast they are metabolised and excreted.
Similarly to phthalates, several studies have investigated dechlorane
contamination in seabirds but few of them focused on fulmars despite
their role as bioindicators for plastic pollution (Collard et al., 2022b;
Mortensen et al., 2022; Siihring et al., 2022). Dechlorane concentrations
in the Arctic environment are well documented, with many abiotic
compartments contaminated (Moller et al., 2010; Ma et al., 2015; Vor-
kamp et al., 2015; Carlsson et al., 2018). The range of hepatic dech-
lorane concentrations in our study is similar to those previously reported
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in fulmars (Herzke et al., 2019; Collard et al., 2022b; Mortensen et al.,
2022) or other European Arctic biota (Vorkamp et al., 2015) but higher
than data reported on fulmars from the Canadian Arctic (Siihring et al.,
2022). Unexpectedly, we reported a negative correlation between some
dechlorane congeners and plastic loads. There could be several hy-
potheses explaining this trend. Plastic may not be the only source of
dechloranes, invalidating their use as proxies for plastic pollution in
seabirds. Our sample set included both fledglings and older birds, some
of them likely adults, being exposed differently to dechloranes. Fledg-
lings were indeed found to have ingested more plastics than older birds
(Tulatz et al., 2023), likely driving the negative correlation between
plastic burdens and dechlorane concentrations. The dechlorane con-
centrations in young birds such as fledglings are likely of maternal origin
as dechloranes were found in Arctic or Nordic seabird eggs (Schlabach
et al.,, 2011; Vorkamp et al., 2015), as well as in eggs of gulls (Larus
michahellis and L. audouinii) from lower latitudes (e.g. Munoz-Arnanz
et al., 2012) with DP concentrations similar to those we reported in the
fulmars’ liver. Other sources such as air, sediment and seawater can lead
to exposure of dechloranes as they are subject to both long-range
transport (Vorkamp et al., 2015; AMAP, 2017) and local sources
(Carlsson et al., 2018) making the understanding of sources challenging.

Our results show the absence of both DEC601 and DEC604 from our
samples while DEC602 was detected in all of them. Previous studies
reported similar observations where both DEC601 and DEC604 were not
detected at all in several Arctic marine organisms and different tissues
(Schlabach et al., 2017), and in Arctic air (Skogeng et al., 2023), and
where DEC604 was not detected at all while both DEC603 and DEC602
were detected in most of the fish samples quantified (Von Eyken et al.,
2016). DEC602 is likely more bioaccumulative and more bioavailable
than DP isomers and has the highest biota-sediment accumulation factor
than DP and the other dechlorane congeners (Sverko et al., 2011),
potentially explaining its high occurrence in marine biota. All those
congeners are used as flame retardants but for different applications:
DEC602 is for example used in Fiberglass-Reinforced Nylon and DEC604
is used in grease for lubrication of metal-to-metal and metal-to-plastic
substrates (Chanda and Roy, 2007); cited in Sverko et al., 2011). The
manufacturing details for each of those congeners are largely unknown
while information on DP manufacturing is less scarce (Sverko et al.,
2011; AMAP, 2017; Skogeng et al., 2023). DEC602, 603 and 604 are
mostly manufactured in Asia but one manufacturer of DEC602 and
DEC603 is based on the European continent (ChemicalBook, 2023), but
the numbers related to the production are unknown. The absence of
DEC601 and DEC604 in Arctic samples could reflect an absence of local
sources and/or a very low volume of production and small release in the
environment. DEC604 is the least volatile congener (AMAP, 2017) and is
therefore less prone to long-range atmospheric transport and is less
likely to reach areas lacking local sources of DEC604 (AMAP, 2017).

As for PBDE209, correlation within each age category was not per-
formed as they were too few females and males in each age category to
perform reliable statistical tests (6 male fledglings vs. 10 male non-
fledglings, 11 female fledglings vs. 6 female non-fledglings).

Plastic related chemicals in an organism do not necessarily come
from plastic exposure, but diet and environmental exposure can also be a
source of chemicals. This study shows that none of the chemicals
investigated here can be used as a proxy, probably because of the role
played by uptake through diet, and the polymer-dependency of the
phthalate concentrations in the ingested plastics. The fulmar is oppor-
tunistic and feeds on many different prey (e.g. Mehlum and Gabrielsen,
1993), as mentioned earlier. Fulmars also have large foraging areas,
varying between years and seasons (Phillips et al., 1999; Weimerskirch
et al., 2001). These temporal and spatial variabilities make estimations
of chemicals exposure through plastic ingestion almost impossible.
Working under controlled conditions, such as in the study of Tanaka
et al. (2020) where they fed streaked shearwaters chicks in semi-field
conditions, could be a way to further understand the dynamic of PRC
after ingestion of contaminated plastics. However, there is no control on
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the environmental exposure, through air for example, and diet before
and after the experiment, as well as between controlled feeding events.
These types of studies could however provide more insights on the
importance of ingested plastic in the exposure to plastic-related
chemicals.

Understanding which contaminants are transferred to wildlife
through plastic ingestion is an important issue when considering the
ecological impacts of plastic pollution (Provencher et al., 2020b).
Similarly, exploring the relationships between plastic ingestion and
tissue concentrations of contaminants is of utmost importance to (1)
understand the relative importance of plastic ingestion as a pathway for
hazardous chemicals, (2) improve our knowledge on leaching of
chemicals linked to plastic materials once ingested, (3) highlight proxies
to be used or tested from blood samples for a non-lethal assessment of
plastic ingestion and (4) understand the adverse health effects caused by
plastic ingestion.
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