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Ocean, Trondheim, Norway, ¢ Carat GmbH, Bocholt, Germany

For this study, the transfer of plastic additives to stomach oil of northern
fulmars (Fulmarus glacialis) has been investigated. Procellariiform seabirds retain oily
components of their prey in theirs stomach as a means to store energy. A marine litter-
derived microplastic reference mixture and separately a marine litter-derived polystyrene
sample were added to stomach oils in an experiment. A total of 15 additives,
including plasticizers, antioxidants, UV stabilizers, flame retardants, and preservatives,
were identified in the original plastic mixtures and monitored in the leachates. These
substances include those known for endocrine disruptive, carcinogenic, and/or other
negative effects on organisms. Stomach oil was exposed to these plastic materials and
was sampled during a long-term experiment (O, 14, and 90 days’ exposure of plastic
particles in stomach oil) and a subsequent short-term detailed study (8 h and 1, 2,
4, 8, and 21 days). Five of the monitored substances were shown to strongly leach
from the microplastic reference mixture into the stomach oil during the experiment. Four
substances were identified in a marine litter-derived polystyrene foam, of which two
leached into stomach oil. Leaching of harmful plastic additives to the stomach oil of
fulmars may be of concern, as fulmars regularly ingest plastics that are retained and
gradually ground in the gizzard before passage to the intestines and excretion.

Keywords: plastic ingestion, marine litter, additive leaching, gastric fluid, Fulmarus glacialis

INTRODUCTION

Plastic pollution in the marine environment is ubiquitous in all ecosystems (Galgani et al., 2015; van
Sebille et al., 2015) and represents a size continuum of items from macroplastic (> 5 mm), through
microplastic (5 mm to 1 pm) to nanoplastic (< 1 pm; Arthur et al., 2009; Gigault et al., 2018). In
addition, plastic pollution also represents a diverse range of polymer types that can contain a broad
range of additive chemicals that provide specific properties and functionalities to plastic products
(Rochman, 2015; Rochman et al., 2019). Northern fulmars (Fulmarus glacialis) are seabirds of
the order of tubenoses (Procellariiformes). They are non-specialized foragers, opportunistically
hunting for fish, squid, crustaceans, and jellyfish at or close to the seawater surface (Camphuysen
and Van Franeker, 1997; Ojowski et al., 2001; Byrkjedal and Langhelle, 2019), but they also scavenge
on ship offal and carrion (Camphuysen and Garthe, 1997). Fulmars regularly ingest plastics in high
quantities, with 95% of birds studied in the North Sea containing an average of 31 plastic particles
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at an average mass of 0.28 g (OSPAR, 2019). These plastic loads
decrease with latitude and reflect local abundances of plastics
in the environment (Mallory, 2008; Van Franeker et al., 2011;
Kithn and Van Franeker, 2012; Trevail et al., 2015). In contrast
to other seabirds, most Procellariiformes store energy reserves
both in adipose fat and in oil accumulated in the proventriculus
of the bird (Wang et al., 2007). This light yellow- to dark orange-
colored oil is produced from dietary remains and is not a product
of stomach excretions (Lewis, 1969; Clarke and Prince, 1976;
Imber, 1976). The composition of stomach oils can vary greatly,
depending on prey species and the most recent diet, but typically
consists of different types of wax esters, diacyl glycerol ethers,
and triglycerides (Lewis, 1969; Imber, 1976). Stomach oil is found
in all life stages of Procellariiform seabirds and is an efficient
way to store highly concentrated caloric food in low volumes
(Place et al., 1989). According to Place et al. (1989), this is more
efficient and corresponds more flexibly to the energy demands of
the birds as metabolism of fatty acids to the adipose fat reserves
is unnecessary. When threatened, fulmars also spit out stomach
oil as an effective deterrent. Hydrophobic organic pollutants
such as petroleum hydrocarbons (Clarke and Prince, 1976),
polychlorinated biphenyls (PCBs), and pesticides (Foster et al.,
2010) are lipophilic, meaning that they preferentially partition
and dissolve in stomach oil. As hydrophobic organic pollutants
can be obtained via contaminated natural food, stomach oil has
been suggested as a suitable monitoring medium for marine
pollution (Clarke and Prince, 1976).

Plastic debris can contain a broad range of additive
and adsorbed chemicals with associated degradation products
(Andrady and Neal, 2009). There are two main pathways in
which chemicals are associated with plastic debris. First is
the addition of chemicals during their production process to
enhance specific characteristics of the plastics (e.g., flexibility,
flame resistance, or color) and residual chemicals from this
production process (Rani et al, 2015). The other pathway
occurs when plastics are exposed to dissolved chemicals already
present in the (marine) environment (Teuten et al., 2009).
Substances can be adsorbed to the plastic surface, especially
smaller plastic items, which exhibit a comparably larger surface-
to-volume ratio (Barnes et al., 2009). Weathering of plastics in
the marine environment may enhance this adsorption process
(Jahnke et al, 2017). The bioavailability of these plastic-
associated chemicals following ingestion of plastic debris by
marine organisms remains unclear, but has been suggested
to be a function of gut conditions, gut residence time,
environmental concentrations, and previous exposure/existing
chemical accumulation in individual organisms (Koelmans et al.,
2016; Serensen et al., 2020).

The combination of both chemical exposure pathways,
together with the physical characteristics of plastic, may harm
marine wildlife when plastic debris is ingested. The capacity
for wildlife to take up a range of plastic associated chemicals
has been demonstrated in laboratory experimental setups (e.g.,
Teuten et al., 2009; Browne et al., 2015; Hermabessiere et al., 2017;
Tanaka et al., 2018; Roman et al., 2019a). However, unrealistic
exposure scenarios are often applied during experiments with
regard to the type and shape of plastic, degree of degradation, and

associated toxic substances, as most studies use homogeneous-
shaped, pristine plastics (Phuong et al.,, 2016; Sorensen et al.,
2020). Furthermore, most studies lack environmental relevance
because of artificially loading the plastic materials with high
concentrations of chemicals prior to study, and very few studies
consider factors such as background levels of chemicals or
existing chemical levels in organisms (Heinrich et al., 2020).

In 2020, the ingestion of plastics by marine organisms had
been reported in at least 701 species (Kithn and van Franeker,
2020). Procellariiform seabirds, in particular, were found to
regularly ingest plastics, possibly confusing them with natural
diet items (Kiihn et al., 2015; Ryan, 2016). Of 144 Procellariiform
seabird species, 63.2% have been recorded with ingested plastics
(Kithn and van Franeker, 2020), sometimes in frequencies of
occurrence higher than 90% (e.g., Van Franeker et al, 2011;
Roman et al., 2016; Rapp et al., 2017; Rodriguez et al., 2018).
Procellariiformes ingest a wide variety of plastics, including
different shapes (Van Franeker et al., 2011) and colors (Kithn
et al,, 2015), with the size of the ingested plastics related to body
size (Roman et al., 2019b).

The first prolonged contact of ingested plastic (and natural
food) with Procellariiform seabirds occurs in the proventricular
stomach where gastric juices are produced to initiate the digestion
process. Once in the smaller and muscular gizzard, plastic items
are gradually worn, and pieces small enough to pass to the
intestines are excreted (Fisher, 1952; Warham, 1996). However,
the intensity and pace of the wearing process are not fully
understood. In northern fulmars, hard plastic particles have
to be reduced to just a few millimeters in size before they
can pass from the gizzard to the intestines (Bravo Rebolledo,
2011; Terepocki et al., 2017). Terepocki et al. (2017) indicated
different sizes of plastics along the digestive system from the
proventriculus, via the gizzard, to the gut. The average particle
mass reduced from 66 to 25 mg and finally 7 mg, respectively.
The retention time of plastic in seabirds is unknown and may
vary between species and by type of plastic item (size, shape, and
flexibility). For the northern fulmar and its close relatives, Van
Franeker and Law (2015) have suggested 75% of ingested plastic
disappears within a month. However, for other species, retention
times of several months to even years have been suggested
(Ryan, 2015).

The leaching of chemical components from particulates to
the surrounding medium is known to increase as a function
of decreasing particle size and the corresponding increase in
surface area (Rochman, 2015). The grinding process in seabird
digestive systems increases the surface area of ingested plastics
in the stomach, which consequently increases the available
surface area for additive chemicals to partition into the stomach
oil. As the medium in this case is an oil, it is expected
that hydrophobic chemicals in particular will preferentially
partition from the plastic (Tanaka et al., 2015). This process has
been described previously by Tanaka et al. (2015), where the
uptake of polybrominated flame retardants to stomach oil of
Procellariiformes has been recorded. Once plastic particles have
been reduced to a size that they can be easily excreted, it is
likely that any further partitioning of additive chemicals is limited
owing the short residence times of particles < 1 mm.
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There has been limited focus in previous studies on
the partitioning of additive chemicals. The current study
aims to document the potential uptake of harmful plastic
additive chemicals into fulmar stomach oil using plastic
debris sampled from the marine environment as test
materials. The mechanism of uptake of substances from
plastic into seabirds is a crucial step to understand potential
harm of plastic on seabirds, both at the individual and
population levels.

MATERIALS AND METHODS

Plastic debris was collected and carefully characterized in
terms of polymer type, shape, and size and milled into a
microplastic mixture (Kithn et al., 2018). A comparable sample
was prepared using beached polystyrene foam only. Stomach
oil collected from fulmars was exposed to these plastics
under realistic gut conditions. The additive chemical profiles
were determined in the source materials and the stomach oil
samples after exposure.

Plastic Source Materials

A marine litter-derived microplastic reference material (PTX001)
was used. The collection and production of the material have
been described in detail in Kithn et al. (2018). Briefly, 351
macroplastic litter items were collected from a Dutch beach
(Texel, April to August 2016), equaling the mass composition
of plastics during an earlier large beach clean-up. The sample
comprised a mixture of rigid and flexible items (ca. 37 and
63%, respectively). The collected material was cryomilled (Retsch
ZM 200, Carat GmbH) to a mix of variable sizes less than
3.0 mm in diameter. The size distribution of these particles
was determined by sieving the mixture through a stacked
sieve system. One gram of the PTXO001 material contained
around 400,000 plastic particles. The produced microplastics
are irregular in shape and exhibit a broad size distribution,
being more environmentally representative than the uniform
spherules often used in exposure studies (Phuong et al., 2016).
The polymer composition comprised mainly polyethylene (PE;
60.9%) and polypropylene (PP; 27.7%), but with many other
polymers present in small amounts that provide a distribution
similar to that of global polymer production (Geyer et al.,
2017) and that found in seabirds (e.g., Tanaka et al., 2019).
A detailed chemical analyses confirmed the presence of various
heavy metals (Cd, Cr, Cu, Fe, Ga, In, Mn, Mo, Ni, Pb, Pd,
Sn, Zn) and light metals (Al, Ba, Ca, K, Mg, Na, Sr, Ti),
as well as additive chemicals and chemicals associated with
plastic production processes (Kithn et al,, 2018). A summary
of the plasticizer, UV stabilizer, and flame retardant additives
found in the mixture is listed in Supplementary Table 5. To
determine the contribution of a different plastic type to the total
process of additive leaching, three pieces of weathered expanded
polystyrene foam (PS) were collected at the same time from the
same beach as the macroplastic litter items used in production
of the PTX001 mixture. The PS foam was cut manually to small

particles of ~0.5 mm in size, because cryomilling of the foamed
material proved unsuccessful.

Stomach Oil Preparation

Stomach oil was collected from northern fulmars on the Faroe
Islands in the north Atlantic Ocean, where fulmar fledglings are
harvested for human consumption (Jensen, 2012). Fledglings are
caught from the sea surface with a long-handled net (“fleygg”).
Shortly after fledging, most of the young birds are too heavy to
take off and are easily caught. Once caught, birds are immediately
killed by breaking the neck. The fledglings not only have large fat
deposits but often also contain considerable quantities of stomach
oil (some tens to well over 100 mL). For this project, hunters
prevented the loss of the oil by tying a small rope around the
neck and provided us with the undamaged stomachs. The oil
was drained directly from the stomach into glass bottles and
frozen at —20°C. The stomach oil used in the current study
was a homogenate combined from more than 50 different chicks
collected between 2014 and 2016. As natural foods may contain
contaminants, and as chicks already contain plastics transferred
by their parents, a basic load of chemicals in the stomach oil was
already expected at the start of the experiments.

Experimental Setup

Two exposure experiments were conducted: a long-term
experiment (LTE) with three sampling points (0, 14, and 90 days)
and a detailed short-term study with sampling at 8 h and 1, 2,
4, 8 and 21 days. The procedure and setting for both studies
were the same, and the same batches of homogenized stomach
oil and plastic test materials (PTX001 and PS) were used in
both studies. Plastics were added to the stomach oil and stirred
continuously at 120 revolutions/min in a shaking bath (Julabo
SW23) to mimic stomach contractions and to keep the plastics
in suspension. The oil was kept in amber glass vials at 40°C, the
common body temperature in Procellariiform seabirds (Warham,
1996). The exposure design comprised two bottles of the PTX001
microplastic mixture, two bottles of PS, and two control bottles
without added plastic, with each exposure and control sample
containing 40 mL of stomach oil. The added quantity of plastics
was 1.0 g for the PTX001 samples (25 g/L) and 0.3 g for the
PS (7.5 g/L). A lower exposure concentration was used for the
PS foam (7.5 g/L) because the particles had a very low density
by high volume relative to the available volume of stomach oil.
A 5 mL aliquot of oil was removed from each bottle at each
sampling time point. Care was taken to ensure oil and plastics
were removed in proportional quantities by using a large glass
pipette where plastics were retained together with the oil. The
oil was then vacuum-filtered through a glass microfiber filter
(GFE pore size 0.7 pm; GE Whatman) in a glass filtration system
to remove the plastic particles (Figure 1). The filtered oil from
each 5-mL sample was then divided between three glass vials of
"1 mL each and directly frozen at —20°C until further analysis.
This corresponds to 3 x 1-mL test vials being retrieved at each
time point from each duplicate bottle, resulting in a total of
six subsamples per plastic type and time point. All laboratory
materials and Teflon-capped sample containers were carefully
rinsed with hexane prior to use to reduce contamination.
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FIGURE 1 | (A) Marine derived plastic litter (PTX001) in stomach oil before
filtration. (B) PTX001 on a GFF filter (diameter 25 mm) after filtration. Note the
different plastic shapes, sizes, and colors.

Sample Analysis
In total, three sets of chemical analyses were conducted:

1. The LTE: Oil samples collected and analyzed on day 0
(control only) and next after 14 and 90 days, with controls
repeated at both dates. The sampling point of 90 days was
chosen as the retention time of plastics in bird species has
been reported to be between 2 months (Terepocki et al.,
2017) and many months (Ryan and Jackson, 1987; Ryan,
2015).

2. The short-term detailed experiment (STD): Replicated the
LTE setup, but over a shorter timescale. STD oil samples
were taken on day 0 (control) and next after 8 h and 1, 2,
4, 8, and 21 days. Controls were measured in the first three
and last samples.

3. The long-term replicate (LTR): These analyses represented
a check on the replicability of the initial (LTE) methods.
The 14-day, 90-day, and control samples from the LTE were
reanalyzed.

Plastic Extraction

Samples of the plastic materials (~500 mg PTX001 mixture,
~18-30 mg PS foam) were solvent extracted in triplicate with
two different solvents; dichloromethane (DCM, Rathburn) and
ethyl acetate (EtOAc, Fluka). In each case, 4 mL of solvent
and an internal standard mixture (0.2508 pg naphthalene-d8,
0.0500 pg phenanthrene-d10, 0.0486 g chrysene-d12) were
added to each sample prior to bath sonication for 30 min
(Bandelin Sonorex Super RK 510 H, 640 W, 35 kHz) at either
room temperature (DCM) or 65°C (EtOAc). The solvent extract
was then filtered through a pipette packed with Bilsom cotton
to remove plastic particles and a small amount of anhydrous
Na;SO4 to remove any moisture. The extracts were then
concentrated by solvent evaporation (40°C under a gentle flow
of N3) to "500 L, and a recovery internal standard (0.0984 pg
fluorene-d10 and 0.1064 g acenapthene-d10) was added prior
to gas chromatography-mass spectrometry (GC-MS) analysis.
Prior to clean-up by gel permeation chromatography (GPC),

samples extracted by DCM were readjusted to 1 mL volume
with additional DCM.

Stomach Oil Extraction

Samples of fulmar oil (50 mg in the LTE and 100 mg in
the LTR and STD) were transferred from the 1-mL vials to
a glass tube and dissolved in 1 mL DCM:n-hexane (1:1). An
internal standard mixture (0.2508 g naphthalene-d8, 0.0500 pg
phenanthrene-d10, 0.0486 jLg chrysene-d12) was added, and the
sample vortexed (30 s). The sample volume was then adjusted to
1 mL by solvent evaporation (40°C under a gentle flow of Ny).

Gel Permeation Chromatography

Both fulmar oil extracts and DCM polymer extracts were subject
to instrumental clean-up by GPC (Agilent). Samples (500 pL)
were injected with DCM as the mobile phase (0.5 mL/min in the
LTE, 5 mL/min in the LTR and STD), and components separated
using either an Agilent PLGel column (7.5 x 300 mm, 5 jum; LTE)
or a Waters Envirogel column (19 x 300 mm, 15 pwm; LTR and
STD). Chromatograms were monitored at 210, 254, and 280 nm
UV. After initial optimization, analyte fractions were collected
from 16 to 35 min (LTE) or 10.5 to 15 min (STD) with preadded
n-hexane in the collection vials as a keeper. The sample volume
was adjusted to 0.5 mL by solvent evaporation (40°C under a
gentle flow of N3), and recovery internal standards (0.0984 pg
fluorene-d10 and 0.1064 |Lg acenapthene-d10) were added prior
to GC-MS analysis.

GC-MS Full-Scan Analysis

The GC-MS system comprised an Agilent 7890A GC equipped
with an Agilent 5975C Mass Selective Detector. The inlet was set
to 250°C, the transfer line to 300°C, the ion source to 230°C, and
the quadrupole to 150°C. The carrier gas was helium at a constant
flow of 1.1 mL/min. Samples of 1 pL were injected by pulsed
splitless injection. The GC column was an Agilent DB5-MS ultra-
inert column (30 m, 0.25-um film thickness, 0.25-mm internal
diameter). The GC oven was held at 40°C (2 min), ramped at
6°C/min to 320°C, and held at that temperature for 20 min. Mass
spectra were recorded in full scan mode over the mass range 50
to 500 m/z, after a 12-min hold time.

GC-MS Selected lon Monitoring Analysis
Using compounds identified from the full-scan analysis of the
PTX001 and PS material extracts, a selected ion monitoring
(SIM) method was developed to enable a more detailed,
targeted analysis of chemicals present in the stomach oil
extracts. This approach increases the sensitivity of the analysis
and helps to reduce background noise and interference from
biogenic compounds derived from the stomach oil. The same
GC-MS system and instrumental conditions as above were
applied. Selected ions representative of the tentatively identified
organic additive compounds were monitored according to
Supplementary Table 1.

Data Treatment
For non-target screening, chromatograms and mass spectra
were recorded using Chemstation software, investigated in
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Masshunter Qualitative Navigator B.08.00, further processed
using Masshunter Unknowns Analysis (“Unknowns”) followed
by export to csv format using Python and data processed
in R. After initial inspection of chromatograms, peaks were
deconvoluted using Unknowns algorithms, and best hits from
NIST 2017 library were extracted. Compounds were filtered
based on their observed presence in at least three of six replicates
for each polymer and a > 90% match to NIST 2017 library mass
spectra. Biogenic compounds, or compounds of possible biogenic
origin, were removed from the data set. All compounds found in
the control samples were also removed from the data set, leaving
only those that could be confidently attributed to coming from
the PTX001 and PS materials.

For targeted analysis, the selected tentatively identified
compounds were recorded by their retention time and major
ions (Supplementary Table 1) in GC-MS SIM mode. Masshunter
Quantitative Analysis was further used to integrate peak areas of
the selected compounds and the added internal standards. The
area of each tentatively identified compound was normalized by
dividing by the area of one internal standard in each sample and
the normalized relative intensities used to compare samples.

Control-Derived Limits of Detection

Given the exploratory and non-quantitative nature of the
analysis, there was a lack of reference standard chemicals for the
identified additives, and therefore, it was not possible to establish
individual calibration curves for each chemical. Control-derived
limits of detection (LOD) were established based on control
measurements for each of the three treatments separately. The

LOD was calculated as the average of the controls of each
treatment plus three standard deviations. As expected, results
showed that even the unexposed control stomach oil samples
contained some level of additive chemicals already present when
the oil was harvested.

RESULTS

Characterization of Plastic Material

In the current study, non-target screening with a 90% confidence
match to library spectra (>90% match to NIST 2017 library)
permitted identification of 15 different organic chemical additives
in the solvent extracts produced from the two test materials,
with 14 identified in PTX001 and 4 identified in the PS
(Table 1). Three of the identified compounds were found
in both materials (acetophenone, propanediylbisbenzene, and
triphenylbenzene). Full names for each compound are given
in Table 1. These substances include common additives such
as plasticizers, antioxidants, UV stabilizers, flame retardants,
and preservatives (Table 1). For some chemicals identified in
the samples, however, the use or origin is unclear. Chemical
properties and estimated biodegradability, bioaccumulation,
and biotransformation rates of these compounds are given
in Supplementary Table 6. Estimates have been calculated
using the BIOWIN™ and BCFBAF™ packages of EpiSuite
(US EPA, 2012). For both the long-term experiments (LTE,
LTR) and the short-term experiment (STD), the temporal
concentration trends of each target compound in the stomach

TABLE 1 | Compounds monitored by GC-MS SIM analysis.

No. Substance short name CAS number Full substance name

Detected in Known uses

1 Acetophenone 98-86-2 Acetophenone PS, PTX Precursor to resins/copolymers, used in
coatings, inks, and adhesives
2 p-Benzoquinone 719-22-2 2,5-Cyclohexadiene-1,4-dione, 2,6-bis(1,1-dimethylethyl)  PTX Used in synthesis
3 Dibutylphenol 96-76-4 2,4-Di-tert-butylphenol PTX Antioxidant
4 Propanediylbisbenzene 1081-75-0  Benzene, 1,1’-(1,3-propanediyl)bis PS, PTX
5 Phenyl benzoate 93-99-2 Benzoic acid, phenyl ester PS Preservatives used in cosmetics, fim,
foods
6 TCEP 115-96-8 Tri(2-chloroethyl) phosphate PTX Plasticizer, flame retardant, viscosity
regulator
TCPP (3:1) 13674-84-5  2-Propanoal, 1- chloro-, phosphate (3:1) PTX Flame retardant
BCPP 137888-35-8  Bis(3-chloro-1-propyl) (1-chloro-2-propyl)phosphate PTX
9 7,9-Di-tert-butyl-1- 82304-66-3  7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-6,9-diene-2,8-dione  PTX Antioxidant (degradation product)
oxaspiro(4,5)
deca-6,9-diene-2,8-dione
10 DBP 84-74-2 Dibutyl phthalate PTX Plasticizer
11 TPhP 115-86-6 Triphenyl phosphate PTX Plasticizer, flame retardant
12 Triphenylbenzene 28336-57-4  Cyclohexane, 1,3,5-triphenyl PS, PTX Packaging migration residue,
polystyrene impurity
18  DEHP 117-81-7 Bis(2-ethylhexyl) phthalate PTX Plasticizer
14 Bumetrizole 3896-11-5 Bumetrizole PTX UV stabilizer
15 Di(2-ethylhexyl) 6422-86-2 1,4-Benzenedicarboxylic acid, bis(2-ethylhexyl) ester PTX Plasticizer

terephthalate

The abbreviations or alternative names of the substances, CAS numbers, detection in PS or PTX001 material, and known applications are given for each identified

chemical.
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oil are shown in Supplementary Material (Chapters 3.1-
3.15).

Exposure Conditions During

Measurements

Stomach oil extract samples from long-term exposures to
PTX001 and PS (0, 14, and 90 days) were analyzed twice
(LTE and LTR) to evaluate analytical reproducibility, because
the LTE and STD results were generated using two different
GC-MS analysis methods. The results of the LTE and LTR
analyses showed mostly consistent responses relative to the
internal standard (phenanthrene-d10) and how it relates to the
LOD. For five substances (acetophenone, propanediylbisbenzene,
triphenylbenzene, DEHP, and di-(2-ethylhexyl) terephthalate),
the response scale increased for the LTR. The relative LOD was
comparable for all substances during the LTE and the LTR.

For most samples, the two bottles representing identical
treatments (bottles A and B; indicated in Supplementary
Material graphs by two samples at the same time point) show
similar averaged results, indicating the replicability of the chosen
approach. The highest variation between A and B samples was
observed for the compound TCPP (3:1) for PTX001 and PS (but
not for the controls) during the LTE and the LTR experiments
(Supplementary Material Chapter 3.7, page 13). Within these
bottles, the replicability was generally good (indicated in the

graphs with error bars per sample). Different results between
pairs of A and B sample bottles were mainly observed in the
STD experiment. For PTX001, a high deviation was observed
in TCEP and bumetrizole, whereas for PS, a high deviation was
observed in 7,9-di-tert-butyl-1-oxaspiro(4,5)deca-6,9-diene-2,8-
dione and DBP. Among control bottles, the difference between
the A and B samples was pronounced for only one compound,
di-(2-ethylhexyl) terephthalate.

Another indication of the reproducibility of the measurements
is demonstrated by the control values, which remained relatively
stable over time during all measurements with only a few
exceptions. Variable control values over time were observed
mainly during the first days of the STD experiment, with the
strongest variation found in DEHP (Supplementary Material
Chapter 3.13 page 19).

Additive Leaching From Plastic to
Stomach Oil

All experimental results are summarized in Table 2 and presented
in detail in the graphs in Supplementary Material Chapters
3.1-3.15. A selection of results is shown and discussed here,
subdivided into (i) additive compounds that exhibited clear
signs of leaching to the stomach oil and (ii) compounds for
which there was no evidence of leaching. Other substances
showed weak or inconclusive results (Table 2). For improved

TABLE 2 | Summary of the leaching results for different substances detected in marine litter-derived microplastic reference mixture (PTX001) and marine litter-derived
polystyrene foam (PS) to stomach oil of northern fulmars (0 = no, + moderate, + + strong leaching).

No. Substance short Compound Leaching behavior from PTX001 marine Leaching behavior from marine PS foam
name identified in plastic debris mix debris
1 Acetophenone PS and PTX Moderate leach in initial weeks, then stable or + Strong leach in initial weeks, then stable or ++
minor decrease minor decrease
2 p-Benzoqguinone PTX Strong increase in initial weeks followed by ++ Noinitial effect, and slightly decreasing on long 0
disappearance at 90 days term
3 Dibutylphenol PTX Persistent leaching to day 90 ++ Initially leaching but not persisting on long term
Propanediylbisbenzene PS and PTX Possibly light initial leach, but unclear pattern 0 No indications for leaching
Phenyl benzoate PS Possibly minor initial leach, but disappears 0 Strong leaching in first few weeks, but ++
afterward compound then largely disappears
6 TCEP PTX Rapid initial leaching then more or less constant ~ + +  No indications for leaching 0
on longer term
7 TCPP (3:1) PTX Initially leaches and remains constant on longer + Variable data, possibly slight initial leach but 0
term disappears
BCPP PTX Leaches in first weeks, but then stabilizes ++  Leaches in first weeks, then slightly decreases ++
9 7,9-Di-tert-butyl-1- PTX No evidence for leaching 0 No evidence for leaching 0
oxaspiro(4,5)
deca-6,9-diene-2,8-
dione
10 DBP PTX Moderate leaching No signals of leaching 0
11 TPhP PTX Exponential leaching slowing down on long ++  No evidence for leaching 0
term
12 Triphenylbenzene PS and PTX No good evidence for leaching 0 No evidence for leaching
13 DEHP PTX Long term continued leaching ++ Initial slight leaching, but reduces on longer
term
14 Bumetrizole PTX Rapid initial leach, persists on longer term ++  No evidence for leaching
15 Di-(2- PTX Moderate leaching quickly stabilizes Moderate leaching unclear on longer term +

ethylhexyl)terephthalate

Conclusions are based on three independent experiments. The behavior details of each compound are shown in the Online Supplement.
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FIGURE 2 | Strong leaching of acetophenone from PS and moderate leaching
from PTX001 to stomach oil. (A) long-term experiment (LTE) with connecting
lines and (B) short-term detail experiment (STD) with linear trendlines and
standard deviations. Both lines are only used for visualization of data and do
not imply that leaching patterns are linear.

visual interpretation, graphs for the LTE show connection
lines from the 0-day measurement (control) to the 14- and
90-day measurements. STD graphs include linear trendlines
and standard deviations of the duplicate measurements. In
Supplementary Material, all graphs include linear trendlines and
standard deviation.

Leaching Observed

Fast leaching of acetophenone (a precursor to resins and
copolymers) from both PTX001 and PS foam to the stomach
oil was evident during the first 2 weeks (Figure 2 and
Supplementary Material Chapter 3.1 page 7), with PS foam
especially exhibiting a high level of leaching. STD results show
that acetophenone started leaching from PS almost immediately,
followed by strong increase in relative concentration up to day
8 and reached the highest level by day 21. The LTE experiment
supports that pattern, showing a high increase during the first
14 days followed by a stabilization until day 90. For PTX001 in the
LTE experiment, the acetophenone level increased above the level
in the control samples after 14 days and subsequently decreased
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FIGURE 3 | Strong gradual leaching of dibutylphenol from PTX001 to
stomach oil. Further caption details as in Figure 2.

slightly at day 90. During the STD experiment, acetophenone
showed gradual leaching from PTX001 until day 21, however,
leaching was less pronounced than in PS.

Strong leaching of dibutylphenol, an antioxidant additive, was
observed to occur from the PTXO001 plastics (Figure 3). LTE
and LTR results suggest gradual leaching for up to 3 months.
Results from the STD experiment are rather variable but do
support leaching also in the initial weeks. Some leaching of
dibutylphenol may also occur from PS, but results are rather
variable (Supplementary Material Chapter 3.3, page 9).

Phenyl benzoate, a preservative, showed an initial strong
leaching from PS foam to the stomach oil in all three experiments
(Figure 4). Results from the LTE and the LTR experiments
indicated a decrease of phenyl benzoate leachate concentrations
between 14 and 90 days, although the substance was still
above the control levels at 90 days (Supplementary Material
Chapter 3.5, page 11).

TCEP, a plasticizer, flame retardant, and viscosity regulator,
showed an initial rapid leaching from PTX001 during the LTE
and the LTR experiments, which decreased only slightly after
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FIGURE 4 | Strong initial leaching of phenyl benzoate from PS to stomach oil
with decrease in leachate concentrations between 14 and 90 days. Further
caption details as in Figure 2.

90 days (Figure 5 and Supplementary Material Chapter 3.6,
page 12). During the STD experiment, high variation within
both replicate samples (bottles A and B) was observed, and
although all data points are above the control level, the results
are probably less reliable.

DEHP, a plasticizer (Figure 6 and Supplementary Material
Chapter 3.13, page 19), showed strong leaching from PTX001
during both the LTE and LTR experiments, with concentrations
continuing to increase strongly until day 90. These findings are
not supported in the STD experiment, where the control samples
showed a highly varied pattern over the initial days and thus
indicating lower reliability of the results.

Bumetrizole, a UV stabilizer also known as Tinuvin 326
(Figure 7 and Supplementary Material Chapter 3.14, page 20),
rapidly leached from PTXO001 to a great extent during the first
days of exposure in the LTE and LTR experiments. The levels
appear to stabilize after 14 days of exposure, demonstrated
by results from all three experiments. Data from the STD
experiment indicate that leaching to the maximum observed
concentration occurs almost instantly after the plastic is exposed
to the stomach oil.

No Leaching Observed

Although identified in the solvent extracts of the PTX001 and
PS test materials, some of the tentatively identified additive
chemicals were not found in the corresponding stomach oil
leachates in any of the studies. In the case of PTXO001,
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FIGURE 5 | Strong initial leaching of TCEP from PTX001 to stomach oil. Left:
long-term experiment. Further caption details as in Figure 2.

no detectable leaching was measured for phenyl benzoate
(preservative; Supplementary Material Chapter 3.5, page 11),
propanediylbisbenzene (unknown use; Supplementary Material
Chapter 3.4, page 10), 7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-6,9-
diene-2,8-dione (antioxidant; Supplementary Material Chapter
3.9, page 15), DBP (plasticizer; Supplementary Material
Chapter 3.10, page 15), and triphenylbenzene (packaging
migration residue; Figure 8 and Supplementary Material
Chapter 3.12, page 18). For the PS foam, propanediylbisbenzene
and triphenylbenzene (Figure 8) were only found in the parent
material and not in the corresponding leachates.

DISCUSSION

Results from this study confirmed that different types of additives
leached from the marine litter-derived microplastic test materials
to the fulmar stomach oil. The relative amounts varied across
the different chemicals and reflected their individual properties.
As a result, the additive chemical profiles of the test materials
and leachates exhibited some substantial differences to each
other. For the microplastic mixture (PTX001), leached chemicals
included precursors to resins and copolymers, antioxidants,
plasticizers, flame retardants, and UV stabilizers. For PS, leaching
of precursors to resins and copolymers, antioxidants, and
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FIGURE 6 | Strong long-term leaching of DEHP from PTX001 to stomach oil.
Further caption details as in Figure 2.

preservatives was observed. According to Smedes et al. (2017),
increasing lipophilicity (log Kow) of organic hydrophobic
contaminants would lead to increased lipid—polymer partition
coefficients. In the current study, we observe no clear pattern
between log Kow and which compounds leach to a greater
extent. The higher number of chemicals present in the PTX001
material reflects its composition of multiple plastic types, each
with its own additive chemical profiles. Three of the chemicals
were present in both materials, suggesting these may derive from
the PS component of PTX001 or that different polymer types
sometimes contain the same additives.

Many studies looking at the leaching of additives from plastic
have utilized chemical analyses to investigate the concentrations
of specific target chemicals and chemical groups. While this
approach can provide useful information, it risks filtering
out other compounds that may be present and contributing
to any observed leachate toxicity. The current study used
non-target screening as start point for identifying as many
chemicals as possible in marine litter-derived microplastic
test materials (PTX001 and PS foam). This enabled the
development of analytical methods for quantifying these same
chemicals in the corresponding leachates generated in a series
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FIGURE 7 | Strong initial leaching of bumetrizole from PTX001 to stomach oil.
Further caption details as in Figure 2.

of exposure studies (LTE and STD) conducted with northern
fulmar stomach oil.

Exposure Conditions During

Measurements
In the STD experiment, some of the substances showed high
variation and unclear patterns of leaching during the first
days (0-4 days) of exposure. For example, p-benzoquinone
(Supplementary Material Chapter 3.2, page 8) and TCPP
(3:1) (Supplementary Material Chapter 3.7, page 13) show
varying concentration patterns for all measurements during
8 h and days 1 and 2 stomach oil leachate samples (high
variation between bottles A and B and high variation
within each bottle). This could be caused by compound
instability in the sample matrix during processing, storage,
or transportation. In addition, minor differences in sampling
time and sample treatment may influence the data more
significantly in the early stages of the exposure. Despite
the sometimes erratic concentration patterns during the
first days of the STD experiment, the longer-term results
and trends overlap between the three experiments (LTE,
LTR, and STD), providing the necessary confidence in the
results presented.

Some of the additive chemicals (e.g., p-benzoquinone and
triphenylbenzene for PTX001 and phenyl benzoate for PS)
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FIGURE 8 | No leaching of triphenylbenzene from PTX001 or PS to stomach
oil. Further caption details as in Figure 2.

exhibited an initial increase in stomach oil followed by a
subsequent decrease at 90 days. The data for such chemicals
suggest that equilibrium has been reached prior to the sampling
point at 90 days, but that a secondary process is occurring
that results in the concentration decrease observed between
14 and 90 days. It is not possible to identify exactly what
process or processes have contributed to this trend, but a
number of viable mechanisms are possible given the long
timescales used in the LTE experiment. Several of the identified
compounds are readily biodegradable according to estimates
made using BIOWIN™ (Supplementary Table 6; US EPA,
2012). However, as some of the compounds that are readily
biodegradable do not see a decrease in relative concentrations
of the duration of the experiments, it is unlikely that biotic
degradation has influenced the results of the current study. It is
important to consider that the exposure systems were not sterile
and that microbial biotransformation and biodegradation of
additive chemicals might occur once they have partitioned to the
stomach oil. These processes only require a small modification
to the chemical structure (e.g., partial degradation) and the
resulting biotransformation products would not be measured
using the targeted analytical chemical methods developed
for leachate characterization and quantification. It is possible
that specific chemicals will be more or less susceptible to
such different processes, but also that more than one of

these mechanisms may act on an individual additive chemical
at the same time.

In our attempts to document the leaching of different organic
chemical additives from marine litter-derived microplastic
test materials into the stomach oil of northern fulmars, we
encountered issues with the comparability of data from the three
experiments. The results in the LTE experiment and the STD
experiment were sometimes inconsistent, and we are unable
to propose a satisfactory explanation for such discrepancies.
Long-term samples were analyzed twice, initially as part of the
LTE experiment and then reanalyzed (LTR) together with the
samples generated in the STD experiment. All GC-MS analyses
were performed in randomized order, and blank samples were
frequently analyzed to ensure there was no carryover of chemicals
between samples and analyses. Subsamples of fulmar stomach
oil, PTX001, and PS foam samples from the same batches
(common source) were used in both the long- and short-term
studies, and it is suggested that any inhomogeneity in oil or
plastic materials is relatively small and not responsible for the
observed differences in the leachates as the comparability of
A and B samples demonstrates. The stomach oil was stored
frozen prior to the LTE and quickly refrozen for storage between
the LTE and STD exposure experiments. Furthermore, there
were no changes in the sampling protocol between the two
studies. Therefore, we have chosen to regard the LTE experiment
and STD experiment as separate studies representing short-
and long-term exposures. Despite the inconsistencies described,
the strong similarities between many of the leaching profiles
from the LTE experiment and the STD experiment samples,
together with the stable levels of contamination (in most
cases) observed in the control samples and good overlap of
A and B samples, suggest sufficient reliability in the reported
outcomes of this study.

Additive Leaching From Plastic to
Stomach Oil

The results in the current study clearly show that several additive
substances can leach from plastics ingested by fulmars into
stomach oil under environmentally relevant conditions and over
timescales estimated to be within the gut residence time (Ryan
and Jackson, 1987; Van Franeker and Law, 2015; Ryan, 2015;
Terepocki et al., 2017). Once leached into the stomach oil,
there are well-established mechanisms that can facilitate the
uptake of some of these chemicals by the birds (Galloway,
2015; Garvey, 2019; Tanaka et al., 2020). However, whether
an individual additive chemical is subsequently transferred into
specific organs or tissues and whether it will accumulate are
influenced by a range of factors. The properties of a specific
chemical will determine the partitioning between uptake or
excretion in the feces (Tourinho et al., 2019; Ribeiro et al.,
2019). For chemicals that are absorbed, some may undergo
metabolization prior to or during storage and accumulation
in specific tissues or removal from internal organs via kidney
function or to feathers (Letcher et al., 2010; Provencher et al,,
2018). It must be emphasized that leaching of chemicals to
stomach oil in the current study was observed to occur in stomach
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oil that was already contaminated with chemicals from food
and plastics ingested by the fulmar chicks during the 7-week
nestling period. The basic load of selected additives can be seen
in the 0-measurements in this study, as these represent the oil
before any treatment.

It is difficult to find relevant toxicity data for the specific 15
chemicals identified in the current study. However, several of
the compounds that were observed to leach into the stomach
oil belong to groups of chemicals that may have serious impacts
on the health of the animals (Zimmermann et al., 2019). For
example, certain UV stabilizers (e.g., UV320, UV326-328) have
been shown to bioaccumulate, act as endocrine disruptors, and
cause mutagenic toxicity responses (Rani et al., 2015). Phthalates,
widely used as plasticizers, have been found to be endocrine
disruptors, as well as affecting reproduction (Oehlmann et al,
2009; Geueke and Muncke, 2017). DEHP is very common in
the environment (Hermabessiere et al., 2017), but our results
indicate that it can also leak directly from marine plastic litter
to the stomach oil of fulmars, offering an additional pathway of
uptake. The uptake of DEHP from plastics is enhanced by the
natural conditions in seabirds’ digestive systems, such as high
temperatures and low pH values (Bakir et al., 2014). Negative
effects of plastic-associated substances on other organisms have
been observed in other experimental studies (e.g., Lithner et al,,
2009; Capolupo et al, 2020). Coffin et al. (2019) provided
strong experimental evidence of increase of the biological
estrogenicity of cells from ingestion of some plastic items by both
birds and fishes.

In our study, leaching of chemicals from the plastic test
materials is presented relative to the initial occurrence. We
cannot assess if the leached quantities of chemicals would lead
to direct health impacts in fulmars, and this should be a focus
of future studies. Importantly, any effects from plastic-associated
chemicals on marine organisms are likely to be influenced by
the complex interplay of multiple intrinsic and extrinsic factors,
including environmental conditions, specific chemical profiles
associated with individual plastic items, polymer type, amount
of plastic ingested, form and origin of the plastic ingested, and
preexisting contaminant levels in organisms and the surrounding
environment. Although the sublethal effects of plastic-related
compounds on the health of populations or species remain
difficult to substantiate (Browne et al., 2015; Werner et al., 2016),
our results give grounds for concern.

Tanaka et al. (2019) showed that plastics ingested by fulmars
and albatrosses contain UV stabilizers, flame retardants, and
styrene oligomers, similar to those found in the PTX001 and PS
foam test materials. PE and PP were the most common plastic
types encountered in the studies by Tanaka et al. (2019) and in
the PTX001 samples (Kithn et al., 2018). Tanaka et al. (2013,
2015) documented that specific congeners of polybrominated
flame retardants leached from ingested plastic to the stomach
fluids and were subsequently transferred to tissues in short-
tailed shearwaters (Ardenna tenuirostris). This organism-level
detection of polybrominated flame retardants shows a pathway
that may occur in fulmars and other seabirds, comparable to the
stomach oil leaching mechanism in fulmars as described in our
experiment. Recently, Tanaka et al. (2020) fed artificially spiked

plastic pellets to streaked shearwater (Calonectris leucomelas)
chicks and concluded that in seabird species that consume
plastics as frequently as fulmars, leaching of additives represented
a considerably more important pathway of specific pollutants
to the bird tissues than through accumulation of pollutants in
food. Importantly, in the experiment of Tanaka et al. (2020),
additives were built in the polymer matrix, and not just added
to the surface. Together with organism-level detection of such
chemicals by Tanaka et al. (2020), our results provide the evidence
that such leaching of additives or their degradation products
from degrading plastic litter actually occurs in the marine
environment, from plastics ingested by a range of marine wildlife.

The studies by Tanaka et al. (2013, 2019, 2018, 2020) and
our work on embedded additive leaching cannot be compared
to some published model approaches and seabird investigations
focusing on plastic surface adsorption and desorption of
persistent organic pollutants. Model approaches by, e.g., Gouin
et al. (2011), Koelmans et al. (2014, 2016), and Bakir et al.
(2016) have indicated that plastics ingested by seabirds are not
acting as a relevant source of pollutants in comparison to food.
It has even been implied that during gut passage plastics could
act as passive samplers for pollutants already present in the
organisms, thereby reducing contaminant concentrations in the
body. Seabird studies by Herzke et al. (2016), Provencher et al.
(2018), and Provencher et al. (2020) tend to be seen as support
for such models because no correlation could be demonstrated
of selected pollutants on plastics in the stomachs of individual
birds and the concentration of such substances in their tissues. As
such, the models and seabird studies represent a quite different
process to that of the leaching of a wide range of plastic
additives embedded in the polymer matrix, and results should
not be compared.

CONCLUSION

In the current approach, we attempted to avoid inclusion
of foodweb-related chemical pollutants, either additives or
adsorbed, by excluding substances found in the untreated
stomach oils. The relative importance of both pathways seems
difficult to quantify. As additive chemicals are distributed
throughout the entire polymer matrix and not just at the
surface, grinding of plastics in seabird stomachs makes such
substances increasingly available for leaching due to the increased
surface area. Although modeling studies can provide a useful
indication of the bioavailability of plastic additive and adsorbed
chemicals to organisms following ingestion (Koelmans et al.,
2014; Koelmans, 2015), they are not necessarily able to consider
the ingestion of a broad spectrum of highly variable consumer
debris items in combination with the unique gastric environment
in Procellariiformes, with high temperatures, low pH values,
the occurrence of stomach oil, and the grinding activity in the
gizzard. Our results clearly add evidence to earlier studies by
Tanaka et al. (2015, 2020). Results of both studies suggest major
value in further work to evaluate impacts at the cellular, tissue,
and organism levels. Plastic ingested by Procellariiformes can be
a vector of several harmful additive chemical compounds (e.g.,
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plasticizers, flame retardants, etc.) over environmentally relevant
gut residence times.
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