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impact of climate change on PCB-
153 exposure in Arctic seabirds with the nested
exposure model†

Lovise Pedersen Skogeng, *ab Pierre Blévin,c Knut Breivik, ad Jan Ove Bustnes,e

Igor Eulaers,f Kjetil Sagerupce and Ingjerd Sunde Krogseth ab

At the same time Arctic ecosystems experiences rapid climate change, at a rate four times faster than the

global average, they remain burdened by long-range transported pollution, notably with legacy

polychlorinated biphenyls (PCBs). The present study investigates the potential impact of climate change

on seabird exposure to PCB-153 using the established Nested Exposure Model (NEM), here expanded

with three seabird species, i.e. common eider (Somateria mollissima), black-legged kittiwake (Rissa

tridactyla) and glaucous gull (Larus hyperboreus), as well as the filter feeder blue mussel (Mytulis edulis).

The model's performance was evaluated using empirical time trends of the seabird species in

Kongsfjorden, Svalbard, and using tissue concentrations from filter feeders along the northern

Norwegian coast. NEM successfully replicated empirical PCB-153 concentrations, confirming its ability to

simulate PCB-153 bioaccumulation in the studied seabird species within an order of magnitude. Based

on global PCB-153 emission estimates, simulations run until the year 2100 predicted seabird blood

concentrations 99% lower than in year 2000. Model scenarios with climate change-induced altered

dietary composition and lipid dynamics showed to have minimal impact on future PCB-153 exposure,

compared to temporal changes in primary emissions of PCB-153. The present study suggests the

potential of mechanistic modelling in assessing POP exposure in Arctic seabirds within a multiple

stressor context.
Environmental signicance

We have expanded, evaluated, and applied the Nested Exposure Model (NEM) to assess the bioaccumulation of PCB-153 in three Arctic seabirds (common eider,
black-legged kittiwake, glaucous gull) and a lter feeder (blue mussel). This application demonstrates the utility of NEM in predicting contaminant exposure
under a multiple stressor framework, including both primary emissions and climate change-induced changes in ecosystem structure and reproductive
investment. The model's ability to simulate bioaccumulation provides opportunities for (i) predicting long-term contaminant exposure trends in Arctic species;
(ii) evaluating the relative inuence of climate-induced dietary changes and lipid dynamics during egg incubation versus emission reductions on future pollutant
exposure; and (iii) supporting regulatory and conservation efforts in mitigating risks to vulnerable Arctic ecosystems from persistent organic pollutants (POPs).
1 Introduction

Climate change is happening at a rapid pace in the Arctic at
a rate four times faster than the global average,1 which leads to
loss of multi-year sea ice and snow cover, glacier retreat, and
extreme seasonal weather events.2 Additionally, the Arctic is
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tion (ESI) available. See DOI:

f Chemistry 2025
facing pollution from Persistent Organic Pollutants (POPs),3–5

which undergo long-range transport, are persistent in the
environment, bioaccumulate in biota, and pose toxicity risks to
wildlife and humans. One historically important group of
chemicals among POPs are polychlorinated biphenyls (PCBs),
which have been restricted since the late 1970s.6 Yet, they are
still present in the Arctic in both the physical environment and
in biota.7–9 For instance, PCBs remain quantitatively one of the
most abundant groups in the chemical cocktail that Arctic top
predators are exposed to, and at concentrations associated with
serious health risks.8 The production and use of POPs have been
regulated through international agreements, notably the
Stockholm Convention,6 leading to declining trends in Arctic
biota.4 In recent years the declining trends of some POPs have
levelled off or are even reversed.3 Climate change is believed to
Environ. Sci.: Processes Impacts, 2025, 27, 1317–1330 | 1317
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alter secondary re-emissions of semi-volatile POPs into the
environment and ultimately bioavailability to biota.10,11 For
instance, higher temperatures may lead to re-volatilization of
deposited POPs from secondary sources (such as soil and
seawater) to the atmosphere, and melting glaciers, permafrost
and sea ice remobilizes stored POPs into freshwater or seawater
systems.3,5 Additionally, warmer water masses entering the
European Arctic enable Atlantic species to migrate northward,12

affecting the availability of prey for predatory species, and thus
changing their dietary composition.13 This may potentially
impact accumulation of POPs,11 e.g. have climate-induced
changes in trophic levels been identied as important drivers
for the POP accumulation in Arctic top predators such as polar
bears and seabirds.14

In recent years, the Norwegian Arctic has been strongly
inuenced by the West Spitsbergen Current with increasing
temperature, declining sea ice cover and increasing proportion
of Atlantic prey species entering ords.15 These environmental
and ecological changes can be expected to alter PCB exposure in
seabird populations. Kongsorden in Svalbard, Arctic Norway,
is a well-known breeding area for several seabird species occu-
pying various ecological niches.16 This includes the benthos
feeding sea duck common eider (Somateria mollissima), the
small pelagic sh- and crustacean-eating black-legged kittiwake
(Rissa tridactyla), and the opportunistic top predator glaucous
gull (Larus hyperboreus). Over the last two decades, these species
have been under the spotlight of several studies underlying
contamination to a complex cocktail of POPs (e.g. PCBs,
dichlorodiphenyltrichloroethane (DDT) and hexa-
chlorobenzene (HCB)) and pointing out a wide range of adverse
consequences on individual tness and population dynamics
(e.g. ref. 17–27). This makes a relevant case study to investigate
the impact of climate change on POPs accumulation in Arctic
seabirds.

Fugacity-basedmodels have proven useful to provide a better
mechanistic understanding of the fate and behaviour of
contaminants in the environment and food webs.28 As
summarized in the critical review by Kuo et al.,29 avian bio-
accumulation modelling have yet to account for interactions
between birds and other biotic and abiotic model compart-
ments and their spatiotemporal variability. When it comes to
investigating combined effects of climate change and contam-
inant loads in seabirds, this has been limited to directly corre-
lating climate variables and measurement data.30 To date, no
studies have combined mechanistic modelling with temporal
emission estimates to investigate the impact of climate change
on contaminant loads in seabirds.

The Nested Exposure Model (NEM), a fugacity-based
dynamic and spatially resolved global environmental fate and
bioaccumulation model, was introduced in 2021.31 NEM was
recently expanded with key species in the Norwegian Arctic
marine ecosystem, from lower trophic levels of marine
zooplankton and sh, to mammals such as seals and whales.32

Due to its mechanistic nature and extensive utilization of
environmental and biological input data,31,32 NEM has a great
potential to investigate the inuence of alterations in global
emissions, the physical environment, or species interactions on
1318 | Environ. Sci.: Processes Impacts, 2025, 27, 1317–1330
PCB-153 dynamics. However, seabirds, which outlined above as
a functional group with great potential in unravelling climate
change impacts on contaminant exposure, have yet to be
included in NEM.

The main objectives in this study were to expand NEM31,32

with seabird species documented to be subjected to climate
change: common eider, black-legged kittiwake, and glaucous
gull, in addition to one dietary species important for eiders, i.e.
the lter feeder blue mussel (Mytilus edulis); secondly, to use
empirical time trends of PCB-153 in seabirds in Kongsorden to
evaluate model simulations building on estimated global
emissions; following an investigation of projected contaminant
loads in the seabird species in Kongsorden up until year 2100;
and lastly to examine impacts of selected climate change-driven
alterations of diet composition and lipid metabolism on future
PCB-153 exposure in the seabirds.

2 Methods
2.1. The Nested Exposure Model (NEM)

The environmental fate module of NEM simulates contaminant
partitioning and transport in the physical environment across
spatial scales. This allows to target a specic region on the globe
by nesting.31 The predicted fugacities in the physical environ-
ment are in turn used as input to a bioaccumulation module
that simulates contaminant uptake and elimination in an
aquatic food web typical for Norwegian Arctic marine areas.32

Hence, NEM enables simulation of the whole continuum of
processes linking global emissions of contaminants with
ecosystem exposure.

So far, the existing food web of NEM includes three pelagic
zooplankton groups with different feeding strategies (amphi-
pods, krill, and copepods), four sh species, i.e. polar cod
(Boreogadus saida), capelin (Mallotus villosus), Atlantic herring
(Clupea harengus) and Atlantic cod (Gadus morhua), and two
marine mammals, i.e. ringed seal (Pusa hispida) and white
whale (Delphinapterus leucas). Here, four new species were
added to NEM, including the lter feeder blue mussel and three
seabird species: common eider, black-legged kittiwake, and
glaucous gull. The species are intra-connected through their
diet, thus ensuring transfer of contaminants through the
trophic levels (Fig. 1). Uptake and elimination of contaminants
are calculated from dynamic mass balance equations, except for
zooplankton, which are assumed to be in equilibrium with
seawater, as described in Krogseth et al.32 The lter feeder
module was based on the bentho-pelagic ACC-HUMAN model
by Krogseth et al.,33 and the seabird module was based on the
extended Arctic ACC-HUMAN model by Binnington et al.34 In
NEM, the lter feeder, seabirds and most other organisms are
treated as separate compartments, without considering internal
distribution (Fig. 12 ESI†). This means that the fractions of
lipids and water (and non-lipid organic material in the lter
feeder) within each organism is utilized when calculating the
fugacity capacities. The only exceptions from this in NEM are
marine mammals, where blubber is treated as a separate
compartment.32 Marine mammals were not considered in the
present study.
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 The Nested Exposure Model (NEM) uses global emissions of the
chemical to predict concentrations in the physical environment and
biota (pink arrows). The pink square denotes the geographic area of
interest in the present study. Species included in NEM (shaded when
not applicable in the present study) are shown with arrows illustrating
trophic links. Here, NEM was expanded from the established version32

to now also include a filter feeder (blue mussel), and three seabird
species with different feeding strategies, i.e. common eider, black-
legged kittiwake, and glaucous gull.
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2.2. Parameterization of new species

The biological parameters implemented in NEM are based on
published literature, unpublished data, and extensive eld
experience. A detailed description of the parameters for the
species can be found in the ESI (Sections 1.1–1.5).†

2.2.1. Filter feeder. In the Norwegian Arctic, blue mussels
and other species of mussels represent a large part of the eider's
diet,35 and for this reason a lter feeder was included in NEM.
The lter feeder was based on a model for a benthic lter feeder
in a subarctic lake, which lives partially buried in sediments.33

As eiders feed on mussels living on underwater rocks, the lter
feeder here was assumed to only lter seawater and not sedi-
ment pore water. In brief, the uptake of contaminants in the
lter feeder happens through ingestion and ventilation, and
contaminant elimination through metabolism, ventilation, and
egestion (Fig. 12 ESI†). These processes are based on life cycle,
size, chemical composition, ventilation rate, and dietary
This journal is © The Royal Society of Chemistry 2025
composition of the lter feeder. The lter feeder feeds by
ltering seawater, and the diet is assumed to consist of 50%
suspended particles and 50% phytoplankton.36

2.2.2. Seabirds. Parameterization of NEM for the targeted
seabird species was based on the Canada goose model by Bin-
nington et al.34 While the Canada goose in that study was
assumed to solely eat grass, the three new seabird species in
NEM feed on various prey species from the Arctic marine food
web. In addition, seasonal variation in body mass and lipid
content are included into the model, which in turn affect the
energy needs and feeding rates throughout the year. Lastly, in
NEM, seabirds are assumed to be stationary in Svalbard without
any seasonal migration as the model does not yet account for
migration.32

In NEM, the modelled seabirds take up contaminants
through diet, water, and respiration, and eliminate contami-
nants through egestion, water excretion, biotransformation,
and respiration (Fig. 12 ESI†). Additionally, female seabirds
eliminate contaminants through maternal transfer to eggs.37,38

Dietary uptake is regulated by both the dietary composition and
the energy needs of the bird. Dietary compositions for each
seabird species were assumed to be constant throughout the
year, except for the glaucous gull diet, which is assumed to rely
on availability of kittiwake and eider eggs and chicks in
summer. Energy requirements for all seabird species, ages,
seasons and both female and male seabirds in NEM are calcu-
lated from the eld metabolic rate (FMR), and the lipid energy
content is assumed to be constant at 39.3 kJ g−1.39

The eider is amarine duck found in Svalbard during summer
and along the coast of Iceland and northern Norway in winter.40

In NEM, the eider's diet is assumed to consist of 80% lter
feeders and 20% amphipods35,41 year-round. During reproduc-
tion, the female eider experiences large variation in body
weight: they feed heavily before nesting and increase their body
weight, before starving and drinking minimally during incu-
bation.42 Aer hatching, they slowly regain their initial body
weight. This leads to remobilisation of lipophilic contaminants
from their lipid reserves into the blood stream, making the
female eiders more susceptible to increased exposure of POPs
during incubation.43 In NEM, the female is assumed to fast
during incubation, but to maintain water uptake. Only the
female incubates, while the male leaves the nesting area aer
mating, precluding sampling of biological parameters and
contaminants from the male. The parameters in NEM are thus
only based on measurements from reproducing female eiders.

The kittiwake is a small pelagic surface-feeding gull breeding
in colonies on cliffs along the coast. The kittiwake has
a circumpolar distribution, and the colonies breeding in
Kongsorden spend the winter in offshore areas in the South
Greenland–Labrador areas.44 Both sexes share incubation and
chick-rearing duties, and experience variation in body weight
and composition during the reproductive period.45 The
parameters are based on both sexes (except for maternal
transfer of contaminants, which only affects the female). In
NEM, the kittiwakes are assumed to feed on 55% polar cod, 13%
capelin, 5% herring, 22% krill, and 5% amphipods,46 constant
through the year.
Environ. Sci.: Processes Impacts, 2025, 27, 1317–1330 | 1319
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The glaucous gull is a top predator in the Arctic. It has
a circumpolar distribution and spends the winters in the north-
east areas of the Atlantic Ocean.47 As with kittiwakes, both sexes
share the parental investment (incubation and chick-rearing),
and the parameters in NEM are based on both females and
males. The body mass and composition of the glaucous gull is
assumed to be constant through the reproductive period and
the rest of the year due to lack of data. In NEM, the glaucous
gull's diet is assumed to consist of 28% polar cod, 28% capelin,
22% krill and 22% amphipods,48 constant through the year. An
exception for this is made for periods where eggs and chicks of
eiders and kittiwakes are available and are assumed to make up
30% of the diet.

2.3. Additional input parameters and model simulations

Except for the newly added species, all other input parameters
were kept as previously published.31,32 This includes physico-
chemical properties for PCB-153 (e.g. partition coefficients), the
most recent default global emission scenario for PCB-153,49 and
detailed physical and biological parameters of the model.32

Biotransformation of PCB-153 was assumed insignicant in
zooplankton and sh,32 and in the lter feeder.33 Biotransfor-
mation rates and faeces-blood partition coefficients of PCB-153
of higher-trophic level organisms were utilized as described in
Binnington and Wania.50 This gave biotransformation rate
constants of 1.36 × 10−5 h−1, 2.05 × 10−5 h−1 and 1.42 × 10−5

h−1 for eiders, kittiwakes, and glaucous gulls, respectively.
Additionally, chemical specic mother-egg ratios for PCB-153 of
0.48 were assumed for all seabird species, adopted from the
mother-egg ratio from herring gulls (Larus argentatus).34

NEM was run for the global physical environment with
a spatial resolution of 5° × 5° latitude/longitude.31,32 Predicted
fugacities in lower air and dissolved phase seawater was used as
input to the bioaccumulation module run for the Norwegian
Arctic covering the coast of northern Norway and Svalbard (65–
80°N, 10–35°E). This spatial domain included 15 grid cells, and
covered Kongsorden (grid cell 1, Fig. 1 ESI†) and the coast of
northern Norway where the PCB-153 concentrations in blue
mussel were sampled (grid cell 9, 10, 12 and 15, Fig. 1 ESI†).
Bioaccumulation simulations were run with a 12-hour time step
from 1930 to 2021, and NEM produced lipid normalized
concentrations of PCB-153 for all age groups of the species, as
well as in seabird eggs. Additionally, NEM produced fugacities
and transport rate constants (D-values) for each model
compartment and process, respectively, which in turn were
used to calculate the transport rates (N-values) for PCB-153 for
each uptake and elimination process. Results were stored with
a 120-hour (5 days) time step, and stored with a 24-hour time
step when more detailed information (such as for egg-laying or
incubation) was needed.

2.4. Model evaluation

Estimated concentrations by NEM of PCB-153 in air,31 seawater
and dietary species (except the lter feeder) have already
successfully been evaluated.32 To assess the efficiency of NEM in
estimating the concentrations of PCB-153 in the newly added
1320 | Environ. Sci.: Processes Impacts, 2025, 27, 1317–1330
species, modelled concentrations were compared to measured
ones in blood/plasma/muscle tissue within identical grid cells,
on the same date, and across corresponding species, sexes, and
age groups. For the estimated concentrations in the seabirds,
only age groups with reproducing seabirds were included in the
evaluation, as the age of the measured individuals was not
known, only that they were of reproducing age. The measured
data for PCB-153 utilised for evaluating NEM were drawn from
various sources. A comprehensive overview of these measured
concentrations, along with their respective references, is
provided in Table 9 ESI.† All measurement data used in the
evaluation were lipid normalized, either with corresponding
lipid concentrations collected with the measurement data, or,
where lacking, an average lipid concentration for the same
species, sex, area, year and/or season.

Filter feeder evaluation used measured data from blue
mussels sampled from the coast of northern Norway. In total 89
individual measurements from 1993–1997, 1999–2007, 2009,
and 2012–2019 were collected from the Water Environment
Database.51 Localities south of 60°N and close to harbours or
larger settlements were removed to avoid areas without over-
wintering Svalbard eiders and areas inuenced by local sources,
respectively.

All measurements of PCB-153 in seabird blood and eggs were
sampled from seabirds in Kongsorden. Yearly measurements
of PCB-153 in whole blood sampled from female eiders in 2007–
2017 (ref. 52) and 2017–2021 (ref. 51) were obtained for the
model evaluation. In total, 281 individual concentrations
spanning over 14 consecutive years (2007–2021) were used to
evaluate the female eiders. Concentrations of PCB-153 in eider
eggs sampled in 2015 (ref. 53) and 2017–2021 (ref. 51) were
obtained, giving a total of 92 individual measurements for the
model evaluation of eider eggs. A total of 347 individual
measurements of PCB-153 in whole blood from female and
male kittiwakes sampled in 2007–2011, 2015, 2017–2021 (ref.
54) were used for the model evaluation of kittiwakes. For the
kittiwake egg evaluation, a total of 36 individual PCB-153
measurements sampled in 1993 (ref. 55), 2008 (ref. 56), 2013–
2014 (ref. 51) and 2015 (ref. 53) were used. A total of 228
concentrations of PCB-153 in glaucous gull plasma sampled
from female and male gulls in 2008–2021 (ref. 54) were used for
the model evaluation of female and male glaucous gulls. PCB-
153 concentrations in glaucous gull eggs sampled in 2012–
2013, 2020 (ref. 54) and 2015 (ref. 53) were used for the evalu-
ation, giving a total of 20 individual measurements for the
model evaluation for glaucous gull eggs.

Multimedia model performance can be evaluated by
comparing modelled concentrations with measured ones. The
agreement metrics used in the current study were dened and
described by Krogseth et al.32 These are the estimate-
measurement ratio (EMR), also called prediction-
measurement ratio (PMR) in Krogseth et al.;32 the geometric
mean of all EMRs for a group (e.g. all female common eiders)
dened as the model bias (MB) for that group; and the root
mean square error of the log transformed estimated and
measured concentrations (RMSElog). The following criteria
evaluations were used:
This journal is © The Royal Society of Chemistry 2025
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- EMR: an EMR below 1 implies an underestimation of the
modelled concentrations, and vice versa. As a general guideline,
a ratio between 0.1 and 10 implies acceptable model
performance.57

- MB: the closer MB is to 1, the better model performance.
The direction of the agreement is given by MB below 1
(underestimation) or MB above 1 (overestimation).

- RMSElog: a smaller RMSElog equals a better model perfor-
mance, e.g., when comparing between the different modelled
species.

Additionally, assuming rst-order kinetics for the measured
time trends of PCB-153 in seabird blood, environmental half-
lives (t1/2) were obtained, and compared to the equivalent
frommodelled time trends for the same area, time, sex, and age
groups (an approach described in further detail in Krogseth
et al.).32
2.5. Model applications

Exposure to POPs in Arctic seabirds has been suggested to be
impacted by climate change3 in addition to changes in emis-
sions of POPs into the environment. Here, NEM was used to
investigate the future exposure of PCB-153 for three scenarios:
changing global primary emissions of PCB-153 (Scenario A);
dietary changes for the kittiwake due to “Atlantication” of the
Barents Sea (Scenario B); and decreasing lipid loss in the eider
during incubation due to increased air temperature (Scenario
C). The impact of climate change on distribution or fate of PCB-
153 in the physical environment was not accounted for in this
study.

2.5.1. Scenario A. The global primary emissions of PCBs are
estimated to continue to decline in the future as they are
currently released into the environment from standing stocks
and waste piles.49 To predict the future body burdens of PCB-
153 in the targeted Arctic seabirds, due to decreasing primary
emissions, model simulations were run for the physical envi-
ronment and the food web (including the three seabird species)
in Kongsorden (between 80°N, 10°E and 75°N, 15°E). Global
emission scenario for PCB-153 from 1930 to 2100 (ref. 49) was
used as input, and the bioaccumulation model was run with
a 12-hour time step from 1930 to 2100, producing lipid
normalized concentrations for all age groups of eiders, kitti-
wakes and glaucous gulls. The results were stored with a 1752-
hour time step (72 days), as more detailed information was
deemed redundant.

2.5.2. Scenario B. The kittiwake's diet is assumed to consist
of prey species that are adapted to polar environmental condi-
tions (Section 1.4.5 ESI†), of which several are largely dependent
on sea ice. A shi from ice-dependent to Atlantic prey species
has been observed for kittiwakes in Kongsorden, starting from
2006.46 In the current study, hypothesised future scenarios (FS)
for the kittiwake comprised various anticipated changing die-
tary composition. Firstly, due to on-going Atlantication of the
Barents Sea, ice-dependent species (polar cod) can be expected
to be substituted with an Atlantic species (Atlantic cod; FS1).
Secondly, ice-dependent species (polar cod, capelin, and
amphipods) can be expected to disappear from the diet and be
This journal is © The Royal Society of Chemistry 2025
substituted by herring and krill (FS2). The assumed current diet
composition as well those for the two future scenarios are listed
in Table 4 ESI.† The input diet for the kittiwakes was changed to
FS1 and FS2, and simulations were run with NEM for female
and male kittiwakes in Kongsorden in a 12-hour time step
from 2006 to 2100. The results were stored with a 1752-hour
time step (72 days), and compared to the modelled time trends
for the same period under Scenario A.

2.5.3. Scenario C. The female eider has a complex lipid
dynamic during reproduction, due to starvation during incu-
bation under harsh Arctic conditions.42 In NEM, the minimum
lipid content aer incubation was assumed to be 9.6% of the
total body weight58 (Section 1.3.3 ESI†). When the ambient air
temperature is <7 °C, eiders increase their energy expenditure
in order to maintain an optimal body temperature.59 Female
eiders incubating in an average ambient temperature of 8 °C
(Tromsø, Norway) lost less of their body weight compared to
eiders nesting in an average ambient temperature of 2.5 °C
(Kongsorden, Svalbard).60 The average temperature in
Kongsorden in June 2020 was 4 °C (The Norwegian Meteoro-
logical Institute, https://www.yr.no/nb, 2024). In June 2100, the
average temperature in Kongsorden is estimated to be 5.6 °
C.61,62 A scenario was hypothesised where higher ambient
temperatures in Kongsorden would lead to decreased loss of
lipids for female eiders during incubation. The input lipid
content aer incubation was therefore set to 20%, and NEM
was run in a 12-hour time step for female eiders in
Kongsorden from 2020 to 2100. The results were stored in
a 24-hour time step to get daily concentrations. Likewise,
a simulation with a lipid content of 9.6% aer incubation was
also run in a 24-hour time step to facilitate comparison
between the two. Median concentrations in breeding females
from egg-laying (assumed to be June 19th) until the normal
body weight was regained aer incubation (assumed to be 29
days aer hatching, August 12th; see Section 1.3.3 ESI† for
details on the eider's breeding periods), meaning a period of
declining and increasing body weight, were compared between
the two model simulations.

3 Results and discussion
3.1. Model evaluation across species

The median concentrations of both measured and modelled
data for lter feeders, common eiders, black-legged kittiwakes
and glaucous gulls are illustrated in Fig. 2, together with the
earlier reported food web evaluation by Krogseth et al.32 The
transport rates (N) in mol h−1 for the uptake and elimination of
PCB-153 in the species are given in Fig. 8 ESI.† The importance
to the total uptake of PCB-153 from each dietary species in the
seabirds' diet is given in Fig. 9 ESI.†

3.1.1. Filter feeder.Measured concentrations of PCB-153 in
blue mussels ranged from 7.04 to 186 ng/g lw (n = 89).51 The
comparison between modelled and measured concentrations
are shown in Fig. 2 and 3 ESI.† The EMRs, MBs and RMSElogs
for individual grid cells are shown in Table 10 ESI.† The best t
was seen for grid cell 12 in the south-eastern part of the
modelling area (EMR range = 0.1–3), the other three grid cells
Environ. Sci.: Processes Impacts, 2025, 27, 1317–1330 | 1321
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Fig. 2 Model results for the filter feeder and seabirds in the present study (squares), plotted together with the species included in NEM by
Krogseth et al.32 (circles). The plots are the median of the measured concentrations, and the median of the equivalent modelled concentrations.
The error bars represent the range in these measured and modelled concentrations. The concentrations are on a logarithmic scale to facilitate
comparison between modelled and measured concentrations, and the solid line represents a 1 : 1 fit. The dotted lines represent a fit within one
order of magnitude, i.e., acceptable model performance. Note that the kittiwake egg point (purple square) is hidden by the overlapping glaucous
gull egg point (light green square), and that the kittiwake male point (light blue square) is hidden by the overlapping glaucous gull female point
(dark red square). Figure adapted from Krogseth et al. (2023),32 https://doi.org/10.1039/D2EM00439A CC BY 3.0.
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were underestimated (EMR range = 0.01–0.5). Overall, the
model underestimated 82% of the individual PCB-153 concen-
trations across the four grid cells, with EMRs ranging between
0.01 and 3 (median EMR= 0.2, MB= 0.3, RMSElog= 8, see Fig. 2
ESI†). The underestimation could be allocated to a too low
ventilation/feeding rate, a too low absorption efficiency from
the diet, or untting diet composition and lipid content of
dietary species. Moreover, the hight spatial resolution of the
model run (5° × 5°, latitude/longitude) could contribute to
underestimating PCB-153 concentrations in the lter feeders,
which were collected in coastal areas (see Fig. 1 ESI†). This is the
rst evaluation of the lter feeder compartment in NEM for
PCB-153. A comparable model assessing concentrations of
cyclic volatile methyl siloxanes in a freshwater lter feeder also
indicated underestimated concentrations, with EMRs ranging
from 0.04 to 0.4.33

The modelled concentrations from the north Norwegian
coast were 0.5–1.2 times larger than the equivalent modelled
concentrations from Kongsorden. Only a fewmeasurements of
PCBs in mussels from Kongsorden exists.63 Relevant for the
common eider's diet, PCB-153 in the mussel species Bathyarca
glacialis and Ciliatocardium ciliatum ranged from 22.7 to 115 ng/
g lw (n = 6) in 2007.63 Comparing modelled concentrations in
the lter feeder to the measured ones in B. glacialis and C. cil-
iatum (Fig. 2 ESI†), an underestimation with EMRs ranging from
0.04 to 0.2 was seen (median EMR = 0.1, MR = 0.1, RMSElog =
11).
1322 | Environ. Sci.: Processes Impacts, 2025, 27, 1317–1330
3.1.2. Eiders, kittiwakes and glaucous gulls. The evaluation
metrics (EMR, MB and RMSElog) are listed in Table 11 ESI.†
Measured whole blood concentrations of PCB-153 in female
common eiders ranged from 8.5 to 1700 ng/g lw (n = 281).51,52

The EMRs ranged from 0.030 to 7.3, with a median of 0.87 (MB
= 0.79, RMSElog = 4.2) for the eiders (Fig. 4 ESI†). The EMRs for
kittiwakes ranged from 0.48 to 1.4 with a median of 0.85 for
females (MB = 0.85 and RMSElog = 7.2), and from 0.60 to 1.2
with a median of 0.87 for males (MB = 0.87 and RMSElog = 6.0,
Fig. 3 ESI†). The measured whole blood PCB-153 concentra-
tions54 ranged from 140 to 470 000 ng/g lw (n = 158), and from
310 to 40 000 ng/g lw (n = 186) for female and male kittiwakes,
respectively. Lower modelled concentrations in females than in
males is explained by egg-laying, which is an important
contaminant elimination pathway for female seabirds. In the
mechanistic modelling study by Borgå et al.,30 PCB-153 in
kittiwakes was underestimated with a ratio of 0.12 (factor 8)
when modelling based on measured concentrations in seawater
as input and investigating the impact of climate change on
bioaccumulation in an Arctic marine food web. As highlighted
by Borgå and Di Guardo,64 using measured concentrations as
input to models entail some uncertainties. For example, using
measurement data from areas with low concentrations is highly
affected by the sensitivity of analysis. Additionally, measured
PCB concentrations in seawater are impacted by differences in
sampling methods between studies.64 Utilizing chemical emis-
sions and dynamic mechanistic modelling with spatial
This journal is © The Royal Society of Chemistry 2025
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resolution can be a complementary approach to using
measured seawater concentrations as input. NEM has previ-
ously shown to simulate seawater concentrations with EMRs
ranging from 0.10 to 31, where 64% of estimated concentrations
were within a factor 4 of measurements based on spatial reso-
lution of 1° × 1° latitude/longitude.32

Measured plasma concentrations of PCB-153 in glaucous
gulls from Kongsorden in 2008–2021 (ref. 54) ranged from 390
to 25 000 ng/g lw (n = 151) in females and from 1200 to 32 000
ng/g lw (n = 77) in males. The female glaucous gull's EMR
ranged from 0.039 to 3.8 (median EMR = 0.36, MB = 0.36,
RMSElog = 6.0) and the males' EMR ranged from 0.061 to 1.6
(median EMR = 0.23, MB = 0.25, RMSElog = 6.9, Fig. 4 ESI†).
Baert et al.65 used mechanistic and statistical modelling to
simulate the effects of migration and opportunistic feeding on
the accumulation of PCBs in several Arctic seabirds, including
the three species included in the present study. The authors
found that migration had a signicant impact on PCB accu-
mulation, highlighting the importance of considering both
traits when assessing contaminant exposure in Arctic seabirds.
Additionally, opportunistic feeding was highlighted as impor-
tant for the contaminant exposure in glaucous gulls, as they are
opportunistic scavengers, which makes for a complex parame-
terization of complete dietary compositions.

When comparing the root mean square error (RMSElog)
among the modelled species in the current study, the female
eider exhibited the closest agreement between modelled and
measured concentrations. Sorting all evaluated compartments
from lowest RMSElog (and thus best t between modelled and
measured concentrations) to the highest RMSElog gave the
following order: female eider < male kittiwake < female glau-
cous gull < male glaucous gull < female kittiwake < lter feeder.

Modelled time trends from 1930 to 2023 are plotted together
with measured concentrations (median, error bars represent
max and min values) in Fig. 3. The linear regressions and
environmental half-lives are given in Fig. 7 and Table 12 ESI,†
respectively. Note that this time trend analysis does not
consider interannual variations in biological factors and envi-
ronmental conditions and should be only interpreted as an
evaluation of the model's performance.

All modelled time trends showed a consistent decline for all
the seabird species, with t1/2 ranging from 8.6 to 9.1 years (p <
0.05). Similarly, the measured concentrations showed a decline
over 14 years (2007–2021) for female eiders, with a t1/2 of 12
years (95% condence interval: 8.4–22 years, p < 0.05). A more
in-depth time trend analysis considering biological factors and
environmental conditions was conducted for the same
measurement data from 2007 to 2017 by Bustnes et al.,52 which
did not report a signicant temporal trend for PCB-153. The
measured time trends for male kittiwakes over 14 years (2007–
2021) also showed a decline with t1/2 of 21 years (95% con-
dence interval: 11–97 years, p < 0.05). For the female glaucous
gull on the other hand, the measured time trend showed an
increase over the measuring period, with an environmental
doubling time of 19 years, but with large uncertainties (95%
condence interval: 790–9.3 years, p < 0.05). The measured time
trend for female kittiwakes and male glaucous gulls were
This journal is © The Royal Society of Chemistry 2025
inconclusive (p > 0.05). Empirical time trends of POPs
(including PCB-153) in Arctic biota show declines across several
groups of species (marine mammals, seabirds including black-
legged kittiwakes and glaucous gulls, and marine and fresh-
water sh). This study allocated recent levelling off in declines
to climate change.4

Krogseth et al.32 conducted a similar temporal trend analysis
for Norwegian sh as in the present study, and found that NEM
modelled time trends had a steeper decline than observed in the
measured time trends. This bias of NEM is underscored in the
present study as well, while the model performances are in
closer agreement with the measured time-trends for female
eiders and male kittiwakes.

Some of the biological input parameters and assumptions
that could inuence the performance of NEM for seabirds
include (but are not limited to) biotransformation, maternal
transfer to eggs and migration. Chemical specic biotransfor-
mation rates for PCB-153 have to the best of our knowledge not
been reported for the seabirds in the current study. The
biotransformation rates used in the current study was based on
biotransformation in humans and adapted to the seabirds (see
Section 2.3). For kittiwakes, the assumed biotransformation
rate for PCB-153 (2.05 × 10−5 h−1, half-life of 3.9 years) was
slower than what Borgå et al.30 assumed for biotransformation
of PCB-153 in kittiwakes (6.94 × 10−5 h−1, half-life of 1.14
years), based on experimental studies on American kestrels
(Falco sparverius). Thus, kittiwakes may metabolize PCB-153 at
a higher rate than currently assumed, which is also hypothe-
sized in the study by Borgå et al.30

For the maternal transfer of contaminants between the
female seabird and the egg in NEM, a mother-egg ratio for PCB-
153 in herring gull was used (see Section 2.3). Verreault et al.37

reported concentrations of polybrominated diphenyl ethers
(PBDEs) in breeding female glaucous gulls and their eggs, with
ratios around 1. To our knowledge, chemical-specic mother-
egg ratios for PCB-153 has not been reported for the seagulls
included in the current study.

Simplied migration scenarios for Norwegian spring-
spawning herring and Northeast Atlantic cod have previously
been investigated using NEM, but did not show a signicant
impact on modelled PCB-153 concentrations in these species.32

Migration has been identied as important driving factors for
PCB-153 bioaccumulation in Arctic seabirds, including
common eiders, black-legged kittiwakes and glaucous gulls.65 A
recent study in Arctic kittiwakes showed that wintering areas are
inuencing the blood concentrations of peruoroalkyl
substances (PFAS) measured during the following breeding
season in Kongsorden.66 In the modelling study by Binnington
et al.,34 migration was included for the Canada goose, which
occupies a low trophic level and is exposed to contaminants
through its surroundings (e.g. grass, water, air). Modelling
species from higher trophic levels, such as eiders, kittiwakes
and glaucous gulls, requires taking into account the seasonal
variation of the characteristics of its prey species (e.g. dietary
composition, lipid dynamics, or reproduction). Knowledge on
dietary ecology and chemical parameters from the seabirds
outside of the breeding period is currently limited. The seabird
Environ. Sci.: Processes Impacts, 2025, 27, 1317–1330 | 1323
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Fig. 3 Modelled (solid line) and measured (triangle) concentrations of PCB-153 (log ng/g lw) included in the present study to evaluate NEM for
female common eider (CE– F), female andmale black-legged kittiwake (KW– F and KW–M), and female andmale glaucous gull (GG– F and GG
–M). The black line represent the median (across the age groups of breeding seabirds) of the modelled time series, while the triangles represent
the yearly median measured concentrations, with error bars representing min and max concentrations.
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species from the current study are known to migrate in various
wintering areas of the northern hemisphere (see Section 2.2.2).
Regional differences in contaminant loads in prey species may
lead to varying concentrations of PCBs in migratory species
compared to resident.65,67

3.1.3. Seabird eggs. Measured concentrations of PCB-153
in eider eggs ranged from 12 to 86 ng/g lw (n = 92) sampled
in Kongsorden in 2015 and 2017–2021. The EMR between
measured and modelled concentrations ranged from 0.18 to 1.6
(median EMR = 0.56, MB = 0.53, RMSElog = 3.3). Measured
PCB-153 concentrations in kittiwake eggs ranged from 820 to
4900 ng/g lw (n = 36), sampled in Kongsorden in 1993, 2008,
and 2013–2015. The EMRs ranged from 0.12 to 1.4 (median
EMR = 0.45, MB = 0.44, RMSElog = 4.5). Measured PCB-153
concentrations in glaucous gull eggs from Kongsorden
ranged from 700 to 3200 ng/g lw (n = 20), sampled in 2012,
1324 | Environ. Sci.: Processes Impacts, 2025, 27, 1317–1330
2013, 2015 and 2020. The EMRs for the glaucous gull eggs
ranged from 0.085 to 0.57 (median EMR = 0.23, MB = 0.22,
RMSElog = 6.8). The t between measured and modelled
concentrations of PCB-153 in seabird eggs are shown in Fig. 4.

The EMRs reported for eggs in the current study are
comparable to that reported in a study on model-estimated
concentrations of POPs in seabird eggs, where EMRs between
0.7 and 1.5 were reported for POPs (dichlorodiphenyldichloro-
ethylene, dieldrin, Mirex and hexachlorobenzene) in herring
gull (Larus argentatus) eggs in Lake Ontario in 1985–92.39 In that
study however, measured environmental and biotic concentra-
tions of POPs were used as input to the model, in contrast to the
current study where global emissions of PCB-153 were used.
The potential problems using measured concentrations as
input is discussed further under Section 3.1.2.
This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Measured concentrations of PCB-153 in eggs from common
eiders (CE, triangle), black-legged kittiwakes (KW, square) and glau-
cous gulls (GG, diamond) plotted against the corresponding NEM
modelled concentrations. Modelled and measured concentrations are
on a logarithmic scale to facilitate comparison, and the solid line
represents a 1 : 1 fit between modelled and measured concentrations,
meaning data point closer to this line is better. The stippled line
represents a fit within one order of magnitude. The modelled
concentrations in the kittiwake eggs appear to be divided into three
groups due to hiatus in the sampling period between 1993, 2008 and
2013.
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3.2. Impact of primary emissions and climate change on
PCB-153 exposure in Arctic seabirds

Three future scenarios were tested, where (A) global emission
estimates of PCB-153 up until 2100 were used as input to the
bioaccumulation module in NEM; (B) climate induced “Atlan-
tication” of Kongsorden led to changes in the dietary expo-
sure of PCB-153 in black-legged kittiwakes; and (C) higher
ambient temperatures led to changes in lipid dynamics during
incubation for the female common eider. Modelled concentra-
tions of PCB-153 in common eiders, black-legged kittiwakes,
and glaucous gulls for 2000 to 2100 from implementing the
three scenarios are shown in Fig. 5 (female seabirds only for
simplicity) and Fig. 10 ESI† (male kittiwakes and glaucous
gulls).

3.2.1. Scenario A: decreased global primary emissions. The
modelled concentrations of PCB-153 in seabirds between 1930
and 2023 (Section 3.1, Fig. 3) indicate an increasing trend until
around 1980, followed by a decline in concentrations until 2023.
This reects the global emission scenarios, with a time lag of
approximately 10 years between peak emissions (ca. 1970)49 and
maximum bioaccumulation in these seabirds (ca. 1980, Fig. 3).
The global emission scenario was characterised by a production
peak around 1970, followed by a peak in exports of PCB-
containing electronic products just before year 2000. The
subsequent decline is attributed to international restrictions
This journal is © The Royal Society of Chemistry 2025
and the estimated lifespan of these products (approximately 60
years aer production). Continued emissions from standing
stocks and waste piles are expected to contribute to trends up to
2100.49

The projected concentrations of PCB-153 in common eiders,
kittiwakes, and glaucous gulls from 2000 to 2100, are shown in
Fig. 5 (median of all age groups). This scenario takes into
account estimated global emissions and shows a continuing
declining trend, with concentrations decreasing by 99% by 2100
across the seabird species (female eider: 330 to 5.1 ng/g lw,
female kittiwake: 2600 to 40 ng/g lw, male kittiwake: 3000 to 47
ng/g lw, female glaucous gull: 7400 to 100 ng/g lw, male glau-
cous gull: 7600 to 100 ng/g lw). Empirical time trends indicate
that the decline in PCB-153 concentrations in sh and seabirds
over the past decades may be slower than currently predicted by
NEM (see Section 2.4). This suggests that future declines in
PCB-153 concentrations may also be slower than in the current
model predictions. Moreover, this scenario does not account for
confounding effects related to changing climate conditions.

The presence of PCB-153 in Arctic biota highlights the long-
lasting nature of this compound. In fact, the effect of regula-
tions such as the SC on global emissions of POPs (including
PCBs) is being discussed.68

Previous estimates from NEM indicate that approximately
50% of PCB-153 in the Svalbard region originates from regions
outside Europe and Russia.32 This nding, combined with the
future projections in the current study, underscores the critical
need for long term and global regulations on POPs, including
for unintentional production of these compounds.

3.2.2. Scenario B: Atlantication of dietary sources for the
black-legged kittiwake. Introducing Atlantication of the black-
legged kittiwake's diet composition up until 2100 resulted in
PCB-153 concentrations in the same range as in Scenario A
(Fig. 5 and 10 ESI†). In Fig. 5 and 10 ESI,† an increasing distance
between the time trends for the current diet and the scenarios is
seen, which is allocated that the scenarios were run from 2006
building on the same time trends as the current diet. Using
linear regression on the concentrations between 2006 and 2100,
the concentrations declined by 8.2 ng/g lw, 5.6 ng/g lw and 6.4
ng/g lw yearly for females considering the current diet, FS1 and
FS2, respectively. Similar patterns were predicted for males,
where concentrations declined by 9.6 ng/g lw, 6.7 ng/g lw and
7.6 ng/g lw yearly for the current diet, FS1 or FS2, respectively.
FS2 (no sea ice dependent species in the diet) yielded the lowest
concentrations, which were up to 23% and 24% lower than for
the scenario with the current diet for females and males,
respectively. The importance of each specie to the total uptake
of PCB-153 through the diet is shown in Fig. 11 ESI.† In FS2, the
main contribution for PCB-153 uptake through the diet comes
from krill (90%), and the rest from herring (10%). This matches
the dietary composition in FS2 (Table 4 ESI†). The concentra-
tions from FS1 (Atlantic cod replacing polar cod) were 18% and
19% lower than for the current diet of female and male kitti-
wakes, respectively. As shown in Fig. 11 ESI,† polar cod has the
highest importance for the total dietary uptake of PCB-153 in
the current diet (62%), followed by krill (22%), herring (6%),
capelin (5%), and amphipods (5%). In FS1, the main
Environ. Sci.: Processes Impacts, 2025, 27, 1317–1330 | 1325
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Fig. 5 Modelled concentrations of PCB-153 in female (F) common eider (CE), black-legged kittiwake (KW) and glaucous gull (GG), for
Kongsfjorden, Svalbard from 2000 to 2100. For simplicity, only females are included in the figure, and the figure showing modelled concen-
trations in male seabirds can be found in ESI, Fig. 10.† The concentrations are the median of all age groups. Underlying grey lines for KW and CE
are themodelled time trends given two dietary scenarios for kittiwakes starting in 2006,46 where polar cod has been replaced by Atlantic cod (FS1,
grey stippled line), and all ice-dependent species have been replaced (FS2, grey unbroken line); and a scenario for the female eider, where climate
change has led to changed lipid dynamics during reproduction (grey dotted line). The concentrations are log-scaled to facilitate comparison
among species.
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importance for the total uptake of PCB-153 is shied over to
Atlantic cod (41%) and krill (36%), followed by herring (9%),
capelin (7%) and amphipods (7%). Considering these fractions
and the fractions of the prey species in the diets (Table 4 ESI†)
reveals that Atlantic cod accounts for a smaller contribution to
the total uptake of PCB-153 than what polar cod has in the
current diet. This is because the kittiwakes are assumed to feed
on polar cod that are up to 4 years old, but Atlantic cod that are
less than 1 year old (Table 5 ESI†), thus having accumulated less
contaminants through their lifetime. Also, the polar cod in NEM
is assumed to have a higher lipid content than Atlantic cod,32

leading to higher concentrations of PCB-153 in their bodies.
Krill contributes to the total uptake of PCB-153 almost as much
as Atlantic cod in FS1. Note however, that as NEM omits
migration, the Atlantic cod in these simulations are from
Kongsorden, while known spawning grounds for Atlantic cod
includes the North Sea.69 Higher concentrations of PCBs were
measured in the Norwegian Sea compared to the Barents Sea.70

3.2.3. Scenario C: decrease in lipid loss in common eider
during incubation due to increased ambient air temperature.
Comparing concentrations in breeding female common eiders
with decreased loss of lipids to concentrations in females with
a normal loss of lipids, revealed that NEM estimated down to
2.4% lower concentrations in 2100 aer introducing the
changed lipid dynamics (Fig. 5). This indicates that changes in
lipid dynamics during incubation will likely not be a key driver
1326 | Environ. Sci.: Processes Impacts, 2025, 27, 1317–1330
in the future exposure of PCB-153 in breeding female common
eiders. Predicted lower concentrations in PCB-153 in response
to a decrease in lipids loss in the eiders during incubation due
to increased air temperature supports the hypothesis by
Bustnes et al.60 The authors utilized statistical modelling to
investigate the correlation between POP concentrations and
breeding investment, and hypothesised that contaminant
concentrations in incubating eiders would be negatively related
to ambient air temperature in the future. However, the change
is marginal, and other variables might have a stronger impact
on the contaminant exposure. Indeed, a recent statistical
modelling study by Bustnes et al. actually showed a positive
relationship between PCB-153 concentrations in common eider
and ambient temperature between 2007–2017, which does not
support the former hypothesis.52 The authors hypothesized that
a warmer climate could lead to higher levels of organic
contaminants in the breeding female eiders by altered repro-
ductive investments. A warmer climate could allow the female
eider to cease incubation to feed, and thus being more exposed
to contaminants through the diet.
4 Conclusions

This study demonstrated that NEM successfully simulated PCB-
153 concentrations in Arctic seabirds. Generally, the concen-
trations in the seabirds were underestimated by the model. The
This journal is © The Royal Society of Chemistry 2025
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female common eiders had median EMR of 0.87, and the
kittiwakes were underestimated with median EMRs of 0.85 and
0.87 for females and males, respectively. The glaucous gulls
were underestimated with median EMRs of 0.36 and 0.23 for
females and males, respectively. PCB-153 concentrations in
lter feeders along the Norwegian coast were also under-
estimated in NEM, with a median EMR of 0.2. NEM predicted
a steeper decline in contaminant concentrations than observed
for the measured concentrations. Future simulations implied
continuing declining trends of PCB-153 in the seabirds, and
minor effects of climate-induced changes in dietary exposure
and lipid dynamics on PCB-153 concentrations were observed
for kittiwakes and eiders, respectively.

Renements to NEM that are recommended, includes
incorporating empirical chemical- and species-specic
biotransformation rates, empirical mother-egg contaminant
transfer ratios, and migratory behaviours. The latter is depen-
dent on assessed seasonal variations in diet composition, as
geographical location naturally inuences the availability of
prey species. As international agreements and restrictions are
implemented, new chemicals are continuously being synthe-
sized, some of which may pose environmental risks. The
distribution and bioaccumulation of semi-volatile organic
contaminants in Arctic food webs can be explored using envi-
ronmental models like NEM, pending known physical–chem-
ical properties of the chemical. NEM can also be adapted,
evaluated, and applied to other Arctic species of concern.
Additionally, NEM can be used to investigate differences in
contaminant concentrations across various Arctic regions.
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