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Time series of contaminants in the Arctic are an important instrument to detect emerging issues and to

monitor the effectiveness of chemicals regulation, based on the assumption of a direct reflection of

changes in primary emissions. Climate change has the potential to influence these time trends, through

direct physical and chemical processes and/or changes in ecosystems. This study was part of an

assessment of the Arctic Monitoring and Assessment Programme (AMAP), analysing potential links

between changes in climate-related physical and biological variables and time trends of persistent

organic pollutants (POPs) in Arctic biota, with some additional information from the Antarctic. Several

correlative relationships were identified between POP temporal trends in freshwater and marine biota

and physical climate parameters such as oscillation indices, sea-ice coverage, temperature and

precipitation, although the mechanisms behind these observations remain poorly understood. Biological

data indicate changes in the diet and trophic level of some species, especially seabirds and polar bears,

with consequences for their POP exposure. Studies from the Antarctic highlight increased POP

availability after iceberg calving. Including physical and/or biological parameters in the POP time trend

analysis has led to small deviations in some declining trends, but did generally not change the overall

direction of the trend. In addition, regional and temporary perturbations occurred. Effects on POP time

trends appear to have been more pronounced in recent years and to show time lags, suggesting that

climate-related effects on the long time series might be gaining importance.
Environmental signicance

Persistent organic pollutants (POPs) undergo long-range transport and accumulate in Arctic ecosystems. Time series of POPs in Arctic wildlife are an important
tool in the management of chemicals, providing data for risk assessments and evaluations of the effectiveness of regulations, as well as information on chemical
exposure of consumers of Arctic animals. Climate change can affect these POP time series, via changes in the physical environment and ecosystem structures.
This article shows relationships between POP concentrations in polar wildlife and physical and/or biological parameters that need to be understood for a correct
interpretation of POP time trends. It is part of the themed issue “Inuence of climate change on persistent organic pollutants and chemicals of emerging
concern in the Arctic”.
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1. Introduction

Several Arctic countries have established monitoring pro-
grammes for persistent organic pollutants (POPs) in the Arctic,
in response to increased awareness of the long-range transport
of POPs to the Arctic and their accumulation in Arctic food
chains. Some of these programmes have now been in operation
since the early 1990s or even longer and have generated long-
term time series data of POP concentrations for selected
Arctic species.1 In Antarctica, some monitoring data are avail-
able for POPs, generated by specic countries, but no systematic
POPmonitoring programmes exist as yet.2 Time series have also
been derived from both Arctic and Antarctic sample collections
in Environmental Specimen Banks (ESB), such as the Bio-
repository of the National Institute for Standards and Tech-
nology (NIST) of the USA or the ESB at the Swedish Museum of
Natural History.3–5

The POP time series from the Arctic, derived in these
research projects or national monitoring programmes, have
been analysed in circumpolar assessments under the auspices
of the Arctic Council's Arctic Monitoring and Assessment Pro-
gramme (AMAP).1,6 Themost recent assessment generally found
that the temporal trends differed between POPs depending on
the date of their regulation: those POPs that were subject to
regulation by national initiatives in the 1970s–1980s, such as
polychlorinated biphenyls (PCBs) and dichlorodiphenyltri-
chloroethane (DDT), showed decreasing trends, generally
beginning prior to the implementation of the United Nations
Stockholm Convention on POPs in 2004.1,6,7 Compounds that
came under regulation later, such as polybrominated diphenyl
ethers (PBDEs) or peruorooctane sulfonate (PFOS) regulated in
2009, showed mixed time trends, including shis from
increasing to decreasing concentrations.1,6 A few time series for
chemicals under regulation in this time frame, including hex-
achlorobenzene (HCB) and b-hexachlorocyclohexane (HCH),
were still increasing in concentration.1,6
Table 1 List of climate parameters, i.e. physical and biological parame
locations of the Arctic, as covered in this review. Not all parameters wer

Freshwater environment Terrestrial environ

Physical
parameters

(Air) temperature, precipitation
amounts, North Atlantic
Oscillation (NAO) index, Arctic
Oscillation (AO) index, turbidity
(proxy for permafrost slumps)

Sea-ice cover (prox
availability as prey

Biological
parameters

Fish weight, chlorophyll a/primary
productivity, lipid content, stable
isotopes of nitrogen (d15N)

Stable isotopes of
and nitrogen (d13C
food sources

Species Zooplankton, Arctic char
(Salvelinus alpinus), burbot (Lota
lota)

Arctic fox (Vulpes

Locations Norway (Bjørnøya), Canada,
Greenland

Norway (Svalbard)

1644 | Environ. Sci.: Processes Impacts, 2022, 24, 1643–1660
As many Arctic species are part of indigenous peoples' tradi-
tional diets, monitoring of contaminant levels in biota also
provides information important for food security and contami-
nant exposure to humans.8,9 In addition, long-term trends of POPs
can be used to evaluate the effectiveness of global and regional
regulations intended to decrease the concentrations of POPs in
the environment. Similarly, Arctic time series can also be used to
detect increasing trends of unregulated compounds in the Arctic
environment and provide support for new regulatory actions.

The use of POP time trend data in chemicals management is
based on the underlying premise that concentrations in biota
are mainly determined by the amount of the compound emitted
to the environment during production and use and therefore,
can be controlled through regulations. Thus, increasing or
decreasing concentrations of POPs in sh and wildlife tissues
are mainly assumed to reect changes in their primary emis-
sions. However, contaminant levels in biota also integrate
processes in the physical environment and in ecosystems,
including changes related to climate change.10 Consequently,
time series of POPs in Arctic biota could also be inuenced by
the direct and indirect environmental changes caused by
a warming climate.11 Disturbances in the direct link between
primary emissions and concentrations in biota can therefore
complicate the interpretation of POP time series for effective-
ness evaluations or risk assessments.

A correct description of the concentration developments of
POPs in Arctic wildlife requires a better understanding of the
effects of climate change on the fate of POPs, including their
transport to and distribution in the Arctic as well as the exposure
of Arctic animals to POPs. The limited availability of consistent,
long-term monitoring data for pollutants has been identied as
the largest barrier to studies investigating these inuences of
climate change on POP temporal trends.12 The long-term moni-
toring of POPs in Arctic biota, established by several Arctic
countries decades ago, enables such investigations. In this article,
we have reviewed and assessed studies from the Arctic that have
ters studied for links with POP time trends in species from different
e studied in all species or at all locations

ment Marine environment

y for seal
)

(Air, land surface and seawater) temperature, precipitation
amounts, NAO index, AO index, Pacic Decadal Oscillation
(PDO) index, Pacic/North American (PNA) pattern, sea-ice
cover (extent and time of break-up and freeze-up), salinity

carbon
; d15N),

Stable isotopes of carbon and nitrogen (d13C; d15N), algae
blooms, food sources and composition, age, sex, body
condition

lagopus) Emerald rockcod
(Trematomus
bernachii), Adélie
penguins (Pygoscelis
adeliae)

Common murre (Uria aalge),
thick-billed murre (Uria lomvia),
glaucous gull (Larus hyperboreus),
northern fulmar (Fulmarus
glacialis), beluga (Delphinapterus
leucas), ringed seal (Pusa hispida),
polar bear (Ursus maritimus)

Antarctica Alaska, Norway (Svalbard,
Bjørnøya), Canada, Greenland

This journal is © The Royal Society of Chemistry 2022
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examined associations between time series of POP concentrations
and climate parameters, including physical parameters such as
temperature and sea-ice extent, as well as ecological/biological
parameters such as climate-related changes in species distribu-
tions and predator–prey relationships (Table 1). The article also
includes some information on climate-related effects of POP time
trends in Antarctic species, to complement ndings from the
Arctic. The objective of this review was thus to elucidate effects of
climate change on the long-term time series of POPs in Arctic
wildlife. While time trends themselves were assessed elsewhere,1,6

we focus on the state of knowledge of climate change-related
impacts on these trends of POPs in Arctic wildlife.

2. Approach

This review was conducted as part of the AMAP assessment
“POPs and Chemicals of Emerging Arctic Concern (CEACs):
inuence of climate change”.13 The process started with
a workshop in 2019 which was attended by approximately 40
scientists from Europe, North America and Asia, including non-
Arctic countries, scrutinizing available information in this eld
and developing key science questions.14 This article includes
peer-reviewed studies and scientic reports published by
January 2022 and aims at a comprehensive review of the topic.
However, as its focus is on the effects of climate change on long-
term POP trends in Arctic biota, rather than a focus on the POP
time series themselves, we have only included those studies that
examined associations between POP concentrations with bio-
logical and/or physical parameters indicative of climate change.
Fig. 1 Locations of the studies referenced in this article. The figure was
Assessment Programme (AMAP), copyright 2021.

This journal is © The Royal Society of Chemistry 2022
A list of the biological and physical parameters included in
these studies is given in Table 1, which also provides a summary
of the species studied and the parts of the Arctic where the
studies took place. While the focus is on POPs in Arctic biota,
representing the majority of the availably information,
complementary data from the Antarctic have been included as
well. These cover marine sh and birds as no freshwater sh or
terrestrial mammals exist in Antarctica. The Arctic locations for
the studies are shown in Fig. 1. Table S1 of the ESI† provides
a list of all abbreviations used in this article. More details of the
studies addressing links between temporal trends of POPs in
Arctic and Antarctic biota and climate change is given in Table
S2 of the ESI.†
3. Freshwater environment

In remote Arctic lakes, POPs enter the environment primarily
through river runoff and atmospheric deposition. Over the last
century, POPs have accumulated in lake sediments and catch-
ment areas. Since warming favours POP partitioning from
particle and liquid phases to the gas phase, a greater tendency
of volatilization from lake water into air has been suggested.11

Changes in air–water exchange will also affect the mass balance
between water and sediments.11 In the Canadian Arctic,
permafrost thawing has been associated with inputs of POPs to
lake systems.15
modified from ref. 13, with permission from the Arctic Monitoring and

Environ. Sci.: Processes Impacts, 2022, 24, 1643–1660 | 1645
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3.1 Arctic char

Associations between climate parameters and temporal trends
of POPs in Arctic char (Salvelinus alpinus) were investigated in
four Canadian High Arctic lakes (Amituk, Hazen, Char, Reso-
lute), an unnamed lake near Isortoq in Greenland and Lake
Ellasjøen on Bjørnøya in the Norwegian Arctic (Fig. 1), using
multiple regression approaches.13,15–17 The study from Canada
investigated the relationship between temporal trends of POPs
in sh and biological parameters (sh weight, chlorophyll a as
a proxy for primary productivity in the lake) as well as physical
parameters (temperature, annual precipitation amounts and
interannual atmospheric climate uctuations such as those
represented by the North Atlantic Oscillation (NAO) index).15

Temperature was found not to have a signicant inuence
on Arctic char POP concentrations.15 However, air temperatures
were used, which uctuate more than lake water temperatures
at the depths where Arctic char are primarily found, thus
potentially introducing greater variability into the dataset.
Signicant negative correlations were detected between primary
productivity (expressed as chlorophyll a) and PCB concentra-
tions in the Arctic char of Amituk Lake and Resolute Lake.
Relationships between the NAO index of the preceding spring/
summer and concentrations of SPCBs and SDDTs in land-
locked Arctic char from Lake Hazen in northern Ellesmere
Island are shown in Fig. 2. Concentrations of SPCBs, SDDTs
and SHCHs in Arctic char in this lake were positively associated
with inter-annual variations of the NAO. Furthermore, concen-
trations of SHCHs were positively correlated with annual
precipitation highlighting the importance of wet deposition
pathways for HCHs to the Arctic lakes. The inclusion of climate
parameters enhanced the explained variability of POP temporal
trends in sh by up to 57% in comparison to regression models
that did not include the same suite of parameters.15
Fig. 2 Concentrations of SPCBs and SDDTs (in ng g�1 lipid weight) in
landlocked Arctic char from Lake Hazen (Northern Ellesmere Island,
Canada), together with the North Atlantic Oscillation (NAO) index from
spring of the year preceding sample collection.15 SPCBs represents the
sum of 87 congeners. SDDTs represents the sum of p,p0- and o,p0-
isomers for DDT, DDE and DDD. The figure is based on data from ref.
15. It is reproduced from ref. 13 with permission from the Arctic
Monitoring and Assessment Programme (AMAP), copyright 2021.

1646 | Environ. Sci.: Processes Impacts, 2022, 24, 1643–1660
POP time trends for Arctic char were also analysed for rela-
tionships with biological parameters for growth, diet and
trophic level (sh length, d15N, lipid content) and physical
climate parameters (air temperature) in two studies from
Greenland.16,17 The rst study, spanning the period from 1994–
2008 and including ve years with POP data, showed signicant
positive correlations between SPCBs and SDDTs and sh
length.16 While air temperatures increased over the study
period, lipid contents in sh as well as POP levels (except HCB)
decreased, but potential connections between these parameters
remained unclear.

An update of this study, covering eight years of POP data
(SPCBs, PCB-153, SDDTs, HCB, a-HCH) collected between 1999
and 2017, included the same biological parameters as well as air
temperature of the preceding summer and Arctic Oscillation
(AO) index of the preceding winter.17 The study was based on
lipid-normalized data. Fish length was again an important
parameter for all POPs (except a-HCH), while d15N values were
only correlated to HCB concentrations, in a positive correlation.
A positive association was also found between air temperature
Fig. 3 Relationships between a-HCH in Arctic char from Southwest
Greenland, year and air temperature of the preceding summer.17 Open
circles indicate individual animals, the dashed line shows the least
squares regression, and the solid red line shows the smoothed trend.
The figure is based on data from ref. 17. It is reproduced from ref. 13
with permission from the Arctic Monitoring and Assessment Pro-
gramme (AMAP), copyright 2021.

This journal is © The Royal Society of Chemistry 2022
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and concentrations of a-HCH, as shown in Fig. 3, as well as for
air temperature and SPCBs.

This result is different from ndings reported from the
Canadian Arctic where no correlations were found between air
temperature and POP concentrations.15 Furthermore, while the
Canadian study reported positive associations between the NAO
index and some POP concentrations in Arctic char, no associ-
ations were found between the AO index and contaminants in
Arctic char in Greenland.15,17 NAO and AO indices might not be
directly comparable; however, these different ndings could
also indicate local differences between climate-related inu-
ences on POP concentrations in the freshwater environment.

Muscle tissue of Arctic char from Lake Ellasjøen (Bjørnøya)
was collected from 1998–2017, with data for PCBs and HCB
spanning 13 years. The concentrations of SPCBs decreased, while
HCB concentrations in Arctic char only decreased until 2006 and
stabilized thereaer.13 These trends were likely affected by
changes in the population of glaucous gulls at Bjørnøya. Gull
guano is an important vector of POPs to Lake Ellasjøen.18

Therefore, a decrease in gull numbers, in combination with
reduced POP emissions, seems to be the main factor controlling
the POP concentrations in Arctic char in Lake Ellasjøen.13 The
cause for the decrease of the gull population is subject to ongoing
research. The atmospheric temperature at Bjørnøya increased
over the sampling period,19 but whether or not this temperature
increase inuenced POP levels in Arctic char, directly or indirectly
via the gull population, is currently unknown.
figure) and pooled stomach contents (lower figure) of landlocked
Arctic char from East Lake and West Lake on Melville Island, Canada,
together with turbidity of West Lake (lower figure).21 SPCBs represents
the sum of 70 congeners. The figure is based on data from ref. 21. It is
reproduced from ref. 13 with permission from the Arctic Monitoring
and Assessment Programme (AMAP), copyright 2021.
3.2 Permafrost thawing

The particular role of permafrost thaw on POP trends in fresh-
water organisms has been studied in two lakes in the Canadian
High Arctic, East Lake andWest Lake on Melville Island (Fig. 1).
Temporal trends of PCBs, organochlorine pesticides and PBDEs
were investigated in zooplankton, landlocked Arctic char
muscle and char stomach contents.20,21 West Lake is receiving
greater inputs of terrestrial carbon from thawing permafrost,
leading to higher turbidity. Together with these greater partic-
ulate inputs, higher lipid-based concentrations of PCBs,
organochlorine pesticides and PBDEs have been observed in
char muscle and stomach contents as well as in zooplankton
from West Lake, as exemplied for SPCBs in Fig. 4.

The effect of lakeshore permafrost thaw and slumping on
POP concentrations in freshwater biota was also studied in
lakes of the Mackenzie River Delta Uplands in the Northwest
Territories of Canada, although not in relation to a POP time
trend.22 Amphipods (Gammarus sp.) in lakes affected by slumps
had higher concentrations of POPs than amphipods in lakes
without permafrost slumps. This was shown for SPCBs, SDDTs
and SHCHs; however, the differences for SHCHs were smaller
than for the other POPs.

While all studies showed higher POP concentrations in biota
from freshwater systems impacted by permafrost thaw and
slumping, the conditions differed greatly for the lakes under
study. The slump-disturbed lakes of the Mackenzie River Delta
Upland were oligotrophic, with reduced levels of dissolved and
particulate organic carbon. The opposite was the case for West
This journal is © The Royal Society of Chemistry 2022
Lake on Melville Island, which showed greater turbidity and
elevated levels of particulate matter than the lake not affected by
permafrost thawing. These studies suggest that permafrost
thaw can lead to inputs of POPs into remote lake, and accu-
mulation in lake organisms, but pathways may differ.
3.3 Burbot

Potential associations were hypothesized between increases in
PCB and DDT liver concentrations in burbot (Lota lota), primary
productivity in lake-fed tributaries of the Mackenzie River near
Fort Good Hope (Northwest Territories, Canada) and warmer
temperatures.23 The study showed two-fold increases in
concentrations of total hexachlorinated PCBs and three-fold
increases in SDDTs in burbot liver over the period 2000–2008.
As algal primary productivity also increased over this period, the
authors suggested that climate warming could increase primary
productivity, leading to higher concentrations of organic matter
and, potentially higher availability to the sh.23 This association
would be different from the ndings reported for Arctic char on
negative correlations between primary productions (expressed
as chlorophyll a) and PCB concentrations in the char from High
Arctic Canadian lakes.15 Subsequent annual sampling at Fort
Environ. Sci.: Processes Impacts, 2022, 24, 1643–1660 | 1647
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Good Hope showed declining concentrations of SPCBs and
SDDTs in burbot liver from 2008–2012.24
3.4 Synthesis – freshwater environment

Studies from Canada and Greenland have shown correlations
between biological and/or physical climate parameters and POP
trends in Arctic char. However, these relationships were not
consistent. For example, studies on the oscillation indices
included both positive and negative associations with POP
levels in freshwater sh: NAO showed a positive association
with POP levels in Canadian sh, while AO did not show an
association with POP levels in Arctic char from Greenland. It is
unclear whether these inconsistencies are related to differences
in study design, applicability of the oscillation indices or local
differences in underlying processes. In addition, indirect effects
may exist on the development of POP levels, for example levels
in Arctic char from Bjørnøya seemed to be inuenced by the
number of gulls in the same location, which may or may not be
related to climate change. Permafrost thawing leads to higher
inputs of organic matter and POPs into lake systems, as shown
in the Canadian Arctic, which is reected in increasing POP
concentrations in lake organisms. The interactions between
organic matter and POPs are not well-understood, as also dis-
cussed for increasing POP concentrations in burbot, which may
be related to increased organic matter in the river. In general,
while several observations exist of inuences of climate change
on POP trends in freshwater biota, underlying mechanisms
remain unclear at present.
Fig. 5 Comparisons of unadjusted and adjusted POP trends in livers o
Svalbard.27–29 Arctic foxes: adjusted trends were corrected for climate
adjusted trends were corrected for body condition and feeding habits.
trends, respectively. Arrows in brackets indicate non-significant trends. T
with permission from the Arctic Monitoring and Assessment Programme

1648 | Environ. Sci.: Processes Impacts, 2022, 24, 1643–1660
4. Terrestrial environment
4.1 Arctic fox

The only published studies linking long-term POP time trends
in terrestrial animals with climate-related changes in the envi-
ronment have been for Arctic fox (Vulpes lagopus) from Svalbard.
Arctic foxes feed on prey from both terrestrial and marine
ecosystems.25,26 Temporal trends of lipophilic POPs and per-
uoroalkyl substances (PFAS) were studied in young Arctic foxes
in relation to their feeding habits and food availability.27,28 The
POP study included 141 liver samples collected between 1997
and 2016, while the PFAS study included 113 liver samples
collected between 1997 and 2014.27,28 Feeding habits were
characterised from stable carbon and nitrogen isotope values in
fox muscle tissue. Reindeer and seal availability, i.e. availability
of terrestrial and marine food sources, were further approxi-
mated from reindeer mortality and sea-ice cover, respectively.

Time trends adjusted for diet and food availability (as cova-
riates in the models, besides collection year) were similar to
unadjusted time trends for most POPs (Fig. 5). A change was
only observed for b-HCH, as no signicant trend was found aer
correction for covariates. In general, POP concentrations were
higher in Arctic foxes when a greater percentage of their diet
was marine prey. b-HCH concentrations in the liver of Arctic
foxes increased with increasing sea-ice cover, which was indic-
ative of a higher availability of seals for Arctic foxes. Likewise,
a negative association between b-HCH concentrations in Arctic
foxes and reindeer mortality was close to being signicant,
indicating lower exposure of Arctic foxes to b-HCH when scav-
enging on reindeer carcasses.27 Similar associations were
observed for other, but not for all POPs. The reasons for these
differences between compounds remain unclear. A more
f juvenile Arctic foxes and plasma of adult female polar bears from
-related changes in feeding habits and food availability. Polar bears:
Green, red and yellow colours indicate decreasing, increasing and no
he figure is based on data from ref. 27–29. It is reproduced from ref. 13
(AMAP), copyright 2021.

This journal is © The Royal Society of Chemistry 2022
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complex prey composition, also including seabirds and geese,
was discussed, besides location of denning habitats, age
differences in the foxes and variable snow conditions as factors
further inuencing POP exposure in the individual foxes.27

More changes were observed for PFAS in Arctic foxes (Fig. 5).
However, the authors concluded that “emission changes dwar-
fed the inuence of feeding habits” on the changes of PFAS
concentrations in Arctic foxes.28 PFOS concentrations in Arctic
fox liver were positively associated with sea-ice cover, indicative
of a higher availability of seals as prey. For the long-chain per-
uorocarboxylic acids (PFCAs) (except peruorotridecanoic
acid, PFTrDA), a negative association was found with reindeer
mortality. PFOS concentrations, adjusted for variation in
feeding habits and food availability, decreased in Arctic foxes
from 1997 to 2010 and were stable for the rest of the study
period until 2014, whereas the unadjusted concentrations
decreased throughout the entire study period (Fig. 5). As PFOS
concentrations increased with sea-ice, the adjusted concentra-
tions were higher than the unadjusted concentrations.28

Unadjusted concentrations of PFCAs only increased aer 2003,
while adjusted concentrations increased over the entire study
period. Apparently, this was related to an increase in d15N aer
2003, which will be subject to future research.
4.2 Synthesis – terrestrial environment

The concentrations of several lipophilic POPs and PFAS in
Arctic foxes were associated with climate-related variations in
food availability and feeding habits. However, these variations
only had a minor inuence on temporal trends of the contam-
inants under study.
5. Marine environment
5.1 Zooplankton and sh

No systematic Arctic time trends are available for zooplankton
that could be analysed for inuences from biological and/or
physical climate parameters. However, four years of POP data
(2007–2009, 2011) were available for zooplankton (Calanus sp.)
from Svalbard, i.e. in Kongsorden on the west coast of Spits-
bergen (Fig. 1). These were studied together with POP data for
sh and seabirds with regard to seasonal variations in bio-
magnication.30–32 Trophic magnication factors (TMFs) were
highest in the summer. Furthermore, the species sampled in
July included higher numbers of boreal zooplankton and sh
species than those sampled in spring and autumn. These
seasonal changes, i.e. higher TMFs and more boreal species in
the summer samples, could give an indication of future devel-
opments in a situation of a warming climate. However, other
seasonal changes in the food web (e.g. in lipid dynamics) can
also inuence biomagnication and consequently, TMFs.33

The enantiomeric fractions of chiral pesticides (a-HCH,
trans-chlordane, cis-chlordane, oxychlordane) were determined
in zooplankton collected from pack-ice north of Svalbard and in
three Svalbard ords that differed in extent and duration of ice
coverage and inuence of Arctic vs. North Atlantic water
masses.34 Enantiomeric fractions in zooplankton varied
This journal is © The Royal Society of Chemistry 2022
between ords and sampling years, due to differences in the
timing of seasonal events and environmental conditions at the
different locations. For example, the extent of ice cover, timing
of the spring algae bloom and annual vertical migration from
deep water to surface water were associated with differences in
POP concentrations and patterns in zooplankton. The extent of
ice cover can reduce air–ocean exchange of POPs, such as a-
HCH, while a-HCH and other chiral molecules are degraded in
the underlying waters in an enantiomer-selective way, i.e.
through biological processes.

Marine sh from the Arctic have not been studied for
climate-related changes in long-term POP concentrations.
However, data are available for the emerald rockcod (Trem-
atomus bernachii) from Ross Sea in the Antarctic.35–37 Long-term
POP data from the early 1980s to 2011 showed a general
decrease, but concentration peaks in 2001 and 2005 for PCBs
and in 2005 for p,p0-DDE and PBDEs. The concentration peaks
were ascribed to the release of POPs trapped in iceberg B15,
which calved from the Ross Ice Shelf at the beginning of 2000
and broke apart in 2000, 2002 and 2003.38 In the Arctic, the
direct effects of iceberg calving on POP concentrations in the
marine environment have not been studied yet.

Some POPs have shown increasing concentrations in
Antarctic sh, for example in benthic feeding humped rockcod
(Gobionotothen gibberifrons) and two species of icesh (Chae-
nocephalus aceratus and C. gunnari).39–41 However, it is not
known if these increases are related to climate change in any
direct or indirect way. Re-mobilization of POPs under warming
conditions has been mentioned as a possible explanation,
besides secondary sources from environmental POP
reservoirs.42,43
5.2 Seabirds

Long-term POP trends in Arctic seabirds exist for a number of
species, locations and chemicals.44–46 POP data of seabirds from
Alaska, Canada and Bjørnøya (Norway) have been studied in
relation to inuences from climate change. In addition, POP
data in penguin eggs from Antarctica have also been analysed
for associations with climate change.

Contaminant data for eggs of thick-billed murre (Uria lom-
via) and commonmurre (Uria aalge) collected under the Seabird
Tissue Archival and Monitoring Project (STAMP) of Alaska have
been studied for relationships between the Pacic Decadal
Oscillation (PDO) and POP concentrations.47 Based on eggs
collected from coastal areas of the Bering Sea and the Gulf of
Alaska between 1999 and 2010, the authors reported highest
levels of PCBs and chlorinated pesticides in thick-billed murres
when the PDO index was close to zero.47 Lower levels were
observed when the PDO index was at an extreme positive or
negative value, reecting warm and cool phases, respectively.
These observations corresponded to changes in patterns in d13C
and d15N values in the thick-billed murre eggs and might thus
reect inuences of climate variability on POP levels via shis
in the diet of the birds.

In contrast, in sympatric commonmurres there were weak or
null associations between the PDO index value and POP levels
Environ. Sci.: Processes Impacts, 2022, 24, 1643–1660 | 1649
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in eggs.47 These different patterns of association observed for
the two bird species might reect foraging differences between
the species. Common murres tend to feed in the meso-pelagic
zone closer to the colony, while thick-billed murres dive
deeper and forage further from shore.48,49

Thick-billed murres breeding in the Canadian Arctic also
showed changes in POP exposure as a result of changes in
trophic position.50 In eggs collected from Coats Island,
a Northern Hudson Bay colony (Fig. 1), between 1993 and 2013,
positive relationships were detected between organochlorine
chemicals and d15N. As the birds changed their diet from Arctic
cod (Arctogadus glacialis) to capelin (Mallotus villosus), resulting
in lower d15N values, POP concentrations concurrently declined.
The diet change was related to changes in ice conditions in
Hudson Bay.50 However, an increase in the trophic position of
thick-billed murres at the high Arctic colony of Prince Leopold
Island (Fig. 1) between 1975 and 2013 was negatively associated
with key POPs such as p,p0-DDE and SPCBs. This nding was
attributed to large reductions in emissions during the 1970s
and 1980s, clearly outbalancing a potential increase in POP
exposure through a shi in diet.50 Aer normalization of the
POP data to d15N, general linear models showed signicant
relationships between POP concentrations in thick-billed murre
eggs from Coats Island and some physical climate parameters.13

Models incorporating sampling year with time-lagged AO and
NAO indices were consistently among the best ranked models
for predicting POP concentrations. Generally, POP concentra-
tions were higher in murre eggs when time-lagged AO and NAO
values were used, i.e. 1–3 years previous to sampling years.
However, various seasonal relationships with AO and NAO
indicated that some POP concentrations decreased in murre
eggs when one-year time-lagged summer AO or NAO were
greater. Other factors with a positive correlation with POPs in
thick-billed murre eggs included greater coverage and earlier
freeze-up of sea-ice. Higher air and land surface temperatures
were most oen related to decreasing concentrations of POPs.

Thick-billed murre eggs from Prince Leopold Island (1975–
2014) also revealed correlations between POP concentrations
and precipitation amounts, aer a time-lag was accounted for.51

Years with increased precipitation were followed by higher
concentrations of most compounds (most PCB congeners, p,p0-
DDE, dieldrin, chlorobenzenes, octachlorostyrene), but
decreased levels of oxychlordane in the murre eggs. Northern
fulmars (Fulmarus glacialis) from the same location showed
a positive correlation between POP concentrations and NAO
index, also including a time-lag. The data suggested that years
with NAO+ conditions were followed by higher concentrations
of dieldrin, chlorobenzenes, chlordanes and mirex in fulmar
eggs.51 However, the majority of variability in the data, in
particular for legacy organochlorines, was related to changing
emission patterns.

Seabird studies from the Norwegian Arctic focussed on
glaucous gull (Larus hyperboreus). Concentrations of POPs
(SPCBs, HCB, oxychlordane) in gull blood samples from
Bjørnøya decreased over the study period (1997–2006), but
increased with increasing AO index for the preceding summer
and winter.52 In contrast, POP concentrations in gulls decreased
1650 | Environ. Sci.: Processes Impacts, 2022, 24, 1643–1660
with increasing AO index values of the same year. This was
consistent with results for thick-billed murres and fulmars from
Canada, while thick-billed murres from Alaska showed highest
POP concentrations when the PDO index was close to zero.13,47

However, differences between these parameters and studies as
well as species-specic differences might limit the compara-
bility of these ndings. When AO variation was taken into
account in the temporal trend analysis, the POP concentrations
in glaucous gulls declined slightly faster than when AO varia-
tion was not taken into account. This suggests that climate
variability, determined by the AO index in 1997–2006, slowed
the decline of POP concentrations in these birds.

The potential effects of climate change on DDT levels have
been studied for Adélie penguins (Pygoscelis adeliae) from the
Antarctic Peninsula.53 SDDT concentrations in Adélie penguin
eggs from the Palmer Archipelago did not decrease from the
1970s to the 2000s, which is different from the observations
reported for seabirds from the Arctic. The detection of p,p0-DDT
in the penguin eggs, despite its worldwide severe restriction,
suggests a current source of DDT in the Antarctic marine envi-
ronment. Although very little recent DDT deposition was re-
ported from the Antarctic, measurable levels were found in
Antarctic glacial meltwater.54 The hypothesis of glacial melt-
water as a possible secondary source of DDT for the marine
environment was supported by measurement-based estimates
of 1–4 kg SDDT being annually released from Antarctic glacial
ablation.53 Since the 1950s, glaciers have retreated by almost
87% from the Antarctic Peninsula.55 Glacial meltwater inputs of
DDT have also been linked to increased DDT levels in Antarctic
freshwater lakes.56

In summary, the long POP time series available for some
Arctic seabirds, as well as research on penguins in the Antarctic,
provide useful datasets for studies on effects of climate change.
However, as species-specic differences are likely to occur,
besides differences in study design, it is difficult to draw any
conclusions beyond the specic study, as was also discussed for
the freshwater environment. Several studies have shown effects
of changes in diet, possibly related to climate change, on POP
exposure and consequently, POP levels in the time series.
Amongst the physical climate parameters, the large-scale
oscillation indices were found to be signicantly associated
with POP levels, usually with a positive association and a time-
lag of at least one year. Other signicant physical parameters
were sea-ice extent, temperature and precipitation. Glacier
melting as a signicant secondary source was shown for the
Antarctic. In contrast, primary emissions of POPs were still the
main driver for the time trends in Arctic seabirds, but rates of
concentration changes were found to be affected by climate-
related parameters.
5.3 Marine mammals

Studies on the inuence of climate change on POP concentra-
tions in marine mammals have included ringed seals (Pusa
hispida) from Canada and Greenland, beluga whale (Delphi-
napterus leucas) from Canada and polar bears (Ursus maritimus)
from Canada, Greenland and Svalbard.
This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Concentrations of SPCBs and SHCHs (in ng g�1 lipid weight) in
ringed seal blubber from Resolute Bay (Western Lancaster Sound,
Canada) in relation to multi-year and total sea-ice coverage.58 Dashed
lines indicate higher uncertainty of the curve due to few datapoints.
SPCB10 shows the sum of ten PCB congeners. The table provides
correlation coefficients between POP concentrations and climate
parameters. AO: Arctic Oscillation index value. CHL: chlordanes. CBz:
chlorobenzenes. The figure is based on data from ref. 58. It is repro-
duced from ref. 13 with permission from the Arctic Monitoring and
Assessment Programme (AMAP), copyright 2021.
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Ice coverage data were integrated in a long-term study (1993–
2008) of POPs in ringed seals from Ulukhaktok in western
Canada.57 Higher levels of p,p0-DDE and PCB-153 were reported
in seal blubber during years with early ice break-up. The authors
suggested that this association could be related to increased
foraging during years with long ice-free conditions.57 In another
long-term study (1972–2016), several POP concentrations in
seals from Resolute Bay, Arviat and the Beaufort Sea (Canada)
were positively correlated with sea-ice coverage, suggesting an
increased accumulation of POPs in years with greater ice
extent.58 The study also showed that the type of ice (new vs. old
ice) was differently associated with POP accumulation in seals
(Fig. 6). In seals from Resolute Bay and the Beaufort Sea, many
POPs were positively associated with multi-year ice coverage,
but negatively correlated with new ice coverage.58

A positive association between POP levels and sea-ice extent
was also found for ringed seals from Qeqertarsuaq in West
Greenland (Fig. 1), spanning a time trend from 1994–2016 with
twelve years of data.17 However, these ndings contrasted with
results from a previous study based on a reduced dataset of nine
years with data over the time period 1994–2010.59 The early
study showed a negative relationship between the number of
days with >50% ice coverage and the concentration of PCB-153
in seals, but not for the other compounds included in the study
(PCB-52, p,p0-DDE, HCB, a-HCH, b-HCH).59 In the updated
study, sea-ice extent of the preceding year was amajor predictive
variable for all compounds, except a-HCH, i.e. PCB-52, PCB-153,
HCB and SDDTs (Fig. 7).17
This journal is © The Royal Society of Chemistry 2022
For ringed seals from Ittoqqortoormiit in East Greenland,
however, sea-ice extent in the preceding year was not an
important predictor for any of the compounds.17 This time
series covered 14 years with data over the time period 1986–
2016. The extent of sea-ice could inuence the type and avail-
ability of prey, with consequences for POP exposure and lipid
stores.17 Less sea-ice increases the air–water exchange of POPs,
thus favouring volatilization and reducing the food web avail-
ability of volatile compounds such as a-HCH.11,60 At the same
time, less sea-ice also decreases the uptake of POPs from ice and
by ice-associated organisms. Both processes would lead to
a reduction of POP exposure through the marine food web,
consistent with positive associations between the extent of sea-
ice and POP concentrations in the seals. However, differences in
study design, in particular the statistical strength of the time
series, might also be of signicance for the outcome of the
correlation analyses.

Positive associations were also reported between POP levels
in ringed seals fromResolute Bay in the Canadian Arctic and the
AO index value for the year preceding seal sampling (Fig. 7).58

Relationships were negative when AO information from the year
of sampling was used. Correlations were also found between
POP concentrations and the Pacic/North American pattern
(PNA). In the Hudson Bay Area (Arviat), mainly positive associ-
ations were found between levels of POP groups (SPCBs,
SDDTs, SHCHs, Schlordanes) in seal blubber and the AO, NAO
and PNA indices for the year of sampling or the preceding year.

POP concentrations in ringed seals from Qeqertarsuaq and
Ittoqoortoormiit (Fig. 1) were studied in relation to AO index of
the preceding winter.17,59 Both studies from Qeqertarsuaq
showed negative associations between the AO index of the
preceding winter and the a-HCH concentration in the seals.
However, results were different for ringed seals from Ittoqqor-
toormiit, showing positive associations between the AO index of
the preceding winter and concentrations of a-HCH and HCB,
which is more in line with the result reported for ringed seals
from Canada.58 The reasons for these different results are
unknown. An increasing AO index might reect increased
transport of warmer air masses frommid-latitudes to the Arctic,
potentially resulting in higher POP transport as well as reduc-
tions of sea-ice and enhanced volatilisation of volatile
compounds such as a-HCH and HCB from seawater.17 This
would likely result in a reduced availability for their uptake into
food webs, as discussed for inuences from reduced sea-ice
extent, but mechanisms remain speculative.

Positive associations were also found between POP concen-
trations in ringed seals from West Greenland with seawater
temperature as well as salinity, both measured in the summer
preceding the sampling.17,59 The rst study covering the years
1994–2010 showed positive correlations between salinity and
the concentration of b-HCH in the ringed seals.59 In the updated
study, salinity in the preceding summer was positively corre-
lated with SPCBs and SDDTs (while b-HCH was not included in
this study), as was seawater temperature with SPCBs, SDDTs,
PCB-52 and PCB-153 (Fig. 7). Similarly, seawater temperature
was positively correlated with HCB, but not with any other
compounds, for ringed seals from Ittoqqortoormiit.17
Environ. Sci.: Processes Impacts, 2022, 24, 1643–1660 | 1651
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Fig. 7 Partial residuals of PCB-52 in ringed seal blubber from West Greenland in relation to biological and physical climate parameters.17 Open
circles indicate individual animals, the dashed line shows the least squares regression, the red solid line shows the smoothed trend. The figure is
based on data from ref. 17. It is reproduced from ref. 13 with permission from the Arctic Monitoring and Assessment Programme (AMAP),
copyright 2021.
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Positive associations shown for POP concentrations in
ringed seals with salinity and seawater temperature in West
Greenland might be reective of a greater inux of warmer,
higher salinity water, such as that of the Irminger Current,
which carries water from the Northeast Atlantic northward
(Fig. 8). A relatively larger inux from the Irminger Current
compared to water from the Arctic Ocean could have implica-
tions for the transport of contaminants to West Greenland. Sea
temperature was also an important predictor for HCB in East
1652 | Environ. Sci.: Processes Impacts, 2022, 24, 1643–1660
Greenland seals, which could be related to the air–water
exchange processes of relatively volatile compounds like HCB.

Amongst the biological variables, the rst study on ringed
seals from Qeqertarsuaq showed that trophic position, as
indicated by d15N values, had a strong predictive power for HCB
concentrations, indicating a positive association with diet, but
the relationship was less strong for the other POPs.59 In the
updated study, d15N values and age were important predictors
for PCB-52 (Fig. 6), but not the other contaminants, again
showing the importance of the length of the time series for the
This journal is © The Royal Society of Chemistry 2022
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Fig. 8 Main ocean currents around Greenland as discussed in the text.
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identied correlations. Positive associations between d15N
values and POP concentrations were found for all compounds
studied in the ringed seals from Ittoqqortoormiit.17 Likewise,
age was associated positively with all POP concentrations in
ringed seals from East Greenland, with the exception of a-HCH,
which was negatively correlated with age, and HCB, which did
Fig. 9 Percentages of prey species of polar bears from East Greenland
Juvenile bears. The figure is based on data from ref. 65. It is reproduced f
Programme (AMAP), copyright 2021.

This journal is © The Royal Society of Chemistry 2022
not show a correlation with age. The study also addressed the
effect of including biological and climate variables in calcula-
tions of annual POP concentration changes.17 This inclusion
either reduced or enhanced the annual rate of POP concentra-
tion declines by factors ranging from 0.1 to 2.3, i.e. the impact
on the overall decrease was relatively small and could change
the trends in both directions.

Unlike the more extensively studied ringed seal, beluga was
only studied for relationships of POP concentrations with bio-
logical parameters.61 PCB concentrations obtained in adult
male beluga from the Eastern Beaufort Sea were associated with
d13C values, while dieldrin and mirex were associated with both
d13C and d15N values. These results could be indicative of a shi
in diet, and consequently, contaminant exposure over time, but
this has not yet been studied in detail.61 Another study from
Canada highlighted that climate-driven processes could inu-
ence the exposure of beluga whales to contaminants of
emerging concern.62

Climate-related changes in feeding ecology and their impli-
cations for POP exposure of polar bears have been discussed for
polar bears from the Hudson Bay and East Greenland.63–65 The
rst study reported for polar bears from Western Hudson Bay
(1991–2007) that these bears had consumed less ice-associated
bearded seals (Erignathus barbatus) and more open water-
associated harbour seals (Phoca vitulina) and harp seals (Pago-
philus groenlandicus) in years with shorter periods of ice
coverage.63 The prey composition could be derived from stable
isotope and fatty acid analysis. This change in diet corre-
sponded with higher concentrations of brominated and chlo-
rinated contaminants in polar bear fat, compared with
a theoretical situation of no dietary changes.

Using a similar approach, dietary changes over time were
also found for polar bears from East Greenland.64 Over the
, based on quantitative fatty acid signature analysis.65 (A) All bears. (B)
rom ref. 13 with permission from the Arctic Monitoring and Assessment
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Fig. 11 Median POP concentrations (in ng g�1 lipid weight) in blubber
of potential prey species as identified for polar bears from East
Greenland (Fig. 9).65 CHL: chlordanes. The figure is based on data from
ref. 65. It is reproduced from ref. 13 with permission from the Arctic
Monitoring and Assessment Programme, copyright 2021.
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monitoring period from 1984 to 2011, ringed seals as the main
prey species declined from 90% to 34% of the diet, while the
consumption of sub-Arctic hooded seals (Cystophora cristata)
and, potentially, harp seals increased from 0% to 26% of the
bears' diet. An extension of these data to 2016 is shown in
Fig. 9.65 The change in prey species was most pronounced for
subadult polar bears, which represented the majority of the
individuals included in the analysis (Fig. 9). The diet of adult
male bears had always consisted of a higher proportion of harp
seal, offering a potential explanation for the differences
observed between age groups.65

Hooded seal consumption was negatively correlated with
NAO, indicating that polar bears consumed more hooded seals
in years with lower NAO index values.64 States of a stronger
negative NAO index (NAO-) were associated with warmer
temperatures and less sea-ice in East Greenland, potentially
affecting accessibility of ringed seals on sea-ice. However, no
statistical association was found between hooded seal
consumption and the area of the East Greenland sea-ice.64 The
dietary shi may also reect better availability of sub-Arctic
species moving northward. Their higher contaminant burdens
likely inuenced POP levels in the polar bears towards higher
concentrations (Fig. 10). The parallel time trend for ringed
seals, the main polar bear prey species, did not show the same
increase in POP concentrations, indicating a different exposure
source.65

Based on the hypothesis that the observed POP time trend
perturbations in the polar bears from East Greenland were
related to changes in prey composition, POP concentrations
were determined for potential polar bear prey species, for
samples collected in 2015.65 As shown in Fig. 11, most of these
species had higher POP concentrations than ringed seals, which
is consistent with the observed changes in diet and POP time
trends in the bears. Interestingly, a different pattern was
observed for PFAS concentrations, as highest median concen-
trations of peruorosulfonic acids and PFCAs were found in
ringed seals, followed by harp seals and narwhal (Monodon
monoceros).65 Consequently, in years with low percentages of
ringed seals as prey species, polar bears had relatively low PFAS
Fig. 10 Concentration of SPCB (in ng g�1 lipid weight) in fat of juvenile
polar bears from East Greenland. The figure is reproduced from ref. 6
with permission from the Arctic Monitoring and Assessment Pro-
gramme (AMAP), copyright 2016.

1654 | Environ. Sci.: Processes Impacts, 2022, 24, 1643–1660
levels and higher POP levels. The opposite was the case in years
with a high percentage of ringed seals in their prey.

Two recent studies have investigated temporal trends of
POPs (including some PFAS compounds not currently regulated
as POPs) in relation to polar bear feeding habits and body
condition, for polar bears from Svalbard.28,29 Results for changes
in d13C and d15N values over time (2000–2017) indicated that the
winter diet of the bears shied towards less marine, less ice-
associated and lower trophic level prey items, likely as a conse-
quence of receding sea-ice. Body condition also varied over time
(1997–2017), however, including periods of weight loss and
weight gain. The temporal development of POPs is summarized
in Fig. 5, including effects of adjustments for dietary tracers and
body condition. While body condition and diet had a signicant
inuence on POP concentrations in polar bears, the changes
introduced by these biological factors were not pronounced
enough to signicantly alter the time trends for POPs.29,66 Only
b-HCH and PBDE-153 showed a change in the overall trend
when adjusted for body condition and dietary tracers. For PFAS,
the direction of the trends did not change, but the increase was
steeper for concentrations of PFCAs adjusted for dietary
changes.28 The studies suggest that the long-term trends of
these POPs and unregulated PFAS are still predominantly
determined by contaminant emissions and that climate-related
variations in body condition and feeding habits only have
a minor effect.

Focusing on a variety of climate parameters, general linear
models indicated subtle adjustments to annual contaminant
trends (of PCB-153, PBDE-47, p,p0-DDE, a-HCH and PFOS) in
polar bears from Hudson Bay when climate factors were
included.13 Many results were similar to those found for thick-
billed murres from Hudson Bay, as discussed above.13 Models
that incorporated sampling year with time-lagged AO or NAO
index values were among the best ranked models for describing
contaminant concentrations in polar bears, generally with
positive associations between POP concentrations and time-
This journal is © The Royal Society of Chemistry 2022
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Fig. 12 Summary of associations observed for POP concentrations in time series of Arctic biota with physical and/or biological parameters. The
figure was modified from ref. 13, with permission from the Arctic Monitoring and Assessment Programme (AMAP), copyright 2021.
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lagged AO or NAO indices. Results for polar bears also varied
with sea-ice-related parameters, e.g. later freeze-up dates were
correlated with higher concentrations of PBDE-47 and p,p0-DDE.
Inverse relationships were found for POP concentrations in the
polar bears and time-lagged air and land surface temperatures
as well as amount of precipitation in the preceding autumn and
winter. Greater snowfall may impede seal predation by the polar
bears as has been observed in spring when bear predation on
seals was negatively correlated to snow depth.67,68

In summary, the studies on ringed seals and polar bear
identify sea-ice as an important parameter in explaining
changes in POP concentrations although the results are not
consistent and the mechanisms are not understood. For polar
This journal is © The Royal Society of Chemistry 2022
bears, signicant changes in prey species have been shown,
with consequences for POP exposure and noticeable perturba-
tions of the POP time trend. Similarly, the studies from Svalbard
have shown changes in feeding habits for the polar bears. As
discussed for seabirds, the AO or NAO indices were also corre-
lated with POP concentrations in ringed seals and polar bears,
usually with a lag phase. Other relevant parameters include
salinity, water and air temperatures and precipitation, but no
consistent results emerge as yet. The studies on ringed seals
and polar bears from multiple locations would allow a spatial
assessment of climate change inuences, potentially contrib-
uting to a better understanding of the local or regional impacts,
as also discussed for Arctic char. However, while methodologies
Environ. Sci.: Processes Impacts, 2022, 24, 1643–1660 | 1655
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are largely comparable for the established POP time trends,
studies of linkages to climate change differ in their approaches
and limit comparability at present.
5.4 Synthesis – marine environment

Multiple correlations have been identied between POP
concentrations in marine organisms and physical and/or bio-
logical parameters. Amongst the physical climate parameters,
sea-ice extent (in space and time) and the oscillation indices
consistently showed associations with POP concentrations,
usually positive ones and, in the case of AO and NAO indices,
with a time-lag of a few years. Possible explanations for these
observations have been put forward, but a mechanistic under-
standing is generally lacking. The effects of major iceberg
calving events or glacier melts on POP concentrations have been
shown for the Antarctic, but not yet for the POP time series from
the Arctic. For both seabirds and marine mammals, changes in
POP exposure have been related to changes in prey species.
Thus, variations in the trophic position as a result of dietary
changes can have direct effects on POP levels in time trends,
which underlines the importance of characterising trophic
position in biota monitoring studies. The current data only
show subtle climate-related changes in the long-term POP time
series, which can lead to small deviations in declining trends,
but which do not change the overall direction of the trend.
Thus, reductions in primary emissions seem to remain the
main driver of POP temporal trends. However, the data for
thick-billed murres and ringed seals suggest that the length of
the time series is an important factor in this correlation anal-
ysis. As the main change in POP concentrations took place prior
to the year 2000, time series including those changes are
currently less affected by recently occurring perturbations
associated with climate change.
6. Conclusions

Datasets from POP monitoring programmes in the Arctic exist
that have documented the development of POP concentrations
in Arctic wildlife over the last few decades. Some of these
datasets have been linked with climate parameters in statistical
analyses. So far, this has only been pursued in few studies,
leaving a great potential to extend this work and validate the
current ndings. In addition, if time trends become available
for compounds other than well-studied POPs, it will be partic-
ularly relevant to assess them for associations with climate-
related parameters, as their physical–chemical properties,
sources and emissions may deviate from those of POPs. This
could provide new insights, especially as current ndings might
not be valid for compounds with different physical–chemical
properties or ongoing primary emissions.

A number of studies have identied potential relationships
between POP concentrations in Arctic biota and physical
climate-related parameters, including climate oscillation
indices, sea-ice extent, temperature and precipitation (Fig. 12).
However, whether these correlations really represent causal
relationships between climate change and POP concentrations
1656 | Environ. Sci.: Processes Impacts, 2022, 24, 1643–1660
in Arctic animals and what processes and mechanisms drive
these relationships, is still largely unknown. Further knowledge
gaps with regard to the inuence of climate change on
contaminants in the Arctic were summarized elsewhere.14

In some cases, the strength or direction of the statistical
associations varied between locations, species and compounds.
Given the relatively low number of studies examining links
between climate-related parameters and POP concentrations it
is not yet possible to conclude whether these variations indi-
cated locally different phenomena or were mainly caused by
differences between the studies, e.g. in the statistical power of
a time series or the statistical approach chosen for analysis.
However, positive associations between POP concentrations
and sea-ice extent as well as oscillation indices, usually with
a lag-phase for the independent variables, have been substan-
tiated in a number of studies. Effects of thawing permafrost on
POP levels in landlocked lakes of the Canadian Arctic have been
shown, presumably via increased inputs of particle-associated
POPs. Data from the Antarctic have related peaks in the
temporal development of POPs in sh to iceberg calving. These
effects have not been studied in other regions yet.

Most studies have shown climate change inuences on
temporal trends for HCHs and HCB. This could represent
a research bias as volatile compounds might be targeted
specically because of an expectation of most pronounced
effects in a warming climate. However, the studies generally
addressed multiple POPs, including HCHs and HCB. Therefore,
the effects found for HCHs and HCB could indicate that
processes might be involved where volatility plays a role, for
example air–water exchanges as the water becomes warmer and
the ice cover is reduced. Again, these mechanisms, linking
climate change to alterations in compound availability and
uptake in food chains, are far from being understood.

Deviations from generally decreasing trends of POPs were
seen in some species in association with ecosystem change and
particularly with changes in predator–prey relationships, for
example for polar bears increasingly preying on sub-Arctic
species with higher POP levels (Fig. 12). Changes in trophic
levels were also observed for seabirds. These ecosystems are in
turn driven by climate-related changes in the physical envi-
ronment, such as warming seawater or reduced sea-ice
coverage, creating a complexity beyond direct cause–effect
relationships. The effects of climate change on accumulation of
POPs in Arctic food webs are further explored elsewhere.10

The long-term POP series from the Arctic are important
indicators for the effectiveness evaluation of the Stockholm
Convention on POPs, based on an assumption of levels in
Arctic biota reecting changes in primary emissions. The
results of this assessment suggest that primary emissions are
still the main driver of the POP time trends observed in Arctic
biota and that their ban leads to decreasing POP concentra-
tions in Arctic biota. However, for some compounds and some
species, climate change was identied as an additional factor
inuencing the rate of concentration declines over time. There
are some indications that longer time series are more robust
to these climate-related effects which may have been exerting
a stronger inuence on POP concentrations in biota in more
This journal is © The Royal Society of Chemistry 2022
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recent years. Studies from Canada indicate a time-lag between
changes in climate parameters and POP concentrations, sug-
gesting more pronounced effects in the future. It will be rele-
vant and increasingly important to include climate parameters
in monitoring campaigns for POPs, with biological parameters
for the characterisations of trophic position, via well-
established stable isotope analysis, being particularly perti-
nent for Arctic wildlife.
7. Recommendations for future
research and monitoring

The assessment of associations between physical and/or bio-
logical parameters related to climate change and contaminant
concentrations in Arctic biota, obtained in long-term national
monitoring programmes or from ESB archives, has identied
a number of parameters directly or indirectly inuencing POP
levels in biota. Given the rapid changes in the Arctic, work in
this area should be intensied to generate mechanistic under-
standing and to ensure the validity of the long POP time series
in the Arctic. Specically, the following knowledge gaps have
emerged from this assessment of long-term POP time series in
relation to climate change, which will benet from more
research and monitoring in the future. A more comprehensive
discussion of knowledge gaps, not limited to biota monitoring
in the Arctic, is given elsewhere.14

� Current monitoring programmes should continue and
ensure that auxiliary biological parameters are included, in
particular those characterising trophic levels, e.g. d15N. This will
enable a better understanding of effects of dietary changes on
POP exposure as well as adjustments of the long-term time
series.

� More time series that are available of POPs in Arctic biota
should be analysed for associations with climate-related
parameters to validate current ndings. Extensions to other
species and locations will be relevant, to improve our knowl-
edge and achieve larger geographical coverage.

� Studies linking POP trends and climate parameters have
been limited to a few compounds so far. The spectrum of
chemical and statistical analyses should be expanded to include
contaminants with a different use history and other physical–
chemical properties than hydrophobic POPs. Extending the list
of chemicals could also provide relevant data for identication
and risk assessments of CEACs.

� Modelling approaches can support evaluations of climate
change on the temporal development of POP concentrations in
biota. These can include transport and bioaccumulation
models for compounds with different use histories and phys-
ical–chemical properties.

� A better use of existing data and research dedicated to
mechanistic understanding can improve our understanding of
the processes underlying the relationships that have been
identied. Oscillation indices and sea-ice coverage seem to be
two parameters of recurring signicance whose impact on POP
trends in biota needs further study. Both parameters showed
associations with POP concentrations in biota where these were
This journal is © The Royal Society of Chemistry 2022
addressed, with the exception of the study on AO inuences on
POPs in Arctic char from Greenland.17

� We lack understanding of the geographical extent of
certain inuences, ranging from specic lakes impacted by
permafrost to oscillation indices indicative of large-scale air
movements. Coordinated approaches with harmonized
research and monitoring strategies could address the signi-
cance of local or regional phenomena affecting POP time
trends. It will be important to know in the evaluation of time
trends what geographical scale they represent.

� Studies in the Arctic and Antarctic could yield comple-
mentary information. Both will be needed for a better under-
standing of the global fate of contaminants. With regard to the
topic of this assessment, Antarctic studies may benet from
a more systematic POP monitoring, while Arctic studies should
consider the impact of iceberg calving and glacier melting on
POP time series.
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