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1.

Description of the 		
project: Definition of
parameters, linkage with
climate change scenarios,
model environment, and		
contaminant behavior

Modern toxicological research has also shown
that contaminant effects on biochemical processes
that lead to alterations in the fitness of individuals
or populations are clearly temperature-dependent.
Ambient temperature governs microbial activities
in the environment and thus has a direct effect on
microbial degradation and environmental stability,
as well as on the microbial creation of transformation
products from parent contaminants. Other examples
include the physiological activity of metabolic
processes in poikilothermic (cold-blooded) organisms
such as fish, crustaceans, etc. Previous studies have
shown that in many cases, transformation products
may be even more toxic than the parent substances
(i.e., p,p’-DDT → p,p’-DDE). Therefore, ambient
temperature changes associated with projected
climate change in the Arctic environment are expected
to result in associated changes in the levels, patterns,
and ecotoxicology of persistent contaminants (POPs,
radionuclides, metals) there as well.
The 2007 report from the Intergovernmental
Panel on Climate Change (IPCC) identified the
Arctic as the region on Earth where the most drastic
environmental impacts from climate change are
expected (IPCC, 2007). However, even earlier reports
(AMAP, 1998; ACIA, 2005) pointed towards the
considerable change in climate expected to occur in
the Arctic environment. The scientific community has
thus raised the following scientific questions: What
is the expected extent to which climate change can
affect the transport of contaminants into the Arctic,
and how will climate change affect the remobilization
of deposited contaminants, their bioaccumulation in
the food chain, and their biological effects (AMAP,
1998, 2003; ACIA, 2005; Macdonald et al., 2005;
AMAP, 2011a)?
Long-term monitoring of persistent pollutants
is an integrated regulatory tool for all circumArctic countries and is considered an important
scientific component in the AMAP program. For
many contaminant groups, continuous monitoring
data stretching back over more than 20 years are
currently available from Arctic monitoring sites
(see Annex 5, Figure A5.1). These long-term data
are currently being evaluated as a suitable tool for
baseline studies using the patterns and levels of
selected contaminants as sentinels for early signals
of the expected environmental change in Arctic
environments. One relevant project, complementary
to the study presented in this report, is the EU-funded
Seventh Framework Programme project ArcRisk
(Arctic Health Risks: Impacts on health in the Arctic
and Europe owing to climate-induced changes in
contaminant cycling; www.arcrisk.eu).

The Arctic Monitoring and Assessment Programme
(AMAP) was established by the Ministers of
Environment of the eight Arctic countries (Canada,
Denmark, Finland, Iceland, Norway, Russia,
Sweden, and the United States) in 1991 as part of the
Arctic Environmental Protection Strategy, and was
subsequently transferred under the Arctic Council after
it was established. The objectives of AMAP have been
to monitor and assess the situation in the Arctic with
regard to the levels, trends, and effects of contaminants,
such as persistent organic pollutants (POPs), heavy
metals (lead, Pb; cadmium, Cd; and mercury, Hg),
radionuclides, and petroleum hydrocarbons, and the
scale and impact of climate change. Several hundred
leading scientists from a variety of fields have
participated in AMAP assessments.
Both POPs and Hg have been shown to
bioaccumulate in the Arctic ecosystem, from plankton
to top predators such as polar bears and humans.
Radionuclides are mainly of concern in the terrestrial
food chain, while legacy POPs and Hg accumulate
mainly in the aquatic food chain.
The concentrations observed for some contaminants have been found above biological effect levels,
as documented in laboratory studies and observations
elsewhere on the planet (AMAP, 1998, 2003, 2004a,b,
2009b). In addition, effects have been documented in
both Arctic animals and humans, especially Arctic
indigenous peoples who live according to their
traditional way of life (AMAP, 2003, 2004a,b, 2009a).
For some of these accumulating contaminants, a clear
correlation has been documented between a specific
contaminant exposure and an effect, for example,
for Hg in newborn babies, originating from the
mother’s consumption of meat from toothed whales.
However, for the majority of these contaminants, it
has been difficult to point to single contaminants as
the only trigger of effect because all Arctic animals
and humans contain a suite of contaminants in
their bodies. Thus, the extent to which there is a
combined effect of various POPs and metals together,
resulting in hazardous effects observed in the Arctic
environment, is still unclear.
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5. The human health group led by Jon Øyvind
Odland at the University of Tromsø (UiTø),
Norway.

A group of ten scientists representing six Nordic
research and monitoring institutions embarked on the
scientific endeavor reported here. A combination of
literature review, field studies, available data evaluation
and model-based research was used to identify early
warning signals as well as major future challenges in
climate-associated combined effects research in the
Arctic. The main focus for the study presented here
was placed on POPs (legacy compounds and new
emerging contaminants), Hg, and radioactive pollution
issues (radionuclides). This study on combined effects
of contaminants and climate on the Arctic environment was designed and conducted by AMAP experts
aiming to clarify the scientific questions raised above.
The project started in 2005 and was conducted by five
interlinked working groups:

Planning and coordination were led by Lars-Otto
Reiersen, Simon Wilson, and Janet Pawlak at the
AMAP Secretariat. Furthermore, Robie Macdonald
of Fisheries and Oceans Canada and Andrew Gilman
of Health Canada served as an international reference
group. The project has benefited from results
provided through research programs performed
in parallel with this project, for example, the
International Polar Year (IPY) Contaminants in Polar
Regions (COPOL) project; FreshLink (Danish IPY
project); the EU FP7 project ArcRisk (Arctic Health
Risks: Impacts on health in the Arctic and Europe
owing to climate-induced changes in contaminant
cycling); the RCN funded project NorthPOP
(Emerging persistent organic pollutants in the high
North and North-Western Russia – NorthPOP:
185104/S50); the Arctic Council project Snow, Water,
Ice and Permafrost in the Arctic (SWIPA: AMAP,
2011a); AMAP assessments on POPs (AMAP, 2010)
and mercury (AMAP, 2011b); and the circum-Arctic
AMAP monitoring programs. The work has been
funded through contributions from the participating
research institutes and agencies and special support
from the Nordic Council of Ministers (NCM) and
Norway.

1. The modeling group led by Jesper Christensen
at the Department of Environmental Science
(ENVS), Aarhus University, Denmark.
2. The atmospheric precipitation/snow and sediment
accumulation group led by Roland Kallenborn at
the University Centre in Svalbard (UNIS) and the
Norwegian Institute for Air Research (NILU).
3. The marine group led by Katrine Borgå at the
Norwegian Institute for Water Research (NIVA).
4. The radioactivity group led by Mark Dowdall at
the Norwegian Radiation Protection Authority.

2.

Empirical observations
and literature review
regarding climate change,
contaminants, and the
Arctic

3. A thorough evaluation of the environmental
situation in the Arctic with respect to climate
change and contaminants.
During
recent
decades,
comprehensive
international monitoring and research activities
have shown that the Arctic, previously regarded
as a pristine environment, is subject to widespread
contamination by a selected group of anthropogenic
pollutants that are prone to long-range transport
(atmosphere or ocean currents). This group of
chemicals consists of POPs, trace metals (e.g., Cd,
Hg), and a set of emerging persistent pollutants (e.g.,
perfluorinated alkylated substances, brominated
flame retardants, and several current-use pesticides).
In addition, the recently published assessments by the
IPCC and the Arctic Council’s Arctic Climate Impact
Assessment (ACIA) indicate that climate change is
anticipated to cause the most visible environmental
changes in the Arctic.
The transport, distribution, and fate of
anthropogenic pollutants in the Arctic will be affected
by the environmental changes anticipated to occur in

The current work was initiated to address the
principal scientific questions relating to the behavior,
fate, and distribution of anthropogenic pollutants
within the context of expected climate change
scenarios in the Arctic environment. Among the
project’s key objectives are:
1. The identification of key parameters linking the
presence of contaminants and climate regimes in
the Arctic.
2. The elucidation of potential consequences for the
presence of contaminants in the Arctic in relation
to temperature-change scenarios.
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the Arctic environment with global climate change.
Changes in the transport and distribution processes
of anthropogenic pollutants in the Arctic may have,
in turn, considerable effects on ecotoxicology and
the uptake into as well as accumulation pathways
of contaminants in the Arctic food web. This
obvious linkage between contaminant transport
and climate change processes raises many questions
for which answers are needed to improve scientific
understanding and knowledge for a comprehensive
environmental assessment. As is now clear, the
routes and processes by which anthropogenic
contaminants (e.g., POPs, metals, and radionuclides)
are transported to the Arctic are strongly influenced
by climate variability and global change processes.
Contaminant transport pathways are highly
complex interacting systems involving a suite
of environmental factors such as temperature,
precipitation rates, wind direction and speed,
ocean currents, and ice and snow coverage. Uptake
pathways into food webs and effects on organisms
are also expected to be affected by climate change
processes. These expected effects may ultimately
lead to the conclusion that climate-related variability
in recent years has been at least partly responsible
for the temporal and spatial trends observed in
contaminant levels in the Arctic.
Persistent anthropogenic pollutants including Hg
and radionuclides are transported via the atmosphere,

ocean currents, and rivers into the Arctic. After
entering the Arctic (Figure 2.1), the chemicals are
immediately redistributed within the region by the
same transport pathways, in addition to transpolar
ice transport as well as incorporation into biological
systems through accumulation in the food web. Every
step along the transport and redistribution pathways
to and within the Arctic can be influenced by climate
change processes because reactivity, adsorption
processes, and accumulation are temperaturedependent processes. At the same time, transport by
such means as atmospheric and ocean currents are
expected to change, sea and land ice are expected to
change (and, in fact, are already doing so), and so is
the extent and composition of potential intermediate
storage compartments for pollutants, such as forests
and soils in sub-Arctic areas. Summing up all these
processes, changes in global climate and the associated
environmental changes in the Arctic are expected
to have significant consequences for contaminant
pathways (Macdonald et al., 2005).
During the past decade, circum-Arctic national
and international scientific and monitoring
programs, including those of AMAP, have delivered
a wealth of evidence for the presence and distribution
of environmental pollutants (e.g., contaminants
originating from anthropogenic sources) in the Arctic
environment. The first report, in 2003, on the potential
impact of global change processes on contaminant
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the biogeochemistry of Hg indicates that climate
change will alter Hg exposure to humans and the
ecosystems.
Mercury has an exceptionally complex set
of pathways in the Arctic that can be altered
at many stages, including deposition from the
atmosphere, ice- and snow-mediated coupling
into the hydrological cycle, entry into the organic
carbon cycle, release from permafrost thawing,
biomagnification or bioaccumulation in food webs,
and transformation to MMHg due to changes in
wetlands or the organic carbon cycle (Macdonald et
al., 2005). Changing climate and emissions sources
will dramatically affect the source, deposition, and
long-term fate of Hg deposited to polar regions, but
the potentially most important impact of climate
change may be on the net MMHg formation in
Arctic aquatic ecosystems (Outridge et al., 2008).
The role of climate change in the Hg cycle remains
an inadequately explored area of study.

transport pathways and fate has paved the way for
new ideas and studies on the consequences of global
change for Arctic pollution pathways (Macdonald et
al., 2003, 2005). As a consequence, numerous research
activities have been initiated in order to elucidate
the consequences of global change processes on the
occurrence, transport, and fate of anthropogenic
pollutants in remote Arctic regions.
However, scientific understanding is still
incomplete and needs comprehensive assessment
(AMAP, 2011a). Such an assessment must be based
on a strong international and interdisciplinary
scientific cooperation. A combination of long-term
monitoring data (e.g., in the atmosphere, oceans, and
terrestrial environments), regional campaign-based
studies (e.g., impacts on new, emerging chemicals),
modeling (e.g., airborne and ocean-borne, foodweb accumulation, etc.), and ecotoxicological
risk evaluation (e.g., laboratory and modeling)
is needed in order to tackle this challenge. These
studies should be used to obtain a thorough sciencebased understanding of temporal as well as spatial
distribution patterns, including comprehensive
source elucidation for selected compounds, for
a validated assessment of all factors influencing
chemical transport processes (airborne, oceanic, and
ice-borne transport) as well as regional pathways
leading to the accumulation of selected persistent
chemicals in the Arctic ecosystem (AMAP, 2009b;
Hung et al., 2010).
The Arctic Hg cycle has already been and likely
will be impacted further by climate change (AMAP,
2004a, 2011b). Climate-related variables may
influence Hg transport, transfer, and transformation
processes anywhere between global emissions and
the accumulation of monomethylmercury (MMHg)
in top Arctic predators. The Hg cycle can be affected
by climate change in the physical system or in the
biological system. As there is more information on
the components of the physical system, it is easier
to better predict how alterations in, for example,
temperature, precipitation, and ice cover will affect
the volatility, deposition, and air-water exchange
of Hg in the Arctic. In contrast, in the biological
system, there is a lack of sufficient understanding of
the coupling of Hg and biological cycles to construct
plausible descriptive or predictive models of climate
effects.
Arctic air temperature is rising (Overland et al.,
2008) and the weather is becoming less predictable.
Indeed, large variation in environmental parameters,
frequently alluded to by northern residents (Krupnik
and Dyanna, 2002), is likely to be an important
manifestation of the changing climate. Changes in
the Arctic are accelerating and the complexity in

2.1

Relationship between 		
contaminant behavior in the
atmosphere and climate change

2.1.1 Mercury
Mercury is transported to the Arctic from lower
latitudes via atmospheric pathways, largely in the
form of gaseous elemental mercury (GEM or Hg(0)),
but also as Hg(II) and particle-associated species,
and may be deposited there. Part of the deposition
process involves the chemical oxidation of longlived GEM to much more readily deposited gaseous
oxidized mercury (GOM) compounds and particlebound mercury (PBM); however, PBM can also be
transported from sub-Arctic sources directly. The
oxidation of GEM to GOM is particularly enhanced
in episodic atmospheric mercury depletion events
(AMDEs) during the polar spring (Figure 2.2).

Long-range transport
hν
Hg(0)

Re-emission
Snow

Fast
HgBr2
(RGM)
Fast

Br
TPM

Br2

Long-range transport
out of the Arctic
Hg(0)

Slow

Sea ice
Hg(0): gaseous elemental mercury

Sea surface

Frost flowers

Figure
reaction
scheme for the oxidation of gaseous
reactive gaseous
mercury
RGM (=2.2.
HgBrA2):possible
elemental mercury leading to the formation of reactive gaseous
mercury during an atmospheric mercury depletion event. Source:
Henrik Skov, Aarhus University, Denmark.
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AMDEs. However, some evidence already suggests
that Hg oxidation rates by halogen radicals, as well
as the atmospheric concentrations of the radicals,
are influenced directly and indirectly by climate.
Goodsite et al. (2004) showed that the net oxidation
of Hg(0) to HgBr2 by Br radicals will be much faster
at low temperatures. The origin of high levels of
Br radicals (bromine explosions) appears to be
heterogeneous reactions with bromide ions in snow,
ice, and aerosols where sea salt is the original source
of bromide (Fan and Jacob, 1992; Vogt et al., 1996).
The productivity of these reactions may be inversely
temperature-dependent, as suggested by laboratory
experiments on ice (Koop et al., 2000; Adams et al.,
2002) and predicted by calculations accounting for
low-temperature acidification of sea-salt aerosols
(Sander et al., 2006); however, it is uncertain if these
calculations are representative of natural systems
(Morin et al., 2008). Bromine explosions and AMDEs
may be tied to snow and ice characteristics through
frost flowers, which are intricate ice crystals formed
on the surface of new ice (Kaleschke et al., 2004);
first-year sea ice (Simpson et al., 2007a); and inland
snowpack chemistry (Simpson et al., 2005; Piot and
von Glasow, 2008), all of which are sensitive to
climate change.
Temperature may also have indirect effects on
bromine activation through changes in the Arctic
cryosphere – the frozen part of the Earth’s surface
(Piot and von Glasow, 2008). Frost flowers are
thought to be a source of halogen-enriched aerosols
(Rankin et al., 2000), and areas where they are likely
to be present have been linked to high BrO (Kaleschke
et al., 2004). However, high BrO events at Barrow,
Alaska, were not correlated with air traversing areas
of potential frost flowers but rather with air that
came into contact with first-year sea ice (Simpson
et al., 2007a). Although the total sea-ice cover is
declining, the extent of the first-year ice is increasing.
A continuation of the increasing temperature trend
may lead to further increases in halogen-rich firstyear sea ice and, by extension, increases in reactive
bromine if this correlation is robust. Finally, it
seems that reactions on snow are key to sustaining
atmospheric bromine levels (Simpson et al., 2005;
Piot and von Glasow, 2008). Potential changes to
the Arctic snowpack with temperature are likely to
be region-specific and are as yet highly uncertain,
as are potential impacts on air-snow chemistry. This
uncertainty, coupled with the unknown relative
contributions of frost flowers and first-year sea ice,
makes it impossible to predict even qualitatively
how rising average temperatures will impact reactive
bromine levels, and thus atmospheric Hg chemistry,
in the future.

AMDEs result from photochemical reactions
involving halogen oxidants and heterogeneous
reaction sites on snow and ice surfaces (Lindberg
et al., 2002; Kaleschke et al., 2004; Simpson et al.,
2007b). The halogen species that oxidize GEM
originate from freezing ice in the open sea, and are
transferred from the ocean to the atmosphere via
‘bromine explosions’ (Barrie et al., 1988; Simpson et
al., 2005, 2007b). Recent model calculations, based
on four different models, estimate that the net
deposition to the Arctic north of 66.5° N is between
80 and 143 t/y (Christensen et al., 2004; Dastoor et al.,
2008; Travnikov et al., 2009; Holmes et al., 2010). The
modeled maximum net deposition is found to occur
during March, April and May, and is attributed to
enhanced deposition due to AMDEs, accounting for
42.8% of the yearly net deposition (AMAP, 2011b).
2.1.1.1. Source regions and a changing climate
The source regions of Hg in the Northern Hemisphere are shifting from North America and Western
Europe to Asia and Eastern Europe (Durnford
et al., 2010). During the past decade, the Arctic
atmospheric pressure pattern has been characterized
by anomalously high sea-level pressure on the North
American side of the Arctic and low pressure on
the Eurasian side (Overland et al., 2008). Altered
atmospheric pressure fields may change the
atmospheric transport of Hg into and out of the
Arctic (Macdonald et al., 2005).
The extent of sea ice is in marked decline in
certain Arctic regions, and this decline is projected
to continue to occur (AMAP, 2011a). It is tempting
to draw the conclusion that, with a decline in seaice extent, the frequency and geographical extent of
AMDEs would also decline. However, sea ice drives
the major meteorological components of the Arctic
system (precipitation, temperature, winds, and
regional circulation), and these parameters largely
control the entry and subsequent scavenging of
atmospheric contaminants, including Hg. Changes
in the timing and extent of sea ice will no doubt
affect AMDE dynamics; thus, there is a need to fully
comprehend the role that sea ice plays in AMDE
chemistry and subsequent deposition to the ocean
(Steffen et al., 2008).
2.1.1.2 AMDE dynamics and a changing climate
Kinetics experiments (Ariya et al., 2002; Raofie and
Ariya, 2003; Pal and Ariya, 2004) and atmospheric
models (Ariya et al., 2004; Goodsite et al., 2004;
Skov et al., 2004) have shown that the reaction of
Hg with atomic bromine (Br) most likely accounts
for the rapid conversion of GEM that occurs during
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pathways (volatility, chemical stability, adsorption
properties, etc.). Therefore, atmospheric transport
is considered to be the major transport pathway for
volatile and semi-volatile persistent pollutants into
the Arctic (AMAP, 2009b; Hung et al., 2010). On
the other hand, water-soluble compounds such as
γ-HCH and selected current-use pesticides are mainly
transported in the water column. The multi-media
transport of persistent pollutants into polar regions
is described as a ‘cold global distillation’ process
(Wania and Mackay, 1996). Semi-volatile persistent
pollutants are now considered as ‘multi-hopping’
contaminants. The transport mechanism for these
chemicals is characterized by repeated deposition and
remobilization (condensation – evaporation) until
they reach their final destination in the polar regions.
This process is mainly governed by wind and weather
patterns on their poleward path. Under favorable
conditions, the atmospheric transport of semi-volatile
organic pollutants from the middle latitude source
regions to the background deposition locations in the
Arctic can occur within three to six days. These events
are also termed atmospheric long-range transport
events.
This
well-established
‘grasshopping’
theory describes the coupled atmospheric-ocean /
atmospheric-soil transport processes for legacy POPs
such as PCBs and organochlorine pesticides, which
have been comprehensively investigated over the
past five decades.
The recent research focus on new, emerging
chemicals in Arctic environments, however, adds
more complexity to this already comprehensive
scientific picture drawn during the past few decades.
Perfluorooctane sulfonate (PFOS) is a highly
persistent pollutant present in the Arctic environment
(AMAP, 2009b). PFOS is a technical product used for
textile impregnation and in firefighting foams; it is
also the most stable transformation product of many
perfluorinated alkylated substances (PFAS). The most
accepted theory about the presence of PFOS in the
Arctic considers PFOS as the in situ transformation
product for several precursors such as fluorotelomer
alcohols (FTOHs) and perfluorinated carboxylic
acids (PFCAs), as described in the literature (Shoeib
et al., 2006; Young et al., 2007).
Based on general chemical and thermodynamic
natural laws, all processes along the transport,
distribution, and transformation routes of persistent
pollutants are temperature-dependent. Some of these
processes governing the spatial distribution of POPs
in the Arctic can be modeled thermodynamically
(e.g., partitioning, vapor pressure), but it is clear
that crossing the zero-degree isotherm – the phase
boundary between liquid and solid water – has a
unique capacity to alter systems also with respect

2.1.1.3 Forest fires
Forests are sinks for atmospheric Hg that originates
from anthropogenic and natural sources. Enhanced
forest and ground fires are likely to be a consequence
of climate change in the North, partly due to
desiccation and partly to increased incidence of
convective storms and lightning (Wrona et al., 2005;
Kochtubajda et al., 2006). Forest fires have been
observed to enhance the release of Hg (Sigler et al.,
2003; Cinnirella and Pirrone, 2006; Friedli et al., 2009)
and are estimated to contribute roughly 675 ± 240
tonnes/year (t/y) to the global atmosphere (Friedli
et al., 2009). These fires pose a more severe threat
to human health in regions where extensive areas
are burned (e.g., in Canada and Russia). Sigler et al.
(2003) reported an average annual release of 3.5 t of
Hg from Canadian boreal forest fires, comprising
30% of inventory estimates of annual anthropogenic
Hg emissions. They also estimated a global average of
22.5 t of Hg released annually from boreal forest fires,
while Turetsky et al. (2006) estimated Hg emissions of
53.5 t using the same circumboreal annual burn area.
Furthermore, Turetsky et al. (2006) suggested that 340 t
of Hg are emitted annually across the circumboreal
region when the boreal peatland soils, which contain
large stocks of Hg, are included in calculations.
Thus, Hg released from biomass fires represents an
important source for regional and global Hg balances
and cannot be excluded from model calculations.
The fires have a negative effect on human health and
safety, air quality, and the economy.
2.1.2 Legacy and emerging POPs
According to present scientific knowledge, POPs
are transported and distributed throughout the
Arctic via natural distribution pathways, including
the atmosphere, transpolar ice drift, ocean currents,
and rivers. Because ambient temperature variability
plays a predominant role in the remobilization,
evaporation, and transport pathways of these
compounds, a seasonally dependent transport
and distribution pattern can be found in the
Arctic monitoring data for many POPs (e.g., transchlordane; isomers of hexachlorocyclohexanes,
HCHs; polychlorinated biphenyls, PCBs; p,p’-DDT).
Every step along the transport and redistribution
pathways will be influenced by climate change
because chemical reactivity, adsorption, and
accumulation are temperature-dependent.
Physical-chemical properties and the interactions
with the respective transport medium for the
chemicals transported rule partitioning, reaction
kinetics, transformation, adsorption, and the
equilibrium distribution in the medium along the
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to the transport, presence and effects of persistent
pollutants in the Arctic atmosphere (Macdonald et
al., 2005; AMAP, 2009b, 2010).

2.2

2.1.3 Radioactivity
Previous assessments (AMAP, 2004c) have indicated
that future climate change is unlikely to have
significant impacts on historical atmospheric sources
of radioactivity to the Arctic environment. Perhaps
the only aspect of concern is that wetter conditions in
the Nordic seas and northern Europe could result in
heavier deposition of contaminants in the event of a
large accident, with subsequent transport of airborne
contamination to these areas.

Relationship between 		
contaminant behavior in the
terrestrial environment and
climate change

The central Arctic is characterized by the marine
environment, and the most pronounced effects of the
long-range transport of pollutants are found in marine
ecosystems and human societies that depend on these
ecosystems. It is, therefore, natural to place special
focus on conditions in the marine environment. Data
from three expeditions of the Swedish research vessel
R/V Oden into the Central Arctic and North Atlantic
in 2001, 2002, and 2005 have been synthesized for this
report, with emphasis on the fate of organochlorines
in the marine environment.
However, it must not be forgotten that the Arctic
Ocean is surrounded by vast landmasses, which may
also have an important (although presently very
poorly understood) influence on the pole-directed
transport of pollutants. For this reason, data from the
terrestrial environment based on large data sets from
vegetation and lake sediments collected in northern
Scandinavia have been evaluated.

2.1.4 Knowledge gaps: Legacy and

emerging POPs

During the past five decades, POPs have been
measured and monitored in atmospheric samples
from virtually all climate zones on Earth. For legacy
chemicals, sufficient baseline data exist in order to
describe the state of environmental contamination
before significant environmental change eventually
altered the distribution and transformation pathways
for the respective chemicals.
The scientific information presented here
confirms that anthropogenic contaminants (i.e.,
POPs) may serve as early warning signals and
sentinels for studies of the consequences of
expected climate change. In this context, long-term
monitoring of atmospheric POPs contamination
is currently well-documented for many regions in
the Western world, including the Arctic. These data
may serve as reference information for the greatly
needed evaluation of potential changes in processes,
partitioning, transport-associated transformation,
and deposition behavior.
In order to closely link those long-term
contaminant monitoring activities and associated
studies related to the consequences of climate change
in northern regions, the following areas have been
identified as requiring a future research focus:

2.2.1 Mercury
Soil has long been considered the largest Hg pool,
with the main input coming from the atmosphere
through wet and dry deposition (Grigal, 2002).
Recent research indicates, however, that significant
input to the soil Hg pool originates from vegetation
through litter fall and follows the carbon pathway in
the ecosystem because, like carbon, net ecosystem
Hg exchange depends on air temperature, irradiance,
and soil water content (Obrist, 2007).
Change in terrestrial systems is complex because
it may manifest in snow and ice cover, glaciers,
permafrost, vegetation, river discharge and timing,
moisture balance, incidence of forest fires, migration
pathways, and invasive species (e.g., Hinzman et al.,
2005; Wrona et al., 2005; Prowse et al., 2006). To some
degree, all of these system components have been
undergoing change, but not at the same rate or in
the same way everywhere, and trends are frequently
masked by large seasonal and interannual variations.
This variation will, of course, lead to variations in
components of the Hg cycle both spatially and
temporally.
Rising water levels associated with global climate
change may have implications for the methylation of
Hg and its accumulation in fish. For example, there
are indications of increased formation of MMHg in
small, warm lakes and in many newly flooded areas.

• The role of increasing forest fire events in boreal
forests as a source and transport mechanism of
pollutants into the Arctic.
• Sea surface–atmosphere exchange processes for
pollutants in the light of a changing climate.
• Monitoring of new emerging contaminants in
Arctic atmospheric environments.
• Identification and characterization of new
sources for atmospheric emissions within and
outside the Arctic.
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Previous studies have identified flooded landscapes
(e.g., wetlands, impoundments) as sites of elevated
MMHg production.
A surprising observation has been the speed
with which terrestrial vegetation can change in the
Arctic (Hinzman et al., 2005). This ‘greening of the
Arctic’ (Jia et al., 2003; Tape et al., 2006) has occurred
through a rapid replacement of tundra by shrubs,
which then leads to feedback effects on snow cover,
soil moisture, and temperature. Long-term changes
in the terrestrial plant communities, particularly the
establishment of grasses and woody species, may
also increase organic matter supply to lakes and
rivers (Prowse et al., 2006). The effect of these types
of changes on the Hg cycle has not been studied.
Not all of the terrestrial change has been toward
greening. Forest fires and desiccation also have
consequences on plant cover (Goetz et al., 2005;
Kochtubajda et al., 2006; Verbyla, 2008) that can
affect the Hg cycle, including the potential to release
sequestered Hg (Allen et al., 2005; Biswas et al.,
2008). Arctic ponds are already reduced in depth
from long-term averages (Smith et al., 2005a; Riordan
et al., 2006); some of the ponds on Ellesmere Island
that have been permanent water bodies for millennia
are now drying out completely during summer
(Smith et al., 2005b; Riordan et al., 2006; Smol and
Douglas, 2007a). This in turn can lead to the demise
of an aquatic food source (zooplankton), which could
result in a change in MMHg exposure for animals
that can switch prey, such as aquatic birds.

The process of release during thawing may be
particularly pertinent for contaminant Hg deposited
from the atmosphere and stored at the surface of
frozen ground, as this Hg has been shown to ‘fasttrack’ to the biota (Harris et al., 2007). Permafrost soils
slumping into lakes as a consequence of thaw may
also provide a pathway to increase Hg methylation
in affected lakes.
The flux of Hg released from thawing permafrost
depends on the Hg concentration in permafrost,
the thawing rate, and the erosion rate. Permafrost
Hg concentrations are dependent on the historical
atmospheric Hg deposition rates, peat accumulation,
and post-depositional change, and are reported in the
range of 20 to 100 ng/g dry weight (dw) (Givelet et
al., 2004; Leitch, 2006). A few studies have suggested
that the flux of Hg released from thawing permafrost
to Arctic lakes (Klaminder et al., 2008) and marine
ecosystems (Leitch, 2006; Hare et al., 2008; Outridge
et al., 2008) could be significant, and even higher
than the atmospheric depositional flux. For example,
Klaminder et al. (2008) studied Hg concentrations and
fluxes in the surface active layers and sediments from
a large palsa mire complex in the Stordalen Valley
in northern Sweden. The annual average flux of Hg
released from the thawing permafrost was estimated
to be approximately 200 µg/m2/y for the period 1970
to 2000, which was about an order of magnitude
higher than the estimated atmospheric depositional
flux in the region. The importance of total Hg flux
from thawing coastal permafrost and erosion to the
Arctic marine environment is relatively smaller, but
still significant (Hare et al., 2008; Outridge et al., 2008).
The relative importance of thawing permafrost
as a source of Hg to Arctic freshwater and marine
ecosystems is expected to further increase given the
projected climate warming (Klaminder et al., 2008).
Thawing permafrost can lead to rising water levels
and longer periods of generally wet or submerged
soils. Large-scale thawing coincides with the wellrecognized increase in methylation rate in newly
flooded areas (Therriault and Schneider, 1998).
Freshly created shallow ponds from thawing
permafrost appear to be locations of rapid MMHg
production (St. Louis et al., 2005), the implications
of which have not been studied. On the other hand,
evidence for increased methylation rates in Arctic
waterlogged soils is scarce. Production of MMHg was
not important in waterlogged soils on Devon Island
(Oiffer and Siciliano, 2009). Hammerschmidt et al.
(2006) found that the contribution of MMHg from
tundra watersheds to lakes in Alaska was modest.
Rising water levels associated with global climate
change may have implications for the methylation of
Hg and its accumulation in fish. For example, there

2.2.1.1 Release of mercury from thawing

permafrost

Permafrost is soil, rock, sediment, or other earth
material containing ice with a temperature that has
remained below 0 °C for two or more consecutive
years (ACIA, 2005). Permafrost underlies most of the
ground surface in the terrestrial areas of the Arctic as
well as some undersea areas (ACIA, 2005). Permafrost
temperatures have generally increased, with recent
observations suggesting that temperatures have
risen by 1 to 2 °C during the past three decades
(Smith et al., 2005b; Oberman, 2008; Osterkamp,
2008; AMAP, 2011a). Climate change models
project that the permafrost area in the circumpolar
Arctic will decrease by 13–28% by 2050 (ACIA,
2005; IPCC, 2007). Warmer air temperatures have
already increased the period and depth of the active
layer in Arctic permafrost soils, thereby releasing
old carbon (Guo and Macdonald, 2006; Roehm et
al., 2009; Schuur et al., 2009) and Hg (Klaminder et
al., 2008) from organic-rich soils, and may tend to
increase catchment geochemical weathering rates.

8

AMAP Technical Report No.5 (2011)

are indications of increased formation of MMHg in
small, warm lakes and in many newly flooded areas.
Previous studies have identified flooded landscapes
(e.g., wetlands, impoundments) as sites of elevated
MMHg production.

at Stockholm University, Sweden, it was shown that
instead of the model-predicted seasonal concentration
variation, α-HCH accumulated continuously during
the lifetime of the needles. Furthermore, most of
the accumulation took place during the spring and
summer when volatilization, according to the model,
should prevail over deposition, while very little
concentration change took place during the cold
season when deposition should prevail (Hellstrφm
et al., 2004).
That the above-mentioned model does not describe
the uptake process very well becomes obvious when
comparing the accumulation of α-HCH with the
accumulation of γ-HCH. The main part of the field
sampling was performed when γ-HCH (lindane) was
still used extensively in southern Europe. This was
reflected in a prominent spring concentration peak of
γ-HCH in the air which appeared to be significantly
higher than the air concentrations measured at
other times of the year. In spite of the very different
seasonality pattern between α-HCH and γ-HCH, the
uptake patterns in the pine needles were surprisingly
similar. The continuous accumulation of both
compounds throughout the lifetime of the needles
was similar. The uptake rate of γ-HCH during spring
and early summer was slightly more rapid than
that of α-HCH, coinciding with the peak in the air
concentrations during the spring. Based on the above
facts, it can be assumed that biological uptake and
internal distribution factors influence the properties
of the needles in such a way that the partitioning of
the HCHs between air and plant surface cannot be
explained solely by physical chemistry alone.
Based on these studies (and other scientific
results not presented here), it can be concluded that
the determining factor for the deposition efficacy of
semi-volatile organic compounds from the gas phase
onto pine needles is the length of the vegetation
period; this period also usually coincides with the
season of ‘high’ temperature and sunlight radiation
in Arctic regions. It seems that the deposition process
of hydrophobic compounds onto vegetation and
soil surfaces in the terrestrial environment is more
complex than presumed in the models available
for the evaluation of the global distribution of
hydrophobic semi-volatile organic compounds. This
type of POP deposition and storage is obviously
largely underestimated when evaluating the
persistence and transport properties of POPs and,
thus, needs further in-depth research also with
respect to potential climate change influences.
Terrestrial ecosystems in the North seem less
contaminated with POPs compared to the marine
environment due to ecosystem-specific uptake
and accumulation processes. However, newly

2.2.2 Legacy and emerging POPs
During the past few decades, monitoring and fate
studies of POPs and other organic contaminants in
the Arctic have been conducted mainly in the marine
environment and the surrounding coastal zones. Only
a few comprehensive studies exist on the fate and
distribution of POPs in the terrestrial environment
(AMAP, 2004b, 2009b). However, the Arctic Ocean
north of 66° N is surrounded by a variety of boreal
landscape forms including coastal zones, estuaries,
tundra, lake systems, and boreal forests. The effect
of the boreal forests on the transport of hydrophobic
organic compounds to the Arctic has been discussed
for many years (e.g., Su and Wania, 2005), and the
views vary considerably in the available literature.
The boreal forests constitute a large amount of
biomass directly in contact with the surrounding
air, and they have obvious potential to affect or
disturb the long-range atmospheric transport of
compounds that are prone to partitioning to lipids.
The green parts of vascular plants are covered by a
hydrophobic cuticle comprising waxes and cutin,
the latter essentially a polymeric lipid that will sorb
hydrophobic compounds from the air.
The models that have attracted most interest
(Czub et al., 2008) indicate that compounds with
physico-chemical properties similar to those of the
HCHs will not accumulate to any great extent in the
vegetation. Typical examples of such compounds are
the HCHs and hexachlorobenzene (HCB) that have
vapor pressures sufficiently high to be transported
mainly in the gas phase at most environmentally
relevant temperatures with very little binding to
airborne particles. An interesting and illustrative
compound for this discussion, however, is α-HCH.
Since the official ban on the use of technical HCH,
the air concentrations of α-HCH in Europe have
been reported in the same order of magnitude all
year round (with regionally dependent seasonal
patterns). Negative, downward temporal trends
have been reported all over Europe, including in
the Arctic (Hung et al., 2010). A compound with
these properties should, according to the models,
attain higher concentrations in the vegetation during
winter, when low temperatures favor deposition,
than during summer when the volatilization is more
rapid. In a three-year-long study on the uptake of
airborne POPs into Scots pine needles, performed
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detected, ‘emerging’ environmental pollutants such
as perfluorinated alkylated chemicals also seem to
be present in the terrestrial food webs (including
the Arctic: Gamberg et al., 2005; Butt et al., 2010).
Potential local sources such as exposure to ski wax
components and impregnated textiles have been
identified. Therefore, the introduction of new
‘emerging’ chemicals into the Arctic environment
and potentially more local sources due to increased
industrial activities indicate that a more pronounced
contamination of the local and regional terrestrial
environments may be expected in the context of
climate change in the Arctic (AMAP, 2009b).
The local distribution and potential sources of
contamination by polycyclic aromatic hydrocarbons
(PAHs) and PCBs at Kinnvika station (Svalbard
Nord-Austlandet) have been investigated (Harris,
2009). The experimental methods gave an adequate
level of accuracy and precision, and a number of
contaminants were found to be present at high levels
in soils at Kinnvika. The PAH background of the
area showed evidence of natural and anthropogenic
input consistent with the local geology and regional
pollution sources. Background PCB levels were
below the detection limit. The results showed that
the Kinnvika area remained highly contaminated
from past activities. The weathering processes that
had affected the pollutants in the past 50 years
were investigated. An examination of the spatial
distribution of the contamination showed that it
had spread only a limited distance, and less-sorbed
compounds were more mobile than highly sorbed
compounds. Thus, the most lipophilic compounds
remained at the highest levels in the Kinnvika soils.
Despite weathering, PCBs and many heavy PAHs
remained concentrated and potentially bioavailable
enough to pose a threat to biota in the region.
The ΣPAH16 at Kinnvika ranged from 4780 ng/g
dw soil to below the detection limit (Figure 2.3).
CB118 was quantifiable in 72% of samples, more
than any other congener. Although the average PCB
concentration was far higher than the average PAH
concentration, PCBs were much less consistently
distributed across the Kinnvika area and quantifiable
in fewer than half as many samples as PAHs. This
reflects both fewer sources of PCBs with reduced
mobility at the Kinnvika site and the lack of background
input. A number of PCB technical mixtures were
commonly used in the 1950s and could be present at
the Kinnvika Station. The Kinnvika pollution contains
large amounts of heavy PCBs (maximum 34.4 µg/g
dw soil for CB180) and could not be from a mixture
containing negligible amounts of these PCBs, such as
Aroclors 1242 to 1258a, Kanechlor (KC) 400, or KC1000. The PCB profile at Kinnvika was compared to

Figure 2.3. Contaminant profile (geometric mean) of weathered
soil pollution from Kinnvika, Svalbard. Source: Harris (2009).

six of the most common highly chlorinated mixtures
(Aroclors 1258, 1260, and 1268, USA; KC-600, Japan;
Clophen A64, Germany; and Chlorofen, Poland) and
to weathered Aroclor 1260 with a χ2 test using profiles
from Ishikawa et al. (2007) and Kuipers et al. (2003).
These results did not significantly differ between
general, burn site, and barrel samples, suggesting that
a single major PCB mixture is present at Kinnvika.
The PCB profile was also significantly different from
weathered Aroclor 1260, but in a manner consistent
with site-specific conditions and a much longer
weathering time: heavier CB138 and CB153 were
more highly retained and the reaction to produce
lighter PCBs was more advanced at Kinnvika. Based
on the χ2 tests, the PCB mixture at Kinnvika is likely
to be a heavily chlorinated Aroclor such as Aroclor
1260 or Aroclor 1268. Thus, the present contamination
in the Kinnvika area is considered a mix of residual
contamination from waste and fuel combustion at
the station in the 1950s and regional coal combustion
contamination from mines and settlements, imposed
on a PAH-containing geochemical background
(Harris, 2009).
2.2.3 Radioactivity
When considering the behavior of radionuclides within
the Arctic terrestrial environment and the influence
of climatic processes, a number of factors may have
some pertinence towards the radioecological behavior
of contaminants within the context of climate change.
The primary component of the Arctic terrestrial
ecosystem is the soil. Arctic soils exhibit some
important peculiarities that affect the occurrence and
behavior of radionuclides within this matrix. The
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by the freezing of Arctic soils, which leads to the
precipitation of insoluble CaCO3 and a subsequent
increase in the ratio of Mg2+/Ca2+ in the solution phase
(Vlasov and Pavlova, 1969).
Of all the soil chemistry processes affected by the
Arctic climate, perhaps the most important in the
field of radioecology is the ion-exchange reaction.
These reactions are responsible for processes such
as pH buffering, ionic transport, and metal binding.
Cation exchange capacity appears to be unaffected
by soil freezing (Hinman, 1970; Polubesova and
Shirshova, 1992), although increases in exchangeable
potassium and ammoniacal nitrogen were observed
as a result of freezing. Freeze-thaw cycles can liberate
crystal-lattice bound potassium (Graham and Lopez,
1969), and freezing has been observed to increase pH
via increasing adsorbed bases, while thawing results
in a lowering of pH (Federov and Basistyi, 1974).
The mobility of radionuclides within Arctic soils
is also subject to climatic effects, the results of which
can often be contrary to what may be expected in
the soils of more temperate climes. Within a frozen
soil, liquid films can be found on the surface of soil
particles and provide the dominant pathway for
dissolved substances within frozen soils (Hoekstra,
1969; Murrman, 1973). Monovalent ions have been
found to be more mobile within frozen soils (Czurda
and Schababerle, 1988), probably owing to lesser
attraction to charged surfaces within the soil column.
A surprising aspect of the chemistry of metal Arctic
soil contaminants is the ability of metals to move from
the soil into snow lying on the surface. Kadlec et al.
(1988) established that freezing of wetlands and peat
causes many solutes to move into the top soil layers
and Ostroumov et al. (1992) established via laboratory
experimentation that solutes can move into the snow
layer in a process related to cation adsorption onto
ice particles. Recent reports of peculiarities in the
expected behavior of radionuclides in frozen soil
systems (Schuller et al., 2002) place further emphasis
on the need for investigation of the effects of climatic
conditions on the behavior of radionuclides in
terrestrial matrices such as soil.
Physical movement of soils is a feature of the
Arctic region that has a direct bearing on the
distribution of deposited radionuclides within the
matrix. Soil horizons in Arctic soils can undergo
severe distortion due to the action of processes such
as frost heave. Tedrow and Walton (1977) have shown
that differential movement of soil particles from
cyclical freeze-thaw action can disturb soil profiles,
an effect that has some pertinence to the vertical
redistribution of the radionuclide load. On a larger
scale, soil movement can be produced via the high
pressures generated by the freezing of soil (see, for

activity of geochemical processes within Arctic soils
is largely confined to the short polar summers; these
processes operate, if at all, during the winter in the
absence of both heat and liquid water.
Dobrovol’skiy (1996) concluded that, although
air temperature may be a defining criterion for the
Arctic region, the pedogenic character of soils in
different parts of the Arctic is largely determined
by the level of precipitation received. This factor
governs the amount of vegetation present and
the proportion of living organic material to dead
material within the soil. In regions where appreciable
precipitation is present, moisture is retained in
the soil and decomposing plant material forms
weakly condensed humic acids. The formation of
humic acids and the nature of the humic materials
have a significant bearing on the interaction of
radionuclides with the soil. Dziadowiec et al. (1994),
Flaig (1964), and Ross (1989) have shown that humic
materials from an Arctic tundra soil (on Svalbard)
bear more resemblance to fulvic acids than humic
materials from other climatic areas and conclude that
this is due to alternating freeze-thaw cycles and the
constitution of the parent plant material, which tends
to be low in lignin. The role of these materials in the
retention, mobilization, and behavior of cesium (Cs)
and strontium (Sr) isotopes has been well described
elsewhere (Melin et al., 1994; Rafferty et al., 2000), but
the peculiarities of radionuclide behavior in Arctic
and High Arctic soils have received less attention
and are therefore less well understood. Shifts in
precipitation patterns in the Arctic coupled with
increases in the length of Arctic summers are likely to
have an influence on the behavior of radionuclides,
as such occurrences will exert an influence on all the
parameters outlined above, particularly in relation to
the organic composition of Arctic soil.
The formation of humic materials is not the
only chemical property of soils of radioecological
significance that is affected by the Arctic climate.
Certain chemical reactions, crucial to radioecological
considerations, are impacted by the extreme cold
of the Arctic regions. Two of the most pertinent
are precipitation-dissolution reactions and cation
exchange. The formation of ice with resultant solute
exclusion can cause the formation of supersaturated
solutions,
promoting
secondary
mineral
precipitation within the soil layers. This can result
in increased weathering of the underlying lithology
with subsequent alteration of the soil chemistry
processes reliant on this weathering (Sletten, 1988;
Hallet, 1978). Carbonate chemistry, of importance
in the soil radiochemistry of strontium and uranium
and thorium series radionuclides among others (see,
for example, Ivanovich, 1994), is strongly affected
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on the ability of Arctic plants to accumulate these
isotopes. The persistence of contaminant 137Cs in the
tissues of certain Arctic plants long after the cessation
of weapons tests was unexpected, given that the
biological half-life of this isotope in higher plants
could be measured in weeks as opposed to the years
exhibited by, for example, Arctic lichens. Lichens
are thalloid organisms and obtain necessary water
via the absorption of precipitation and their solute
loads, which provides a direct route for deposited
radionuclides to enter the tissues of the plant. The
long life spans of these lichens and the ability of
lichens to internally cycle this element (Martin and
Koranda, 1971) were ultimately found to be the cause
of the lichens’ remarkable retentive capacity.
Fungi also accumulate long-lived radionuclides
such as 137Cs (Grueter, 1971) and, to a lesser extent,
radionuclides such as 90Sr (Seeger et al., 1982). The
Chernobyl accident caused much attention to be
focused on fungi as accumulators of 137Cs (see,
for example, Heinrich, 1993) and their role in the
introduction of radionuclide contamination to
reindeer. Mushrooms have been shown to selectively
absorb lead-210 (210Pb) from the soil as opposed to
absorption directly from atmospheric deposition.
The unique environments of the Arctic regions
have produced many adaptations in the ecosystems
that exist there; many of these adaptations increase
the vulnerability of the organisms involved, and the
environment in general, to radioactive contamination.
This is perhaps most evident in a consideration
of the Arctic terrestrial food chains. Although the
Arctic can support a variety of mammals and birds
in significant numbers, the number of forage species
in the Arctic is quite low and food chains tend to be
extremely short. The most often studied food chain,
from a radioecological aspect, has been the lichen/
moss → reindeer/caribou → human chain.
A number of climate-vulnerable parameters are
of concern regarding radionuclides in the Arctic
terrestrial environment due to their controlling
function with respect to the behavior of radionuclides
in the Arctic soil compartment. Among these, of
primary importance are the formation and nature
of humic materials in Arctic soils (Dziadowiec
et al., 1994; Ross, 1989), precipitation-dissolution
reactions and cation exchange (Graham and Lopez,
1969; Vlasov and Pavlova, 1969; Hinman, 1970;
Federov and Basistyi, 1974; Hallet, 1978; Sletten,
1988; Polubesova and Shirshova, 1992; Ivanovich,
1994), and temperature-related factors directly
controlling the mobility of radionuclides in soils
(Hoekstra, 1969; Murrman, 1973; Czurda and
Schababerle, 1988; Kadlec et al., 1988; Ostroumov
et al., 1992; Schuller et al., 2002). The currently held

example, Nakano, 1990), which results in frost heave
or the process known as solifluction. Solifluction
involves movement of the surface or active layer
overlying permafrost. Saturated surface soil layers
arise in the spring and summer due to the inability
of runoff water to vertically penetrate the permafrost
layer. The saturated soil slides downhill, even on
shallow gradients, as the semi-liquid sludge at the
interface between the frozen and unfrozen layers acts
as a lubricant.
Consideration of the principal factors that govern
the transport and biotic uptake of radionuclides in
the terrestrial environment (persistence, solubility,
nutrient competition, and location/trophic level of
biota within ecosystems) indicates that most are
affected to some extent by Arctic-specific climatedependent terrestrial processes. The role of such
processes in the terrestrial radioecology of radioactive
contaminants has not received as much attention as it
perhaps warrants. To date, the general assumption
appears to have been that radioactive contaminants
in Arctic terrestrial environments behave subject to
the same constraints as those in effect in temperate
regions.
Of all the matrices that constitute the terrestrial
Arctic ecosystem, vegetation and the organisms in
successive trophic levels have probably received
the most attention, due in major part to the close
relationship between Arctic peoples and the animals
that feed on this vegetation and the high impact of the
Chernobyl disaster on certain areas within the Arctic.
Arctic plants tend to have long life spans due to the
short growing season. In order to accumulate enough
energy to be in a position to reproduce, Arctic plants
live for relatively long periods. These long life spans
provide abundant opportunity for the uptake of
contaminant species. Arctic plants also tend to draw
nutrients directly from the air, as the combination
of the physical characteristics of the plant and the
shallow active layer means that many nutritional
requirements must be obtained in this way. Arctic
mosses and lichens tend to depend more on uptake
of nutrients via leaf surfaces than roots. Arctic plants
also tend to be perennial and to keep their leaves
over winter. Thus, absorbed contamination is not lost
each winter but rather stored within the tissues from
season to season.
The accumulation of high levels of contaminants
by Arctic vegetation is an important factor in the
consideration of the radioecology of, for example,
radiocesium, in the Arctic terrestrial environment. By
1961, much attention was being focused on the problem
of high 137Cs body burdens in Arctic populations (see,
for example, Liden, 1961; Hanson et al., 1975) from
weapons fallout and ultimately attention focused
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assessments such as those conducted by the IPCC
and ACIA. However, currently no real integration
has been conducted between climate science
concerned with the hydrography of these systems
and those fields of science concerned with radioactive
contaminant transfer along these systems. Although
any increase in radioactive contaminant load as a
result of climate change is unlikely, there is cause
for a certain level of concern regarding ice-jamming
of these river systems, which has been identified as
a climate-vulnerable aspect. The floodplains and
sediments of these rivers constitute a significant
sink for radioactivity, exhibiting high contamination
densities, and it is these floodplains and sediments
that are vulnerable to scouring and erosion by
ice, resulting in the release and resuspension of
radionuclide-bearing sediment deposits back into
the river system, whose flow characteristics may be
significantly different as a result of climate change.
Changes in the extent or severity of ice jamming is
a parameter of some radioecological significance
with respect to the major Siberian river systems and
requires work to elucidate the implications for the
radionuclide sinks associated with these systems.
The Arctic tundra system constitutes the largest
terrestrial sink for radioactive contaminants. A
combination of low temperature, a lack of liquid
water and high levels of organic material has led
to its being perceived as a low-mobility stable sink
term. The projections of climate change scenarios are
of concern with respect to the stability of this sink
term. Changes in the physico-chemical status of the
tundra with respect to the levels and nature of tundra
organic matter and carbon, runoff events, and the
nature of tundra vegetation all have direct bearing
on the environmental behavior of radionuclides in
this environment. Current understanding of how
radionuclides are stored, transported, and transferred
along food chains of this environment are based on a
model of the tundra ecosystem of today. Parameters
of fundamental importance to this understanding are
those that are predicted to undergo some of the most
significant changes, as outlined in assessments of the
Arctic environment, and the changing climate and
the impact of these changes on the radioecology of
the region are of importance in the understanding of
Arctic radioecology and radioprotection.
The ACIA and IPCC assessments clearly
delineate the situation regarding geo-cryological
stability, coastal erosion, and the increased severity
and frequency of storm events in the Arctic region,
primarily as a result of the retreat of the sea ice. A large
number of significant nuclear facilities are located
along Arctic coastlines, and the risk posed to these
facilities and the contaminant inventory they contain

view that contaminant radionuclides exhibit low
mobility within Arctic soils is valid only within the
temperature regime of the past; low levels of liquid
water, the soil organic matter balance, and the role of
snow and ice in controlling the mobility of a range of
contaminants and natural radionuclides have served
to support this view. Changes in these parameters
may potentially alter the ability of the soil to retain
radionuclides, with subsequent changes in the
availability of radionuclides to vegetative species
and within Arctic terrestrial food chains, as well as
alterations in the mobility of radionuclides between
terrestrial compartments.
It is difficult to predict, however, the overall
effect of changes in a range of parameters on
general levels of radionuclides within terrestrial
compartments. Increased mobility of radionuclides
can be hypothesized to increase radionuclide levels
in, for example, plants and vegetation due to greater
availability. However, this availability could be
countered by penetration of deposited radionuclides
deeper within (or out of) the soil column and out of
the rooting zone of many plant species as a result of
soil being frozen for shorter periods of the year in
addition to increases in the amount of precipitation.
Of concern perhaps is the effect of climate on the
natural radionuclides such as polonium-210 (210Po)
and 210Pb, which are already the primary contributors
to the radiological dose of Arctic residents and biota.
The role of snow and ice and a low-temperature
regime in the behavior and fate of these radionuclides
is well established. A warming climate will
theoretically increase the amount of radon leaving
the soil (as compared to the current situation) via a
combination of reduced soil freezing and changes
in soil structure and the overall flux of 210Pb and
210
Po may increase as a result. Such an increase will
ultimately lead to elevated levels of these isotopes in
the terrestrial environment and potentially increase
dose commitments to both humans and biota. This,
of course, will occur within the context of a complex
suite of changes that may serve to exacerbate or
counter each other, and as such, a general prediction
for these particular radionuclides is impossible to
make with any degree of certainty.
Work performed to date has demonstrated the
clear relationship between radioactive contamination
of areas surrounding the Yenisey River and other
rivers in central Russia and hydrographic parameters.
Seasonal inundation, sediment deposition, and
riverine landscape formation are all factors that
determine the geographical extent of contamination
and the level of contamination (see, for example,
Linnik et al., 2005, 2006). Such parameters have
been pointed out as vulnerable to climate change in
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is unknown and has yet to be evaluated. Also of
concern is that models used to assess contamination
risks from these facilities via groundwater transport
or during risk evaluations related to remediation or
future use as, for example, storage facilities, may
not have taken into account changes in conditions
related to climate or environment change. Such work
has been conducted on, for example, facilities in the
United Kingdom by the relevant authorities (Nirex,
2005), and yet it would appear that the Arctic region,
despite its being more vulnerable to climate change
scenarios, has not received the attention in this regard
that it perhaps warrants.

in the Arctic in ice, snow, and biota, although the
terrestrial environment is not included in the ongoing
comprehensive assessments on these chemicals in the
Arctic environment.
Therefore, an assessment is overdue of new
emerging chemicals with respect to their potential
hazardous effects on the terrestrial environment.
2.3

2.2.4 Knowledge gaps

Relationship between		
contaminant behavior in the
marine environment and climate
change

2.3.1 Mercury

For environmental research studies on POPs, the
terrestrial environment has not been the central
focal compartment simply because, in the past,
the reported levels of legacy POPs in terrestrial
environments were very low and not considered
relevant in an ecotoxicological context. Currently,
based on the available empirical data on POPs in
terrestrial environments, attempts have been made
to assess the selective distribution of POPs in the
Arctic terrestrial environment (Kelly and Gobas,
2001, 2003; Armitage and Gobas, 2007). Already in
2005, Gamberg et al. (2005) compiled the available
POPs data for an evaluation of trends in POPs levels
in the Canadian Arctic terrestrial environment.
The authors concluded that, based on current
knowledge, the Arctic terrestrial environment has
few significant contaminant problems. Current and
historical industrial activities in the North may have
a continuing effect on biota in the immediate area,
but effects tend to be localized.
However, during the period of this project,
considerable contamination of terrestrial organisms
with perfluorinated chemicals was reported. The
highest PFOS and PFCA levels were found in Arctic
carnivores, and the compounds were most abundant
in Arctic fox and least abundant in mink. It appears
that these chemicals are also (bio)accumulating in the
terrestrial compartment. However, environmental
studies on bioaccumulation as well as adsorption
on vegetation, soil, and ice (glacier surfaces) are still
not sufficiently covered in the literature to permit an
initial risk evaluation.
Although they were reported five years ago,
these results have not yet led to a new scientific
focus on the contamination status of the Arctic
terrestrial environment. In addition, several new
persistent contaminants such as polysiloxanes, new
organophosphorus-containing flame retardants,
and current-use pesticides have been identified

Climate change, rising atmospheric carbon dioxide
(CO2) concentrations, excess nutrient inputs, and
pollution in its many forms are fundamentally
altering the chemistry of the ocean, often on a global
scale and, in some cases, at rates greatly exceeding
those in the historical and recent geological record.
Major observed trends include a shift in the acid-base
chemistry of seawater, reduced subsurface oxygen
both in nearshore coastal waters and in the open
ocean, rising coastal nitrogen levels, and a widespread
increase in Hg and POPs concentrations. Most of
these perturbations, tied either directly or indirectly
to human fossil fuel combustion, fertilizer use, and
industrial activity, are projected to grow in coming
decades, resulting in increasing negative impacts on
ocean biota and marine resources (Doney, 2010).
2.3.1.1 Declining sea ice cover
The extensive loss of sea ice that has occurred over
recent decades is undoubtedly the most obvious
change in the Arctic (Serreze et al., 2000; Stroeve
et al., 2007, 2008). Between 1976 and 2006, the
average sea-ice extent in September (the annual
sea-ice minimum) declined by approximately 20%,
corresponding to 1.6 million km2. The loss of so
much permanent ice moves the Arctic Ocean toward
a seasonally ice-free state (Lindsay and Zhang, 2005;
Maslanik et al., 2007). An ice-free Arctic Ocean will
have consequences for wind mixing, upwelling, and
light, in addition to a temporary freshening of the
surface waters due to melting of glaciers and multiyear sea ice (England et al., 2005; Mueller et al., 2008).
The loss of ice cover affects the habitat and range for
large animals such as polar bears, walrus, and whales
(Carmack and Chapman, 2003; Lavoie et al., 2010), as
well as the use of the Arctic seas as shipping corridors
between Asia and Europe. The spatial and temporal
intensity of primary production may be altered, as
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cover will allow surface waters to ‘catch up’ with
other regions through enhanced air-sea exchange
(Anderson et al., 1998; Steinacher et al., 2008).
Mercury mass balance inventories were recently
compiled for the marine ecosystems of the Arctic
Ocean (Outridge et al., 2008) and Hudson Bay (Hare
et al., 2008). These compilations summarized the
best available information on total Hg inputs and
outputs of the systems, and current Hg inventories
in seawater, sediments, and biota. One of the key
findings was that, as for global oceans in general
(Mason and Sheu, 2002; Fitzgerald et al., 2007;
Sunderland and Mason, 2007), Arctic marine
ecosystems currently contain relatively large total
(inorganic) Hg reservoirs in seawater as a result of
both significant anthropogenic inputs over the past
two centuries as well as relatively large naturally
occurring background Hg inventories. Furthermore,
the biologically unassimilated inorganic Hg reservoir
(about 8000 t in the Arctic Ocean, 98 t in Hudson Bay)
is at least two orders of magnitude greater than the
small inventory contained in Arctic marine biota
(comprising <0.1% of total mass in the ocean and
about 1% in Hudson Bay). There is no suggestion in
these data that the production rates and bio-uptake
rates of MMHg by Arctic marine food webs are
generally limited by the availability of inorganic Hg
in seawater, although additional work in this area is
necessary.
One recently suggested pathway for the formation
of MMHg in Arctic environments involves the
degassing of volatile dimethylmercury (DMHg) from
oceans and its subsequent photo-decomposition (Kirk
et al., 2008). For this scenario, climate change effects
on DMHg need to be considered. Unfortunately, little
is known about the genesis of DMHg and therefore
predictions are not possible on whether DMHg levels
will rise or fall. Presupposing that DMHg is likely to
be formed deep in the oceans (where it is normally
found at detectable levels, unlike in freshwater
systems), global warming should have no immediate
effect on DMHg production. However, if climate
change leads to increased upwelling onto shelves or
prolonged ice-free periods in the Arctic, it may lead
to more opportunities for DMHg to volatilize into
the atmosphere, where it breaks down to MMHg.
In addition, levels of DMHg may further increase in
the Arctic atmosphere if the degassing occurs before
polar sunrise, since DMHg does not degrade in the
dark. If the hypothesis regarding DMHg-MMHg
interaction holds true, climate change could lead
to increased DMHg in air and, in conjunction with
long-range atmospheric transport, have the potential
to significantly increase overall exposure to MMHg.

well as the bacterial regeneration of organic carbon
contained in sinking particles. This latter process
may be important for Hg in marine food webs,
considering that Hg methylation is associated with
regeneration (Sunderland et al., 2009) and may be a
factor in the spatial variation of zooplankton MMHg
concentrations within the Beaufort-Chukchi Seas
(Stern and Macdonald, 2005). At present, there are
no data with which to assess the importance of these
processes in the Arctic or the changes that are likely
to be occurring within them. All of these factors
have the potential to alter Hg concentrations and
geochemistry in the Arctic Ocean and adjoining seas.
Declining ice cover is likely to have two immediate
effects on atmospheric Hg deposition: more of the
deposited particulate Hg(II) will land directly on
the ocean surface instead of onto sea ice, and airsea exchange of Hg(0) will be enhanced. At present,
total atmospheric Hg deposition to the Arctic Ocean
is calculated to be 243 t/y, of which a total of 145
t/y is re-emitted from the snow and ice surfaces
throughout the year (Outridge et al., 2008). If all
other factors remain constant, a reduction of average
ice cover from 85–90% today to 50% in the future can
be projected to reduce the re-emission of Hg from
ice by 50–60 t/y. Andersson et al. (2008) have shown
that there is a net evasion of Hg(0) from surface water
in the Arctic Ocean under current conditions. It is
estimated, however, that a reduction in ice cover to
50% would increase Hg evasion by 60–90 t/y. These
estimates rely on a number of assumptions, but
imply that the total effect of a further reduction in
sea-ice cover due to climate warming might lead to a
nearly neutral response. The increased net deposition
onto the ocean may be balanced by enhanced evasion
from the ocean.
2.3.1.2 Ocean acidification
Global ocean acidification due to anthropogenic
CO2 invasion is becoming a widely recognized
problem (Doney et al., 2009). From the perspective
of Hg, this may be a profound change because, as
the oceans become more acidic and forams and other
shell makers can no longer produce shells, then the
transfer of carbon from the surface ocean into the
deep waters will change, thus affecting the efficiency
of the biological pump and, with that, the cycling of
Hg. Low pH environments also favor the production
of MMHg. The Arctic Ocean is probably particularly
vulnerable because of its cold, relatively fresh surface
waters (Bates and Mathis, 2009), which can take up
more CO2 than warmer, saltier oceans. Furthermore,
the Arctic Ocean historically has lagged in the uptake
of anthropogenic CO2, and the recent loss of ice
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In earlier scientific studies on the fate of organic
pollutants in the Arctic, it was presumed that
the degradation of POPs in the Arctic Ocean was
dominated by abiotic processes. Owing to the low
temperatures, biotic degradation was presumed
to be too slow to be of any significance. However,
when studying the enantiomeric signal of α-HCH, it
became clear that biotic processes were of the utmost
importance. Furthermore, it became evident that the
microbial communities in the Arctic environments
are adapted to the cold environments and are highly
involved in biodegradation processes resulting in
enantio-selective transformation patterns for chiral
environmental pollutants. In-depth studies of the
EF at different depths in the Arctic Ocean made it
possible to provisionally calculate the degradation
rates of the individual enantiomers (Kallenborn
and Hühnerfuss, 2001). However, this calculation
was based on a hypothetical calculation of the
ventilation age of the water mass, that is, how long
ago the water at a specific depth had been in contact
with the atmosphere and was loaded with racemic
α-HCH.
During the R/V Oden expeditions in 2001 (northeast
Arctic Ocean and north of Svalbard), 2002 (Storfjorden,
Fram Strait, East Greenland Current to central
Norwegian Sea), and 2005 (transect across the North
Pole), sampling was performed in cooperation with
oceanographers using chlorofluorocarbons (CFCs) to
calculate the ventilation age of water masses at different
depths. These data were used to refine the calculation
of the degradation rate of the α-HCH enantiomers
with greater precision than would have been possible
without the CFC data. An even more interesting point
that can be drawn from these calculations is that the
degradation rates seem to be fairly constant in the
Atlantic water mass, irrespective of the latitude. A
tentative conclusion from these experiments is that
Arctic microorganism communities seem to be well-

2.3.2 Legacy and emerging POPs
There is new scientific evidence that the water masses
of the Arctic Ocean that are continuously ice-covered
accumulated α-HCH while technical HCH was still
used as an insecticide in the Western industrialized
world (NORACIA, 2008). Currently, the application
of technical HCH as an agricultural chemical is
banned in most Western countries. Thus, there is
no new input of α-HCH from primary application
sources. As a consequence, air concentrations of
α-HCH have continuously decreased (see the
atmospheric data described earlier) so that the Arctic
Ocean today is considered as ‘oversaturated’ with
α-HCH in comparison with the air. Therefore, the
central Arctic Ocean is expected to serve as a direct
source for this type of contaminant if the ice coverage
there disappears on a seasonal basis (as projected in
various climate change scenarios).
One illustrative example of this effect, in addition
to the long-term atmospheric monitoring programs
at Zeppelin Station (Svalbard, Norway) and Alert
(Nunavut, Canada), is shown in Figure 2.4 for
Resolute Bay in the Canadian Archipelago (Jantunen
et al., 2008). While the sea was still ice-covered, the
concentrations of α-HCH in the air were relatively
constant and the enantiomeric composition was
essentially racemic (the enantiomer fractions, EF, are
close to 0.5; ‘racemic mixture’ means the same amount
for both enantiomers). This racemic distribution
indicates that α-HCH had undergone long-range
transport and no biotic degradation. But as soon as the
ice coverage disappeared, the concentrations in the
air rose and the EF changed toward the signature of
the surrounding waters. The shift in EF is considered
as clear evidence that the origin of the α-HCH in the
air shifted from long-range transport to a more local
secondary source in which biotic degradation has
taken place (that is, aging processes have occurred).
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Figure 2.4. Average air concentrations and enantiomer fractions (EF) of α-HCH at Resolute Bay, Canadian Archipelago, before and after
ice break-up. Source: Jantunen et al. (2008).
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adapted to the low ambient temperatures in the water
column (-1.8 to +1 °C).
During the past decade, international research
efforts have identified pharmaceutical residues as
potentially harmful environmental pollutants in
the aquatic environment. Sewage treatment plants
are considered major sources for environmental
exposure. For pharmaceuticals and personal care
products (PPCPs), rapid transformation processes
are assumed and, thus, ecotoxicological effects are
expected in the vicinity of sewage treatment plants
releasing PPCPs (Table 2.1). However, transformation
processes are usually temperature-dependent; it
is therefore expected that at low ambient water
temperature, the rate of transformation of PPCPs will
be considerably prolonged. Therefore, a pilot study
was performed comparing release patterns and
concentration levels of selected pharamceuticals in
the sewage effluent and receiving seawater from three
Norwegian sewage treatment plants (Kallenborn et
al., 2009): Longyearbyen (Arctic Norway), VEASOslo, and Tromsø (North Norway).
The comparison of pharmaceutical residue
concentrations from the selected sampling locations
(VEAS, Tromsø, Longyearbyen) revealed that

the lowest concentration values in effluent and
seawater were found for VEAS, considerably
higher values for Longyearbyen, and the highest
concentrations for acidic and basic compounds for
Tromsø, with caffeine and ibuprofen as exceptions
(at Longyearbyen, caffeine was found at maximum
51 µg/L and ibuprofen, maximum 403 ng/L). For
antidepressants, the highest values were determined
in VEAS effluent and seawater samples, with one
exception: sertraline. Sertraline was also detected
in Longyearbyen seawater. For antidepressants,
a totally different pattern was found in effluent
samples and seawater, confirming the suspicions
already raised above that due to different sampling
times, strong variability in concentrations must be
assumed. The levels for antibiotics and others were
also highest in VEAS and trace levels (low ng/L
range) were found in Longyearbyen effluents (e.g.,
trimethoprim and tetracycline).
The results presented here confirmed that
although the presence of a small population in
Arctic Longyearbyen would imply low emissions
of PPCPs, the overall low ambient temperatures
and consequently the low microbiological activity
in the surrounding water result in prolonged half-

Table 2.1. Selected compounds, number and type of samples and concentration range for selected pharmaceuticals and personal care
products (PPCPs) at three sampling locations.
Concentration range, ng/L
VEAS
Chemical

Effluent,
n=1

Tromsø
Seawater,
n=2

Longyearbyen

Effluent,
n= 8

Seawater,
n= 8

Effluent,
n=5

Seawater,
n=2

Ibuprofen

10

nd–52

448

na

30–403

0.4–1

Hydroxy-Ibuprofen

126

188–243

3614

na

8–1398

2–34
6–26

Carboxy-Ibuprofen

42

109–213

70170

na

411–34028

Diclofenac

25

nd–48

78

na

30–1074

1–4

Triclosan

11

nd

350

na

28–803

2–2.3

Caffeine

23

5–96

na

na

501–50704

24–41

Citalopram

238

na

63–102

<LOQ

<LOQ

nd

Desmethyl-Citalopram

310

nd

118–215

<LOQ

<LOQ

nd

Didesmethyl-Citalopram

10

na

6–10

nd

nd

nd

Fluoxetine

8

na

1–5

nd

nd

nd

Norfluoxetine

2

na

0.7–2.5

nd

nd

nd

Fluvoxamine

1

na

0.8–1.7

nd

nd

0.5–0.8

Sertraline

8

na

8–90

nd

nd

<LOQ

Paroxetine

4

<LOQ

3–13

nd

nd

0.6–1.4

n.d.

nd

na

na

0.6–1.1

nd

Trimethoprim

0.8–0.9

nd

na

na

0.07–0.15

nd

Sulfamethoxazole

0.2–0.3

nd

na

na

nd

nd

Cefuroxime

0.4–0.4

nd

na

na

nd

nd

Cefotaxime

0.4

nd

na

na

nd

nd

0.02–0.04

nd

na

na

nd

nd

0.01

nd

na

na

nd

nd

Tetracycline

Cyclophosphamide
Ifosfamide

nd: not detected; na: not analyzed; <LOQ: less than the limit of quantification.
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temperature, seasonality in light intensity, ice cover,
etc.) may hypothetically significantly alter transfer
to biota (Kryshev and Sazykina, 1986; Sazykina,
1995, 1998). Site-specific radionuclide concentration
factor values for Arctic marine biota were collated
within the assessment for European Arctic sea areas,
including the Norwegian, Barents, White, Kara, and
Greenland seas. Concentration factors were collated
for Arctic fish, birds, marine mammals, zoobenthos,
and macroalgae for the radionuclides 90Sr, 137Cs,
plutonium-239+240 (239+240Pu), and technetium-99
(99Tc), based on a number of literature reviews for
data between 1961 and 1999. For some radionuclideorganism combinations, data for neighboring sea
regions (i.e., the North Sea and North Atlantic) were
also used because of the scarcity of Arctic-specific
data (Beresford et al., 2001).
Estimated factors for 137Cs for fish (cod, Gadus
brosme), marine mammals (whales and seals), and
macroalgae (Fucus vesiculosus) displayed an obvious
time dependence that reflects the slow response of
organisms to the ambient seawater concentrations. The
process of 137Cs accumulation by Arctic marine biota
was not in equilibrium over the long observational
time periods considered in this study, illustrating
the limitations associated with the application of the
concentration factor approach in such assessments.
Several tentative conclusions relating to differences
between uptake in Arctic environments compared to
a world average could be drawn, however:

lives and exposure times for the target compounds
discussed here.
Perfluorinated compounds have been found
in environmental samples across the globe. In a
first global assessment, the presence of the major
constituents PFOS and perfluorooctanoic acid were
found in wildlife including fish, birds, and marine
mammals, even in Arctic environments (Giesy and
Kannan, 2001). Until the voluntary ban on PFOS in
the early 2000s, PFOS was applied in a variety of
products and applications mainly as an impregnation
agent and flame retardant, including in the Nordic
countries (Kallenborn et al., 2004). The presence of
perfluorinated compounds in the Arctic environment
is well-documented and levels are considered high
(Powley et al, 2008). Increasing trends for selected
perfluorinated compounds have been reported for
top predator animals in the Arctic (AMAP, 2009b;
Dietz et al., 2008).
High levels of PFOS in Arctic environments
are currently explained by a combination of direct
transport of PFOS into the Arctic environment from
emitting sources and via in situ transformation
of precursor perfluorinated compounds into the
environmentally stable PFOS (Armitage et al., 2009;
Parsons et al., 2009).
Thus, a combination of increased atmospheric
transport and rapid biodegradation in the warming
Arctic are expected to inevitably lead to a continual
increase of perfluorinated compound levels (in
particular, PFOS) in the Arctic biotic and abiotic
environment.

• Concentration factors for 90Sr in macroalgae,
benthos, and fish of the Arctic seas appear to be
higher than world average values, although in
the case of macroalgae this may reflect the types
of seaweed used in the assessment (red, green,
and brown) versus brown only. For benthos,
two different organism groups were compared:
benthic invertebrates, such as annelids and
echinoderms, and pelagic zooplankton; therefore,
the conclusion concerning this group can only be
highly tentative.

2.3.3 Radioactivity
The bioavailability of radionuclides (and metallic
species) in the marine environment can be
hypothesized to be subject to climate effects, and
while some evidence, both Arctic-specific and from
other regions, exists to potentially support such a
hypothesis, not enough exists to prove or disprove
it. Radionuclide-specific data are scarce, and for that
reason, pertinent evidence relating to other metals
has been included in this overview.
Before discussing direct evidence for climatic
vulnerabilities on the uptake of radionuclides, it is
worth assessing whether Arctic biota tends to display
higher levels of accumulation or uptake than biota
occurring in more temperate zones. Most recent
estimates of radionuclide concentration factors in
polar marine invertebrates are, with few exceptions,
comparable to concentration factors in temperate-zone
animals. The recent EPIC (Environmental Protection
from Ionising Contaminants) assessment was focused
on the Arctic, where extreme physical conditions (e.g.,

• Concentration factors for 137Cs in invertebrates
of the Arctic seas are somewhat higher than the
average values from generalized world data,
but, are similar to the world-averaged values
with respect to fish and macroalgae. However,
in line with the argument given above for 90Sr,
a direct comparison between invertebrates and
zooplankton may be misleading. For seabirds, the
limited extent of the data available renders any
conclusion concerning similarities or differences
in data sets uncertain.
• Concentration factors for 239+240Pu and 99Tc in fish,
mammals, and macroalgae from the Arctic seas
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exhibit great variability, and in some cases these
concentration factors were higher than the world
average data.

the biological half-life of 241Am in the seastars was 31
days at 12 °C, but virtually infinite at 2 °C. Retention
of food-ingested 57Co was also increased at 2 °C (tb1/2=
41 d), while 137Cs was not accumulated from ingested
food. Low temperature significantly depressed the net
influx rates of 137Cs from water, but did not appear to
affect net uptake of either 241Am or 57Co. Temperature
had little apparent effect on the retention of any
of the three isotopes absorbed from the dissolved
phase. The results of these studies appear to suggest
that contaminant isotopes taken up through trophic
transfer may be retained far more efficiently in high
latitude marine biota than by fauna from warmer
ecosystems (Hutchins et al., 1996a).
Baines et al. (2005) conducted studies toward
assessment of the potential effect of both temperature
and geographical origin on the ability of organisms
(the Arctic and temperate blue mussel Mytilus edulis)
to take up and retain a range of metals from ingested
food. The potential for M. edulis from the two regions
to accumulate trace metals from filtered algal food
was compared at two temperatures, with the results
indicating that geographical origin had little apparent
effect on either the percentage of the metal assimilated
from food (the assimilation efficiency, AE) or the
rate at which the ingested metal was subsequently
excreted (measured by the efflux constant, ke). In
contrast, experimental temperature had much more
apparent effects, causing AE for silver (Ag), Am, and
zinc (Zn) to be 122–945% higher, and ke for Cd and
Co to be 50–80% lower at 2 °C than 12 °C.
The effect of temperature on the trophic
accumulation factor (TAF = AE/ke) was demonstrated
to be even more pronounced and systematic, with the
behavior of metals being characterized by higher TAFs
at 2 °C than at 12 °C, the effects being largest for the
non-essential metals Ag and Am (six- to seven-fold),
least for the elements Co, selenium (Se), and Zn (twoto three-fold), and intermediate for Cd (four-fold). The
geographical origin of the test subjects affected the
TAF for Cd only, with temperate mussels displaying
slightly higher potential for biomagnification.
The study would appear to indicate that, with the
exception of Cd, mussels from temperate and Arctic
zones bioaccumulate metals from food similarly,
and that temperature has a much larger effect on
bioaccumulation than the origin of the biota.
Warmer water can increase growth rates and
stimulate ecosystem production; for example, aquatic
invertebrates at the base of the food web (e.g., aquatic
insects) may mature more rapidly to a smaller adult
size, and reproduce more frequently (Arnell et al.,
1995). While such an assumption could lead to the
expectation that warmer Arctic temperatures may
lead to more invertebrate food being available for

Outside of generalized assessments comparing
Arctic with non-Arctic areas, some specific studies
have been performed that have some relevance.
These studies tend to focus predominantly on the
role of temperature and salinity, both of which are
acknowledged climate-vulnerable variables. Some
of these studies have been conducted on nonArctic species in non-Arctic environments, but for
inferential purposes, the results of such studies are
valid for inclusion here.
Despite the level of contaminant inputs to the
northern marine areas, relatively little attention has
been given in the radioecological (or pertinent trace
element) literature to the potential effects of low
temperatures on the bioaccumulation of radioactive
contaminants and other trace elements in northern
marine food chains. Because the metabolic influence
of low temperatures in ectothermic marine biota
could feasibly influence uptake and mobilization
of contaminants, the results of studies conducted in
temperate zones may not always be applicable to the
cold-water marine habitats (Hutchins et al., 1996b;
Boisson et al., 1997) of relevance to the northern
environments. Some information on bioconcentration
factors for a range of contaminants for both Arctic
and temperate organisms suggests that significant
differences can and do exist (Fisher et al., 1996). The
potential for trophic transfer and bioaccumulation of
radioactive contaminants in cold-water ecosystems
has been little investigated, even though it is evident
that the lower metabolic rates of ectotherms and,
to some extent, enhanced lipid deposition at colder
temperatures could affect contaminant accumulation
and retention (Hutchins et al., 1998.). Body temperature
is a primary factor influencing the metabolic turnover
rates of biota (Hemmingsen, 1960; Peters, 1983; Wen
and Peters, 1994; Peters et al., 1996; Gillooly et al.,
2001). Temperature relationships may also govern the
equilibration half-times of at least some contaminants,
in particular methylmercury and radiocesium (Ugedal
et al., 1992; Rowan and Rasmussen, 1995; Trudel and
Rasmussen, 1997; Forseth et al., 1998). This provides
some support for the concept that material turnover is
largely controlled by the general metabolic turnover,
even in the case of non-essential contaminants and
apparently passive uptake (Meili, 2002).
The
bioaccumulation
of
americium-241
241
57
137
( Am), cobalt-57 ( Co), and Cs was studied in
seastars Asterias forbesi by Hutchins et al. (1996a) in
experiments at two different temperatures: 2 °C and
12 °C. The lower temperature appeared to greatly
increase the retention of food-ingested radionuclides;
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of Arctic temperatures the only substantial effect was
that colder temperatures reduced the assimilation
efficiency, and therefore the uptake of 241Am by M.
balthica from diatom food, that is, the assimilation
efficiency of ingested 241Am was significantly higher
at 12 °C than at 2 °C. Also, 137Cs was not accumulated
in soft tissue from water during short exposures
and was rapidly lost from shell with no thermal
dependence. No effects of temperature on 57Co
assimilation or retention from food were observed.
The results indicate that, generally, Arctic conditions
have relatively small effects on biological processes
influencing bioaccumulation of radionuclides from
radioactive waste and bivalve concentration factors
may not be appreciably different in polar and
temperate waters.
All other thermal effects on efflux rates and
distribution in the different pools of ingested
radioisotopes, even when statistically significant,
were very small.
The common marine mussel M. edulis is widely used
in monitoring metal pollution in coastal and estuarine
waters (Goldberg et al., 1983; De Kock and Kramer,
1994). Therefore, understanding the possible roles of
temperature and other environmental factors on metal
uptake and accumulation in these biomonitors is
critical in order to correctly relate tissue concentrations
to those in the surrounding environment. Temperature
affects both metal chemistry in seawater (Byrne et al.,
1988) and the physiology of mussels (Dame, 1996).
Temperature affects metal chemistry by changing
chemical speciation, pH, solubility, reaction rates or
physical kinetics (Byrne et al., 1988; Blust et al., 1994).
Theoretical calculations of chemical speciation in
seawater indicate that changes in temperature and
pH have the greatest effect on strongly hydrolysed
and carbonate complexes and less effect on chlorides
and free metal ions (Byrne et al., 1988). Although it
is widely known that uptake is largely controlled
by the free metal ion, some studies have also shown
significant contribution of other species, particularly
metals bound to weak complexes (Campbell, 1995;
Hudson, 1998; Lorenzo et al., 2005). Chemical
speciation indicates that increase in temperature
generally results in increase in the concentrations and
activities of bioavailable metal forms and, therefore,
enhanced uptake.
The uptake and accumulation of Cu, Co, Cd, and
Pb in marine mussels M. edulis were investigated
at different temperatures (6 to 26 °C). Results from
exposure of isolated gills showed a positive relationship between temperature and metal uptake. But in
whole organism experiments, only the accumulation
of non-essential metals (Cd, Pb) showed a similar
trend while the two essential metals Co and Cu were

fish, warmer water temperatures will also increase
the rate of microbial activity and thus the rate of
decomposition of organic material, which may
ultimately result in less food being available for
invertebrates and subsequently fish (Meyer and
Edwards, 1990).
The influence of salinity and temperature on the
accumulation of 137Cs by an estuarine clam under
laboratory conditions was studied by Wolfe and
Coburn (1970). It was reported that concentration
factors for 137Cs in whole soft parts of the clam Rangia
cuneata decreased with increased temperature. They
suggested that this may be due to the chemical
similarity of 137Cs and potassium.
Using the three representative nuclear waste
components present in dumped Russian waste,
241
Am, 57Co, and 137Cs, Hutchins et al. (1998)
examined the effects of temperature on radionuclide
assimilation and retention by a common member
of Arctic benthic community – the bivalve Macoma
balthica, also widely used as a bioindicator species
in temperate ecosystems (Luoma et al., 1985; Cain
and Luoma, 1990) – to determine the kinetics of
processes that control uptake from food and water
as well as kinetic constants of loss. The uptake and
loss kinetics of isotopes of both soft tissues and shell
are important, as many predators such as demersal
fish and some marine mammals ingest both parts of
this soft-shelled bivalve, thus representing a potential
source of radionuclide exposure to indigenous human
populations in the Arctic.
The experiment employed relatively short
exposures as well as relatively short depuration
periods (Hutchins et al., 1998). The isotopes 241Am
and 57Co were obtained from both water and food.
The retention of 137Cs obtained from water was
also examined. For all three radionuclides, body
distributions were correlated with source, with most
radioactivity obtained from water found in the shell
and radioactivity from food found in the soft tissues.
The dissection results (Hutchins et al., 1998) support
earlier work suggesting that isotope concentrations
found mostly in the visceral mass can be taken as
evidence that the primary exposure route is through
food, while radioactivity obtained from water
sources should be located almost entirely in the shell
(Bjerregaard et al., 1985; Fisher and Teyssie, 1986).
Such information would be less useful for elements
such as Cd, which are significantly accumulated in
soft tissue from water but not in shells (Wang et al.,
1996; Fisher et al., 1996).
Overall, Arctic temperatures appear to have
only minor effects on the individual processes
that govern the kinetics. The results obtained by
Hutchins et al. (1998) indicate that among the effects
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the presence of the other metals and changes in their
relative concentrations. The effects of other metals on
the net uptake of Cu cannot be easily eliminated or
allowed for; it is, therefore, suggested that the mussel
should not be used as an indicator of Cu in the marine
environment (Phillips, 1976).
The loss of ten radionuclides (Pu; Am; neptunium,
Np; europium, Eu; cerium, Ce; Ag; Tc; Zn; Co and
manganese, Mn) by a Baltic mussel (M. edulis)
population was studied near the salinity minimum in
the Bothnian Sea (the northern Baltic Sea) by labeling
mussels in the laboratory and then allowing them
to depurate during a ten-month period in the field
at two locations: one with normal temperatures, the
other with temperatures 8 to 10 °C above normal.
During winter, the clearest effect of heating was an
accelerated loss of Ag. Also, Zn was apparently lost
more rapidly in warm water, whereas none of the
remaining nuclides showed loss rates significantly
different from zero at either temperature. At normal
temperatures during spring and summer, all elements
analyzed were lost faster than in the heated winter
experiment, despite similar average temperature
conditions. Loss rates were apparently faster than in
full-salinity waters. Pu:Am ratios decreased during
depuration. The Pu fraction lost after the 300-day
period was estimated to be twice the corresponding
fraction of Am. Eu:Am ratios remained unchanged
during all seasons and temperatures, whereas Ce:Am
ratios decreased to half during the initial loss phase,
after which they remained unaltered. It is concluded
that Eu behaved as an ideal analogue to Am under
these conditions (Dahlgaard, 1986).
Several authors have indicated that temperatures
above 20 °C are unfavorable for M. edulis (Widdows,
1978; Incze et al., 1980; Almada-Villela et al., 1982). This
could explain the slower loss rate for warm mussels
during spring and summer. Comparison of cold
winter values and warm winter values reveals that
below 20 °C elevated temperature actually accelerates
the loss of Ag and Zn, whereas no significant effect is
seen for the other elements. Cold summer and spring
experiments and the warm winter experiments cover
approximately the same temperature range. The
present results document a distinctly higher loss rate
during cold summer than during warm winter; this
cannot be due to a temperature effect as such.
Some tentative conclusions can be drawn regarding
the oceanographic behavior and fate of contaminant
radionuclides within the Arctic marine environment.
Despite agreement on several basic aspects of climate
change, IPCC class models still differ considerably,
resulting in many regional features. Because a number
of processes relevant for the marine transport of
radionuclides, such as convection, depend on subtle

independent of and inversely related to temperature,
respectively. With the exception of Cu, the elimination
process appeared to be independent of temperature.
The study also showed that neither changes in scope
for growth of mussels nor chemical speciation could
fully account for the observed temperature effects.
Overall, these results suggest that fundamentally
(i.e., at epithelial membranes), temperature effects
on uptake are largely due to changes in solution
chemistry and physical kinetics, which favor higher
uptake at high temperature. But at whole organism
level, complex physiological responses appear to mask
the relationship, particularly for biologically essential
metals such as copper (Mubiana and Blust, 2007).
Baines et al. (2005) compared the uptake potential
of a mussel species for a variety of radionuclides
(Am, Co, Cd, Ag) with respect to both geographical
origin (Arctic vs. temperate) and physico-chemical
parameters. The research results indicated that the
geographical origin of the species had little role in
either the assimilation or excretion of radionuclide
species, but that temperature had a much larger
and more significant role to play, not only on the
two parameters mentioned but also on the trophic
accumulation factor.
The net uptake of Zn, Cd, Pb, and Cu by the
common mussel M. edulis exposed to different
conditions was investigated with a view to using
this species as an indicator of contamination of the
marine environment by these metals (Phillips, 1976).
The variables studied were season, position of the
mussel in the water column, water salinity, water
temperature, and the simultaneous presence of all
four metals. Each of these five variables affected the
net uptake of some or all of the metals studied under
some conditions. Seasonal variation in concentrations
of Zn, Cd, and Cu was found in samples collected at
three separate locations. The relationship of seasonal
variation to tissue weight and absorption route of the
metals is discussed here. It was found that near to
freshwater inputs of trace metals, the concentrations
of Zn, Cd, and Pb in mussels varied according to
the depth at which the mussels were collected. In
summer, when freshwater runoff is less, this effect
was absent. Low salinities did not affect the net uptake
of Zn by mussels, but increased the net uptake of Cd
and decreased that of Pb. Low temperatures had no
effect on the net uptake of Zn or Pb; the net uptake
of Cd was unaffected by low temperatures at high
salinities but was decreased by low temperatures at
low salinities. The presence of the other metals had no
effect on the individual net uptake of Zn, Cd, or Pb.
In contrast to the other metals, the net uptake
of Cu by mussels was extremely erratic, and was
affected by salinity and temperature changes and by

21

Combined Effects of Selected Pollutants and Climate Change in the Arctic Environment

low-salinity water and terrestrially derived particles
positively influences the deposition of particlereactive radionuclides. This is clearly illustrated by
the higher sedimentation rates and particle-reactive
radionuclide inventories close to glacier fronts, with
a rapid decrease away from the fronts (Mitchell et
al., 1999). All of these controls are sensitive to climate
parameters, and as such, radionuclide transfer and
deposition processes in Arctic fjords are potentially
vulnerable to climate and environmental change.

balances between other factors, uncertainty in the
consequences of climate change remains high. Most
important, the reduction of ice cover, especially in
summer, will lead to a decreased importance of sea
ice as a transport medium for radionuclides from
atmospheric fallout and from incorporated sediment.
This is likely to lead to reduced export of the
radionuclides, and a larger fraction will remain in the
Arctic Ocean over longer periods. For radionuclides
imported with water from the Nordic Seas, the
anticipated increase in vertical mixing and convection
in the Arctic Ocean could theoretically lead to an
increased fraction of radionuclides in the mid-depth
water, increasing the residence time in the Arctic,
as compared to surface transport. As a consequence
of increased anticlockwise motion in the Arctic,
favoring the Atlantic Water pathway reaching farther
into Canada Basin, a larger fraction of radionuclides
transported with surface water from the European
region, with its load of contaminant radionuclides,
might enter this part of the Arctic.
The enhanced volume inflow to the Barents
Sea anticipated for the 21st century increases the
exchange between the shelves and the deep basins.
In addition, this exchange is expected to be further
enhanced by intensified wind-induced upwelling
and downwelling at the shelf break, partly due to
stronger winds and partly due to a reduced period of
ice cover during the winter (Carmack and Chapman,
2003; ACIA, 2005). These processes are relevant for
the transport of radionuclides entering with Atlantic
Water from the south and those which enter the shelf
directly, stemming, for example, from runoff or the
dump sites in the Kara Sea (JRNC, 1993; IAEA, 1999).
The intensified vertical mixing due to increased
storm activity and more open water may also lead
to an increased resuspension of sediments, with
consequences for the remobilization of radionuclides
with sediments or from sediments into the liquid
phase (Schiedek et al., 2007). Important areas in
this context are the dump sites in Novaya Zemlya
bays (Harms and Povinec, 1999) and former nuclear
test sites such as Chernaya Bay (Smith et al., 2000).
Mobilization of sediment-bound radionuclides also
depends on the ambient salinity (Oughton et al.,
1997). However, it is not possible to anticipate details
on the future bottom salinities near contaminated
sediments of the Siberian shelves, because we
anticipate a competition of increased salty Atlantic
Water inflow with the increase of runoff and less salt
input by freezing.
Radionuclide transfer and deposition processes
in Arctic fjords are controlled by freshwater and
terrestrial particle fluxes and the extent and duration
of sea ice. It has been shown that the presence of both

2.4

Relationship between 			
contaminant behavior in the
freshwater environment and 		
climate change

2.4.1 Mercury
2.4.1.1 Glaciers
Although they were once considered permanent,
glaciers and ice fields are continuing to decrease in
size. In particular, the Greenland Ice Sheet shows
signs of mass wastage (AMAP, 2011a). Glaciers and
ice caps represent transient reservoirs for atmospheric
contaminants including Hg. Depending on the size
and turnover time for glaciers, this Hg can remain
trapped inside the ice for decades to millennia before
being released by melting. However, with a warming
climate, contaminants that have accumulated may be
released more rapidly from ice adding to contemporary
fluxes (Hood et al., 2009; Faïn et al., 2009).
A possible consequence of glacier meltdown
is the effect it may have on Hg methylation in the
marginal-ice zones of the Arctic. As part of this
marginal-ice environment, the ablation areas of
circumpolar glaciers are expected to increase with
warming. Ablation zones of glaciers and ice sheets
are areas where water flows and pools in summer,
and where wind-blown dirt and supra-glacial debris
accumulate all year round. Bacterial activity takes
place in cryoconites (holes in the ice surface filled
by microbial mats; Hodon et al., 2008), creating
conditions that can promote the methylation of any
inorganic Hg present in runoff (St. Louis et al., 2005).
The predicted expansion of ablation areas is likely
to expand the marginal-ice zone in which these
processes can occur, as well as the duration of the
seasonal period in which they take place.
2.4.1.2 Rivers
River discharge from the Arctic drainage basins has
generally been increasing in the Russian Arctic since
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the 1930s at a rate of about 2–3 km3/y (Peterson et al.,
2002; Shiklomanov et al., 2006). For North America,
the more limited records suggest that trends are
neutral or even declining slightly during recent
decades (Déry and Wood, 2005; McClelland et al.,
2006), although the flow of the Mackenzie River in
Canada has been increasing at a rate of 0.6 km3/y
for the past 35 years (Peterson et al., 2002). Arctic
rivers provide a significant source of particulate
and dissolved inorganic Hg and smaller amounts of
methylmercury to the Arctic Ocean (Coquery et al.,
1995; Leitch et al., 2007). An important feature of river
hydrology is that the concentration of Hg is positively
correlated with discharge (Stanley et al., 2002; Balogh
et al., 2004; Leitch et al., 2007). Therefore, projections
of altered river flows and frequencies of extreme
flow events imply changed riverine Hg inputs to the
Arctic Ocean and lakes.
The warming of the Arctic is advancing the dates
of snowmelt and spring break-up. Spring break-up
on the Mackenzie River has already advanced by an
average of three days per decade since 1973 (Woo
and Thorne, 2003). Leitch et al. (2007) have shown
that the freshet season discharges more than 50% of
the total annual Hg flux from the Mackenzie River.
An advance in the freshet season would change the
seasonal pattern of the Hg flux, and could potentially
better align the peak Hg outflow timing with the
season of rapid growth of marine biota in the
Mackenzie Delta and Beaufort Sea.

summers compared to colder winter months (Canário
et al., 2007). However, the impact of climate change
on water-column MMHg levels can be unpredictable.
Lakes in the Arctic have been losing their ice cover, in
some cases for the first time in millennia (Schindler
and Smol, 2006; Smol and Douglas, 2007a), and thus
the light regime is changing, which is observed as
changed primary production rates (Michelutti et al.,
2005; Smol and Douglas, 2007a,b). It has been reported
that catchment snowmelt is the main transfer step for
atmospheric Hg to lake waters, but most of the Hg in
inflowing water shunts through the lake to outflow
if the lake is ice covered and if there is stratification
beneath the ice (Semkin et al., 2005). The loss of ice
cover and breakdown of thermal stratification is
likely to have a great impact on how Hg is delivered
to Arctic lakes. Global warming is likely to extend
the season for Hg methylation, mostly through
earlier onset of thawing and later start of freezing.
Prolonging the period during which MMHg can be
produced may lead to enhanced MMHg levels in
local biota. MMHg bioaccumulation may increase
as photodecomposition of MMHg (one of the major
loss processes of MMHg) decreases. Increases in
primary production as well as allochthonus inputs
of photoactive dissolved organic matter (DOM) may
accompany continued warming in the Arctic (Rouse
et al., 1997; Hobbie et al., 1999). These effects lead to
increasing scavenging rates of ‘available’ Hg from
the water column (Outridge et al., 2007; Stern et al.,
2009), potentially enhancing MMHg production and
increasing contaminant bioavailability to aquatic
animals (Carrie et al., 2010).
Increased pCO2 in the Earth’s surface waters is
due to anthropogenic CO2 emissions. This is wellrecognized as a threat to biota in the ocean; however,
less attention has been paid to acidification in lakes.
In lakes, two Hg-related changes are possible:
acidification may alter the cycling of organic carbon
and hence the cycling of Hg (Keller et al., 2008) and
influence the rate of Hg methylation (Bates and
Mathis, 2009).

2.4.1.3 Lakes
In temperate lakes, the loading of inorganic Hg and
its subsequent methylation by bacteria in sediment
are key processes that affect Hg levels in fish
(Hammerschmidt and Fitzgerald, 2006; Harris et al.,
2007). Mass balance studies of MMHg for a series of
Alaskan lakes showed that in situ MMHg production
was inorganic Hg-limited, thus suggesting that
atmospheric Hg(II) loadings were a major controller
on methylation rates (Hammerschmidt et al., 2006).
This implies that atmospheric input may be more
important in freshwater systems as compared to
marine systems. Furthermore, warming of the
Arctic that may result in increased precipitation and
weathering is likely to enhance Hg(II) loading.
Warming of the Arctic may increase MMHg
bioaccumulation by both enhancing Hg methylation
and reducing the role of photodecomposition.
Temperature enhances Hg methylation (King et
al., 1999; Hammerschmidt and Fitzgerald, 2004), so
MMHg production could increase as tundra and lake
sediments warm (Bodaly et al., 1993). Usually, surface
sediments produce more MMHg during warm

2.4.2 Legacy and emerging POPs
Snow samples were collected during separate field
campaigns near Summit Station, Greenland (June to
July 2006 and 2007), and Zeppelin Station, Svalbard
(April 2008) for POPs analysis, including PCBs and
organochlorine pesticides (Jenssen, 2008). Chlordane
was measured in high concentrations at Summit
(about 10 pg/L to more than 30 000 pg/L), implying
potential local contamination issues. The persistent
chlorinated pesticides DDT, DDE, HCH, and mirex
were measured at slightly lower concentrations (~10
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to >1000 pg/L), but still relatively high compared
to previous studies at similar locations. The total
concentrations (Σ31PCB) ranged from 19 to 1727
pg/L in surface snow (0–10 cm) at Summit, and
2194 pg/L in surface snow (0–40 cm) at Zeppelin
(Figure 2.5). The concentrations were positively
correlated with the surface snow temperature, and
showed the highest concentrations during periods
of high air humidity, low solar radiation, and in
association with precipitation. During periods with
high solar radiation, the concentrations decreased,

Depth, cm
0

Zeppelin Station

40

80

120

160

200

0

500

1000

1500

2000

2500

Snow concentration, pg/L
Depth, cm
0

Summit Station

40

80

120

160

200

0

400

800

1200

1600

Snow concentration, pg/L
Figure 2.5. Depth-dependent PCB concentrations (Σ31PCB) at
Zeppelin Station, Ny-Ålesund (upper) and Summit Station,
central Greenland (lower). Source: Jenssen (2008).
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suggesting that increased sublimation of the surface
snow enabled remobilization of the compounds.
Samples collected from snow pits showed increasing
concentrations at a level between 30 and 70 cm
(Summit) and 40 and 80 cm (Zeppelin). Above and
below these levels, concentrations were significantly
lower, suggesting that the chemicals migrate and
accumulate at certain layers within the snowpack.
This hypothesis is supported by a significant increase
of higher chlorinated congeners observed over the
same depth.
In the Summit snow pit, Σ31PCB concentrations
ranged from 11 to 1252 pg/L and in the Zeppelin
snow pit Σ31PCB concentrations ranged from 88 to
2194 pg/L. In order to evaluate the snow contaminant
levels with respect to their preservation characteristics
and temporal history, air monitoring data obtained
from the European Monitoring and Evaluation
Programme (EMEP) were used for comparison.
The air data were analyzed for temporal trends
and seasonality at Zeppelin; Storhofdi, Iceland;
and Pallas, Finland. Clear seasonal variations were
observed for most compounds at all locations, with
Pallas showing the highest seasonal fluctuations. At
Zeppelin and Storhofdi, the seasonality showed a
bimodal pattern, which was most evident for HCH,
DDT, and trans-chlordane. Statistical correlation
and principal component analysis showed a good
agreement between the concentrations at Zeppelin
and at Storhofdi. This suggests that concentrations
may be heavily influenced by the presence of the
ocean.
A sediment core from Lake Skardtjørna,
situated around 15 km from the Russian settlement
of Barentsburg on the west coast of Spitsbergen,
close to 78° N, was analyzed for various POPs.
Barentsburg was founded as a coal mining town in
the early 20th century. The sedimentation rate and
temporal distribution have been confirmed through
stable isotope measurements and other measures.
Concentrations of individual PCB congeners down
core ranged from several hundred picograms per
gram dry weight to several nanograms per gram
dry weight, with tri- and tetra-chlorinated biphenyls
being the predominant congeners. A decrease is
apparent in PCB concentrations during the Second
World War, which coincided with the evacuation
of the settlement in the early 1940s. Concentrations
have been rising again since the 1970s and the sum
of PCB concentration in surface sediment is higher
than in lake sediments from the Canadian Arctic.
The overall trend down core is different from the
general application data patterns, suggesting a local
PCB input to the environment that is partly masking
the atmospheric long-range transported signal. PAH
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migration of contaminants from the soil into the
snowpack due to freezing. In the spring period,
the rise in temperatures can cause accumulation of
these contaminants in the meltwater, with the initial
20–30% of the meltwater containing as much as 60%
of the contaminant load of the snowpack. The nature
of soils in the Arctic and the presence of permafrost
results in the majority of this spring meltwater
entering the freshwater and marine ecosystems.
In contrast to temperate regions, surface waters
in Arctic areas are more vulnerable to radioactive
contamination, as the proportion of water in
a freshwater Arctic body that is derived from
groundwater is substantially less than in a temperate
waterbody. Rivers and streams in the High Arctic are
usually short and fed by snow or glacial meltwater.
They may provide habitats for some vegetation,
insect larvae, and fish, although strong, periodic
flow can reduce the number of species present. Low
Arctic rivers and streams may provide more stable
environments with greater species diversity, as in
Fennoscandia.
Rivers constitute an important vector for
radionuclide contamination in the Arctic terrestrial
environment. Industrial facilities are often located
near rivers or within their catchments, and rivers
have historically been used as repositories for a
variety of wastes. The long courses run by many
rivers mean that contamination originating from
non-Arctic regions can easily reach the Arctic, with
the Yenisey and Ob rivers in Russia considered as
relevant examples. River ice can incorporate bottom
sediments and associated contaminants, and transport
these contaminants long distances or remobilize the

concentrations in the sediments of Lake Skardtjørna
are high (in the ng/g dw range; see Figure 2.6) and,
given the geological and geographical location of the
lake, the PAHs are likely to be ascribed to several
origins. In order to estimate the different sources of
the PAHs, isomer ratios and principal component
analysis have been used. The overall trend of both
PAHs and PCBs over the past century shows some
interesting features, indicating several sources and
changes in contaminant inputs to the environment
over time.
2.4.3 Radioactivity
The physico-chemical characteristics of freshwater
systems such as lakes, streams, and rivers vary
extensively within the Arctic region. Freshwater
ecosystems in the Low Arctic can be quite productive,
remaining ice-free for much of the year, a situation in
stark contrast to the ice-bound lakes and rivers of High
Arctic areas, where ice cover may attain thicknesses
of up to 3 m for long periods. Ice cover and the spring
thaw dominate the ecology of these freshwater
systems, with productivity constrained primarily by
the low temperatures and lack of light and nutrient
inputs originating primarily from contributions
during the spring snow melt. The formation of ice
can result in the underlying water being enriched in
contaminant species by partial exclusion of solutes
or the export of contaminants to distant locations by
ice rafting. Prior to the spring melt, the snowpack
accumulates such contaminants as may be deposited
on it over the course of the previous winter or as
may be introduced via processes such as upward
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Figure 2.6. Selected PAH distributions in a freshwater sediment core from Lake Skardtjørna, Svalbard. Source: Trümper (2008).
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fish occurs within three years for most typical species
(AMAP, 1997). Levels in freshwater fish can be similar
to those in sheep and wild animals, but are typically
lower than those found in reindeer meat and some
mushroom species. Dietary studies conducted as part
of AMAP (1997) indicated that freshwater fish from
the Russian Arctic (1960 to 1994) contained levels
of 137Cs (15–40 Bq/kg) that were approximately ten
times greater than for saltwater fish, decreasing from
40 Bq/kg in the 1960s to 15 Bq/kg, and rising postChernobyl to 20 Bq/kg. A similar pattern of reduction
and subsequent rise post-Chernobyl is observed for
radionuclides in Finnish rivers.
No studies have been conducted to date on the
potential impact of climate or environmental change
on Arctic freshwater radioecology, although a
number of aspects are of potential consequence. The
potential effects of elevated levels of ultraviolet (UV)
radiation on Arctic freshwater bodies with respect to
metallic and radioactive contaminants is most likely
to be highly dependent on the transparency and
dissolved organic carbon (DOC) level of the water.
Arctic freshwater bodies may be expected to be
affected from increased UV, especially waterbodies
of high transparency and low DOC.
It may be presumed that most species and
populations are locally adapted to present-day
irradiance levels; however, the vulnerability of
plankton in both Arctic and similar alpine waters to
light-induced stress, and their low repair capacities
thereafter, has been demonstrated by Luecke and
O’Brien (1983), Hebert and Emery (1990), and
Hessen et al., (1990). Organisms in shallow ponds,
typical of Arctic ecosystems, without depth refugia
could, in particular, be susceptible to UV radiation.
Combinations of in situ and laboratory studies have
been performed with phytoplankton in sub-Arctic
alpine areas (Hessen et al., 1995; Van Donk and
Hessen, 1996), and particularly with zooplankton in
the Canadian Arctic (Hebert and Emery, 1990) and
Norwegian sub-Arctic and High Arctic at Svalbard
(Hessen, 1993). The results of this work serve to
demonstrate the high susceptibility of flagellum
status, phosphorus uptake, growth rate, and cellwall morphology to UV-B radiation. Van Donk and
Hessen (1995) reported that UV exposure induces
cell-wall changes that reduce the digestibility of
phytoplankton for zooplankton. Changes in UV-B
radiation levels are likely to have comparatively
small effects on biodiversity compared with climate
warming. Interactions between UV radiation and
radioactive or metallic contaminants with respect
to uptake in biota or speciation/behavior have not
been elucidated, but that is not to say that there is no
reason to consider the matter.

contamination back into the water column for uptake
by flora and fauna. This movement of sediment is
associated with the role of lakes as contaminant sinks
via the accumulation of sediment and particles.
Freshwater aquatic food chains, which are
typically more complex than terrestrial food chains,
are founded on free-floating and benthic algae
that are able to photosynthesize, depending on
light conditions, between April and the end of the
Arctic summer. These in turn are preyed upon by
zooplankton, the number and diversity of which are
largely a function of location and temperature. Insect
larvae and crustaceans may play roles in the food
chain, but the final trophic level within the aquatic
system is usually occupied by fish. Fish types in
Arctic freshwaters vary from region to region, but
may include Arctic char (Salvelinus alpinus), brown
trout (Salmo trutta), northern pike (Esox lucius),
and grayling (Thymalls spp.). Species feeding on
freshwater fish include mink (Mustela vison), otters
(Lutra lutra), and a variety of raptors.
Freshwater Arctic systems typically accumulate
radioactive contaminants from direct deposition of
global fallout and from runoff containing previously
deposited fallout and natural radionuclides leached
from surrounding catchments. A regionally important
third source is waterborne discharges from nuclear
facilities, such as Mayak in the Urals, where major
discharges of 90Sr occurred in the 1950s. Unlike many
radionuclides, including 137Cs, 90Sr is one of the most
mobile radionuclides entering freshwater systems,
because it is not significantly retained by soils and
sediments. The particle reactivity of 137Cs accounts for
its faster rate of elimination from freshwater systems
as compared to 90Sr. Where drinking water is mostly
derived from ice and snow (e.g., in Greenland), a
reservoir of fallout radionuclide contamination can
develop, contaminating water supplies for longer
than where water supplies are derived solely from
surface water.
The accumulation of radionuclides in fish from
freshwater systems depends on many factors. The
uptake of 137Cs, for example, is largely determined
by nutrient levels, the overall size of the catchment
area of the watercourse or body, and the total water
volume. Radionuclide levels in fish dwelling in
highly biologically productive lakes tend to be lower
than levels found in fish that reside in lakes whose
productivity is lower. The levels in fish tend to reflect
their position in the food chain and their dietary habits.
After the Chernobyl accident, the highest levels were
first observed in plankton-eating fish, with levels in
predatory species such as pike rising after a longer
period. Finnish studies after Chernobyl indicate that
the maximum transfer of radionuclides to freshwater
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temperatures. Köck et al.(1996) documented this
effect with Arctic char. Fish exposed to Cd and Pb
were unable to completely metabolize the metals,
resulting in a positive correlation between metal
body burdens and water temperature, as well as
metal concentrations and the age of the fish.
Within the context of the situations described
above, freshwater Arctic radioecology would seem
to be potentially vulnerable for a number of reasons.
Oxygen levels in freshwater bodies are important
factors in determining the redox condition of a
number of contaminant radionuclides and therefore
their solubility and more. Development of oxygendepleted conditions could be postulated to be of
significance in the functioning of sediments in Arctic
freshwater bodies as radionuclide sinks and in the
availability of radionuclides within the water column.

Other climatic factors that may be postulated to
have potential effects on the freshwater radioecology
in the Arctic include temperature and those related
to water quality. Oxygen solubility in water has
an inverse relationship with water temperature,
decreasing as water temperatures rise. When oxygen
concentrations drop below 2 to 3 mg/L, hypoxic
conditions are present (Doudoroff and Warren, 2000;
Kalff, 2000). Given the thermally regulated nature
of fish metabolic rates, increases in environmental
temperature will result in increased oxygen demand,
while at the same time the amount of available oxygen
will be reduced. Thus, fish exposed to elevated water
temperatures can face an ‘oxygen squeeze’ when
the decreased supply of oxygen cannot meet the
increased demand.
Increased incidence of hypoxia and anoxia in
freshwater systems is a likely result of climate change
due to the decreased dissolved oxygen concentrations
and increased biological oxygen demand that are
associated with increasing temperatures (Ficke et
al., 2005). Increases in temperature may enhance
eutrophic conditions by stimulating explosive
macrophyte growth. An overabundance of
macrophytes can reduce the amount of fish habitat.
This was the case in two Estonian lakes where an
increase in macrophyte density resulting from
eutrophication reduced the amount of northern pike
habitat (Kangur et al., 2002). In addition, thermal
stratification is a major driving force in determining
algal assemblages. Longer periods of stratification
create favorable conditions for blue-green algae
(George et al., 1990; de Souza et al., 1998; Jones and
Poplawski, 1998), which are inedible to most species
of zooplankton fed on by planktivorous fish (George
et al., 1990).
An increase in fish metabolism due to warmer
temperatures also facilitates a faster depuration
of toxicants (MacLeod and Pessah, 1973). For
example, MacLeod and Pessah (1973) reported
that rainbow trout placed in Hg-contaminated
water and subsequently moved to clean water
reduced their body burdens of the metal transfer at
higher temperatures: at 20 °C the reduction in Hg
concentrations in fish tissue became apparent after
10 days, as opposed to 20 to 30 days for fish held at
5 and 10 °C. However, despite their increased ability
to metabolize pollutants at warmer temperatures,
fish may still experience increased negative effects
at higher temperatures, and these effects may be
toxicant-specific. Köck et al. (1996) suggested that
non-essential metals such as Cd and Pb are difficult
for fish to depurate because no specific metabolic
pathway exists to process them. Therefore, fish
accumulate heavy metals more quickly at higher

2.5

Climate-related linkages/transfer
processes between 				
environmental compartments

2.5.1

Mercury

Mercury circulates between the Earth’s different
environmental compartments in a complex
biogeochemical cycle. In the Arctic, this cycle is
particularly complex due to a unique scavenging
process termed an atmospheric mercury depletion
event (AMDE), in addition to biomagnification
and chemical transformations such as methylation.
Understanding
the
relationship
between
environmental compartments is of critical importance
to predict the impact of the ongoing climate change
(Macdonald et al., 2005).
2.5.1.1 Summary of the mercury biogeochemical

cycle in the Arctic

Atmospheric transport, wet and dry deposition, and
the transformation of Hg through AMDEs result in
Hg(II) being deposited into the upper ocean, into
snowpacks, or into soil and freshwater environments.
After deposition, it mixes with inorganic Hg(II)
and other Hg species from global oceanic and local
terrestrial and geogenic sources. Thereafter, chemical
speciation changes occur via physical, chemical, and
biological processing in marine, freshwater, and
terrestrial environments and result predominantly
in three important forms of Hg: MMHg, particulateassociated Hg(II), and gaseous Hg(0). These Hg
species are moved around, transformed into other
Hg species, or recycled by internal processes in each
environmental medium.
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Methylation of inorganic Hg(II) to MMHg and
its uptake into Arctic food webs are two key steps
in the exposure route between environmental Hg
and Hg in human food chains. Hg uptake into food
webs is influenced by trophic processes that can
affect the efficiency of MMHg transfer from lower
to upper levels of food webs, as well as by effects
on Hg bioavailability by co-occurring elements and
materials such as selenium, sulfur, and organic
carbon. Ultimately, Hg is removed from the
biologically active Arctic environment to long-term
storage in various archives such as ocean sediments,
soils, and glacial ice, or by transport out of the Arctic
in air and seawater (AMAP, 2011b).
Considerations of the known interactions of
the Hg cycle with other freshwater and terrestrial
processes or features (such as primary productivity,
soil characteristics, and permafrost thawing)
suggest the potential for significant future changes
under a warming climate (Macdonald et al., 2005).
For example, the water column concentrations of
nutrients, DOM, and particulate organic matter
(POM) in lakes and rivers are expected to increase
because of greater export from watersheds
(Prowse et al., 2006), partly due to higher rates of
microbial decomposition in soils (Xu et al., 2008).
In this context, the empirical relationship between
catchment-to-lake area ratios and Hg levels in fish in
Arctic lakes (Gantner et al., 2010) may be suggestive
of future climate effects on Hg delivery to freshwater
ecosystems. Movement of Hg from catchment soils
into receiving waters has been shown to be strongly
influenced by soil DOM and POM, which act as Hg
carriers (Grigal, 2002). Increased nutrient loadings
may enhance phytoplankton and algal productivity,
an enhancement that increases the scavenging rate
of available Hg from the water column in Arctic
and sub-Arctic lakes (Outridge et al., 2007; Stern et
al., 2009). Warmer air temperatures have already
increased the active layer depth and period in Arctic
permafrost soils, thereby releasing long-retained Hg
and carbon (Klaminder et al., 2008), and may tend to
increase catchment geochemical weathering rates.
Long-term changes in terrestrial plant communities,
particularly the establishment of grasses and woody
species, may also increase organic matter supply
to lakes and rivers (Prowse et al., 2006), which in
turn is one of the most important factors controlling
the bioavailability of Hg(II) (Hammerschmidt and
Fitzgerald, 2004). Rainfall is expected to become a
more prominent component of the polar climate,
thereby reducing the prominence of spring freshet
and altering runoff regimes (Prowse et al., 2006),
with consequences for Hg delivery to receiving
waters.

2.5.2 Legacy and emerging POPs
Selected POPs are known to be transported from
direct and indirect emission sources over large
distances and deposited onto the surface (snow, ice,
soil, seawater) in the Arctic environment. They are
incorporated into the ice or soil surfaces, deposited
into sediments or eventually taken up into the
biosphere (AMAP, 2004b, 2009b). As documented in
various scientific studies, the transfer of legacy POPs
from the lower trophic level organisms into the top
predators of the Arctic (i.e., polar bear, glaucous gull,
polar fox) along a typical marine and/or terrestrial
food web is usually associated with the lipid transfer
along the Arctic food web (Borgå et al., 2003).
The consequences of POPs transport and
exposure risk for indigenous people of the North
has already been comprehensively described (Bard,
1999). However, the first comprehensive report on
the influence of environmental change in the Arctic
on the distribution and fate of POPs and other
contaminants has clearly shown that contaminant
levels will also be affected by the dramatic climate
changes expected in the Arctic environment
(Macdonald et al., 2003). A variety of scenarios are
described in scientific studies elucidating effects on
contaminant distribution, uptake, and effects under
different climate conditions (Macdonald et al., 2005).
Based on these considerations, a new research
project was developed in 2009, supported by the
Seventh Framework Programme of the European
Union. ArcRisk (Arctic Health Risks: Impacts on
health in the Arctic and Europe owing to climateinduced changes in contaminant cycling) involves
21 partner institutions and was initiated to gain
new scientific information on the distribution and
fate of POPs and Hg, as well as changing exposure
risks of local Arctic populations due to the rapid
climate changes expected in Arctic environments.
As documented during the past decade, change is
occurring in the Arctic more rapidly than elsewhere,
and the effects are being felt sooner. There is
increasing realization that the Arctic and global
systems are closely and integrally linked, and that
what happens now in the Arctic may happen later
elsewhere. The Arctic is increasingly being viewed as
an early warning site, a sentinel for global climaterelated processes, and thus may provide lessons and
early warning for possible effects on other regions.
2.5.3 Radioactivity
There is little reason to conclude that climate
change is likely to result in large-scale shifts in
intercompartmental transfers of contaminant
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a result of climate change will be the amount of 210Po
and 210Pb ultimately deposited. In addition, changes
in the rate and frequency of fire events as a result
of climate change, particularly in parts of Ukraine,
Belarus, and Russia, could increase resuspension of, in
particular, Chernobyl-deposited radioactivity which
may ultimately be deposited in areas of the Arctic.

radionuclides within the Arctic. However, the
potential for such change could result primarily from
warming of the terrestrial Arctic environment. Any
change in the ability of the terrestrial environment or
its specific components to retain radionuclides may
ultimately lead to greater mobility of contaminant
radionuclides, with the potential for their increased
transfer to freshwater systems and ultimately the
marine environment.
Of particular concern in this regard is the outflow
of 137Cs from the Baltic Sea, which could be posited to
change depending on the nature and extent of rising
temperatures and the impact of these changes on the
watersheds of freshwater systems discharging into
the Baltic. Reduction in organic matter contents or
alterations in the geochemistry of the areas that drain
into these systems as a result of higher temperatures
may result in diminished retention of 137Cs within
the soil compartment, with subsequent increases in
mobility and discharge.
This observation could also be extended to other
areas of the Arctic. Whether anticipated increases
in river runoff from the drainage basins of large
Siberian river systems into the Arctic Ocean (Bethke
et al., 2006; Holland et al., 2006; IPCC, 2007) will lead
to an increased input of contaminated sediments
from Siberian rivers remains open to question. There
are increasing chances for riverborne radionuclides
to reach farther east, for example, into the Makarov
and Canada Basins, with increasing cyclonicity of the
atmospheric and oceanic circulation, similar to the
1990s when high Arctic Oscillation conditions led to
an increased flow of river water to the East Siberian
Shelves and to those basins beyond the Lomonosov
Ridge (Dickson, 1999; Johnson and Polyakov, 2001;
Schlosser et al., 2002; Karcher et al., 2006).
The potential for increased transfer of
radionuclides between the terrestrial and aquatic
environments is highlighted by recent observations
of increasing levels of DOM in European, Asian, and
Nordic freshwater systems (Evans and Monteith,
2001; Freeman et al., 2001; Stoddard et al., 2003;
Worrall et al., 2003; Evans et al., 2005; Skjelkvåle et al.,
2005). DOM plays a significant role in the transport of
a range of radionuclides, and changes in the amounts
of DOM being discharged by freshwater systems are
a possible indicator that radionuclides may also be
undergoing increased mobilization and transfer.
With respect to the transfer of radionuclides
between terrestrial and atmospheric compartments,
perhaps the matter of most concern is increased
exhalation of radon gas from soils as the extent to
which they are frozen and the duration of freezing
reduces, increasing the exhalation to the atmosphere.
The primary result of any increase in radon transfer as

2.5.4 Knowledge gaps
The transfer processes between environmental
compartments are currently considered to be one
of the most important mechanisms for contaminant
distribution and mobility characterization. However,
the specific properties of the compounds coupled
with environmental parameters (meteorology,
geology, hydrology) are not sufficiently well
understood to be able to provide reliable information
for predictions and models. The results presented
here, in combination with published the literature
(Guglielmo et al., 2009), however, illustrate that new
data provide a more in-depth insight into the complex
field of intercompartmental exchange processes in
the sea surface / atmosphere interface.
However, no comparable information is available
on soil-atmosphere exchange processes. Initial results
indicate that the boreal forest canopy may play an
important role in selectively scavenging POPs (i.e.,
PCBs and HCHs) from the atmosphere, which are
subsequently released during forest fire events
(Eckhardt et al., 2007) and after leaves have fallen from
the trees and are ultimately decomposed in autumn.
Owing to the expected increase in ambient
temperature, evaporation effects from open surfaces
are expected to increase. In addition, climate change
will also affect evaporation from soil surfaces and
freshwater environments (including remobilization
of contaminants from sediments). The increase in
boreal forest fires is currently being investigated, and
a considerable increase of fires has been reported
during recent years in eastern Russia and Alaska,
associated with climate change. This will also have
considerable consequences for the release of POPs
and metals previously stored and trapped in the
vegetation. However, all of these assumptions can
only be investigated thoroughly when ‘baseline’
studies provide sufficient information on the
‘background’ situation with minimal influence of
climate change on the exchange of contaminants
between compartments.
It is thus strongly recommended to establish
circum-Arctic research initiatives aiming at
identifying important knowledge gaps (as described
above) and subsequently determining the recent
situation in contaminant levels and distribution
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in this environment. This information should be
fed into accepted models, and should also provide
background knowledge for follow-up projects and
new monitoring initiatives.
2.6

slightly (Cole and Steffen, 2009; Li et al., 2009). There
is a lack of evidence that these biological signals in the
Arctic are linked to atmospheric trends, and therefore
must be processed within the biogeochemical cycle
(Macdonald and Loseto, 2010). Increases in both Hg
and PCBs observed in Mackenzie River burbot have
been attributed to increases in primary production
likely to have been supported by declines in ice cover
and/or increased temperature (Carrie et al., 2010).
Canadian Arctic ringed seals have relatively high
levels of Hg, and Gaden et al. (2009) proposed that
changes in ice cover contribute to a non-linear trend
in tissue Hg by shifts in foraging strategy.
Comparison with available archaeological samples
suggests that, on average, over 90% of the presentday Hg in Arctic wildlife is of anthropogenic origin.
Trend analyses of a great number of recent time series
of Hg concentration data for Arctic animals show
a significant increasing trend occurring in Canada
and Greenland compared with northern Europe,
suggesting that Hg concentrations are increasing to
a greater extent in the western Arctic (west of 40° W)
compared with the eastern Arctic (east of 40° W).

Bioaccumulation and
biomagnification

2.6.1

Mercury

The complexity of the Hg cycle, involving
transformations between Hg(0), Hg(II), and alkylated
forms of Hg, provides a great potential for change
either through physical components of the system
or chemical transformations. The most important
form of Hg in relation to toxicity and capacity for
bioaccumulation and magnification is MMHg. The
process of methylation is directly linked to the organic
carbon cycle such that changes in carbon pathways
due to cryospheric changes have consequences
for MMHg production (Sunderland et al., 2009).
As reviewed in several comprehensive studies
(Hammerschmidt et al., 2006; Fitzgerald et al., 2007;
AMAP, 2011b), MMHg is usually formed by natural
methylation processes of Hg(II). Intensification of Hg
methylation and demethylation induced by climate
change is a crucial aspect of the projected changes
in temperature, hydrology (soil moisture), the
cryosphere (ice cover, permafrost), and the organic
cycle (remineralization and sulfate reduction).
Although Hg is a naturally occurring element
and as such was always present in the environment,
global human activity has led to a several-fold
increase of Hg emissions into the atmosphere, oceans,
and rivers (Nriagu and Pacyna, 1988; Pacyna et al.,
2006). In some areas of the Arctic, Hg concentrations
in marine food webs have significantly increased in
recent decades (Braune et al., 2005), causing levels
in some marine mammals, birds, and fish to reach
the point where adverse biological effects might be
expected (AMAP, 2003). Changes in contaminant
concentrations in Arctic biota are attributed to global
contaminant emissions and to processes such as longrange atmospheric transport or food-web structures
and length (AMAP, 2004a,b). Stricter emission
regulations for Hg during the late 20th century
have resulted in a subsequent decreasing trend in
temperate marine and freshwater biota (Levinton
and Pochron, 2008). However, since the mid-1990s,
the concentrations of Hg in many species of Arctic
marine and freshwater biota and sediments have
not declined and in some cases have even increased
(Braune et al., 2005; Stern et al., 2009). Atmospheric
concentrations of Hg in the Arctic over the same
period have remained unchanged or have decreased

2.6.2

Legacy and emerging POPs

At present, several countries are in the process
of evaluating the environmental behavior of a
vast number of current-use chemicals under the
mandate of domestic regulation and as signatories
of the Stockholm Convention on Persistent Organic
Pollutants ratified in 2004. The aim of this process is
to identify chemicals that may cause harmful effects in
top predators owing to their persistence, toxicity, and
potential to bioaccumulate and biomagnify. Twelve
chemicals were originally classified as POPs under the
Stockholm Convention (‘the dirty dozen’), according to
the criteria on persistence, bioaccumulation potential,
and toxicity (PBT), and several other substances were
listed as POPs in 2009 (UNEP, 2010).
Bioaccumulation is mainly referred to as the process
whereby a chemical concentration in an organism
achieves a level that exceeds that in the respiratory
medium (e.g., water or air), the diet, or both (Gobas et
al., 2009). It is the net result of uptake and elimination.
Biomagnification can be regarded as a special case of
bioaccumulation in which the chemical concentration
in the organism exceeds that in the diet due to dietary
absorption (Mackay and Fraser, 2000). Several
mechanistic models have been put forward to describe
these processes (reviewed by Mackay and Fraser,
2000).
The extent to which a chemical bioaccumulates
and/or is biomagnified can be expressed by several
quantities, including the bioconcentration factor
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that changes in the feeding ecology in polar bears
from western Hudson Bay have resulted in increases
in the tissue concentrations of POPs (McKinney et al.,
2009). Differences in the timing of the annual sea-ice
break-up (an obvious climatic parameter) explained
a significant proportion of the diet variation among
years (with regard to the proportion of ice-associated
and open-water–associated seal species in the polar
bear diet).
As part of the project reported here, a modeling
study was conducted, in which the effect of climate
change, in terms of increased temperature and
primary production (estimated as increased POC),
on the partitioning and bioaccumulation of organic
contaminants in biota at various trophic levels
was investigated and quantified (for a detailed
description, see Borgå et al., 2010). A summary of
this modeling study is presented in Section 3.2.1.3.

(BCF), the bioaccumulation factor (BAF), the
biomagnification factor (BMF), and the trophic
magnification factor (TMF; see Gobas et al., 2009 for
definitions).
These quantities are used in regulations
as descriptors of the chemical’s potential to
bioaccumulate (especially BCF and BAF). There are,
however, large variations in the estimates of these
quantities. Arnot and Gobas (2006) reviewed the status
of bioaccumulation evaluations for organic chemicals
in aquatic systems. They reviewed approximately
400 scientific sources that included more than 6500
BCFs and BAFs and concluded that almost half of the
BCF values were subject to at least one major source
of uncertainty and measurement error, generally
resulting in an underestimation of BCF values. It is
evident that BAFs measured in the field are generally
higher than those that are experimentally estimated
in a laboratory, and at present, an ongoing process
is aimed at reducing such uncertainties, as well as a
debate on how to improve regulatory criteria (e.g.,
Weisbrod et al., 2009; Gobas et al., 2009).
Climate change probably adds additional
uncertainties to the above-mentioned estimates
of bioaccumulation potential, as it may not only
affect the physical and biological environment but
may also affect the distribution of POPs and their
bioaccumulation and biological effects in several
ways (Macdonald et al., 2005). Insight into how these
changes may be expressed is therefore of importance.
Studies have shown that changes in temperature
alter the partitioning of organic compounds between
the dissolved and particulate phases in water
(Smith and McLachlan, 2006) and air (Macdonald
et al., 2005). Furthermore, bioaccumulation is often
estimated by mechanistic models that synthesize
the different relevant processes, such as passive,
respiratory, and dietary uptake and elimination by
passive diffusion, biotransformation, egestion, and
growth dilution (Mackay and Fraser, 2000; Arnot
and Gobas, 2004; Gobas, 1993). All of these processes
can be affected by changes in climate, for example,
by increasing ambient temperature (Gewurtz et al.,
2006). Furthermore, alterations in ocean currents as
a result of a changing climate may lead to shifts in
the planktonic communities as different water masses
carry different phytoplankton and zooplankton
species (Hop et al., 2002; Willis et al., 2008). Changes
in food-web structure due to climate change have
already been documented in Arctic fjords (ACIA,
2005; Willis et al., 2006, 2008). The introduction of new
species or changes in dominating species may affect
the food-web transfer of contaminants, as the new
species have different properties and life cycles than
the original Arctic species. It has also been reported

2.6.3

Radioactivity

A number of climate-related factors are of pertinence
in relation to the bioaccumulation of radionuclides.
Perhaps the most important of these is related to the
impacts of climate change on processes governing
the availability of radionuclides in the lower levels
of the Arctic terrestrial food chain. An extensive
discussion of the topic of climate change impacts on
plant uptake of radionuclides, also relevant mainly
to Arctic regions, has been conducted by Dowdall
et al. (2008) and highlights the vulnerability of plant
uptake to climate or environmental change.
Outside of a limited range of generalized
assessments comparing the uptake of radionuclides
by marine species in Arctic and non-Arctic areas,
some specific studies have been performed that
have some relevance to the question of climate
impacts on radionuclide uptake. These studies tend
to focus predominantly on the role of temperature
and salinity, both of which are accepted climatevulnerable variables. Some of these studies have
been conducted on non-Arctic species in non-Arctic
environments, but for inferential purposes the results
of such studies are valid for inclusion here. Despite
the level of contaminant inputs to the northern marine
areas, relatively little attention has been given in the
radioecological (or pertinent trace element) literature
to the potential effects of low temperatures on the
bioaccumulation of radioactive contaminants and
other trace elements in northern marine food chains.
2.7

Human health-related aspects

Over the past decade, considerable monitoring of
environmental contaminants in human blood has
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been undertaken in the Arctic by all eight Arctic
nations in the circumpolar region. Most results have
been reported by AMAP (1998, 2003, 2009a) or in
papers in peer-reviewed journals and in individual
national reports.
The blood monitoring program was expanded to
all of the Russian Arctic in early 2000 through the study
Persistent Toxic Substances, Food Security and Indigenous
Peoples of the Russian North (AMAP, 2004d), which
was sponsored by the Global Environment Facility,
among others. The Russian Arctic covers an enormous
land mass with diverse environments. Its inhabitants
include more than 20 different ethnic groups, all of
them with variations in living conditions and food
traditions and, as a result, different vulnerabilities
to climate change. Even though blood monitoring
through the PTS Study has occurred in the Russian
Arctic, there is still a lack of baseline data from many
ethnic groups and geographical regions.
To be able to properly evaluate the health-related
effects of climate change and contaminants, highquality baseline data are crucial. For this reason, the
human health investigations in the project reported
here have focused on the Russian Arctic, where there
are the largest gaps in baseline data. During 2009 and
2010, a total of 209 blood samples were collected from
three different locations in northwest Russia: NelminNos, Izhma, and Usinsk (Table 2.2). Nelmin-Nos is
a community of about 1000 inhabitants located in
the Pechora River Basin in the Nenets Autonomous
Okrug. The inhabitants of this area are ethnically

Table 2.2. Gender, age, and ethnicity of the population groups
sampled in Russia in 2010.
Nelmin-Nos,
n=109

Izhma,
n=50

Usinsk,
n=50

% Males/
Females

20/80

50/50

50/50

Mean age
(min–max)

41
(6–77)

31
(15–55)

40
(19–62)

Ethnicity

Nenets

Komi

88% Komi, 10%
Russian, 2% others

Nenets. Izhma is a rural inland district in the Komi
Republic. All of the participants from Izhma reported
that they were of Komi ethnicity. People in this
area are mainly reindeer herders. Usinsk (44 000
inhabitants) is the center for oil and gas production
in the Komi Republic. Of the 50 individuals sampled,
88% indicated that they were of Komi ethnicity.
All blood samples were analyzed for legacy POPs
and toxic metals in the Typhoon Laboratory at the
Center for Environmental Chemistry in Obninsk,
Russia. This laboratory participates in the AMAP
interlaboratory comparison program for POPs. The
laboratory has successful results, assuring good data
quality. However, the contracted laboratory does not
have established methods to analyze for emerging
contaminants; these samples will be analyzed for
such contaminants at a later stage. Metals were
only analyzed in the blood samples from the Komi
Republic sites due to the limited sample volumes
from Nelmin-Nos.

Table 2.3. Blood concentrations of heavy metals in men and women from the Komi Republic in 2010.
Blood concentration, µg/L
Total

Men

Women

Izhma,
n=50

Usinsk,
n=50

Izhma,
n=25

Usinsk,
n=25

Izhma,
n=25

Usinsk,
n=25

31
(15–55)

40
(19–62)

31
(15–55)

41
(19–62)

30
(15–52)

38
(22–52)

Arithmetic mean

2.7

2.7

2.7

2.7

2.8

2.6

Geometric mean

2.3

2.3

2.3

2.2

2.3

2.3

Arithmetic mean

34

32

37

38

30

25

Geometric mean

30

27

33

32

27

23

Arithmetic mean

0.52

0.35

0.54

0.37

0.51

0.32

Geometric mean

0.42

0.26

0.43

0.28

0.40

0.23

Arithmetic mean

89

101

90

100

89

102

Geometric mean

88

100

88

99

87

100

Mean age
(min–max)
Mercurya

Leada

Cadmium

a

Selenium

b

Whole blood as matrix; bserum as matrix.

a
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During sample preparation, the samples from the
Komi Republic were analyzed using 3–5 ml plasma,
whereas the samples from Nelmin-Nos were analyzed
using less than 1 ml of plasma (due to limited sample
volumes). Larger sample volumes result in lower
limits of detection (LOD). In order to avoid systematic
errors, the LODs for the smaller sample volumes from
Nelmin-Nos were also applied to the Komi data set.
Many samples from all three study sites contained
analyte concentrations below the method LOD,
indicating low concentrations of these analytes, e.g.,
CB118 and p,p’-DDT, in the samples. Some of the cases
of non-detection could, however, be explained by
the sensitivity of the analytical instruments for some
of the analytes. Only 2% of all the samples had p,p’DDT concentrations above the LOD, and this could
not fully be explained. Previous studies from the same
areas have reported distinctly higher concentrations of
p,p’-DDT than the LOD in the current study.
Similar to the data for the metals, the concentrations
of the POPs at the three study sites were similar,
even though ethnicity and living conditions varied
considerably between locations. Males in Izhma had
significantly higher concentrations of HCB than males
from the other study areas. Some PCBs were higher
in males (CB138, CB153, CB180) than in females,
and some increased as age increased (CB153 and
CB180), while older individuals tended to have higher
concentrations of HCB and p,p’-DDE.

2.7.1 Mercury
Mercury, Pb, Cd, and Se were detected in more
than 85% of blood samples collected in 2010 for
this study. Even though the study participants
from Izhma and Usinsk have different living
conditions (rural vs. urban settlement), heavy metal
concentrations were generally comparable in both
locations (Table 2.3), except for Cd, for which men
and women from Izhma had significantly higher
concentrations when controlling for age and gender.
On the other hand, the participants from Usinsk
had significantly higher Se concentrations. The only
significant predictor for Hg concentrations was age,
with older people having higher concentrations.
2.7.2 POPs
All plasma samples collected for this study in
2010 were analyzed for 15 PCB congeners and
18 organochlorine pesticides, and lipid weights
were determined for the most common POPs
(Table 2.4). Only data for analytes with greater
than 68% detection in the total number of samples
are presented here. Of the 18 PCBs analyzed,
CB153 was present in the highest concentrations,
followed by CB180 and CB138, respectively. For the
organochlorine pesticides, p,p’-DDE and HCB were
present in the highest concentrations.

Table 2.4. Plasma concentrations of POPs at three Russian study sites in 2010.
Plasma concentration, ng/g lipids
Total

Men

Women

Nelmi
Nos, n=109

Izhma,
n=25

Usinsk,
n=25

NelminNos, n=22

Izhma,
n=25

Usinsk,
n=25

NelminNos, n=87

Izhma,
n=25

Usinsk,
n=25

41
(6–77)

31
(15–55)

40
(19–62)

32
(6–61)

31
(15–55)

41
(19–62)

46
(8–77)

30
(15–52)

38
(22–52)

Arithmetic mean

48

41

46

58

54

53

46

32

40

Median

36

33

41

36

36

55

35

31

37

Arithmetic mean

99

94

91

104

123

110

98

65

72

Geometric mean

80

79

81

92

106

97

78

59

67

Arithmetic mean

58

49

45

65

77

63

57

25

30

Median

48

23

37

57

73

59

47

NA

25

Arithmetic mean

127

153

119

98

183

122

135

122

117

Geometric mean

104

127

105

86

160

108

110

102

103

Arithmetic mean

246

148

231

246

168

228

246

127

234

Geometric mean

166

122

196

176

138

190

163

107

203

Mean age
(min–max)
CB138a

CB153

CB180a

HCB

p,p’-DDE

NA: Not available; the median was reported instead of the geometric mean owing to the highly skewed materials and the unstable LOD.
a
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3.

pressure patterns will change. These changes and
thereby changes in transport patterns, humidity,
cloud cover distribution, and global radiation
are examples of other meteorological parameters
affected by climate change, which all have an
influence on the transport, distribution, levels, and
fate of pollution globally (Carmichael et al., 2007;
Giorgi and Meleux, 2007; Vautard and Hauglustaine,
2007; Hedegaard et al., 2008; Hjort and F.Raes,
2009). In the Arctic, these changes are believed to be
even larger. This is illustrated in Figure 3.1, where
the mean 2-m atmospheric temperatures for the
Northern Hemisphere are shown for 1990–1999 and
the temperature differences between 1990–1999 and
2090–2099 are indicated. The largest temperature
differences are in the Arctic areas. The higher
temperatures result in changes in ice and snow cover
(see Figure 3.2, showing plots similar to Figure 3.1
but for snow and ice cover), which could have a large
influence on surface exchange processes. This means
that even if emissions of pollutants such as POPs,
Hg, and radionuclides are constant, it is very likely
that the levels of exposure in the Arctic will change
anyway due to the influence of climate change.
Less than a decade ago, a new branch of air
quality modeling was developed within the
international modeling community. The changes in
climate observed within the past century initiated
a desire to understand how these changes alone
affect the levels of air pollution. The distribution and
lifetimes of pollutants depend very strongly on many
parameters such as temperature, humidity, sea ice,

Climate impact on the
environmental fate of
mercury, POPs, and
radionuclides

Since the 18th century, increasing concentrations
of greenhouse gases in the atmosphere have been
changing the climate. And due to the very long
lifetime of greenhouse gases in the atmosphere,
the climate will continue to change for the next 100
years or more (IPCC, 2007), with or without some
accelerating or stagnating periods, depending on
future policy decisions (Raes and Seinfeld, 2009).
In this chapter, the meteorology to illustrate a
future climate has been obtained from the ECHAM5
climate model (see Roeckner et al., 2003, 2006), where
a scenario representing the IPCC A1b scenario is
used for three different decades: 1990–1999, 2090–
2099, and 2190–2199. In the ECHAM5 simulations
used, the global temperature is projected to increase
continually by 3 °C by the end of the 21st century and
4.2 °C by the end of the 22nd century; both relative
to 1971–2000 (see May, 2008). This is just above
the average value (2.6 °C and 3.4 °C, respectively)
projected by the multi-model ensemble in IPCC’s
Fourth Assessment Report (AR4) following the SRES
A1b scenario (Meehl et al., 2007).
As global temperatures increase with increased
greenhouse gases, precipitation and atmospheric

Air
Air temperature
temperature
Mean
Mean 1990–1999
1990–1999

Change
Change in
in air
air temperature
temperature
1990–1999
1990–1999 to
to 2090–2099
2090–2099

Temperature
Temperature change,
change, KK

Temperature,
Temperature, KK
1.9
1.9
1.9

286
286
286 293
293
293 296
296
296 298
298
298 299
299
299 300
300
300 300
300
300 301
301
301 302
302
302

3.2
3.2
3.2 4.4
4.4
4.4 5.7
5.7
5.7 6.9
6.9
6.9 8.2
8.2
8.2 9.5
9.5
9.5 10.7
10.7
10.7 12.0
12.0
12.0

Figure 3.1. Mean 2-m air temperature for 1990–1999 (left) and the difference between 1990–1999 and 2090–2099 (right). Source: ENVS/AU.
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Figure 3.2. Mean sea-ice coverage for 1990–1999 (upper left) and 2090–2099 (upper right), and mean snow cover for 1990–1999 (lower left)
and 2090–2099 (lower right). Source: ENVS/AU.

snow, and wind. It is therefore very likely that the
fate of the pollutants will be altered under changed
climate conditions, even if decisions are made to
mitigate the current levels of emission. Studies on
regional (Langner et al., 2005; Meleux et al., 2007;
Dawson et al., 2008), hemispheric (Hedegaard et
al., 2008), and global (Murazaki and Hess, 2006;
Tsigaridis and Kanakidou, 2007) scales have used
chemical transport models to quantify the changes
in air pollution levels due to climate change. There
is a general belief that the size of the signal from
climate change on air pollution distribution is large
enough that it must be accounted for when future
emissions legislation is developed.

There have been few studies projecting the
global levels and distribution of PCBs under a
climate change scenario (see Lamon et al., 2009). In
the study reported here, the multimedia chemical
fate model BETR was used to study two congeners
of PCBs: CB28 and CB153. The conclusion is that the
levels of PCBs will increase in the air mainly due
to enhanced primary volatilization emissions owing
to the higher temperatures, and also to some lesser
degree due to the higher secondary volatilization
(re-emissions). The results presented in this report
do not take into account any changes in the primary
emissions.
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3.1

Abiotic fate of mercury and POPs
in atmospheric, marine, and
terrestrial compartments

model system. The patterns for Hg and POPs
cannot be directly compared because the model
system predicts each pollutant within different
compartments: For Hg, the model system predicts
air concentrations and the deposition of Hg to
the surface, while for the POPs, the model system
predicts abiotic concentrations in the different
compartments (air, marine, and terrestrial).

This study has used the Danish Eulerian Hemispheric
Model (DEHM; see Christensen, 1997; Christensen
et al., 2004; Hansen et al., 2008; Hedegaard et al.,
2008), a 3-D atmospheric chemistry-transport model
originally developed in 1991, to investigate the longrange transport of sulfur dioxide, sulfate, and Pb to
the Arctic. The model covers the whole Northern
Hemisphere and the model domain includes all
important sources for the Arctic. This model has
been developed further to include four chemical
groups: a group related to ozone chemistry, a group
related to primary particulates, a group with Hg
species/chemistry, and finally a POPs group (HCHs
and PCBs). The model has several compartments:
a 3-D atmosphere up to 15 km over the surface, a
75-m thick ocean, and a 15-cm thick soil layer,
snowpack, and vegetation. The focus for this report
is on Hg and six different POPs: γ-HCH, α-HCH,
CB28, CB56, CB101, and CB180. The DEHM is
typically run with a good performance with input
of real meteorology from the MM5 weather forecast
model, which is using analyzed meteorological
data from a global model system as input. By using
climate meteorological data from ECHAM5 for three
different decades: 1990–1999, 2090–2099 and 2190–
2199 instead of MM5-based data, it is possible to see
the response of DEHM due to a changed climate
on the atmospheric deposition of Hg in the Arctic.
One of the weaknesses of such model simulations
involves whether the model has a proper response
to a changed climate, because all models have
parameterizations of processes that are tuned to
the current climate in order to improve the model
performance.
The model system was run initially for 1990–1994
mainly in order to build up the concentrations of
POPs in the ocean and soil compartments. The initial
concentrations of α-HCH in seawater were based on
available measurements, while the concentrations
of α-HCH in soil were based on a 45-year spin-up
model calculation. For the other POPs species, the
initial concentrations were set to 0. The spin-up
concentrations in air, seawater, and soil of all the
species in the model system were used as initial
concentrations for three different model runs with
constant emission for 1990–1999, 2090–2099, and
2190–2199. The differences between the results
for the three decades are due only to the different
meteorological climate input from the ECHAM5

3.1.1 Atmospheric exposure of mercury in

the Arctic

Using the model for Hg in these time periods shows
that there is a significant decrease in Hg deposition
over the Arctic. This can be seen by comparing the
mean values for an entire decade with the standard
variations of the yearly values to see whether the
difference between two decades is significant
compared to the year-to-year variations. Figure 3.3
shows the total annual mean deposition of Hg for
1990–1999 and the difference between 1990–1999
and 2090–2099. This figure also shows the t-tests,
which indicate that there is a significant decrease
in Hg deposition over the Arctic Ocean and a
significant increase over the continents between
1990–1999 and 2090–2099. Values larger than 3.922
or lower than -3.922 show with 99.9% confidence
that the two decades are different, and for values
outside the range -1.734 to +1.734, there is 90%
confidence that the two decades are different. If two
decades are significantly different, this means that
differences between the decades are larger than the
year-to-year variations, indicating that the difference
between the decades is due to changes in climate.
The difference between 2090–2099 and 2190–2199
is similar (not shown), but the magnitude of the
changes is smaller, that is, the largest changes will
occur in the first 100 years. The main reason for the
decrease over the Arctic Ocean is due to changed
ice cover and its influence on ADMEs in the DEHM
model, while one of the reasons for the increase over
the continents is due to a significant increase in the
ozone concentrations in the troposphere. Ozone is
one of the main oxidation paths of Hg in the DEHM
model.
Figure 3.4 shows the results for the total Hg
deposition for the area north of the polar circle for the
three decades. In the left figure, the monthly variation
of the Hg deposition for the area north of the polar
circle is shown. During the polar sunrise in March–
April, there is clearly a decrease in deposition, while
for the other months there is a minor increase in
deposition due to the changed ozone concentrations.
On the lower part of Figure 3.4, the results for the
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Figure 3.4. Monthly variation of mean mercury deposition (upper)
and the annual mean mercury deposition (lower) for the area
north of the polar circle. Source: ENVS/AU.
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change

total (wet and dry) Hg deposition for the area north
of the polar circle for the three decades are shown.
There is a clear decrease in total deposition, and it
is mainly dry deposition that has decreased. The
reason is that during polar sunrise elemental Hg is
oxidized to reactive gaseous Hg, which has a high
dry deposition to the surface, and this oxidation
depends on sea-ice cover.
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3.1.2 Atmospheric concentrations of POPs
Regional monitoring programs confirm that
POPs have declined markedly in the Arctic
atmosphere over the past 20 years although the
rate of decline for some chemicals is slowing, with
model projections indicting a marked upturn in
concentrations for selected compounds and in a
future warmer Arctic (Ma et al., 2011). In a warmer
future climate, the atmospheric concentrations of
selected POPs are expected to increase. The main
reason is that the POPs have a higher volatilization
with warmer temperatures. The upper part of
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Figure 3.3. Annual mean mercury deposition for 1990–1999
(upper), and percentage change between 1990–1999 and 2090–
2099 (middle), and the significance level for the percentage change
in total annual mercury deposition between the 1990s and 2090s
(lower). Source: ENVS/AU.
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Figure 3.5. Annual mean concentration of γ-HCH and CB180 in the lowest atmospheric model layer for 1990–1999 (upper), and the
percentage change between 1990–1999 and 2090–2099 for γ-HCH and CB180 (lower). Source: ENVS/AU.

Table 3.1 shows total mean surface concentrations
for the Arctic area north of the polar circle, and for
all six POPs, concentrations increase.

Figure 3.5 shows the surface mean concentrations
of γ-HCH and CB180 for 1990–1999. These two
POPs have a different behavior. γ-HCH is more
water-soluble, which means that it deposits more
rapidly over seawater than CB180, which is more
‘soluble’ in organic matter, and therefore deposits
more rapidly to soil. This figure also shows the
percentage difference between 1990–1999 and
2090–2099. Results for γ-HCH indicate that the air
concentrations increase all over the model domain,
while the results for CB180 are more mixed. Over
the Arctic Ocean, and especially above the seawater
around Spitsbergen, atmospheric concentrations of
CB180 increase, while over Arctic soil, especially
in Siberia, atmospheric concentrations decrease,
mainly because of increased deposition to the surface
during late autumn due to less snow and ice cover.

Table 3.1. Mean decadal concentrations of α-HCH, γ-HCH, CB28,
CB56, CB101, and CB180 in the lowest atmospheric model layer.
Atmospheric concentration, fg/m3
1990–1999

a

38

2090–2099

2190–2199

α-HCH a

2.02

2.95

3.49

γ-HCH a

0.45

0.61

0.66

CB28

87

107

116

CB56

35

47

51

CB101

20

27

30

CB180

6

Concentration in pg/m3.

6.5

7.1
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Figure 3.6. Annual mean concentration of γ-HCH and CB180 in surface seawater for 1990–1999 (upper), and the percentage change
between 1990–1999 and 2090–2099 for γ-HCH and CB180 (lower). Source: ENVS/AU.

in concentration. One of the differences between
the model runs for α-HCH and γ-HCH is that the
sea-surface concentrations of α-HCH have been

3.1.3 Abiotic marine concentrations of

POPs

The upper part of Figure 3.6 shows the mean seasurface concentrations of γ-HCH and CB180 in
seawater. Again, the spatial pattern reflects the
differences in water solubility between HCHs and
PCBs. γ-HCH has the largest concentrations close
to emission areas, while CB180 concentrations are
more driven by temperature, for example, northsouth variation. The figure also shows the changes
in percent for the different model runs. The seawater
concentration of γ-HCH increased over the Arctic
Ocean, while the CB180 concentration only indicates
a small increase. The results for the mean sea-surface
concentrations for all six POPs are shown in Table 3.2.
It is mainly γ-HCH that shows a significant increase

Table 3.2. Mean decadal concentrations of α-HCH, γ-HCH, CB28,
CB56, CB101, and CB180 in seawater.
Marine concentration, fg/L
1990–1999
α-HCH

a

γ-HCH a

a

39

82
3.9

2090–2099
82
5.3

2190–2199
82
5.6

CB28

36

37

36

CB56

22

24

24

CB101

21

22

21

CB180

16

17

18

Concentration in pg/L.
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in soil
soil
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1990–1999
1990–1999

in soil
soil
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in
soil
1990–1999
1990–1999
1990–1999

Annual
mean γ-HCH
γ-HCH in
in soil,
soil, pg/g
pg/g
Annual
Annual mean
mean
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in
soil,
pg/g

Annual
mean CB180
CB180 in
in soil,
soil, fg/g
fg/g
Annual
Annual mean
mean
CB180
in
soil,
fg/g

0.03
0.03
0.19 0.55
0.55
0.55 1.74
1.74
1.74
0.03
0.03 0.19
0.19
0.55
1.74
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0.19
0.55
1.74

11
1
1
1

Change
in
γ-HCH
in
soil
Change
Change in
in γ-HCH
γ-HCH in
in soil
soil
1990–1999
to
2090–2099
1990–1999
1990–1999 to
to 2090–2099
2090–2099

99
9
9
9

30
30
30
30
30

84
84
84
84
84

Change
in
CB180
in
soil
Change
Change in
in CB180
CB180 in
in soil
soil
1990–1999
to
2090–2099
1990–1999
1990–1999 to
to 2090–2099
2090–2099

Percentage
Percentage change
change
-80
-80
-80
-80
-80

-60
-60
-60
-60
-60

-40
-40
-40
-40
-40

-20
-20
-20
-20
-20

00
0
0
0

20
20
20
20
20

40
40
40
40
40

60
60
60
60
60

80
80
80
80
80

Figure 3.7. Annual mean concentration of γ-HCH and CB180 in surface soil for 1990–1999 (upper), and the percentage change between
1990–1999 and 2090–2099 for γ-HCH and CB180 (lower). Source: ENVS/AU.

1990–1999, both γ-HCH and CB180 increase in the
Arctic. This is also shown in Table 3.3, in which the
mean surface soil concentrations for all six POPs
are shown. The results for the different POPs are

built up, and these concentrations are decreasing
during the simulations, while the γ-HCH sea-surface
concentrations are still increasing. This indicates that
higher temperatures in a future climate scenario
enhance the transport to the compartment, where the
POPs have a lifetime at least comparable to the model
run time of ten years. This is quite similar to the results
for soil (see Section 3.1.4), where CB180 accumulation
is higher in the Arctic soil in a future climate.

Table 3.3. Mean decadal concentrations of α-HCH, γ-HCH, CB28,
CB56, CB101, and CB180 in soil.
Terrestrial concentration, fg/g soil
α-HCH a

3.1.4 Abiotic terrestrial concentrations of

γ-HCH

POPs

CB28

The upper part of Figure 3.7 illustrates the mean soil
surface concentrations of γ-HCH and CB180 and
the lower part of the figure shows the changes for
the different model runs. Between 2090–2099 and

a

40

a

1990–1999

2090–2099

2190–2199

44.7

30.5

28.8

0.47
10.4

0.59
10.5

0.56
10.1

CB56

11.3

12.5

12.5

CB101

22.7

26.7

27.6

CB180

13.5

17.2

19.2

Concentration in pg/g soil.
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quite different. α-HCH concentrations decrease,
indicating that the higher temperature increases the
volatility of α-HCH, while γ-HCH is subject to a
combination of increased transport to the Arctic (for
2090–2099) and increased volatility (2190–2199). For
the PCBs, there is an increased accumulation with
increasing molecular weight of the PCBs, because
their chemical lifetime in the soil increases from
less than two years (CB28) to more than 100 years
(CB180) and because a higher temperature enhances
the transport of the heavy PCBs.

mainly in the form of MMHg. No mass budget is
currently available for MMHg in the Arctic Ocean,
but the majority of MMHg is believed to be formed
by methylation of the existing pool of inorganic Hg
in the aquatic environment. Mercury methylation
can occur in deep sediments (Kraepiel et al., 2003;
Hammerschmidt and Fitzgerald, 2006) as well as in
the water column (Kirk et al., 2008; Cossa et al., 2009;
Sunderland et al., 2009) of the ocean; methylation is
controlled by biogeochemical processes that affect
the influx of inorganic Hg and organic matter and
the presence and activity of Hg methylators. Any
change in these processes will thus change the
locality and pool of MMHg available for uptake in
Arctic ecosystems. As MMHg biomagnifies in a
food web, any change in the predator behavior (e.g.,
habitat use, diet preference) of an Arctic animal,
and in the structure and dynamics of Arctic food
webs in general, would result in a change in the Hg
concentration in the animal.
Recent studies show a wide variation in Hg
exposure in predatory animals, such as fish, whales,
and seals, and there are conflicting temporal trends
of Hg concentrations in tissue (AMAP, 2011b). These
biological trends cannot simply be linked to recent
atmospheric trends, which are relatively stable, and
must therefore be produced by processes within
the biogeochemical cycle in the Arctic (Macdonald
and Loseto, 2010). In the case of Canadian Arctic
ringed seals from the Beaufort Sea, Gaden et al.
(2009) proposed that changes in ice cover contribute
a non-linear trend in tissue Hg caused by shifts in
foraging strategy. Likewise, increases in both Hg and
PCBs observed in Mackenzie River burbot collected
near Fort Good Hope (Carrie et al., 2010) have been
attributed to increases in primary production likely
to have been supported by declines in ice cover and/
or temperature increases.

3.1.5 Concluding comments on abiotic

concentrations in atmospheric,
marine, and terrestrial compartments

Using meteorological output from climate models
has been shown to be a useful tool to investigate
the exposure levels from contaminants in a changed
climate in the future. The results with the DEHM
model system show that the total deposition of Hg
will decrease over the marine areas due to changed
ice cover. The models also show that for many POPs,
a future warmer climate will enhance the transport
from the mid-latitudes to the Arctic, especially for
the heavier PCBs (e.g., CB180); for γ-HCH, the
deposition will mainly occur to the sea, while for the
PCBs, deposition will mainly be to the soil.
3.2

Bioaccumulation and 		
biomagnification

3.2.1 Marine
3.2.1.1 Mercury
The significant increase in Hg concentrations in
present-day Arctic animals compared to their
pre-industrial counterparts is driven primarily
by the increase in anthropogenic Hg influx to the
Arctic ecosystems. The temporal variations of Hg
concentration in Arctic animals in recent decades
cannot solely be explained by changes in the
anthropogenic Hg emissions. Environmental and
ecological processes also appear to play an important
role in determining Hg concentration in Arctic
animals, particularly those at higher trophic levels
(Booth and Zeller, 2005). Most of the risk to humans
from Hg in the Arctic derives from Hg in marine
ecosystems, through consumption of traditional
marine foods (AMAP, 2009a).
Although uptake of inorganic Hg is possible,
it has been well-established that Hg uptake and
accumulation in Arctic aquatic animals occurs

3.2.1.2 POPs
Climate change may affect the bioaccumulation of
contaminants in biota in several ways (Macdonald
et al., 2005). However, until recently, there have
been very few quantitative studies on the actual net
effect of climate change (or water temperature) on
bioaccumulation. One example is the recent study of
Gewurtz et al. (2006) who simulated the differences
in bioaccumulation of fish in a temperate and an
Arctic lake, and found that hypothetical temperate
salmonids were able to biomagnify the PCBs 6–60%
more than Arctic salmonids. The most influential
factors controlling this difference were lipids (both in
the fish and in its diet) and the temperature effect on
growth rate.
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Changes in water temperature alter the
contaminant partitioning between the dissolved and
particle-bound phases (as described by the octanolwater partitioning coefficient, KOW; Beyer et al., 2002;
Smith and McLachlan, 2006). Furthermore, changes in
primary production may affect the amount of organic
carbon particles (POC) available for contaminant
sorption. These changes will alter the dissolved
fraction of contaminants that is bioavailable for direct
uptake by aquatic organisms. On the other hand, a
decreased KOW, although increasing the bioavailable
concentration, will decrease the contaminant
sorption (bioconcentration) to organisms, the net
effect likely to be an overall reduction of contaminant
concentrations in the food web (Borgå et al., 2010).
Changes in food-web structure due to climate
change have already been documented in Arctic
fjords (ACIA, 2005). The introduction of new species
or changes in dominating species may affect the
transfer and bioaccumulation of contaminants in a
food web as the new species have different properties
and life cycles than the original Arctic species.
Changes in temperature will also alter the rate
of many of the bioaccumulation-related processes
in organisms, such as passive, respiratory, and
dietary uptake and elimination rates as well as
biotransformation and growth rates (e.g., Arnot
and Gobas, 2004). Most of these rates increase
with increasing temperature, but their effect on
the bioaccumulation in the food web may be either
positive or negative. In addition, physical properties
of the organisms, such as lipid fractions and body
weights, may respond to changing climate and affect
the contaminant bioaccumulation.
As the number of processes and variables
that can play a role in bioaccumulation is large,
the net magnitude and direction of their effect
on bioaccumulation is difficult to assess without
mechanistic models which are able to synthesize and
holistically evaluate the different processes.

factors on partitioning and bioaccumulation will be
important for future studies. The scope of this study
involved predicting the magnitude and direction of
change in bioaccumulation of organic contaminants
for three modeling substances: γ-HCH, CB52, and
CB153. This was carried out at different trophic
levels in an Arctic shelf marine food web (Barents
Sea), in two different future climate change scenarios
with increased temperature and amount of POC,
as described below. The most important factors
and specific uptake and elimination routes for
this simulated future change were identified by
sensitivity analysis.
The bioaccumulation model applied in this study
is based on the model framework by Saloranta
et al. (2006), based on the model by Gobas (1993;
see Borgå et al., 2010, for details). This common
modeling approach has been used in many recent
bioaccumulation studies (e.g., Gewurtz et al., 2006;
Gandhi et al., 2006; Nfon and Cousins, 2007; Patwa
et al., 2007), and the fundamental model concept is
to estimate six different contaminant rate constants
governing the intake and elimination of POPs in an
organism. These six rate constants are: uptake (kI)
and elimination (kO) to water or air via respiratory
surfaces, dietary uptake (kD), elimination due to
excretion (kE), biotransformation (kM), and growth
rate (kG).
The basic linear first-order differential equation
solved in the model is:

d c diag(k )c - Kc
b=
I a
b
dt

(1)

where cb is a vector of POP concentrations in the
food-web organisms, and ca is a vector of dissolved
(bioavailable) POP concentrations in their living
environment, and where diag(kI) and K are matrices
containing the specific rate constants (kI in diag(kI)
and the rest of the rate constants in K). For more
details of the basic model formulation, see Saloranta
et al. (2006). As the main focus of this study is the
long-term changes in the food-web bioaccumulation,
the steady-state version of Equation 1, i.e., where dcb/
dt becomes zero, was used:

3.2.1.3 Modeling study
As mentioned in Section 2.6.2, as part of the present
project, a modeling study was conducted, in which
the effect of climate change, in terms of increased
temperature and primary production (estimated
as increased particulate organic carbon, POC), on
the partitioning and bioaccumulation of organic
contaminants in biota at various trophic levels was
investigated and quantified (for a detailed description,
see Borgå et al., 2010). No changes in food-web
structure or in total air and water concentrations of
organic contaminants were assumed in this study.
Assessment of the influence these two additional

cb = K-1 diag(kI)ca

(2)

For the current study, the model was updated
(Saloranta et al., 2006) with the modifications
introduced by Arnot and Gobas (2004); these
included new parameterizations for phytoplankton
and gill ventilation rate, as well as a three-phase
partitioning and biomagnification model, which is
based on lipid, non-lipid organic matter, and water
phases, and diet assimilation efficiencies in the gut.
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levels, from invertebrates to birds and mammals
(Boon et al., 1989; Ruus et al., 2002).
The model was first developed for the pelagic
food web (algae, Calanus glacialis, C. hyperboreus, krill,
amphipod, polar cod, and kittiwake), which could be
calibrated using the Barents Sea pelagic food web as
a training data set (see Borgå et al., 2010, for details).
The model was then parameterized for the benthopelagic food web (described below). As contaminant
data for this food web are not yet available (they will
be reported as a part of the IPY project Contaminants
in Polar Regions, COPOL), the results presented here
are confined to simulated results of climate change
on the contaminant accumulation in the food web.
Important species or typical representatives
of important groups in a typical boreal-Arctic
community were included in the benthic model. This
type of community is common in areas influenced
by mixed Arctic and Atlantic water, that is, areas
that will be affected by climate change at an early
stage. Species representing different trophic levels
(from POM/algae to Atlantic cod Gadus morhua)
and different functional groups (e.g., filter feeders,
suspension feeders, detritus feeders, omnivores, and
predators) were included in the study. The species
selected are abundant in fjord or shelf areas with soft
bottoms. As data for many benthic species are scarce,
the available knowledge about the species within the
benthic communities limited the choice of species to
a certain degree.
Many of the species reported on here, and
representatives of Arctic benthic food webs in
general, have been demonstrated to display highly
flexible omnivorous feeding strategies and the ability
to switch between them, depending on the sources
available (Graeve et al., 1995; Tamelander et al., 2006).
This may render them resilient towards changes
in species composition compared to species with
more fixed feeding strategies. However, changes in
feeding modes may lead to changes in contaminant
exposure, which again may have negative effects on
the animals.
The diet of several benthic organisms is very
complex and many species also feed on organisms not
included in the food-web matrix defined here. In many
cases, the diet of the chosen organisms was noted as
‘other benthos’. To include this unspecified group in
the model, as it constitutes a large part of benthic diet,
it was parameterized as Maldane sarsi. M. sarsi was
chosen because earlier simulations resulted in average
bioaccumulation in this organism; therefore, the
inclusion of this as ‘other benthos’ will not greatly alter
the overall results. Details of the feeding relationships
and other parameter values chosen for the benthicpelagic food web are given in Annex 1.

In addition, specific parameterizations were added
for dietary absorption efficiency and lung uptake
rates (applied in calculation of the rates kI and kD)
for air-breathing warm-blooded species (ringed seal
and the seabird kittiwake), based on Kelly and Gobas
(2003) and Kelly et al. (2004). The growth rate kG was
parametrized as in the model of Gewurtz et al. (2006).
The lack of biotransformation rates (kM) has long
been a weakness of bioaccumulation models. Most
models consider all contaminants to be recalcitrant
to metabolic degradation and elimination by the
animals (e.g., Gandhi et al., 2006; Gewurtz et al.,
2006; Nfon and Cousins, 2007). Recently, kM has been
estimated for fish from laboratory bioconcentration
data (Arnot et al., 2008). In the present study, γ-HCH,
CB52, and CB153 were selected as model compounds
due to their differences in molecular structure,
KOW, and persistence in fish and birds. Based on
earlier studies comparing contaminant patterns in
invertebrates with the environment (e.g., Borgå et
al., 2004), it was assumed that invertebrates do not
significantly biotransform these contaminants.
In fish, the half-life of γ-HCH was (conservatively)
assumed to be five days (based on experiments on
various fish species; Tooby and Durbin, 1975; Görge
and Nagel, 1990; Ruus et al., 2001) and 250 days for
CB52, whereas CB153 was assumed to be persistent
in fish, based on experiments in rainbow trout at 8 °C
(Buckman et al., 2007), and devaluation of molecular
structure and available sites for enzymatic attack.
The birds (kittiwake and eider duck) were assumed
to efficiently biotransform γ-HCH, with a half-life of
0.5 days, as γ-HCH was below the detection limit in
all kittiwake samples (Borgå et al., 2007). Based on
PCB patterns in seabirds, CB52 can be metabolized,
whereas CB153 is more recalcitrant (Borgå et al.,
2005). CB52 has two sites of vicinal hydrogen atoms
in meta-para position and only one chlorine atom
in ortho position, whereas CB153 has no sites with
vicinal hydrogen atoms.
In general, kittiwake has a PCB pattern dominated
by persistent congeners, suggesting an efficient
metabolism of the less recalcitrant congeners (Borgå
et al., 2005). Based on this, and on experiments
with American kestrels (Falco sparverius; Drouillard
et al., 2001), CB52 was assumed to have a half-life
of 52 days and CB153 of 416 days. As the fish and
bird half-lives summarize the elimination also due
to growth, egestion, and direct partitioning, the
actual biotransformation rate kM is lower than that
estimated here, which is a conservative approach.
The above assumptions of biotransformation
differences among the species in the food web are in
line with studies of metabolic capacities and activities
of biotransformation enzymes at different trophic
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Table 3.4. Changes (in relation to the control simulation) in the
bioaccumulation model process rates and variables defined in
the two simulated scenarios (see text and Borgå et al., 2010, for an
explanation of the abbreviations).
Variable
T

Description
Water and air
temperature
effect on POP
partitioning (ca,
kI, kO)

L

Lipid fraction of
the organisms

CPOC

POC water
concentration

kM

Metabolic
degradation rate

kG

Growth rate

GD

Feeding rate

Change in
Scenario 1

Change in
Scenario 2

+2 °C

+4 °C

Kittiwake
Polar cod
Amphipod

Pelagic

Krill
Calanus hyperboreus
Calanus glacialis
Algae
POM

-10%

Detritus

-20%

Other benthos
+50%
+8%

+100%

Ctenodiscus
Ophelina acuminata

+17%

+24%

+53%

+13%

+27%

Pectinaria

Benthic

Lumbrineris sp.
Hyas aranaeus
Ophiura sp.

Note: The +4 °C increase of temperature in Scenario 2 leads to the
following changes in the POP partition-related variables between
organic matter and water or air: GV +7%, KOW -11% to -21 X %, and KOA
-34% to -43% (depending on substance).

Strongylocentrotus
Sclerocrangon
Pandalus borealis
Maldane sarsi
Nephtys sp.
Hiatella arctica

Bioaccumulation in the food web was simulated
given the default values, and then modeled under
two future climate scenarios (Table 3.4). The system
was assumed to be in equilibrium, meaning that the
water dissolved concentrations were assumed to be
in equilibrium with the sediment pore water
In order to describe changes in bioaccumulation
and contaminant concentration in a projected
future climate for each food-web organism, a factor
of change (F) was introduced, which is the ratio of
the contaminant concentrations in a future climate
scenario (cb_scen) to their concentrations in the present
state (cb_ctrl; control simulation): F=cb_scen/cb_ctrl. Because
the system described by the bioaccumulation model
and rate constants is linear (i.e., cb is proportional
to ca; see Saloranta et al., 2006), F is not dependent
on the absolute value of the (bioavailable) POP
concentration in the ca, only on its relative change
from the present to the future scenario.

Golfingia sp.
Staghorn sculpin
Shorthorn sculpin
Haddock
Atlantic cod, small
Eider

0

2

4

Effective
trophic level

6

Figure 3.8. Trophic position in the bentho-pelagic food web.
Source: NIVA/Akvaplan-niva.

3.2.1.5 Bioaccumulation in control scenarios
The default simulation of the Barents Sea pelagic food
web resulted in biomagnification factors (BMFs) that
were in general in accordance with measured values
(Figure 3.9; Borgå et al., 2010; note, only the pelagic
food web was calibrated using empirical data, see
above). By analyzing the model performance by
BMFs, the internal bioaccumulation processes of
the animals in the food web are addressed, as both
model and measured data are ‘standardized’ against
the herbivorous copepod C. glacialis. Overall, the
model performance in the default control scenario
was considered satisfactory.
Kittiwake showed the largest difference between
measured and simulated BMF, most likely due
to uncertainties in biotransformation rates of the
various compounds. Thus, the biotransformation in
CB52 simulation was too low, and for CB153 was
too high.

3.2.1.4 Trophic relations
The trophic position of the pelagic and benthic
food-web organisms was estimated based on their
diet composition, as determined from a literature
survey (Figure 3.8). Whereas the bird feeding from
the pelagic system (kittiwake) occupies the higher
trophic position of its system, the benthic-feeding
bird (eider duck) occupies a trophic position
between invertebrates and fish. This is in accordance
with expectations, as the main diet of eider duck
is bivalves and crustaceans, whereas kittiwake
predominantly feed on fish.
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Biomagnification factors on a lipid-weight basis, relative to the copepod Calanus glacialis
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Figure 3.9. Control simulation (in blue, with nominal parameterization) of γ-HCH, CB52, and CB153 bioaccumulation in the Arctic
marine pelagic food web compared to observed concentrations (Borgå and Di Guardo, 2005; Borgå et al., 2005, 2007). Compared by
biomagnification factors (BMF) on a lipid-weight basis, relative to the copepod Calanus glacialis. Observed BMFs are given in red with
mean, minimum, and maximum values, and with number of samples stated to the right. Source: Borgå et al. (2010).

Biomagnification factors on a lipid-weight basis, relative to ‘other benthos’ (Maldane sarsi)
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Figure 3.10. Control simulation (with nominal parameterization) of γ-HCH, CB52, and CB153 bioaccumulation in the Kongsfjorden
benthic marine food web. Compared by biomagnification factors (BMF) on a lipid-weight basis, relative to ‘other benthos’ (Maldane
sarsi). Source: NIVA/Akvaplan-niva.

Melanogrammus aeglefinus; and Atlantic cod, Gadus
morhua). For CB153, the BMFs were highest in
eider duck, sculpins, and Atlantic cod, followed by
haddock, which had BMFs similar to the crustaceans.

For benthos, the BMFs in the control simulation
were lowest for γ-HCH; they increased for CB52 and
increased further for CB153 (Figure 3.10). In most
organisms, γ-HCH did not biomagnify (i.e., BMF
< 1). CB52 biomagnified in most organisms (BMF >
1), with the highest BMFs in eider duck (Somateria
mollissima), followed by the crustaceans (Pandalus
borealis, Sclerocrangon spp., and Hyas araneus) and
fish (sculpin, Myoxocephalus scorpius; haddock,

3.2.1.6 Changes in bioaccumulation in future

climate scenarios

When estimating the factor of change (F) in overall
bioaccumulation in the food web in the future
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Figure 3.11. The left-hand plots show
factor of change (F) for γ-HCH, CB52,
and CB153 wet-weight concentrations in
the food web for Scenario 1 (blue dots;
+2 °C, +50% CPOC) and Scenario 2 (red
dots; +4 °C, +100% CPOC) relative to the
control scenario (vertical hatched line at
F = 1). Note: the scale is not linear. The
right-hand plots subdivide the net F into
the process rates and variables assumed
to change under the climate scenario.
The horizontal hatched line marks the
difference between pelagic species (above
the line) and benthic species (below the
line). Source: NIVA/Akvaplan-niva.
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GD was the only parameter leading to increasing
bioaccumulation.
Most of the scenario changes were not expected
to change the process rates in birds per se. For
example, increased primary production (CPOC)
leads to a decrease in bioavailable contaminants by
reducing water dissolved concentrations (ca), thereby
decreasing concentrations in zooplankton and fish
(cb). The largest effect of increasing CPOC occurred for
the most hydrophobic compounds, CB153, which are
generally associated with POM.
With increasing temperature, the lipid content is
expected to decrease, thereby reducing the storage
capacity for contaminants and reducing the wet
weight concentrations. In addition, in species with
a high dietary lipid assimilation efficiency (polar
cod and kittiwake), body lipids are more important
than lipid content in the prey in the gastrointestinal
tract, where non-lipid organic matter becomes
an important absorption medium as most lipids
are digested. Lipid content in algae is assumed
constant in all scenarios. The simulated increasing
temperature results in decreased bioaccumulation (F
below 1), particularly due to changes in KOW and KOA,
and to a lesser extent GV or k1 for algae.
Reduced bioaccumulation for γ-HCH, CB52,
and CB153 is caused by the varying fraction of the
compounds that is dissolved in water (> 99%, 65%,
and 32%, respectively). Thus, the effect of lowered
KOW is not as dramatic in water as inside the body,
where most of the contaminants are associated with
lipids and/or non-lipid organic matter. In other
words, dissolved water concentrations increased
less (due to lowered KOW) than bioaccumulation
decreased within the organisms; therefore, the
total effect of temperature increase is reduced
bioaccumulation. Magnitude differences in F can
also be explained by a different KOW dependency for
the different compounds; the percent reduction in
KOW from control (0 °C) to Scenario 2 (+4 °C, +100%
CPOC) was -11% for CB153, -21% for CB52, and -13%
for γ-HCH). In addition, for the species in which
dietary intake affects the contaminant uptake, all
effects on the prey may enhance the total effect in
any given animal.

climate scenarios, the overall F based on both wetweight and lipid-weight based concentrations was
below 1, which indicates reduced bioaccumulation,
although with different magnitudes depending on
the scenario, trophic level, and model compound
(Figure 3.11, left panel). When F equals 1, that
signifies no change in bioaccumulation in the future
climate scenario compared to the control situation,
whereas F below or above 1 signifies reduced or
enhanced bioaccumulation, respectively.
For all compounds, the overall F was lower
for wet-weight than for lipid-weight contaminant
concentrations, which means that the change in
bioaccumulation was more pronounced on a wetweight basis. F was lower for Scenario 2 (+4 °C,
+100% primary production or CPOC) than Scenario
1 (+2 °C, +50% CPOC), meaning that the change in
bioaccumulation was higher for climate Scenario
2 (Figure 3.11). γ-HCH showed the least change in
bioaccumulation (F close to 1), whereas F decreased
from CB52 to CB153, meaning that CB153 for
climate Scenario 2 showed the largest reduction in
bioaccumulation compared to the control scenario.
Trophic level had no clear effect, as fish showed the
largest change in bioaccumulation (lowest F) for
CB52 and CB153 in both the pelagic and benthic
food webs.
Breaking down the F for the overall
bioaccumulation into the different parameters and
process rates that changed in each respective scenario
enabled identification of the direction and magnitude
of influence by the respective values, exemplified
by Scenario 2 in Figure 3.11, right panel. The main
results of breaking down F were that for γ-HCH,
which showed the least change in bioaccumulation
in the future scenarios, all parameters and processes
contributed to reduced bioaccumulation (F < 1) or
they were unchanged (F = 1). For CB52 and CB153,
some parameters and processes led to increased
bioaccumulation in the future scenario, whereas
others led to reduced bioaccumulation. Contaminant
changes occurring at the base of the food web were
influential for the bioaccumulation in seabirds via
alterations of prey contaminant concentrations. The
effect of the various processes and parameters was
not the same for all compounds; only lipid content
and temperature were influential for changes in
γ-HCH bioaccumulation. For CB52, temperature
and increased primary production (CPOC) were the
most influential factors reducing bioaccumulation,
followed by lipids. The most influential parameter
increasing bioaccumulation was feeding rate (GD).
For CB153, increased CPOC was the most influential
factor reducing bioaccumulation (followed by lipid
content (L) and growth rate (kG)). As for CB52,

3.2.1.7 Bioaccumulation fluxes
The importance of primary production (CPOC) in
altering the bioavailability of contaminants and
thereby reducing the overall bioaccumulation, as
discussed above, is further illustrated by comparing
the intake and elimination fluxes in the control versus
climate Scenario 2 (Figure 3.12). On a relative scale,
the process rates (fluxes) of uptake and elimination
for γ-HCH, CB52, and CB153 are so similar between
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Figure 3.12. Comparison of uptake and elimination fluxes for γ-HCH, CB52, and CB153 in the biota included in the bioaccumulation
model for the control scenario (hatched line) and climate Scenario 2 (solid line). Note: these are overlapping for most organisms,
compounds, and process rates so only solid lines are visible. Source: NIVA/Akvaplan-niva.

the control and Scenario 2 that they are overlapping
for most organisms. The flux diagram also illustrates
how different fluxes govern the bioaccumulation
for different chemical compounds that vary in their
physico-chemical properties.
To summarize, simulations of the projected
future climate changes with increased temperature
and increased primary production show that they
are anticipated to reduce the bioaccumulation of
organic contaminants in the Arctic marine food
web. These simulations are based on changes in
contaminant partitioning and bioaccumulation
process rates, and assume constant total contaminant
exposure (particulate + dissolved = constant) as
well as unaltered food-web composition. The most
important factor leading to reduced bioaccumulation
was the reduced bioavailability of organic
contaminants due to increased primary production
(hence increased particle concentrations in water to
which the contaminants adhere).
Future challenges include quantifying the
change in food-web bioaccumulation of organic
contaminants due to changes in water and air
concentrations and changes in food-web structure.

3.2.2 Terrestrial
3.2.2.1 Mercury
Change in terrestrial systems is complex because
it may manifest in snow and ice cover, glaciers,
permafrost, vegetation, river discharge and timing,
moisture balance, incidence of forest fires, migration
pathways, and invasive species (e.g., Hinzman et al.,
2005; Wrona et al., 2005; Prowse et al., 2009). As noted
above, climate change will change the hydrological
cycle in the Arctic: for example, flooding in warm
lakes and wetlands will impact the formation of
MMHg, with implications for accumulation of Hg
in fish.
Wildfires are expected to increase as a consequence
of climate change. Recent findings indicate that
fish from lakes in partially burned catchments
contain higher Hg concentrations compared to fish
from reference catchments. Not only does fire in
a drainage basin alter the flow of carbon in rivers
and lakes (Czimczik et al., 2003), but it also has
the consequence of releasing Hg sequestered in
foliage and soil (Biswas et al., 2008) and thereby
potentially modifying the complex interactions that
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Furthermore, previous studies (observations and
models; Kelly and Gobas, 2001, 2003; Arnot and
Gobas, 2003; Czub and McLachlan, 2004; Armitage
and Gobas, 2007; Kelly et al., 2007) indicate that
chemicals with log KOA > 5 to 6 can biomagnify in
air-respiring organisms, even though the chemical’s
log KOW is < 5. In addition, the studies indicate that
chemicals with log KOW < 2 are rapidly eliminated by
urinary excretion in air-respiring organisms, causing
chemicals with a high KOA not to biomagnify, even
though the elimination through exhalation is slow.
Because the KOA is temperature-dependent
(Komp and McLachlan, 1997; Chen et al., 2004),
changes in climatic parameters (such as temperature)
have the potential to alter accumulation dynamics in
terrestrial food webs.

control MMHg accumulation in fish. Wildfires cause
increased Hg accumulation in fish mainly by means
of two mechanisms: food-web restructuring and
increased Hg input and MMHg production (Kelly et
al., 2006).
3.2.2.2 POPs
The usefulness of the octanol-air partition coefficient
(KOA) to indicate the potential of chemicals to
bioaccumulate in food webs that include airrespiring organisms has been emphasized (Gobas
et al., 2009). The KOA expresses the tendency of
chemicals to partition between lipids and air. A
chemical with a high KOA eliminates slowly by
exhalation in air-respiring organisms (Gobas et al.,
2003), implying a higher degree of bioaccumulation.

4.

Climate impact on biota
and human-related
effects: mercury, POPs,
radionuclides

Both climate change and contaminants affect
ecosystems including humans, and are expected to
affect biota and humans additively or synergistically,
either by acting as multiple stressors or as separate
stressors where the different climate or contaminant
state may alter the toxicological effect.
There are still only a few studies that address the
combined effect of climate change and contaminants
on biota and human health. A recent review of the
global effect of climate change on organic contaminant
toxicology (Noyes et al., 2009) revealed that there is
little new knowledge since the report by Macdonald
et al. (2005). Most studies in recent decades address
issues relating to the distribution and uptake of
contaminants, whereas few address the changes in

Climate change effects on the distribution and
bioaccumulation/biomagnification of contaminants
have been addressed in previous chapters. This
section considers the impact of climate change on the
toxicological effects of contaminants on wildlife and
humans. The state of the art with respect to relevance
for Arctic areas is summarized in Table 4.1.

Table 4.1. Impacts of climate change with relevance for wildlife contaminant toxicity.
Climate change examples

Possible implications

Increasing temperature a

Increased biotransformation rate
Increased concentrations of metabolites/degradation products
Decreased concentrations of parent compounds

Increased ocean acidification (reduced pH)

Increased species sensitivities
Negative effect of lowered pH acts as a multiple stressor

Increased UV radiation

Increased compound activation

Increased human activities (e.g., increased ship traffic owing to less ice)

Increased exposure

Changes in species distribution pattern (species migration and plankton
advection)

Altered exposure

Increase of multiple stressors

Increased species sensitivities
Reduced threshold levels for biological effects
Nonlinear response to toxic effects

Ecosystem change

Altered food-web structure
Altered energy resources
Altered food availability

a

Temperature effects will occur in cold-blooded animals, but the secondary effects will be seen in birds and mammals.
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penetrate to at least 20 m depth in highly transparent
seawater and even to several metres in turbid coastal
waters (Jerlov, 1976; Smith et al., 1992; Morris et al.,
1995; Dunne and Brown, 1996; Adams et al., 2001).
UV radiation has been shown to affect reproduction
in marine invertebrates, such as corals (Gulko, 1995),
copepods (Kouwenberg et al., 1999), and sea urchins
(Anderson et al., 1993; Adams and Shick, 1996, 2001;
Yabe et al., 1998; Au et al., 2002).
Exposure: As discussed in the previous chapter,
climate change is expected to affect the transport
of known contaminants to the Arctic and also their
bioavailability for uptake. In addition, climate change
may introduce contaminants previously not present
in the Arctic, for example, by migrating animals such
as fish and birds, northern distribution of new species
of plants and animals, increased human activities, etc.
Also, contaminants that are not very reactive at the
moment may become more active in a new climatic
state, as mentioned above with PAHs.
Owing to the expected drastic changes in the ice
regime of the central Arctic, the spring melt in the
marginal ice zone, currently located for the eastern
Arctic in the central Barents Sea between Bjørnøya
and Svalbard, will diminish considerably and move
northward. This relocation will have significant
influence on the pulse release of contaminants
transported via ice currents across the eastern Arctic
and released into the marine ecosystem during the
ice melting event at the marginal ice zone in the Arctic
spring. However, studies of POPs exposure in ice fauna
show a greater effect of sea-ice habitat rather than an
effect of melt out of contaminants (Borgå et al., 2002a).
Currently, the central Arctic Ocean is ice-covered
all year around. Anthropogenic pollutants stored in
the central Arctic waters are thus prevented from
re-evaporating into the atmosphere, owing to an
effective ice lid. Therefore, a substantial amount of
legacy pollutants has accumulated in the central Arctic
waters where exchange with and re-evaporation into
the atmosphere is not yet possible. The disappearance
of ice during the summer season, which is expected
to occur within the next 30 years, will thus lead to an
elevated evaporation of previously stored pollutants
into the central Arctic atmosphere. This pattern of,
for example, α-HCH concentrations in relation to
sea-ice distribution has also been observed in both
ice fauna and zooplankton: these organisms have
higher concentrations of α-HCH when they have
drifted in areas of dense ice, whereas the α-HCH
concentration is lower when they have been in areas
in the marginal ice zone with less dense ice cover
(Borgå et al., 2002a,b).
The prediction of an ice-free central Arctic
during summertime has triggered the preparatory

toxicity due to expected climate change (e.g., Noyes
et al., 2009).
According to published scenarios (ACIA, 2004;
IPCC, 2007; NORACIA, 2008), a direct influence
on contaminant exposure and distribution patterns
is expected for the environment and the human
population of the North. Important changes in the
Arctic ecosystem due to climate change that may
affect the toxicity of contaminants include changes
in temperature, degradation rates, ocean acidity, UV
radiation, direct contaminant exposure, impact of
multiple stressors affecting species sensitivity, and
changes in ecosystems.
4.1

Arctic biota

Arctic animals are faced with multiple challenges in
a changing environment, some of which are listed
below.
Temperature: According to IPCC (2007) and
NorACIA (2009), the Norwegian part of the Arctic
will experience increased temperatures in the
near future. Subsequent temperature-contaminant
combined effects will be of particular importance
for cold-blooded species in the region. Contaminant
toxicity can be changed in cold-blooded animals
due to increasing temperature, which increases
metabolic processes; this increase in turn will affect
the uptake and elimination of contaminants, as
well as toxicity, owing to increased bioactivation or
detoxification. Furthermore, because cold-blooded
animals experiencing warmer waters will have a
higher metabolism, their ability to accumulate energy
reserves may be reduced, whereas for homeotherms
this will not be an issue. Warm-blooded animals
(birds and mammals) will be affected secondarily
due to changes in contaminant exposure and energy
expenditure, associated with higher temperatures.
Ocean acidification: With decreasing pH
(increasing ocean acidification due to increased CO2
deposition in the ocean), calciferous animals are under
increased stress. They show reduced growth (Berge et
al., 2006) and may be more susceptible to contaminant
stress. This field of research is in rapid development
and future reports are warranted.
Ultraviolet radiation: With the predicted
decreasing ice cover in the Arctic, the algae and
animals in surface waters will be more exposed
to UV radiation. In addition to acting as a stressor
for biota, UV radiation may increase the toxicity of
certain organic contaminants, such as PAHs and their
transformation products (Wernersson and Dave, 1977;
Arfsten et al., 1996). Furthermore, UV radiation will act
as an additional stressor (see paragraph on multiple
stressors, below). It is known that UV-B radiation can
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the productivity of the system. The introduction of
new, southern species with different lipid dynamics
will thus affect the energy transfer and life history
of higher trophic level species. For example, for
copepods it has been suggested that Calanus
finmarchicus will extend northward and replace a
habitat traditionally inhabited by C. glacialis, a larger
species more dependent on energy reserves (FalkPetersen et al., 2007).
Trophic cascades are likely to result from such
reductions in the size and energetic value of the prey;
hence, the strategies and species composition among
the predators may also change. New migration routes
and spawning habitats for fish, such as capelin, may
also result from climate change (Huse and Ellingsen,
2008). For environmental contaminants, life history
variation and trophic level are well-documented
predictors of contaminant burden and individual
vulnerability (Congdon et al., 2001; Drouillard and
Norstrom, 2001; Sørmo et al., 2003; Borgå et al., 2004;
Hickie et al., 2005; Rowe, 2008).

planning for new shipping routes across the Arctic
and the establishment of new industrial structures
in hitherto inaccessible Arctic regions, as well as
prospecting activities for new offshore installations
within the High Arctic regions. In general, increased
human activities (settlements, tourism, industry,
exploitation of resources, etc.) will result in new
local contamination sources that will be additional
stressors to the sensitive Arctic ecosystem. In addition,
the current standard for sanitary infrastructures in
Arctic communities, as well as the available energy
sources, will not be sufficient to satisfy the these new
developments. Thus, in addition to new installations
for production and exploitation, new infrastructure
for energy production, sewage treatment and
collection, and service-related installations will be
established. This complex development will not only
add new local contamination sources but will also
considerably increase the risk of accidents.
Multiple stressors: As organisms are exposed
to and respond to various stressors, their overall
sensitivity to each individual stressor may change as
the magnitude and duration of impact changes. The
changes in stressors on Arctic biota due to climate
change include changes in food-web structure,
increased competition, increased energy expenditure,
lower food quality, altered exposure to contaminants,
and altered exposure to UV radiation. All of these
have implications for fitness and survival and may
result in lower threshold levels for toxicological
effects compared to the present situation. Climate
change is also predicted to increase the occurrence
and effect of pathogens and parasites in the Arctic
(Hoberg et al., 2008), for example, due to migration of
species, increased transport, and changes in species
distribution. As contaminant exposure already
makes wildlife more susceptible to disease by
inhibiting the immune response (e.g., Sagerup et al.,
2000), the combined effects render the animals more
vulnerable.
Ecosystem change: A general response to climate
change in high latitude oceans is the northward
shift of species distributions (Beaugrand et al., 2002;
Rijnsdorp et al., 2009). Hence, more southern species
are becoming ‘Arctic species’, but bring with them
life histories different from those originally adapted
to the Arctic, for example, different energy reserves,
life spans, life cycles, and competitiveness.
The seasonality of polar systems has resulted in
a dependency on lipids as a means to store energy
for use when food is not available (Scott et al., 2000).
Lipid dynamics are thus of crucial importance
as a structuring factor of the polar ecosystem,
because the animals are adapted to timing their
lipid use, reproduction, and energy acquisition to

4.1.1 Mercury
Climate-driven changes in the physical environment
can both directly and indirectly alter the structure
and dynamics of Arctic food webs, thereby impacting
Hg concentrations in Arctic species. Many forecasted
impacts to food webs and Arctic biota are associated
with a reduction in sea-ice concentration and
thickness, a prominent feature defining Arctic marine
ecosystems. Change in the availability of food, such
as the composition or dominance of species in an
ecosystem, may impact Hg bioaccumulation if the
food sources have altered Hg concentrations (Chételat
and Amyot, 2009). Mercury bioaccumulation is greater
in fish that feed at a higher trophic level (Bodaly et al.,
1993), hence fish community composition and foodchain length are key determinants of Hg concentrations
in top predator species. Though the possibility
is speculation, climate change could increase the
length of aquatic food chains in the Arctic through
an increase in species diversity or geographical shifts
in the distribution of the species (Hobbie et al., 1999).
Warming of waters is likely to alter fish growth
rates (Reist et al., 2006b), which may affect their
bioaccumulation of Hg, as fish with higher growth
rates tend to have lower Hg concentrations (Simoneau
et al., 2005). Likewise, temperature-induced metabolic
stress in fish may enhance Hg bioaccumulation (Reist
et al., 2006a).
Climate warming will increase the productivity
of freshwater ecosystems, which may reduce Hg
bioaccumulation in fish through growth dilution
processes (Pickhardt et al., 2002; Hill and Larsen, 2005).
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Zooplankton with higher growth rates have lower Hg
concentrations because more biomass is produced per
unit of food consumed (Karimi et al., 2007).

with body temperatures that vary with the temperature
of their surroundings) might therefore be expected
to occur more slowly under low environmental
temperatures, with a concomitant vulnerability
regarding temperature increases in the Arctic.
In contrast, the repair of radiation damage
incurred in cells and tissues is not effective at very
low temperatures. At temperatures of approximately
2–4 °C, the repair process is practically inoperative
(Kudryashov and Berenfeld, 1982; Kuzin, 1986; Mettler
and Upton, 1995). Lesions in ‘cooled’ organisms (e.g.,
poikilothermic or hibernating animals) are effectively
latent, whereas if organisms become warm, lesions
may be rapidly revealed. Development of embryos
and young poikilothermic organisms in the Arctic
occurs slowly; for example, the development of
the roe of some Arctic fish species takes more than
200 days, whereas in a temperate climate fish eggs
usually develop over eight to ten days (Sazykina et
al., 2003). Accordingly, at the same dose rate, Arctic
fish eggs receive a much higher total dose during the
radiosensitive stages of ontogenesis when compared
to fish eggs from temperate climates.
Depending on their reproductive strategy, longlived species may be more vulnerable to radioactivity
because of the potential for integration of dose in the
reproductive organs with time (Sazykina et al., 2003).
High concentrations of lipids in Arctic animals may
be expected to increase their radio-sensitivity, because
chemical products of lipido-peroxidation produced
by irradiation are toxic for organisms. Some natural
chemical compounds that are present in biological
tissues may increase the indirect effects of radiation,
acting as radio-sensitizing agents. For example,
increased concentrations of lipids or phenolic
compounds in living tissues provoke an increased
creation of radiotoxins (lipidoperoxides and quinines)
in irradiated organisms (Kudryashov and Berenfeld,
1982; Kuzin and Kopulov, 1982; Zhuravlev, 1990).

4.1.2 Legacy and emerging POPs
Higher temperatures may result in increased
biotransformation and elimination in cold-blooded
species (Maruya et al., 2005; Buckman et al., 2007;
Paterson et al., 2007). This will lead to an elimination
of parent compounds, but may result in increased
exposure to potentially reactive intermediates
and metabolites for these animals (as well as their
predators, both mammals and birds). For example,
hydroxy (OH-) metabolites of PCBs are known to
display a competitive interaction with transthyretin,
a plasma thyroid hormone (Thyroxine, T4) transport
protein, in mammals (Lans et al., 1993).
Climate change-induced introduction of new
species or changes in dominating species may affect
the food-web transfer of contaminants, as the new
species have different properties and life cycles
than the original Arctic species. Changes in feeding
ecology in polar bears from western Hudson Bay
have already been reported to result in increases in
the tissue concentrations of POPs (McKinney et al.,
2009). If the exposure of organisms to contaminants
were to shift from below to above threshold levels
for effects, the indirect influence of climate change
would be significant.
4.1.3 Radioactivity
Although direct data on radiation effects in the
Arctic are rather scarce, some differences in the
manifestation of radiation effects can be expected in
Arctic organisms compared to organisms inhabiting
temperate environments, and it is within the context of
these differences that potential climate change effects
may be posited. An increase in temperature increases
the rates of biochemical reactions within the biological
range of temperatures. Temperature affects both the
reactions of radiotoxins with biomolecules and the
diffusion of toxic compounds to neighboring tissues.
Lowering the temperature of biological tissues
or organisms helps to prevent the development of
radiation effects. For example, the survival time of
fish (Carassius sp.) kept at different temperatures
between 3 °C and 25 °C after an exposure to 18 Gy
of radiation was demonstrated to be much longer at
low temperatures and seemed to follow a decrease in
oxygen consumption; that is, the survival time was
inversely proportional to metabolic rate (Keiling et al.,
1958). The development of radiation effects in Arctic
poikilothermic organisms (cold-blooded organisms,

4.2

Human health

The legacy POPs are all highly lipophilic and they
biomagnify in the food chain. As a result, human
exposure to environmental POPs is primarily through
fatty foods and especially from marine, freshwater, and
terrestrial species at the top of the food chain. This places
subsistence consumers at greatest risk of exposure and
effects. Subsistence consumers near polluted industrial
sites or dumps where POPs may have been produced,
stored, or deposited in a landfill are also more likely to
be exposed for long periods of time and are at greater
risk. Exposures to POPs via drinking water, bathing
water, and air are generally considered to be far less
than through food consumption.
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Human uptake of metals from the environment
also comes primarily from consumed foods. Many
animals accumulate metals such as Hg, Pb, and Cd
in their muscle and in organs such as the liver and
kidney. Human consumption of the muscle meat
and organ tissues of large predatory fish (aquatic
and marine species) and large grazing mammals
and marine mammals can result in significant
exposures.
When comparing human contaminant data from
different studies, it is important to take into account
the age and gender distribution of the study groups.
It is also important to be aware of diet because it
is a significant predictor for many environmental
contaminants, especially for indigenous people
consuming locally caught foods. ‘Ethnicity’ could
serve as a substitute for a lack of dietary information
for some indigenous people, even though it does not
fully guarantee correct classification.
The standard for comparison of exposure and
effects from the Russian Arctic is weak. Human
monitoring of POPs and heavy metals has been
performed in Russia at irregular intervals over the
past 15 years. The work performed in this study
adds more and important data about contaminant
concentrations in humans in the Russian Arctic, and
it also provides data from areas that have not been
investigated previously. In addition, it opens up the
possibility to compare human data from NelminNos in the context of climate change because plasma
concentrations of POPs were measured in the same
area in 2001 to 2003 (Sandanger et al., 2009). These
comparisons could give an indication of the effects
of climate change on contaminant concentrations
among a small group of indigenous people. However,
due to the arguments mentioned above, a number of
factors (e.g., age, gender, diet) add uncertainties to
such comparisons, and interpretation of the results
should be made with caution.

4.2.1 Mercury
As pointed out in Section 2.7.1, the concentrations
of metals in the blood of the study group from
Izhma (rural settlement, reindeer herders) and
Usinsk (urban settlement, oil and gas workers)
were comparable, despite their different ways of
living. This finding might indicate that the global
distribution of contaminants is more important than
local hot-spot sources in this area, but the data are
still scarce, limiting the strength of any conclusions.
In 2001 to 2003, toxic metals were measured
in whole blood from men and women in the Kola
Peninsula (Sami, Komi, and Nenets in Lowosero and
Krasnoschelye; AMAP, 2009a). Figure 4.1 compares
the concentrations of Hg reported from that study to
the concentrations among Komi people determined
in 2010. Hg concentrations within the Russian Arctic
have been reported to vary greatly (AMAP, 2009a),
and this is also reflected in the results from 2001 to
2003 (Figure 4.1). The 2010 results from the Komi
Republic are comparable between genders and
regions. Overall, the two data sets do not indicate an
increase in Hg concentrations but rather a decrease
from 2001/2003 to 2010. However, it is important to
point out that the 2001–2003 data are based on several
different ethnic groups from another geographical
region of Russia; that makes the comparison of the
groups not optimal in this example, even if both sets
of data come from peoples living in regions that are
geographically closely related.
4.2.2 Legacy and emerging POPs
As part of the PTS Study in the Russian North (see
Section 2.7), blood samples were collected from 31
women (mean age: 37) and 13 men (mean age: 25)
from Nelmin-Nos during the years 2001 to 2003
(Sandanger et al., 2009). The samples were analyzed

Hg in whole blood, µg/L
8

Komi people

7
6
5
4
3

Men
Lowosero 2001-2003
Krasnoschelye 2001-2003
Izhma 2010
Usinsk 2010

2
1
0
2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

Women
Lowosero 2001-2003
Krasnoschelye 2001-2003
Izhma 2010
Usinsk 2010

2011

Figure 4.1. Comparison of total mercury concentrations in whole blood in 2001–2003 and 2010. Source: C. Rylander and J.Ø. Odland,
Institute of Community Medicine, University of Tromsø.
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concentration over time. However, a small increase in
CB180 concentrations was observed for both genders,
and especially for women. It must be emphasized,
however, that the data sets have not been adjusted
for possible confounding factors. The women who
participated in 2010 were older than the women
participating in 2001–2003 (37 years versus 25 years).
For men, the participants in 2001–2003 were slightly
older (37 years versus 32 years in 2010). It is unlikely
that the decreasing concentrations of POPs over time
were confounded by age.

for POPs and heavy metals and the results were
published in the 2009 AMAP assessment (AMAP,
2009a) and by Sandanger et al. (2009). In the current
project, 209 samples were also collected from NelminNos, allowing a unique opportunity to investigate
temporal trends in the most common POPs within
a Russian indigenous population. Results from the
two studies are summarized in Figure 4.2. A clear
decrease was observed in p,p’-DDE concentrations
since 2001–2003 for both women and men. In
addition, only 2% of all samples from 2010 contained
detectable concentrations of p,p’-DDT. The low p,p’DDT levels cannot be explained by possible low
sensitivity of the analytical instrument.
High concentrations of p,p’-DDE and p,p’-DDT
were reported in breast milk from Arkhangelsk in
1996 (1687 ng/g lipid weight (l.w.) of p,p’-DDE and
344 ng/g l.w. of p,p’-DDT) (AMAP, 1998). The DDE/
DDT ratio is a measure of recent exposure to sources
of DDT. In 1996, the DDE/DDT ratio in the breast milk
samples from Arkhangelsk was 4.9, which indicated
a recent source of DDT (AMAP, 1998). In the samples
from 2001–2003, the same ratio varied between
12.6 and 17.9 (different laboratories), indicating a
reduction of DDT sources since 1996 (Sandanger et
al., 2009). In the current study, it was not possible to
calculate the DDE/DDT ratio because the majority of
samples had concentrations of p,p’-DDT below the
limit of detection. The current results combined with
earlier data indicate a reduction of DDT compounds
in the environment in some areas of the Russian
Arctic and, thus, a successful Russian strategy for
reducing DDT within the Arctic.
Figure 4.2 also indicates that HCB concentrations
in Nelmin-Nos decreased from 2001/2003 to 2010.
This indication is especially pronounced among
men. CB138 and CB153 show no distinct change in

4.2.3 Human health, climate change, and

pollutants in the Arctic

Overall, the current data indicate a reduction of legacy
POPs in human blood samples from northwest Russia
over the past decade. This reduction is likely a result
of the banning of these chemicals internationally
through the Stockholm Convention and the
Convention on Long-Range Transboundary Air
Pollution (LRTAP) POPs Protocol, as well as specific
Russian environmental legislation. A small reduction
in Hg concentrations was also observed. However, the
basis for comparison is still weak and more data from
the same areas are needed in order to draw any firm
conclusions.
Similar reductions in POPs have been reported
in other parts of the Arctic (AMAP, 2009a). In the
Canadian Arctic, levels of Hg have declined by up to
50% in human populations over the past eight to 15
years (DINA, 2009). Levels of the legacy POPs appear
to have declined 50% or more for nearly all POPs,
and in some regions the levels in men and women
are now similar. These reductions are likely to be a
further indication of broadly applied domestic and
international controls on chemicals and metals.
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Figure 4.2. Change in the concentration of POPs in plasma among men and women from Nelmin-Nos in Russia. Source: C. Rylander
and J.Ø. Odland, Institute of Community Medicine, University of Tromsø.
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chain. How the old and new contaminants interact
(antagonistically, additively, or synergistically) will
be affected by the health status of the population
and the stresses on the individuals in the population.
These stresses are related to socio-economic status,
education, availability of health care, community
cohesion, alcohol and tobacco consumption, etc. These
types of stressors, often referred to as ‘determinants
of health’, can be affected directly by climate change
and climate variability (heat/cold stress, social stress,
changes in types and abundance of species hunted,
the influx of new diseases, less physical activity as
hunting opportunities decline, etc.).
Considering the uncertainties associated with the
effects of climate change and climate variability on
levels of POPs and metals and the certainties regarding
the effects of increased exposure to mixtures of POPs
and metals, it seems abundantly clear that action to
reduce POPs and metal releases to the environment
and efforts to slow the rate of climate change are
urgent health priorities.

Recent studies from Arctic marine food webs
indicate that the bioaccumulation of many POPs will
decrease in the marine environment and in animals
with increasing temperatures, assuming no change
in food-web structure and constant contaminant
exposure (see Section 2.6.2). This will, of course, be
favorable for indigenous people consuming biota
from the marine environment; however, the scenario
is complex. Food-web structures may change as a
result of climate change, causing alterations in the
diet for people consuming traditional/local foods. In
addition, some more recently recognized POPs such
as the brominated flame retardants appear to be
increasing in many areas of the Arctic owing to their
increased use over the past 20 years. Concentrations
of some brominated diphenylethers in Nunavik and
northern Quebec have increased by a factor of 2 and
16, respectively, from 1990 to 2002 (DINA, 2009).
While the transport and deposition of pollutants
in the Arctic environment may decline with stricter
and more broadly applied international controls, a
changing climate may increase the mobilization of
existing contaminants. For example, particle-bound
contaminants may become more transportable in
regions which become hotter and drier (wind erosion)
and in regions where more rainfall occurs (flooding
and erosion into oceans). Melting of the Arctic ice cap
may also allow the release into the atmosphere of large
amounts of contaminants sequestered in the ocean.
Predicting changes in human exposure to
contaminants as the climate changes is very difficult.
The environmental burden of contaminants in the
Arctic may change as mentioned above due to
temperature and rainfall changes and increased
climate variability (storms, typhoons, hurricanes,
etc.). International controls will reduce the
manufacture and use of many established POPs
and metals and prevent, to a large extent, the entry
into commerce of ‘new’ POPs. However, recycling
or disposal of wastes containing existing POPs and
metals may increase the availability of some of these
items for environmental transport.
Human responses to exposure to most legacy
POPs and several metals are well known; these
include, for example, impaired reproductive potential,
delayed or adversely affected early neurological
development, altered childhood behavior, cancer,
and other diseases. Many of the effects of POPs are
believed to be mediated by their endocrine-disrupting
properties. Adding further to the complexity of an
assessment of the effects of contaminants on human
populations is the reality that no human exposure to
POPs and metals is ever to a single chemical or metal;
environmental exposures are always to mixtures of
POPs and metals because they co-occur in the food

4.3

Combined effects on biota and
humans

4.3.1 A cocktail of climate change and 		

various contaminants

When toxicity is evaluated, it is important to consider
whether there is a concentration threshold for the
effect, defined as the concentration above which
toxicity or adverse health effects occur. Physiological
responses are regulated by homeostatic mechanisms,
and up to a certain point, the body can handle many
chemicals without adverse effects. However, if
exposure becomes too high, detoxification and repair
mechanisms are overwhelmed, and toxic effects are
induced (VKM, 2008; Lipscomb et al., 2009).
In the environment, organisms are exposed to a
cocktail of contaminants, including POPs, Hg, and
radionuclides. Combined effects of contaminants
on biota are still in the initial phase of research in
the field of toxicology. This is also true for the
Arctic, and for the combined effects of contaminants
and other factors such as those caused by climate
change. Nonetheless, it is likely that the effects of
climate change that are anticipated to affect biota
will also influence the accumulation and toxicity of
contaminants, as the toxicity is closely linked to the
baseline physiology and ecology of biota.
Combined effects of contaminants and a
changing climate may have several theoretical
outcomes (in terms of ‘additivity’, ‘synergism’, or
‘antagonism’, see explanation below) due to climate
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endocrine variables, such as plasma hormone levels.
It is important to be aware that reports of associations
between POP levels and endocrine variables are not
direct evidence of cause-effect relationships, due to
several probable unknown confounding factors in
the environment.
In general, the levels of contaminants in the
Arctic environment are low. Nevertheless, due
to biomagnification, top predators are at risk of
toxicological effects (AMAP, 2010). Furthermore, a
cocktail of contaminants may result in adverse effects
if concentrations add up to exceed threshold levels
for effects, due to additive or synergistic interactions.
The threshold is difficult to establish even for single
exposures in a controlled laboratory environment. For
wildlife exposed to a cocktail, finding the threshold
is extremely challenging, using associations between
measured contaminant levels and observed or
measured effects to establish field threshold values.
Changes in toxicity due to the influence of climate
change may occur owing to factors such as changes
in: exposure to contaminants, effect threshold levels,
multiple stressors, and mechanisms of action and
potency. Changes in contaminant exposure may
introduce or activate chemicals that interact to cause
additive, synergistic, or antagonistic effects. Changes
in effect threshold level may occur if the baseline
physiology of an organism changes resulting in an
increase or a decrease of the level at which the body can
handle chemicals without adverse effects. Increased
stress due to other factors (increased competition,
food scarcity, predation risk, etc.) may result in
energy allocation taken away from detoxification
and repair systems, resulting in toxic effects at lower
concentrations. Thus, if thresholds decrease, there is
an increased risk of synergistic effects. In addition,
there may be an increased risk of multiple stressors
affecting the environment; these may include pulse
exposure due to human activity or ice melt, increased
infections due to climate change (AMAP, 2009a), and
reduced resistance due to contaminants (Sagerup et
al., 2000; Lie et al., 2005). Risk areas occur where there
is a local point source, e.g., due to a ship accident
or pipeline disruption. Unfortunately, the initial
mechanism of action and potency is not known for
many chemicals (VKM, 2008; AMAP, 2009a), and
therefore it is not feasible to assess the overall effect
of climate change on this mechanism. However, as
metabolites and transformation products may have
different toxicities than the parent compounds and
the transformation is expected to change in relation
to changes in temperature and UV radiation (see
above), the risk of altered toxicity in organisms is
expected, even without the introduction or emission
of new chemicals.

effects on physiological responses that will change
the threshold level, changes in exposure to a more
pulsed scenario from seasonal effects, or increase
vulnerability due to infections.
Chemicals may have a different toxic potential
when acting individually compared to when acting
together in a ‘cocktail’. If there is no interaction
between chemicals, the effect response is additive,
and the combined effect equals the sum of the
effects of each chemical acting alone. If chemicals
are assumed to act on the same biological target,
increased chemical exposure may lead to effects,
even if each individual compound concentration
is below the threshold level. If the chemicals act by
different mechanisms, multiple chemicals present
should not affect each other, and no effect of a
cocktail is expected when each is below the threshold.
Interactions among chemicals may be expressed as
either a stronger (synergistic) or weaker (antagonistic)
response when exposed to multiple contaminants. A
synergistic effect occurs when the combined effect of
two chemicals is greater than the sum of the effect of
each chemical acting alone. Even if the mechanisms
of action differ between the contaminants on a
cellular level, the contaminants may affect the same
physiological functions (e.g., reproductive, immune,
and central nervous system effects). Antagonistic
effects can, for example, occur when substances
compete for receptor sites and the effect of the sum
of the chemicals is less than the sum of the effect of
them acting separately (receptor antagonism). Three
other major types of antagonism are functional
antagonism, when two chemicals counterbalance
each other by exerting opposite effects; chemical
antagonism, when a chemical reaction occurs
between two chemicals to produce a less toxic
product; and dispositional antagonism, when the
disposition (i.e., the absorption, biotransformation,
distribution, or excretion) of a chemical is changed,
so that the chemical concentration or contact time
with target organs is reduced.
Several POPs have shown numerous toxicological
effects. As an example, PCBs expresses toxicity as
immunosuppressive effects and endocrine-disrupting
effects, as well as impairment of reproduction (Safe,
1994; DeLong et al., 1973; Helle et al. 1976; Reijnders,
1986). Several of the toxic effects exerted by POPs
with a planar conformation (e.g., dioxins and certain
PCBs, as well as certain PAHs) have their origin in
the interaction with the cytosolic Ah receptor (Ahreceptor–mediated mechanism of action).
Several studies have reported endocrine effects
related to POPs in Arctic wildlife and fish by
studying associations between organ or blood
concentrations of various POPs and levels of various
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5.

5.1

Conclusions, 			
recommendations, and
perspectives

phenomenon of AMDEs is strongly associated with
ice-related processes; thus, the projected further
reduction in ice coverage of the central Arctic will
have a direct impact on the AMDE-related processes.
In addition, the expected shift in dominant source
regions (from Europe and the Americas to Asia) will
have considerable effects on the transport pathways
of Hg towards the Arctic.
The currently observed continuous reduction
of the summer sea-ice coverage in the central
Arctic Ocean may also lead to increased release
of previously immobilized contaminants (i.e., Hg,
POPs, and radionuclides).
The transport and uptake of POPs are also expected
to be altered due to climate change influences. The
‘global distillation’ theory is now commonly accepted
as the principle for coupled global atmospheric and
ocean-current–related distribution and transport of
semi-volatile chemicals into polar regions. POPs are
thus transported along a temperature gradient from
temperate regions into the cold polar environments.
The change in the temperature regime will thus
directly affect the efficacy as well as the velocity of
these atmospheric-ocean transport processes.
However, some ‘emerging’ POPs recently detected
in the Arctic, such as perfluorinated chemicals, do not
entirely follow this line. Perfluorinated compounds
are neither lipophilic nor hydrophilic. Depending on
their volatility, they are either transported bound to
particles (in the atmosphere and/or oceans) or in the
gaseous phase. The most recalcitrant perfluorinated
constituent in Arctic environments is PFOS. This
chemical is not only transported as a technical product
into the Arctic, but is also directly transformed in situ
by biotic and abiotic transformation of precursor
compounds such as fluorotelomer alcohols (FTOHs)
and perfluorinated carboxylic acids (PFCA). Studies
on the effects and levels of Hg and new emerging
contaminants (perfluorinated substances, brominated
flame retardants, etc.) in terrestrial biosystems are
currently not given appropriate priorities in Arctic
environmental contaminants research.
Owing to the prolonged half-life of anthropogenic
contaminants in Arctic environments, local
contamination will affect the surrounding vulnerable
environment (including vegetation and animals)
much longer than has been documented for
temperate environments, where degradation rates
and immobilization in soils and sediments lead to a
relatively rapid reduction of potential effects on the
environment. This is illustrated by a study performed
in Kinnvika (Harris, 2009), an abandoned research
station not in use since the late 1950s. Hotspots with
very high levels of PCB and PAH residues were

Conclusions

The recent reports by IPCC, ACIA, and AMAP stated
clearly that, from a global perspective, the most
pronounced environmental changes associated with
changing climate will occur in the Arctic environment.
The currently observed changes (loss of ice coverage,
greening of the Arctic, and the reduction of the Arctic
ice caps in Greenland, Arctic Russia, and Svalbard) are
even more rapid than the most progressive models
have foreseen. Therefore, research on contaminant
fate and effects in a changing Arctic environment is
of high importance in order to develop science-based
mitigation and abatement strategies for a region under
considerable environmental stress, with consequences
for local people and ecosystems. With this rationale in
mind, this report has been a first attempt to shed light on
climate-dependent contaminant distribution behavior
and potential combined effects of environmental
contaminants (POPs, Hg, and radioactivity) on a
changing Arctic environment.
Current studies and surveys on pollution issues in
the Arctic (as summarized in Section 2) confirm that
the complex processes involving transport pathways,
intercompartmental distribution, bioaccumulation,
and transformation of anthropogenic contaminants
will be affected by the recently observed climate
change in the Arctic environment. Aside from these
processes, it is expected that these changes will also
influence the regional anthroposphere (the human
population and infrastructure of the region). They
will have consequences for contaminants transported
long distances from remote sources, as well as the
potential for local pollution due to the establishment
of industrial facilities (on- and offshore), supporting
transport lines, and housing and settlements
(specially adapted to the harsh Arctic environment)
as resources become more available in an increasingly
ice-free Arctic. These general scenarios have been
described in earlier reports and are equally valid
for all three contaminant types studied in the report
presented here.
5.1.1 The atmosphere and the terrestrial

environment

Mercury deposition and transformation processes
including AMDEs are temperature-dependent. The
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Hg(II) will be deposited directly on the sea surface,
and the direct air–sea exchange of elemental Hg(0)
will be enhanced. Furthermore, climate warming
has the potential to alter the rate and geographical
extent of a number of environmental, ecological, and
geochemical processes that can rapidly work on and
transform the large abiotic inorganic Hg reservoir
presently in seawater to bioavailable MMHg, or
otherwise alter the capacity of food webs to assimilate
MMHg. However, at this stage of understanding, it is
impossible to quantitatively predict which of several
candidate processes are likely to be most influential
on future Hg trends in biota.
The deposition as well as re-emission properties
for POPs will also be influenced by the declining seaice coverage in the central Arctic Ocean. Increased
emissions of previously stored semi-volatile
organochlorine compounds are expected when the
ice coverage is vanishing.
The loss of ice coverage will inevitably permit
access to valuable mineral and petroleum resources
that have not been accessible previously. Thus,
new infrastructures will be established and the
human populations and settlements in the Arctic
regions will increase. As a consequence, potential
sources of pollutants will move into the Arctic and
new non-persistent contaminants from these local
emissions will affect the environment. A recent pilot
study revealed the presence of pharmaceuticals in
considerable levels in the coastal marine environment
close to a sewage effluent release pipe in a local fjord
in western Spitsbergen.
Scientific data on the presence and behavior of
radionuclides in the Arctic marine environment are
relatively sparse depending on isotope and region.
Some site-specific data regarding concentration
factors for the radionuclides 90Sr, 137Cs, 240Pu, and 99Tc
in Arctic biota have been collated. These indicate that
climate change effects on marine uptake are unlikely
to result in significant changes in the uptake of
radionuclides by Arctic marine organisms although
more study is warranted in this area.
Climate change may alter the capability of
terrestrial environments to retain radionuclides.
This may ultimately lead to greater mobility of
contaminant radionuclides with the potential for their
increased transfer to terrestrial species, freshwater
systems, and ultimately the marine environment.
This is of special concern for radon daughter nuclides.
Due to increased ambient temperatures and the loss
of frozen ground, it can be expected that an increased
exhalation of radon gas from soils will result in
increased exposure of indigenous populations in the
North to radon daughter products such as isotopes
of Pb and Po.

found in soil samples around the station more than
sixty years after the station was abandoned.
For radionuclides, humidity and precipitation
rates rather than temperature changes will control
the uptake in the surface soil and humic/fulvic
materials. Humic materials have a significant
influence on the interaction of radionuclides with
the soil. Ion-exchange reactions seem to be the
most relevant chemical reaction with regard to the
binding of radionuclides to soil and sediments. The
mobility of radionuclides is expected to be affected
by climate change in the Arctic. Within a frozen soil,
liquid layers (films) can frequently be found on soil
particles. These layers provide the predominant
pathways for distribution of dissolved substances
within the frozen soil. This mobility can even
extend into the surrounding snow compartment. A
general assessment of the principal factors governing
the transport and accumulation processes for
radionuclides in terrestrial environments confirms
that the majority of the influencing factors are
affected by the currently ongoing climate change.
The role of these processes (including uptake into
Arctic vegetation and consequences due to vegetation
change, or the ‘greening Arctic’), however, has not
yet received appropriate attention.
At present, the Arctic tundra constitutes the
largest terrestrial sink for radioactive contaminants.
Therefore, loss of permafrost and increasing soil
temperatures will lead to an increased release of
radioactive materials currently stored in the tundra.
The current view that contaminant radionuclides
exhibit only low mobility within Arctic environments
is valid only within temperature regimes of the past.
Current scenarios for the Arctic show that climate
change may lead to considerable changes in the
mobility and uptake of radionuclides in Arctic
environmental compartments.
5.1.2 The marine environment
The extensive loss of sea-ice coverage is undoubtedly
the most obvious change currently occurring
in the central Arctic environment. The ultimate
consequence, an ice-free Arctic Ocean, will lead
to considerable consequences for meteorological
conditions (wind mixing), radiation conditions
(albedo), and the temporary reduction of salinity
(freshwater influence). This also includes direct
consequences on the vulnerable Arctic marine and
ice-associated ecosystems (primary production and
biodiversity).
For Hg deposition, two immediate effects have
been identified in relation to the expected loss of ice
coverage: a larger proportion of the particle-bound
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Furthermore, the land-based Arctic ice caps are
continuing to decrease in size and volume. It is
thus expected that, in the same way as previously
described for marine ice cover, the melting ice cover
will eventually release previously trapped mercury
(potentially for many thousands of years) into the
atmosphere. An additional consequence of the
observed glacier meltdown will be the increased
potential for methylation of Hg on the ice margins.

5.1.4 Human health
Within the integrated study performed here,
contaminant levels of POPs and Hg in blood from three
different communities and two population groups of
the Russian Arctic were studied (Nenets: Nelmin-Nos,
Komi: Izhma and Komi: Usinsk). Hg, Pb, Cd, and Se
were detected in more than 85% of all blood samples.
Of 18 PCB congeners analyzed, CB153 was present at
the highest levels; for the organochlorine pesticides,
p,p-DDE and HCB were found in the highest
concentrations. For organochlorine pesticides, the
highest levels were found in blood samples from senior
citizens, indicating age-dependent accumulation for
these compounds.

5.1.3 Bioaccumulation
For Hg, MMHg is the most important in relation
to toxicity, bioaccumulation and biomagnification.
The process of Hg methylation is directly linked to
the organic carbon cycle. Consequently, changes in
carbon pathways (as a consequence of cryospheric
change) will have direct consequences for MMHg
de novo biosynthesis. Climate-driven changes in
the physical environment can both directly and
indirectly alter the structure and dynamics of Arctic
food webs, thereby impacting Hg concentration and
uptake processes in Arctic species and populations.
The expected climate change described for
Arctic environments adds additional uncertainties
to the available estimates of bioaccumulation
potential for POPs as such change may not only
affect the physical and biological environment, but
may also affect the distribution of POPs and their
bioaccumulation and biological effects in various
ways. As a first step toward tackling this complex
issue, a modeling study on climate change effects
on POPs distribution in an Arctic marine food web
focused on temperature change and increased
primary production. In this study, both food web
structures and total air and water concentrations
were assumed to remain constant, although they
are important for reliable future estimates. Updated
estimates for bioaccumulation and biomagnification
in typical Arctic food webs undergoing different
climate change scenarios were described. Based on
selected scenarios for climate change, the food web
model showed that the effects of changes in primary
production (leading to changes in bioavailable
contaminants) are more important for the food web
bioaccumulation of contaminants than are changes
due to projected temperature increases.
In addition, for radionuclides, climate change is
expected to influence bioaccumulation properties.
Most importantly, it is expected that processes
governing the availability of radionuclides in the
lower level of the Arctic terrestrial food chain will
be affected and thus will influence the uptake rates
of radionuclides into plants and lower organisms.

5.1.5 Modeling: Contaminant transport

and distribution

A multimedia chemical fate model (BETR) was
applied to study the global distribution and level
of PCBs (CB28 and CB153) under different global
climate conditions. Based on the results, these PCB
congeners will increase their concentration in air
mainly due to enhanced primary volatilization
(emission) owing to higher ambient temperatures
(no change in primary emissions was assumed for
the model calculations).
In the study presented here, the Danish Eulerian
Hemispheric Model (DEHM), a 3-D atmospheric
chemistry transport model, was used to study the
long-range transport properties of POPs in different
meteorological regimes. Decadal constant emissions
were modeled for POPs (Hg, HCHs, PCBs) for the
periods 1990–1999, 2090–2099, and 2190–2199. The
meteorological climate input for the respective decades
was modeled with the ECHAM5 model system.
For Hg, during the polar sunrise (March to
April) there is a clear decrease in Hg deposition. A
less pronounced decrease is observed during the
other months of the year due to changing ozone
concentrations.
In a progressively warming Arctic climate, the
atmospheric concentrations of POPs are expected to
increase due to higher volatilization. A significant
increase of γ-HCH is expected in a warming Arctic
marine environment, whereas α-HCH concentrations
will continuously decrease in the marine ecosystems.
In addition, for the terrestrial environment (soil),
α-HCH is expected to decrease owing to increased
volatility of α-HCH, while γ-HCH will be subject to
a combination of increased transport to the Arctic and
increased volatility from secondary sources. For PCBs,
an enhanced transport of higher chlorinated congeners
is expected due to higher ambient temperatures.
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Meteorological output from climate models has
been used as a versatile tool for the investigation of
exposure levels for POPs and Hg in a changing Arctic
climate. The model gives important indications for
future contaminant behavior in a different Arctic
environment from that known today.

5.1.7 Combined effects
All organisms are exposed to and responsive to a
variety of external environmental factors and stressors.
The overall sensitivity to each of these individual
stressors will change as their magnitude and time of
impact changes as a part of the adaption of organisms
and populations to their environment. However,
the currently observed large changes in stressors
and the corresponding response and adaptation
required by Arctic species and populations due to
ongoing climate change is considered to be outside
the normal range. This includes many ecosystemrelated changes that require simultaneous adaptation
strategies. Changes in food-web structure, increased
competition with invading species, increased energy
expenditure, lower food quality, altered exposure to
contaminants, and altered exposure to UV radiation
are the major factors. All of these impact factors have
implications for fitness and survival and may result
in lower threshold levels for toxicological effects
compared to the present situation.
In relation to the exposure of indigenous
populations of northwest Russia, the currently
available data indicate a reduction in legacy POPs
and Hg in human blood samples over the past ten
years as a result of international regulations on
chemical usage. In the Canadian Arctic as well,
levels of Hg have declined by up to 50% in human
populations over the past eight to 15 years. The
reductions reported here in levels of and exposure
to POPs, Hg, and other metals are likely to be a
further indication of broadly applied domestic and
international controls on chemicals and metals.
Recent studies of Arctic marine food webs indicate
that the bioaccumulation of many POPs will decrease
in the marine environment and in animals owing to
a predicted increase in primary production due to
climate change. While the transport and deposition
of contaminants in the Arctic environment may
decline with stricter and more broadly applied
international controls, a changing climate may
increase the mobilization of existing, previously
stored contaminants (secondary sources).
Owing to the scientific complexity of the
processes involved, the prediction of changes in
human exposure to contaminants as the climate
undergoes continuous change is a very difficult
task. To add further uncertainty to the already
large complexity of an assessment of the effects of
contaminants on human populations, consideration
must also be given to mixtures and combined effects.
The reality is that human exposure to POPs and
metals is never only to one single chemical or metal;
environmental exposures always occur in the form

5.1.6 Climate impact and environmental

fate

Concentrations of a variety of contaminants (e.g.,
greenhouse gases) in the atmosphere have increased
since industrialization in the 18th century, thereby
affecting climate, which has continuously evolved
under those pressures into what we experience today.
In addition, semi-volatile organic contaminants
(i.e., PCBs, organochlorine pesticides) and selected
metals (i.e., Pb, Cd, Hg) have been introduced via
products and applications since the 1940s and, thus,
represent relatively new constituents in the complex
anthropogenic emissions scenario resulting from
human industrial activities since the mid-1800s.
As a consequence of extensive human population
growth and the associated huge demand for energy,
transportation, industrial products and activities,
the anthropogenic component is considered the
predominant and governing factor of currently
observed global climate change.
Although these scenarios were described already
decades ago, both climate variations (anthropogenic
and naturally occurring) as well pollution/
contaminants continue to affect ecosystems as
well as human populations. Their co-occurrence is
expected to affect biota and humans additively or
synergistically, either by acting as multiple stressors
or as separate stressors where the different climate or
contaminant state may alter the toxicological effect in
individuals and populations. However, to date only
a few studies have been conducted that address the
combined effect of climate change and contaminants
on biota and human health (see Section 4).
At present, Arctic ecosystems (including animals
and vegetation) are faced with multiple challenges
in a rapidly changing environment. These include
increased ambient temperatures in air and oceans,
and ocean acidification due to the increased uptake
rate of CO2 in seawater. There are also changes in the
UV radiation regime due to the reduced reflection
by ice and corresponding increased absorption by
water because of diminishing sea-ice coverage. These
factors potentially are leading to a remobilization of
contaminants and subsequently increased exposure
risk for humans and animals in the Arctic.
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of mixtures (POPs, metals, biotoxins, other chemicals
with potential adverse effects) because they co-occur
in the food chain and are taken up simultaneously
with the food or surrounding air. However, in view
of the certainties regarding the effects of increased
exposure to mixtures of POPs, metals, and other
contaminants, it is abundantly clear that action to
reduce POPs and metal releases to the environment
and efforts to slow the rate of climate change must be
identified as urgent health priorities.
5.2

picture of the actual contaminant status for Arctic
environments and human populations. However, indepth knowledge on interacting processes (uptake,
distribution, transformation) under Arctic conditions
is still missing, and this knowledge is necessary in
order to show the intercompartmental linkages.
Accordingly, the following four aspects have
been identified as priority needs for future directed
contaminant studies, including both monitoring and
research:
• One focus should be on studying and evaluating
intercompartmental exchange processes (i.e., sea
surface–atmosphere) in a changing Arctic climate
by combining empirical field studies, laboratory
experiments, simulations, and modeling.

Recommendations

In the conduct of their assessments of environmental
change and its consequences, AMAP, ACIA,
and IPCC have considered it an important task
and priority to use their scientific findings and
future projections to suggest policy-relevant
recommendations concerning future research and
monitoring needs as well as issues relevant to the
components of environmental change caused by or
associated with human activities such that policies
may be developed to mitigate the causes or decrease
the negative effects of these changes.

• After development and adjustments of modern
analytical methods for the specific components
(including documentation and quality control),
new emerging contaminants of relevance for the
Arctic should be included in ongoing monitoring
programs for contaminants and pollutants in the
Arctic environment.
• Based on updated knowledge on the impact
of selected emerging hazardous chemicals on
the terrestrial environment, new circum-Arctic
monitoring programs should be established for
the abiotic and biotic terrestrial environment
(including freshwater and limnic ecosystems).

5.2.1 Knowledge gaps
Sections 2.1 to 2.5 contain detailed descriptions of
gaps in scientific knowledge. Accordingly, missing
overarching scientific information required for a
reliable assessment of combined effects of ongoing
climate change and varying exposure risks to
contaminants have been summarized here as
concluding remarks.
A general priority should be placed on actions to
ensure the continual development and maintenance
of circum-Arctic coordinated research and monitoring
initiatives aimed at studying the recent situation and
estimating the future with regard to contaminant
levels, uptake processes, and distribution in Arctic
environmental compartments, with a focus on
climate change influences based on future scenarios.
Needs for updated and sound science-based
information are identified below.

• The linkage between contaminant groups
(radionuclides,
metals,
and
organic
contaminants) including effects on mixture
uptake and distribution processes should be
further explored.
5.2.3 Transformation and degradation
Studies on degradation and transformation have
traditionally been performed as single compound
studies (sometimes also in isomer- or congenerbased studies on related chemical groups). New
strategies must be developed for qualitative estimates
and quantitative investigations of interchemical
interactions and relations during transformation and
degradation processes in biotic and abiotic systems.
Here, also, temperature dependence and changes in
radiation should be considered as climate-related
factors.
For sound ecotoxicological evaluation of
radionuclides, comprehensive scientific studies are
required on the potential impact of climate-related
environmental change in the radioecology of Arctic
freshwater systems.

5.2.2 Levels and distribution
The
ongoing
national Arctic
atmospheric
contaminant monitoring programs in Canada,
Russia, and Norway (AMAP, 2009b) are considered
to be the longest time series available for POPs,
metals, and volatile chemicals (including CO
and CO2) on a global basis. In addition, several
monitoring and screening activities are performed on
a continuous basis, which provides a comprehensive
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based studies have been published dealing with
issues related to the combined effects of pollutants
(multiple stressor approach). In the case of this study
also, well-developed methods were not available to
permit quantitative empirical studies of combined
effects of contaminants and climate change. One
of the major conclusions of the project presented
here is, thus, that more emphasis must be given to
the development of sound scientific methods and
equipment for the monitoring and assessment of
combined effects in the Arctic.

5.2.4 Combined effects related to 		

environment and health

Although it has been on the priority list of
international
environmental
researchers
for
many years, multidisciplinary work to develop
new methods and technologies for the scientific
evaluation of combined environmental effects is
still in its initial phase. Therefore, due to the lack of
appropriate methods for the scientific quantitative
determination of complex combined effects, mainly
qualitative statistical validation methods as well as
chemical modeling (i.e., QSAR) are currently used
as assessment tools. In order to address combined
effects, the conventional framework of toxicology/
ecotoxicology must be critically reviewed and
adjusted, as appropriate.

5.3

Perspectives

In the course of the comprehensive study presented
here, it became clear that lack of appropriate
infrastructure and technology for experimental work
on combined effects and climate created a major
challenge to meet the original goals of the project.
However, based on the interdisciplinary composition
of the research team and the combination of empirical
and theoretical methods, new insights into the
complex picture of the fate and distribution of selected
contaminants in a changing environment were gained
and new research needs were identified.
Thus, the study presented here must be seen as an
initial pilot project aimed at identifying future direct
research needs for follow-up studies. As a direct spinoff of the project presented here, the FP7 EU project
ArcRisk was proposed in 2008 and officially funded
in 2009, involving 21 partner institutions focused on
changing exposure and consequences of contaminant
levels for the Arctic people under changing climate
conditions.
Very well-defined and scientifically valuable
expertise on knowledge gaps and technological
needs for future research and scientific evaluations
on combined effects in ecosystems and humans have
been gained during the course of the project. This
knowledge is very important for the development of
new concepts and research strategies for future research
and assessments with regional and global perspectives
(including Arctic environmental research).

• Toxicological term definitions (threshold values,
physiological response, etc.) are currently defined
for single-compound toxicology. The definitions
must be adjusted or redefined if required.
• Conventional testing systems, developed for
single-compound toxicity determination, must
be adjusted to mixture assessments, or new
approaches must be developed.
For both human toxicity and ecotoxicological
assessments in relation to Arctic research on
combined effects and the influence of climate change
on contaminant exposure, focus should be placed
on low concentration, subchronic exposure to
mixtures. The composition of the mixtures for this
type of scientific assessment should be based on the
concentration levels found in the ongoing monitoring
programs (of the atmosphere, biota, and food items)
in the Arctic.
This project, on Combined effects of selected
pollutants and climate change in the Arctic
environment, was considered from the beginning
to be a demanding and challenging scientific task.
The study was performed in several components
as a combination of literature review, evaluation
of available data, field studies (case studies),
and modeling (uptake, fate, and distribution of
contaminants).
The literature survey revealed that evidence is
available for the influence of current ongoing climate
change on the distribution, uptake, and transformation
processes governing the fate of anthropogenic
contaminants in the Arctic environment. This
influence also includes the local human populations
who are dependent on the regional ecosystems for the
provision of food, tools, and other life support.
Although scientifically sound and already
accepted, only a few experimental or fieldwork-

5.3.1 Input into international monitoring

and assessment activities

The need for scientific elucidation of combined
effects and multiple stressors (anthropogenic
and biogenic) on biosystems is recognized in
the international science community. However,
international conventions (i.e., the Stockholm
Convention on POPs, LRTAP Aarhus Conventions) as
well as international monitoring activities (i.e., Global
Atmosphere Watch of the World Meteorological
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Organization, the UN Economic Commission for
Europe–EMEP) have only slowly implemented
recommendations and strategies into their programs
where ‘combined effects’ are considered.
As part of the current revision process of the
international implementation plan for AMAP,
integration and coordination of ongoing monitoring
programs and the importance of combined
effects studies are considered future priorities for
environmental research in the Arctic. These priorities
were also motivated and inspired by the study
presented here. The first results documented here
as well as the need for further international scientific
focus on this issue will be communicated to the
relevant conventions and monitoring programs.
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Table A1.1. Feeding relationships showing the proportional diet composition of each organism group, for the benthic (upper white panel) and pelagic (lower grey panel) food web, based on published
literature. For sources see Table A1.3.
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Annex 1. Details of the feeding relationships and other parameter values chosen
for the benthic-pelagic food web
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Table A1.2. Other parameter values chosen for the benthic-pelagic food web. Body weight and lipid weight of benthos from published literature values and ongoing IPY projects (see sources in Table A1.3), for pelagic species see
technical document. Feeding rate and growth rate estimated as in Gewurtz et al. (2006), except for bird values that are found in the technical document based on published literature. Non-lipid organic matter (NLOM) fraction,
lipid assimilation efficiency and NLOM diet assimilation efficiency as in Arnot and Gobas (2004) for organic matter, invertebrates and fish, and from the technical document for birds.
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Table A1.3. Sources for dietary proportions and parameter values in Tables A1.1 and A1.2, respectively. Most of the benthos lipid content
is from the ongoing project Contaminants in Polar Regions COPOL.
Animal group

Species name

Sources

Bird

Eider

Weslawski et al., 1994; Anker-Nilssen et al., 2000; Hop et al., 2002; Møller, 2006 ;
Merkel et al., 2007a,b

Fish

Atlantic cod, small

Bogstad and Mehl, 1997; Bogstad and Gjøsæter, 2001; Borgå et al., 2001;
Dalpadado and Bogstad, 2004; Møller, 2006

Fish

Haddock

Burgos and Mehl, 1987; Jiang and Jørgensen, 1996; Møller, 2006

Fish

Shorthorn sculpin

Bright et al., 1995; Cleemann et al., 2000; Hoekstra et al., 2003 ; Kuzyk et al., 2005

Fish

Staghorn sculpin

Bright et al., 1995; Cleemann et al., 2000; Hoekstra et al., 2003 ; Kuzyk et al., 2005

Sipunculida

Golfingia sp.

Tran and Zeng, 1999; Renaud unpublished data

Bivalve

Hiatella arctica

Gallagher et al., 1998 (other species)

Polychaeta

Nephtys sp.

Luis and Passos, 1995; Bodin et al., 2008; Renaud unpublished data

Polychaeta

Maldane sarsi

Tran and Zeng, 1999; Renaud unpublished data

Crustacea (shrimp)

Pandalus borealis

Hopkins et al., 1993; Møller, 2006

Crustacea

Sclerocrangon

Giese, 1966; Birkeley and Gulliksen, 2003; Møller, 2006

Echinodermata

Strongylocentrotus

Bluhm et al., 1998 ; Giese, 1966

Echinodermata

Ophiura sp.

Fujita and Ohta, 1990; Gallagher et al., 1998; Bodin et al., 2008

Crustacea

Hyas aranaeus

Giese, 1966; Spicer and Baden, 2000; Bodin et al., 2008; Evenset unpublished data

Polychaeta

Lumbrineris sp.

Luis and Passos, 1995; Renaud unpublished data

Polychaeta

Pectinaria

Tran and Zeng, 1999; Renaud unpublished data

Polychaeta

Ophelina acuminata

Renaud unpublished data

Echinodermata

Ctenodiscus

Renaud unpublished data

Unidentified matter

Other benthos

Particulate organic matter

Detritus

Particulate organic matter

POM (not growing)

Algae

Phytoplankton (growing)

Crustacea (copepod)

Calanus glacialis

Scott et al., 2000; Borgå and DiGuardo, 2005

Crustacea (copepod)

Calanus hyperboreus

Scott et al., 2000; Borgå and DiGuardo, 2005

Crustacea (krill)

Thysanoessa inermis

Borgå et al., 2003; Body weight calculated from sample wet weight and number
of individuals.

Crustacea (amphipod)

Parathemisto libellula

Borgå et al., 2003; Body weight calculated from sample wet weight and number
of individuals.

Fish

Polar cod

Borgå and DiGuardo, 2005

Bird

Kittiwake

Borgå et al., 2005
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Annex 2. Effects of climate change on the accumulation of contaminants
in selected Arctic food webs: Svalbard
A2.1 Introduction

A2.1.1 Uptake of 137Cs to Svalbard reindeer and

The Arctic has attained a prominent role in scientific
debate regarding global climate change. A body
of evidence from general circulation models and
theoretical considerations predicts that the effects
of climate change will be amplified in the northern
high latitudes (IPCC, 2001). The implications of
climate change prognoses, as outlined in several large
assessments in recent years, for Arctic food chains,
species assemblages and biota are of some significance
with respect to Arctic radioecological topics. These
changes are especially pertinent to Arctic terrestrial
food chains for a number of reasons. The link from
vegetation to reindeer has long been recognized as
a primary pathway for the transfer of radioactive
contaminants in Arctic food chains and ultimately to
humans. The anthropogenic isotope of most concern
in this respect is 137Cs, one of the main contaminant
species likely to be introduced after a radiological
incident and for which a significant amount still exists
in the Arctic environment. The efficient transfer of
this isotope and others, along Arctic food chains, is
governed to a large extent by factors that are controlled
by the Arctic climate and environment.
Under anthropogenic climate change scenarios,
global climate models show pronounced wintertime
warming at high latitudes (IPCC, 2001) leading to
greater precipitation and more frequent cycles of
thawing and freezing (Danell et al., 1999; Mysterud
et al., 2003). In addition, such winter warming may
lead to an increase in rain-on-snow (ROS) events,
with a 40% increase in ROS events predicted in areas
with northern maritime climates under one standard
climate change scenario (Putkonen and Roe, 2003).
ROS events can lead to extreme icing events that
may restrict forage availability to herbivores such
as reindeer (Reimers, 1977, 1982). Such restrictions
to forage availability may affect uptake rates of 137Cs
to reindeer (and other herbivores) and so affect the
transfer of this radionuclide through Arctic food
chains. In light of this, this study examines the effects
of forage availability on the transfer of 137Cs in the
High Arctic Svalbard archipelago through biokinetic
modeling of a simple vegetation–herbivore–
carnivore food chain. This study primarily focuses
on the uptake of 137Cs to Svalbard reindeer (Rangifer
tarandus platyrhynchus) and the transfer to Arctic
foxes (Alopex lagopus), but also considers the uptake
of 137Cs to Svalbard rock ptarmigan (Lagopus mutus
hyperborea) as an additional herbivore.

Several subspecies of reindeer are found throughout
the Arctic region, with the Svalbard subspecies
exclusive to the main islands of the Svalbard
archipelago (77–81° N). The current distribution
is centered on Nordenskiold (about 4000 animals)
and Edgeøya and Barentsøya (about 2500 animals),
with smaller populations found in northwestern
Spitsbergen, Nordaustlandet and, in particular, on
Brøggerhalvøya (Øritsland, 1985). It is the only large
herbivore present on Svalbard and, apart from the
pink-footed goose (Anser brachyrhynchus), barnacle
goose (Branata leucopsis), light-bellied brent goose (B.
bernicla hrota) and Svalbard rock ptarmigan, no other
vertebrate herbivores are present on the archipelago
(Jónsdóttir, 2005). Of the above-mentioned herbivores,
only the Svalbard reindeer and the Svalbard rock
ptarmigan are resident all year on Svalbard, with the
goose species present only in the summer months.
Svalbard reindeer have been termed generalist
herbivores, selecting for biomass rather than forage
quality (e.g., van der Wal et al., 2000). However,
studies on grazing behavior and plant selection
reveal that Svalbard reindeer feed extensively on
grass species through late summer and autumn (e.g.,
Staaland, 1984) which enables Svalbard reindeer to
accumulate fat reserves to an extent unknown in most
other ruminants (e.g., Reimers et al., 1982). Svalbard
reindeer must continue to graze throughout the
winter months as their accumulated fat reserves have
been estimated to provide at most 25% of their energy
requirements in winter (Tyler, 1987a). However, food
intake during winter months is reduced compared to
summer months (Nilssen and Ringberg, 1980; Tyler,
1987b) as winter daily energy requirements are low
through a combination of thick fur insulation and
the adaptation of a highly sedentary lifestyle (Cuyler
and Øritsland, 1993). Even during winter, Svalbard
reindeer have certain preferences in their choice of
forage, keeping to the open heathlands while snow
conditions are favorable and only moving to windblown ridges when snow begins to accumulate and
becomes hard packed (Lindner, 2003). Vegetation
availability on wind-blown ridges is typically lower
than that found in open heathlands and generally
consists of different communities, with species
such as Dryas octopetala, Salix polaris and Saxifraga
oppositifolia dominant. These ridge vegetation species
show higher activity concentrations of 137Cs on

effect of forage availability
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Svalbard than grass species such as Deschampsia spp.
and Poa spp. (Dowdall et al., 2005), which are more
typical for open heathlands.
The predicted increase in winter precipitation,
thawing and freezing cycles and ROS events in the
future may force Svalbard reindeer to rely to a greater
degree on ridge vegetation for forage during the
winter months, potentially increasing their uptake of
137
Cs. Compared to the Norwegian reindeer (Rangifer
tarandus tarandus), little is known about 137Cs uptake
in Svalbard reindeer. This study examines the effects
of different diets on the uptake of 137Cs to Svalbard
reindeer in the summer and winter through biokinetic
modeling based on data available in the literature.

that fat of Norwegian reindeer contained no 137Cs.
The approach of Holleman et al. (1971) models the
increase in 137Cs biological half-life between summer
and winter observed in Norwegian reindeer due to a
decrease in potassium intake during the winter as a
result of a higher lichen component (low potassium
content) in the diet. In Svalbard reindeer, although
lichens are considered unimportant as a dietary
component, a similar decrease in potassium intake
during the winter is likely to occur as the potassium
content of available forage during the winter is low
and in many cases reduced in the same plant species
compared to summer levels (Staaland et al., 1983).
The amount of 137Cs available for absorption
from the diet is a function of a component from
ingested vegetation and a component from soil that
was attached to the ingested vegetation and can be
represented by Equations 2 to 4:

A2.2 Modeling
The uptake of 137Cs by Svalbard reindeer was modeled
using a biokinetic approach based on data available
from the literature (see Appendix 1 for details of
parameters). Assuming steady-state conditions (i.e.,
intake equals loss), the equilibrium 137Cs activity
concentration (Bq/kg) in lean tissues of Svalbard
reindeer (CsSr) can be represented by Equation 1. It
should be noted that the existence of steady-state
conditions is normally the exception rather than
the rule. However, as Svalbard reindeer are not
considered to be nomadic, there is some justification
in assuming steady-state conditions, at least when
sufficient forage is available.
CsSr =

CsDiet = CsVeg + CsAttachedSoil
n

CsVeg = CsDep × ∑ xi × Tagi × Digesti × Aa
1

(3)

Where: CsDep is 137Cs deposition (Bq/m2); xi is the
fraction of the diet associated with vegetation ‘i’; Tagi
is the Tag value for vegetation ‘i’ (m2/kg); Digesti is
the digestibility of vegetation ‘i’; Aa is the apparent
absorption of 137Cs from vegetation ‘i’.
CsAttachedSoil = CsDep × SoilConv × SoilDiet × SoilCsBio × Aa (4)

CsDiet × FIR × 1/kes
LTM

(2)

Where: CsDep is 137Cs deposition (Bq/m2); SoilConv is a
conversion factor to convert Bq/m2 to Bq/kg; SoilDiet is
the fraction of soil ingested as a result of food intake;
SoilCsBio is the bioavailability of 137Cs in the ingested
soil; Aa is the apparent absorption of 137Cs in the
ingested soil.

(1)

Where: CsDiet is the concentration of 137Cs available for
absorption from the diet (Bq/kg); FIR is the food intake
rate (kg/day); kes is the effective loss rate (per day); LTM
is the lean tissue mass (kg), excluding the skeleton,
skin and hooves and assuming equal concentrations
in all remaining lean tissues.
No feeding studies have been carried out to
determine depuration rates of 137Cs in Svalbard
reindeer. The 137Cs depuration rate used in this
study is based on the work of Holleman et al.
(1971) on Norwegian reindeer, where equations
were determined to represent 137Cs body burdens
in terms of body weight during summer and
winter. An allometric approach has been used to
adapt these equations for body weights typical of
Svalbard reindeer. For a more direct comparison,
Svalbard reindeer body weights used are based on
lean body weight rather than total body weight, due
to the extreme fat reserves that Svalbard reindeer
accumulate during the summer (Reimers et al.,
1982) and the fact that Rissanen et al. (1990) reported

A2.3 Modeled 137Cs activity concentrations

in Svalbard reindeer

Equilibrium 137Cs activity concentrations were
modeled for adult male, adult female and yearling
Svalbard reindeer for summer and winter. All
estimates were modeled on an assumed 137Cs
soil deposition of 0.9 kBq/m2, based on decaycorrected deposition values (Kjos-Hanssen and
Tørresdal, 1981) reported for an area on Svalbard
where empirical data are available for 137Cs activity
concentrations in Svalbard reindeer. Modeled
equilibrium lean tissue 137Cs activity concentrations
for animals on a diet of grass during the summer
ranged from 0.25 to 0.36 Bq/kg. Interestingly,
modeled equilibrium lean tissue 137Cs activity
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Cs activity concentrations ranging from 3.46 to
3.70 Bq/kg can be determined, around seven-fold
higher than for a diet consisting solely of grasses.
Switching to a diet of ridge plants, modeled
equilibrium activity concentrations increase to a
range of 12.33 to 13.18 Bq/kg, with a further increase
to a range of 14.11 to 15.09 Bq/kg with a diet of 90%
ridge plants and 10% mosses (Table A2.1). These
values are four- to five-fold higher than those based
on a diet of 90% grass and 10% moss and 20- to
30-fold higher than those based on a diet of grass
only. These observations fundamentally reflect
the differences in Tag values for the different plant
groups, with the observed order: moss > ridge plants
> bird cliff plants > grass. Contributions of 137Cs from
soil ranged from a maximum of 3% of the total body
burden to less than 1% depending on the diet and
season.

Table A2.1. Modeled 137Cs lean tissue mass activity concentrations
in Svalbard reindeer fed on different diets.

137

Cs activity concentration,
Bq/kg ww

137

Adult
male

Adult
female

Calf–
Yearling

Summer diets
100% grass

0.33

0.36

0.25

100% bird cliff plants

1.17

1.30

0.88

Winter diets
100% grass

0.53

0.50

0.49

90% grass + 10% moss

3.70

3.50

3.46

100% ridge plants

13.18

12.49

12.33

90% ridge plants + 10% moss

15.09

14.30

14.11

concentrations for animals on a diet of plants
associated with seabird colony sites were more than
three-fold higher. Soils around seabird colonies
on Svalbard are nutrient enriched due to guano
deposits, supporting increased plant growth and
providing enhanced grazing opportunities for
Svalbard reindeer (Eurola and Hakala, 1977).
As would be expected (due to longer biological
half-life), modeled equilibrium lean tissue 137Cs
activity concentrations for animals on a diet of
grass during the winter are higher than those for
summer, ranging from 0.49 to 0.53 Bq/kg (Table
A2.1). Unlike Norwegian reindeer, lichens are
relatively unimportant dietary components for
Svalbard reindeer in winter due to their low biomass
throughout most of Svalbard. On the contrary,
although often believed to have been consumed
accidentally, a number of studies note the importance
of mosses in the diet of Svalbard reindeer during the
winter, with rumen samples observed to contain
25% or more of mosses (Hjeljord, 1975; Staaland
et al., 1983). However, high rumen concentrations
may reflect the comparatively low digestibility of
mosses compared to other plants rather than high
intake. Indeed, Staaland et al. (1988) noted that moss
palatability by Svalbard reindeer was low in feeding
studies, with daily dry weight intake of around only
10% of other diets. Using a diet of 90% grasses and
10% mosses, modeled winter equilibrium lean tissue

A2.3.1 Comparison of modeled and empirical

Cs activity concentrations in
Svalbard reindeer

		

137

Empirical data (Table A2.2) are available for 137Cs
activity concentrations in the muscle of Svalbard
reindeer from late summer/autumn (October 2003
and 2006) and early winter (February 2007). The
empirical mean value for October 2003 is similar
to the modeled value for Svalbard reindeer with a
diet of grass. However, the large standard deviation
associated with the empirical mean value for October
2003 is the result of two outlier values of 1.14 ±0.18
and 0.93 ±0.06 Bq/kg. Excluding these outliers gives a
revised value of 0.19 ±0.10 Bq/kg, which is similar to
the empirical mean value for October 2006 and lower
than the modeled values for Svalbard reindeer with a
diet of grass. This difference may simply be as a result
of an overestimation of 137Cs deposition. Reducing
the 137Cs deposition in the model to 0.5 Bq/m2 would
result in modeled 137Cs activity concentrations
ranging from 0.14 to 0.20 Bq/kg for Svalbard reindeer
on a diet of grass. It may be worth noting that the
two outlier values from October 2003 are similar to
the modeled values for Svalbard reindeer on a diet of
plants associated with seabird colonies.

Table A2.2. Measured 137Cs activity concentrations in muscle of Svalbard reindeer.
137

Cs activity concentration, Bq/kg ww

Sample date

n (n )

Mean (±SD)

Minimum

Maximum

October 20032

19 (18)

0.29 ±0.29

0.08

1.14

October 2006

15 (4)

0.11 ±0.05

0.05

0.15

12 (8)

0.09 ±0.04

0.05

0.15

1

3

February 20073

Number of measurements above detection limit. Only measurements above detection limits were used to calculate mean and range; 2Gwynn et al.
(2005); 3NRPA (unpublished data).
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Table A2.3. Measured 137Cs activity concentrations in faeces of Svalbard reindeer.
Cs activity concentration, Bq/kg dw

137

Sample date

n (n )

Mean (±SD)

Minimum

Maximum

October 20062

13 (9)

4.71 ±2.60

1.42

8.78

12 (12)

16.71 ±13.40

1.49

44.31

February 2007

1

2

Number of measurements above detection limit. Only measurements above detection limits were used to calculate mean and range; 2NRPA
(unpublished data).
1

No significant difference was observed between
the empirical data for 137Cs in muscle from animals
in October 2006 and February 2007 (Student’s
t-test; p=0.499) with similar mean values recorded.
The body condition of the Svalbard reindeer that
were sampled in February 2007 was noted as being
extremely good (Stien, pers. comm.) indicating that
forage availability for these animals had been very
favorable in the preceding months. No empirical
data is available for Svalbard reindeer for late winter
(April/May).
Samples of feces from animals sampled in
October 2006 and February 2007 were also analyzed
for 137Cs (Table A2.3). Activity concentrations of 137Cs
in feces from animals in October 2006 and February
2007 were significantly different (Mann-Whitney;
p=0.012), with the mean activity concentration of
137
Cs in feces from animals in February 2007 up to
four-fold higher than that for feces from animals
in October 2006. Assuming no large variances
in 137Cs deposition in the sampling area, these
observations would support the hypothesis that
winter diets of Svalbard reindeer contain higher
activity concentrations of 137Cs than summer diets.
However, that no difference could be seen between
muscle 137Cs activity concentrations in animals
from October 2006 and February 2007 despite the
higher 137Cs activity concentrations in feces from
animals in February 2007 would indicate that there
is a lower uptake of 137Cs from the winter diet
compared to the summer diet. Although the mean
activity concentration of 40K in feces from animals
in February 2007 (218 ±98 Bq/kg dw) was lower
than the mean value for October 2006 (275 ±109 Bq/
kg), the difference between the two sets of values
was not significant (Student’s t-test; p=0.223). This
would suggest that the reduced uptake of 137Cs by
Svalbard reindeer from winter diets is due to lower
bioavailability and/or lower digestibility, although
we cannot exclude the possibility that the observed
muscle 137Cs activity concentrations in animals from
February 2007 do not reflect equilibrium conditions
on a higher 137Cs winter diet and that if sampled
in late winter, these same animals might have
displayed higher 137Cs muscle concentrations.

A2.3.2 Discussion of modeling approach
There are a number of weaknesses in the approach
used to model the uptake of 137Cs in Svalbard
reindeer, due in main to the lack of appropriate data
from similar feeding studies that have been used to
study the uptake of 137Cs in Norwegian reindeer. In
applying depuration rates describing 137Cs biokinetics
in Norwegian reindeer to Svalbard reindeer, the
metabolic differences between these subspecies of
reindeer must be considered. The biological halflife of radiocesium in ruminants has been shown
to decrease with increased metabolic rate (Hansen
and Hove, 1993). Svalbard reindeer are considered
sedentary in comparison with Norwegian reindeer,
with lower resting metabolic rates in summer (73%)
and winter (76%) than Norwegian reindeer (Nilssen
et al., 1984). In fact, Svalbard reindeer can reduce
their resting metabolic rate even further during the
winter by spending several hours each day lying
down rather than standing (Cuyler and Øritsland,
1993). This would suggest that the biological half-life
of 137Cs may be longer in Svalbard reindeer than in
Norwegian reindeer and therefore use of the equations
in Holleman et al. (1971) may lead to an underestimate
in equilibrium activity concentrations.
Additionally, absorption of 137Cs from the
gastrointestinal tract of Svalbard reindeer may differ
from that in Norwegian reindeer due to physiological
differences between the two subspecies. Svalbard
reindeer have a larger cecum/colon complex
compared to the whole digestive system and to their
body weight than Norwegian reindeer (Staaland
et al., 1979). Furthermore, this complex is larger in
Svalbard reindeer during winter than in summer,
with no such seasonal change observed in Norwegian
reindeer (Staaland et al., 1979). These adaptations
may well allow Svalbard reindeer to maximize
the digestion of plant material and increase the
absorption of nutrients which may result in higher
apparent absorption values in Svalbard reindeer than
those observed in Norwegian reindeer.
Although a number of Tag values have been
described for different plant species on Svalbard, data
are missing for other species which can be important
forage species for Svalbard reindeer. These include
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additional grass species such as Dupontia spp.,
Eriophorum scheuchzeri and Alopecurus borealis, the
horsetail Equisetum arvense as well as other moss and
forb species (Bjørkvoll, 2006). Determination of Tag
values for these key forage species will allow greater
insight into the uptake of 137Cs by Svalbard reindeer.
Ideally, to fully understand the impacts of
changes in forage availability on the uptake of 137Cs
to Svalbard reindeer, feeding studies should be
conducted using captive animals with diets based on
a range of scenarios in different seasons.

A2.4.1 Modeling
The transfer of 137Cs to Arctic foxes from Svalbard
reindeer in summer and winter was modeled using a
biokinetic approach based on data available from the
literature (see Appendix 2 for details of parameters).
Assuming steady-state conditions (i.e., intake equals
loss), equilibrium 137Cs activity concentrations (Bq/kg)
in lean tissues of Arctic foxes (Csaf) can be represented
by Equation 5. Equilibrium conditions are extremely
unlikely to occur in Arctic foxes in the wild, particularly
during the winter. Autopsies of Arctic fox carcasses
trapped between November and March show large
individual variations in subcutaneous and visceral fat.
Many foxes are in good body condition, while others
have depleted almost all visible fat, indicating that
Arctic foxes may undergo periods (days to weeks) of
fasting due to food shortage during winter (Prestrud
and Nilssen, 1992; Fuglei and Øritsland, 1999). For
this reason, 137Cs lean tissue activity concentrations
were determined assuming continuous consumption
of Svalbard reindeer after 7 and 14 days, assuming no
prior 137Cs body burden, in addition to equilibrium
conditions (>100 days). Such assumptions are
plausible given the assumed range in lean body
tissue size of Svalbard reindeer (16.5 to 30 kg) and the
maximum daily food intake of Arctic foxes (about 300
g/day). Indeed, field observations suggest that Arctic
foxes may remain with Svalbard reindeer carcasses for
some time, using the carcass as both a food source and
a temporary shelter (Prestrud, 1992).

A2.4 Transfer of 137Cs from Svalbard

reindeer to Arctic fox

Arctic foxes in the Svalbard archipelago are top
predators and scavengers, utilizing both marine and
terrestrial food webs (Prestrud, 1992; Frafjord, 1993).
They are opportunistic feeders, prospering on a
wide variety of food sources that can show extensive
seasonal variations. Typically, Arctic foxes rely
on small mammals such as lemming (Dicrostonyx
spp. and Lemmus spp.) and voles (Microtus spp.)
throughout their distribution (e.g., Anthony et
al., 2000; Elmhagen et al., 2000). However, with
the exception of a small and extremely rangerestricted population of introduced sibling voles
(M. rossiameridionalis), no other small mammals
are present on the archipelago (Henttonen et al.,
2001), forcing Arctic foxes on Svalbard to rely on
other types of prey. In spring and summer, food
is in excess with ringed seal pups (Phoca hispida),
seabirds (e.g., kittiwake (Rissa tridactyla), northern
fulmar (Fulmarus glacialis), and little auk (Alle alle)),
geese (e.g., barnacle goose (Branta leucopsis)), eider
ducks (e.g., common eider (Somateria mollissima)),
bird eggs and Svalbard rock ptarmigan (Lagopus
muta hyperborea) featuring as the major prey items
(Prestrud, 1992; Frafjord, 1993). Access to food
becomes limited during autumn and winter as
most migratory birds leave Svalbard by October.
Carcasses of seals and Svalbard reindeer, together
with Svalbard rock ptarmigan and cached food from
the summer and autumn are all potential food items
during the dark winter (Prestrud, 1992; Frafjord,
1993), although there appears to be a large variation
in the composition of winter diets between Arctic
foxes from different locations on Svalbard (Prestrud,
1992; Pond et al., 1995). Although it is generally the
case that Svalbard reindeer only feature in the diet
of Arctic foxes through scavenging on carcasses of
dead animals, Arctic foxes have been observed to
actively prey upon and kill Svalbard reindeer calves
(Prestrud, 1992).

Csaf =

CsDiet × FIR × 1/kes
LTM

(5)

Where: CsDiet is the concentration of 137Cs available
for absorption from the diet (Bq/kg); FIR is the food
ingestion rate (kg/day); kes is the effective loss rate
(per day); LTM is the lean tissue mass of the Arctic
fox (kg), excluding the skeleton and assuming equal
concentrations in all lean tissues.
The model uses a representative Arctic fox based
on averaged parameters from adult male and female
foxes. The effective loss rate (kes) is related to the
effective half-life (kes = ln2/t½(eff)) and incorporates
both the excretion rate (biological half-life) and
physical decay of 137Cs. The effective half-life of
radiocesium in Arctic foxes has been determined
as 17.5 days through experimental work involving
single intravenous injections of 134Cs in captive
animals (Holleman and Luick, 1976).
The amount of 137Cs available for absorption from
the diet is a function of a component from ingested
food and a component from soil that was attached
to the ingested food and can be represented by
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kg after 7 days to an equilibrium value of 1.00 Bq/
kg. These values increased to 0.83 Bq/kg and 3.44 Bq/
kg, respectively, with Svalbard reindeer on a diet of
plants associated with seabird colonies.
In the winter, when scavenging on Svalbard
reindeer is more likely to occur, consumption
of Svalbard reindeer on a diet of 90% grass and
10% moss led to modeled lean tissue 137Cs activity
concentrations in Arctic foxes of 2.26 Bq/kg after
7 days to an equilibrium value of 9.34 Bq/kg. This
compares with values of 8.03 Bq/kg and 33.2 Bq/
kg, respectively, with Svalbard reindeer on a diet
of 100% ridge plants and 9.19 Bq/kg and 38.09 Bq/
kg, respectively, with Svalbard reindeer on a diet of
90% ridge plants and 10% moss. Contributions of
137
Cs from soil ranged from a maximum of 6% of the
total body burden to less than 1% depending on the
activity concentration of Svalbard reindeer in the diet
and the season.

Equations 6 to 8:
(6)

CsDiet = CsPrey + CsAttachedSoil
n

CsPrey = ∑ xi × Csi × AEi

(7)

1

Where: xi is the fraction of the diet associated with
prey ‘i’; Csi is the concentration of 137Cs in prey ‘i’
(Bq/kg); AEi is the assimilation efficiency of prey ‘i’.
Assumed to be 1 (i.e., all 137Cs ingested is absorbed).
For this purpose, xi is set to 1 (i.e., diet of only
Svalbard reindeer) with Csi set to the average of the
137
Cs activity concentrations determined for Svalbard
reindeer adult male, adult female and yearling for
each particular diet.
CsAttachedSoil = CsDep × SoilConv × SoilDiet × SoilCsBio × Aa (8)
Where: CsDep is 137Cs deposition (Bq/m2); SoilConv is a
conversion factor to convert Bq/m2 to Bq/kg; SoilDiet is
the fraction of soil ingested as a result of food intake;
SoilCsBio is the bioavailability of 137Cs in the ingested
soil; Aa is the apparent absorption of 137Cs in the
ingested soil.

A2.4.3 Comparison of modeled and empirical

Cs activity concentrations in 			
Arctic foxes

137

Empirical data for activity concentrations of 137Cs in
muscle of Arctic foxes from Svalbard are available
from animals trapped by commercial hunters
between November and March from 1997 to 2004.
While the majority of all Arctic foxes sampled
showed 137Cs activity concentrations below 1 Bq/kg
ww, a number of animals displayed 137Cs activity
concentrations up to 24-fold higher than the mean
value for their respective trapping season (Gwynn
et al., 2007). No empirical data are available on 137Cs
activity concentrations in Arctic foxes in summer.
During winter months and apart from Svalbard
reindeer, Arctic foxes rely on scavenging on remains
of seals killed by polar bears (Ursus maritimus), active
predation on Svalbard rock ptarmigan and cached
supplies of seabirds and water fowl killed during
the summer months. 137Cs activity concentrations of
these other potential food sources have been shown
to be low and typically below 0.50 Bq/kg (Gwynn et
al., 2005; NRPA, unpub.). Therefore, it is possible that
the maximum empirical 137Cs values in Arctic foxes
reported by Gwynn et al. (2007) may have resulted
through scavenging and/or active predation on
Svalbard reindeer that have accumulated elevated
137
Cs body burdens during the winter months.
Indeed, the maximum empirical 137Cs values
observed in muscle of Arctic foxes trapped during
the winter are similar to modeled values achieved
after 7 or 14 days with Svalbard reindeer on a diet of
100% ridge plants or 90% ridge plants and 10% moss
(Table A2.5).

A2.4.2 Modeled 137Cs activity concentrations in

Arctic foxes

Modeled 137Cs activity concentrations in Arctic
foxes (Table A2.4) were based on consumption of
modeled 137Cs activity concentrations in lean tissues
of Svalbard reindeer assuming a 137Cs soil deposition
of 0.9 kBq/m2, based on decay-corrected deposition
values (Kjos-Hanssen and Tørresdal, 1981). In
the summer, consumption of Svalbard reindeer
on a diet of grass led to modeled lean tissue 137Cs
activity concentrations in Arctic foxes of 0.24 Bq/

Table A2.4. Modeled 137Cs lean tissue mass activity concentrations
in Arctic foxes after varying time intervals from scavenging on
Svalbard reindeer fed on different diets.
Cs activity concentration,
Bq/kg ww

137

Svalbard reindeer diet

After 7
days

After 14
days

Equilibrium

100% grass

0.24

0.42

1.00

100% bird cliff plants

0.83

1.46

3.44

100% grass

0.33

0.58

1.36

90% grass +10% moss

2.26

3.98

9.34

100% ridge plants

8.03

14.1

33.2

90% ridge plants +10% moss

9.19

16.2

38.09

Summer diets

Winter diets
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Table A2.5. Measured 137Cs activity concentrations in muscle of Arctic foxes from Svalbard1.
Cs activity concentrations1, Bq/kg ww

137

Season

n (n )

Mean (±SD)

Minimum

Maximum

1997–1998

10 (9)

1.14 ±2.43

0.48

6.73

1998–1999

6 (6)

0.80 ±1.53

0.50

1.50

2001–2002

21 (15)

1.32 ±2.89

0.24

10.2

2002–2003

25 (23)

0.51 ±2.76

0.14

12.3

2003–2004

17 (14)

0.92 ±2.50

0.25

5.06

2

3

Gwynn et al. (2007); 2number of measurements above detection limit. Only measurements above detection limits were used to calculate mean and
range; 3geometric mean determined due to log-normal distributions.
1

morphological adaptations compared to the rock and
willow ptarmigan (L. mutus and L. lagopus) found in
mainland Norway. The Svalbard rock ptarmigan
shows large seasonal variations in body weight due
to heavy fat deposition in autumn, leading to more
than 30% of the winter body weight consisting of
fat (Mortensen et al., 1983). Conversely as body
weight increases, food intake decreases and reaches
a minimum in November–December shortly after
the peak in body weight (Stokkan et al., 1986). In
April, Svalbard rock ptarmigan are virtually fat free,
despite a doubling of food intake from February to
March, while in summer, the birds stay lean despite
high food intake (Stokkan et al., 1986). This inverse
relationship between food intake and body weight
has been suggested to be linked to changes in resting
metabolic rate and locomotor activity (Mortensen
and Blix 1986; Lindgård et al., 1995). The autumnal
accumulation of fat deposits by the Svalbard rock
ptarmigan and decreased energy expenditure enable
these birds to be relatively independent of continuous
food access during the winter, particularly when
surface icing events occur.

A2.4.4 Discussion of modeling approach
The current model representing the uptake of 137Cs to
Arctic foxes should be inherently robust due in main
to the fact that the parameters controlling uptake of
137
Cs in Arctic foxes are reasonably well constrained.
The effective loss rate of 137Cs in Arctic foxes has
been determined experimentally, the assumption
of an assimilation efficiency of unity is acceptable
for readily soluble intracellular cesium and details
of maximum feeding rates have been documented,
as have other important physiological aspects of the
Arctic fox (e.g., body mass). However, it should be
noted that at present there is no information available
on whether there is any seasonal effect on the
biological half-life of 137Cs. The resting metabolic rate
of Arctic foxes has been shown to decrease between
summer and winter (Fuglei and Øritsland, 1999).
The currently employed effective loss rate of 17.5
days was determined during the winter (January and
February) and so may be shorter during the summer
as a result of faster metabolism.
A problem arises when comparing modeled data
with empirical data in that it is impossible to know
the exact feeding history of an animal trapped in
the wild. It is unlikely, particularly in the winter,
that Arctic foxes in the wild would achieve their
maximum dietary intake, as determined from captive
animals fed ad libitum, every day for an extended
period of time. In fact, the opposite is more likely
to occur with periods of starvation, punctuated by
infrequent feeding opportunities.

A2.5.1 Modeling
The uptake of 137Cs by adult male, female and
yearling Svalbard rock ptarmigan in spring,
summer, autumn and winter was modeled using a
biokinetic approach based on data available from the
literature (see Appendix 3 for details of parameters).
Assuming steady-state conditions (i.e., intake equals
loss), equilibrium 137Cs activity concentration (Bq/
kg) in lean tissues of Svalbard rock ptarmigan (CsSrp)
can be represented by Equation 9. As for Svalbard
reindeer, it should be noted that the existence of
steady-state conditions is normally the exception
rather than the rule.
CsDiet × FIR × 1/kes
CsSrp =
(9)
LTM

A2.5 Uptake of 137Cs by Svalbard rock

ptarmigan and subsequent
transfer to Arctic foxes

The Svalbard rock ptarmigan (Lagopus mutus
hyperboreus) is the only herbivorous bird species
native to the Svalbard archipelago and is by
far the most important small game species for
hunting on Svalbard. The Svalbard rock ptarmigan
subspecies demonstrates different physiological and

Where: CsDiet is the concentration of 137Cs available
for absorption from the diet (Bq/kg); FIR is the food
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ingestion rate (kg/day); kes is the effective loss rate
(per day); LTM is the lean tissue mass of the Svalbard
rock ptarmigan (kg), excluding the skeleton and
assuming equal concentrations in all lean tissues.
The effective half-life (kes = ln2/t½(eff)) for 137Cs
employed in this study (11.5 days) was determined
by Moss and Horril (1996) through feeding
experiments involving captive red grouse (L. lagopus
scoticus). As for the Svalbard reindeer, the amount
of 137Cs available for absorption from the diet is a
function of a component from ingested vegetation
and a component from soil that was attached to
the ingested vegetation and can be represented by
Equations 10 to 12:
CsDiet = CsVeg + CsAttachedSoil
n

CsVeg = CsDep × ∑ xi × Tagi × AEi
1

Table A2.6. Modeled 137Cs lean tissue mass activity concentrations
in Svalbard rock ptarmigan.
Cs activity concentrations, Bq/kg ww

137

Season

Diet

Adult
male

Adult
female

Chick–
Yearling

Spring

Shrubs

0.052

0.053

0.056

Summer

Bulbils

0.006

0.006

0.006

Autumn

Bulbils / grass

0.004

0.004

0.004

Herbs

0.020

0.021

0.022

Winter

A2.5.3 Comparison of modeled and empirical		

Cs activity concentrations in Svalbard
rock ptarmigan

137

Empirical data for 137Cs activity concentrations in
Svalbard rock ptarmigan are available from 2005, but
only from samples taken in the autumn. The majority
of the data for these samples was below the detection
limit, but one sample showed an activity concentration
of 0.18 ±0.05 Bq/kg, which is similar to the modeled
range of 0.20 to 0.22 Bq/kg for this season.

(10)

(11)

Where: CsDep is 137Cs deposition (Bq/m2); xi is the
fraction of the diet associated with vegetation ‘i’; Tagi
is the Tag value for vegetation ‘i’ (m2/kg); AEi is the
assimilation efficiency for vegetation ‘i’.

A2.5.4 Transfer of 137Cs from Svalbard rock

ptarmigan to Arctic fox

CsAttachedSoil = CsDep × SoilConv × SoilDiet × SoilCsBio × Aa (12)

Modeled 137Cs activity concentrations in Arctic foxes
(Table A2.7) were based on consumption of modeled
137
Cs activity concentrations in lean tissues of Svalbard
rock ptarmigan assuming a 137Cs soil deposition of
0.9 kBq/m2, based on decay-corrected deposition
values (Kjos-Hanssen and Tørresdal, 1981). It is highly
unlikely that equilibrium conditions would exist for
the transfer of 137Cs to Arctic foxes from Svalbard rock
ptarmigan due to the number of bird deaths needed
to fulfill this condition. Even so, modeled equilibrium
activity concentrations were only a fraction of the lowest
equilibrium values observed in Arctic foxes consuming
Svalbard reindeer. Modeled activity concentrations
after seven days (which would still require multiple
bird carcasses) were below 0.05 Bq/kg for all seasons.

Where: CsDep is 137Cs deposition (Bq/m2); SoilConv is a
conversion factor to convert Bq/m2 to Bq/kg; SoilDiet is
the fraction of soil ingested as a result of food intake;
SoilCsBio is the bioavailability of 137Cs in the ingested
soil; Aa is the apparent absorption of 137Cs in the
ingested soil.
The transfer of 137Cs to Arctic foxes from Svalbard
rock ptarmigan was modeled as described for the
transfer from Svalbard reindeer.
A2.5.2 Modeled 137Cs activity concentrations in		

Svalbard rock ptarmigan

Equilibrium 137Cs activity concentrations were modeled
for adult male, adult female and yearling Svalbard rock
ptarmigan for spring, summer, autumn and winter.
All estimates were modeled on an assumed 137Cs soil
deposition of 0.9 kBq/m2, based on decay-corrected
deposition values (Kjos-Hanssen and Tørresdal, 1981).
Using information available in the literature on likely
diets, modeled 137Cs lean tissue activity concentrations
varied from 0.004 Bq/kg in the autumn to 0.052 to 0.056
Bq/kg in the spring (Table A2.6).

Table A2.7. Modeled 137Cs lean tissue mass activity concentrations
in Arctic foxes after varying time intervals from scavenging on
Svalbard rock ptarmigan during different seasons.
Cs activity concentration, Bq/kg ww

137
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Season

After 7 days

After 14 days

Equilibrium

Spring

0.04

0.07

0.17

Summer

0.01

0.03

0.06

Autumn

0.01

0.02

0.06

Winter

0.02

0.04

0.09
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Appendix 1: Svalbard reindeer (Rangifer
tarandus platyrhynchus) parameters

A2.5.5 Discussion of modeling approach
There are a number of weaknesses in the approach
used to model the uptake of 137Cs in Svalbard rock
ptarmigan, due in main to the lack of appropriate data
for this species. The effective half-life and assimilation
efficiency used in the model were determined for a
related species, but may in fact vary from these values.
The bulbils of Polygonum viviparum are an important
food source for Svalbard rock ptarmigan during
the summer and autumn, particularly for chicks.
Currently, no 137Cs Tag value is available for this
plant, so Tag values based only on grass were used
for summer and autumn diets. Information regarding
the uptake of 137Cs by this plant and indeed a wider
range of other potential food sources would improve
the robustness of the model.

Whole body mass
Whole body mass, kg
Adult male1

Adult female1

Calf–Yearling2

Summer

90

60

40

Winter

60

40

30

Reimers et al. (1982); 2Staaland (1984).

1

Lean body mass
Lean body mass, kg
%Fat1

Adult male

Adult female

Calf–Yearling

Summer

35

58.5

39

26

Winter

15

51

34

25.5

Based on observations reported by Reimers et al. (1982).

1

Lean tissue mass
Lean tissue mass, kg
%Fat1

% bones /
skin / hooves1

Adult
male

Adult
female

Calf–
Yearling

Summer

35

20

40.5

27

18

Winter

15

30

33

22

16.5

Based on observations reported by Reimers et al. (1982).

1

Food ingestion rate
Allometric relationship from Nagy (2001):
DMI (g/d) = 0.0859 × M0.628
Where: M is whole-body weight in g.
Allometric values are low compared to reported
values from field observations and model estimations
(White and Staaland, 1983; Staaland, 1984; Tyler,
1987b) as allometric values do not allow for the
extreme intake of food during the short summer
months on Svalbard.
Food ingestion rate, kg/d
Adult male

Adult female

Calf–Yearling

Allometric

Reported

Allometric

Reported

Allometric

Reported

Summer

1.4

4.01

1.1

3.21

0.9

1.51

Winter

1.1

1.95

0.9

1.3

0.7

0.9752

2

3

Staaland (1984); derived from mass/DMI ratio for female during
winter; 3value estimated for non-pregnant females during the winter
based on energy requirements (Tyler, 1987b).

1

2

Body burden coefficient
Derived from the equation for the calculation of body
burdens of 137Cs in Norwegian reindeer (Holleman et
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al., 1971) at equilibrium.

Summary values

= C0 + C3e−m t + C4e−m t
1

Summer body
burden coefficient

Winter body
burden coefficient

Male

4.5617

12.3213

Female

4.2302

11.6748

Calf

4.0937

11.5242

2

Where: C0, C3, C4, m1 and m2 are functions of the
fractional rate constants and t is time in days (set to
150 for this purpose).
The differences in values for C0, C3, C4, m1 and
m2 between summer and winter reflect the shorter
biological half-life for 137Cs observed in Norwegian
reindeer in summer compared to winter.
Summer-derived values
C0

Lean mass

C3

C4

m1

m2

Male

58

4.5513

-0.58343

-3.9451

0.82

0.140456

Female

39

4.2302

-0.59494

-3.6601

0.82

0.165384

Calf

26

4.0937

-0.60365

-3.5483

0.82

0.184104

Co

C3

C4

m1

m2

Winter-derived values
Lean mass
Male

51

12.326

-1.0673

-11.3438

0.39

0.051861

Female

34

11.6766

-1.0792

-10.4768

0.39

0.057794

25.5

11.5253

-1.08515

-10.2167

0.39

0.06089

Calf

Soil fraction
Assumed to be 2% of diet (Sample and Suter, 1994) with
a bioavailability of 10% (Riise et al., 1990). Assumed
apparent absorption coefficient of 0.5, i.e., half of
bioavailable 137Cs absorbed into body. Conversion
from Bq/m2 to Bq/kg (× 1/78) assuming a depth of 10
cm and a soil bulk density of 0.78 (Batjes, 1995).

Diets
Vegetation

Cs Tag1

137

Digestibility %2

Aa3

Grass

0.002372

66.5

0.5

Ridge plants5

0.060455

66.5

0.5

Bird cliff plants6

0.008604

66.5

0.5

Moss

0.157749

48

0.65

Lichen8

0.124916

33

0.65

4

7

Values taken from vegetation and soil measurements in Ny Ålesund
(Dowdall et al., 2005; NRPA unpublished data); 2; digestibility values
taken from Staaland et al. (1988). Digestibility of ridge plants and bird
cliff plants assumed to equal to that of grasses; 3apparent absorption
coefficient. Value of 0.65 taken from Skuterud et al. (2004) for
Norwegian reindeer fed a lichen diet (low K) that had been sprayed
with 134CsCl, i.e., all 134Cs was bioavailable. Values for other dietary
plants estimated on basis of K content (Staaland et al., 1983); 4data
derived from Deschampsia spp.; 5data derived from Dryas octopetala,
Saxifraga oppositifolia and Salix Polaris; 6data derived from Cochlearia
officinalis, Saxifraga hirculus and Saxifraga cernua; 7data derived from
Dicranoweisia sp., Bryum spp., Amphidium lapponum, Sanonia uncinata,
Racomitrium ericoides; 8data derived from Cetraria nivalis.
1

88

AMAP Technical Report No.5 (2011)

Loss rate (kes)

Appendix 2: Arctic fox (Alopex lagopus)
parameters

kes = ln2/t½(eff)

Whole body mass

The effective half-life of radiocaesium in Arctic foxes
has been determined as 17.5 days in an experimental
study where Arctic foxes were given a single
intravenous dose of 134Cs (Holleman and Luick, 1976).

Lean body mass, kg
Adult male

Fat%1
Summer
Winter

Adult female

Average

6

2.82

2.444

2.632

20

2.88

2.4

2.64

Prestrud and Nilssen (1992).

1

Soil fraction
Assumed to be 2.8% of diet (Sample and Suter, 1994)
with a bioavailability of 10% (Riise et al., 1990). Assumed
apparent absorption coefficient of 0.5, i.e., half of
bioavailable 137Cs absorbed into body. Conversion from
Bq/m2 to Bq/kg (× 1/78) assuming a depth of 10 cm and
a soil bulk density of 0.78 (Batjes, 1995).

Lean body mass
Whole body mass, kg
Adult female1

Adult male1
Summer

3

2.6

Winter

3.6

3

Prestrud and Nilssen (1992).

1

Appendix 3: Svalbard rock ptarmigan
(Lagopus mutus hyperboreus) parameters

Skeleton-free lean tissue mass
Using the allometric relationship from Reynolds
and Karlotski (1976), skeleton weight (Ws) can be
determined for mammals from:

Whole body mass
Whole body mass, kg

Ws (g) = 0.0312 × M1.123
Where: M is the lean body mass in g.
Skeleton-free lean tissue mass, kg
Adult male

Adult female

Average

Summer

2.59

2.24

2.42

Winter

2.64

2.20

2.42

Adult male1

Adult female1

Chick–Yearling2

Spring

0.6

0.55

0.45

Summer

0.55

0.5

0.4

Autumn

0.725

0.7

0.6

Winter

1

0.9

0.7

Stokkan et al. (1986); 2Steen and Unander (1985).

1

Lean body mass
Lean body mass, kg

Food ingestion rate
Allometric relationship from Nagy (2001) for
carnivores:
FMI (g/day) = 0.348 × M0.859

Fat%1

Adult male

Spring

5

0.57

0.5225

0.4275

Summer

0

0.55

0.5

0.4

Autumn

20

0.58

0.56

0.48

Winter

30

0.7

0.63

0.49

Adult female

Chick–Yearling

Based on observations reported by Mortensen et al. (1983).

1

Where: M is the whole body mass in g.
Reported values reveal inversely correlated
seasonal trends between food intake and body
weight/season (Fuglei and Øritsland, 1999).

Skeleton-free lean tissue mass
Using the allometric relationship from Reynolds
and Karlotski (1976), skeleton weight (Ws) can be
determined for birds from:

Food ingestion rate, g/d
Adult male
Allometric1

Reported2

Adult female
Allometric1

Reported2

Average

Ws (g) = 0.0297 × M1.1193

Reported

Summer

337.6

312

298.6

270.4

291.2

Winter

394.9

274

337.6

228.3

251.2

Where: M is the lean body mass in g.

All values based on whole body masses; 2based on reported
relationships observed between food intake and body mass in male
animals (Fuglei and Øritsland, 1999).

1
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Diets

Skeleton-free lean tissue mass, kg
Adult male

Adult female

Chick–Yearling

Spring

0.53

0.49

0.40

Spring

Summer

0.52

0.47

0.38

Summer5

Autumn

0.54

0.52

0.45

Winter

0.65

0.59

0.46

Diet1

Cs Tag2

AE3

0.026955

0.23

0.002372

0.23

Autumn6

0.002372

0.23

Winter

0.026275

0.23

137
4

7

Diets taken from Pedersen et al. (2005); 2values taken from
vegetation and soil measurements in Ny Ålesund (Dowdall et al.,
2005; NRPA unpublished data); 3assimilation efficiency reported
for red grouse (Moss and Horrill, 1996); 4Salix Polaris; 5Polygonum
viviparum is the dominant food in summer, but no data are
available for Cs-137 in this species. Tag value for grass species was
used; 6Deschampsia spp.; 7Saxifraga spp.
1

Food ingestion rate
Allometric relationship from Nagy (2001) for
galliformes:
DMI (g/d) = 0.088 × M0.891
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Adult female

A
m llo
et ric

Adult male

Spring

26.5

81.8

24.6

76.6

20.5

65.9

Summer

24.6

89.4

22.6

83.2

18.5

70.4

Autumn

31.4

62.9

30.4

61.2

26.5

54.5

Winter

41.8

40

38.1

37.0

30.4

30.6
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Annex 3. Case Study 1: Long-term local contamination in Northern
Svalbard: Long-term fingerprint of contaminants (PCBs and PAHs) from
human activities in a pristine Arctic environment
Roland Kallenborn (corresponding author), University Centre in Svalbard (UNIS), NO-9171 Longyearbyen, Norway
Eliza Harris, Max-Plank-Institute for Chemistry (MPIC), DE- 55020 Mainz, Germany
Bartek Luks, Polish Academy of Sciences, PL-01-452 Warszawa, Poland

POPs are still found in tissues of Arctic wildlife after
decades of global bans and application restrictions.
The study presented here illustrates for the
first time the long-term contaminant fingerprint of
selected POPs (PCBs, PAHs) more than 50 years after
their release into the Arctic environment in Kinnvika
(Nordaustlandet; Svalbard, 80° N).
The Kinnvika Research Station was built in 1957 as
a joint Norwegian, Swedish, and Finnish contribution
to the International Geophysical Year (IGY) 1957–
1958. During IGY 1957–1958, a series of advanced
scientific studies and experiments were performed
there by international research groups involving
complex technical equipment for experimental and
life support at this remote site. Immediately after
finalization of the research activities, the station
was abandoned (1959). All facilities, installations,
equipment, and buildings were left without any
effort to remove hazardous compounds including
capacitors, contaminated barrels, remaining fuel
and other technical installations. As a part of the

A3.1 Background
The environmental stability of chemicals released
into the environment is dependent on their
transformation kinetics and bioavailability. These
physical parameters are temperature dependent
and, thus, influenced by climate variability in
environmental systems. The determination of half-life
times (τ1/2) is frequently used for the characterization
of environmental stability (persistence) in a variety
of environmental compartments. However, for
all POPs, the temperature dependence of τ1/2 is
considerable and may even vary over several orders
of magnitude (weeks to years), depending on the
ambient temperature at which the determining
experiments were conducted (Jones and deVoogt,
1999). Therefore, POPs are expected to degrade
significantly more slowly under low temperature
Arctic conditions compared to middle latitude
environments. This feature is considered as one of
the major reasons why considerable levels of selected
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Figure A3.1. Location of Kinnvika (Nordaustlandet, Svalbard)
and location of surface soil samples collected for PCB and PAH
analysis. Source: after Harris (2009).
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Figure A3.2. Concentration distribution of Σ7PCB in the Kinnvika soil samples in relation to the Norwegian guideline for contaminated
soil (KLiF TA1691). Source: Harris (2009).

preparations for the third International Polar Year
(IPY) 2007–2009, the Kinnvika Research Station was
reopened for IPY research (biology, oceanography,
environmental research). During the reopening of the
station, a series of 50 surface soil samples was collected
in the vicinity of the station in order to document
potential contamination remaining there for more
than 50 years after the station was abandoned. PCBs
and PAHs were analyzed in all samples in the UNIS
laboratories as a part of a bachelor of science (with
honors) thesis jointly supervised by the University
of Tasmania (Hobart, Australia) and the University
Centre in Svalbard (BSc hon. Eliza Harris).

the best accuracy and precision possible in a reasonable
time frame with available equipment at UNIS.
A3.3 Results
The distribution levels for PCBs and PAHs in surface
soil samples are summarized in Table A3.1.
The Σ16PAH at Kinnvika ranged from 4780 ng/g soil
dw to below the detection limit. The local background
had a mean of 208 ng/g soil dw and an upper 95%
confidence limit of 518 ng/g soil dw (n = 4). 22% of
the samples had Σ16PAH above the 95% confidence
limit of the local background. Background ΣPAH
levels varied depending on the local geochemical
background (Yunker et al., 2002) but were of the order
of magnitude of 100 ng/g dw for most Arctic areas
(e.g., Savinov et al., 2000; Dahle et al., 2006; Klánová
et al., 2008). The relatively high background level at
Kinnvika is probably the result of a combination of
both natural and anthropogenic sources; shale in the
local geology could also release PAHs to soils. The
general level of PAH contamination (not considering
local point sources) in the surrounding of Kinnvika
station is not particularly high compared to many
other contaminated sites (e.g., Jones et al., 1989;
Kennicutt et al., 1995), but it is significantly above the
natural local background.
Background ΣPCB concentrations in Antarctica
and the Arctic are usually around 1 ng/g (Kennicutt
et al., 1995; Fuoco et al., 1996; AMAP, 2002; Negoita et
al., 2003; Klánová et al., 2008). The background PCB
levels in this study were in general below the limit of
detection, consistent with background levels reported
in the literature, showing that there is no significant
local PCB input to the area other than the Kinnvika
site. 76% of samples had Σ6PCB significantly above
the background.
The PAH contamination at Kinnvika is more
evenly spread across the site than the PCB

A3.2 Location and method
Kinnvika is located in Murchisonfjorden in
Nordaustlandet, Svalbard. The area has a typical
High Arctic climate with freezing, dark winters and
cool, sunny summers. The soil in this area is low
in organic matter and the bedrock consists of shale
interlaid with sandstone beds (Hjelle, 1978; Harland
et al., 1992). Snow at the site is completely melted
in summer. The site has little precipitation and is
classified as a polar desert. The location of Kinnvika
(79° 58’ N and 20° 07’ E) is shown in Figure A3.1.
All samples were collected in the vicinity of the
research station in the Murchison fjord area. The
sample locations are also indicated in Figure A3.1.
Targeted samples were collected from a burn site,
and random samples were also taken across the central
part of the Kinnvika site (see Figure A3.2). Background
samples and samples from a barrel-contaminated area
were taken a few kilometres from the main site.
The method used in this study is similar to those of
many soil and sediment studies of PAHs, PCBs, and
other POPs (e.g., Aislabie et al., 1999) to facilitate the
comparison of results. Basic extraction methods were
adapted and optimized for the soil samples to achieve
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Table A3.1. PCB and PAH concentrations measured in soil at Kinnvika Station, Svalbard.
Compounds

Minimum
quantified, pg/g

Naphthalene

15.1

Maximum,
ng/g soil dw
330

Relative standard
deviation, %

20.6

275

% quantified
72

Acenaphthylene

2020

6.0

287

27

Acenaphthene

4740

1880

59.0

428

33

Fluorene

324

146

23.3

144

68

Phenanthrene

131

Anthracene
Fluoranthene

1.47
20.9

82.0

Mean,
ng/g soil dw

3.8

212

87

221

55.3

25.1

236

32

120

14.5

155

83

Pyrene

6.77

20.3

3.2

114

88

Benzo[a]anthracene + Chrysene

3.23

98.6

10.4

158

93

131

17.8

142

95

Benzo[a]pyrene

Benzo[bk]fluoranthene

4630

308

19.7

212

75

Indeno[cd]pyrene

2920

151

18.7

154

58

Dibenzo[ah]anthracene
Benzo[ghi]perylene

3.43

76.6

388

2100

4140

CB28

528

437

CB52

142000

8840

0

0

CB101

39.7

161

68

346

73

401

17

360

362

15

0

0

0

221
18.8

CB118

201

194

211

72

CB138

52900

11400

814

14.6

273

25

CB153

213000

8855

527

321

23

CB180

224000

34300

716

620

15

∑PAH16

4840

4780

482

188

68

∑PCB7

201

39900

2450

251

28

contamination, consistent with background input
and suggesting greater mobility of PAHs in surface
soil. PCB contamination is more localized at specific
sites and levels remain much higher relative to
the background and to other Arctic and Antarctic
sites than PAH levels, suggesting that 50 years of
weathering has removed much more of the PAH than
the PCB contamination. The three heaviest PCBs were
the most concentrated although each was detected in
<25% of the samples. CB118 was quantifiable in 72%
of the samples, more than any other PCB. Although
the average PCB concentration was far higher than
the average PAH concentration, PCBs were much less
consistently distributed across the Kinnvika area and
quantifiable in fewer than half as many samples as
PAHs. This reflects both fewer sources of PCBs with
reduced mobility at the Kinnvika site, and the lack
of background input. Compared to technical PCB
mixtures, the PCB pollution profile at Kinnvika has
much higher concentrations of the lighter PCBs. The
average number of chlorine substituents among the
PCBs analyzed was 5.99, and thus considerably lower
than described for the Aroclor 1260 technical mixture
(Kuipers et al., 2003). This can only be explained by
the long-term degradation of heavier PCBs, by either
abiotic or biotic processes.

A3.4 Implications and perspectives
It is obvious that during the 50 years since the pollution
at Kinnvika was released, environmental processes
have affected the contamination status for the PCBs
and PAHs analyzed. However, the potential of the
PCBs and PAHs at Kinnvika to cause hazardous effects
on the local environment depends not only on the
overall raiming toxicity, but also on the bioavailability,
bioaccessibility, transport, organisms exposed and
reactions of the toxins (Menzie and Coleman 2007).
The ΣPCB is above the soil quality guideline in
around 22% of the surface soil samples; 9% of the
samples are more than four times the guideline
concentration (Figure A3.2). Thus, contamination
from PCBs and heavy PAHs has persisted at Kinnvika
through 50 years of weathering and remains at levels
high enough to be a potential risk to microfauna and
associated ecosystems of the region.
There have been only a few studies concerning the
long-term weathering of PAH and PCB pollution in
Arctic soils. Sharer et al. (2003) examined the role of
sorption in aging and found that the non-desorbable
fraction, rather than the total sorbed fraction, increases
with time. Thus, sorption can significantly reduce
bioavailability and risk. However, at some locations in
this study enough contaminant remained bioavailable
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to be a potential risk. Soils in Arctic areas like Kinnvika
are low in organic carbon and thus it is likely that
sorption will not completely remove potential toxicity
(Alexander, 2000).
In earlier studies, it was predicted using global
transport models that Arctic conditions would
concentrate long-range transported POPs (e.g., Wania
and Mackay, 1993; Bottenheim et al., 2004). The results
of this study support the hypothesis that conditions in
Arctic soils (cold, snow cover, low sunlight) can retain
lipophilic POPs more strongly than temperate soils.
In summary, the results of this study show that,
despite 50 years of weathering, concentrations remain
above background levels and many pollutants
present at Kinnvika are still a potential threat to the
environment. Some differences between Arctic and
temperate weathering were identified that are likely
to make pollution more recalcitrant but less available.
PAHs are mobile and have spread across the Kinnvika
area from the central pollution sources, while PCBs
remain more localized and concentrated at the source.
A large proportion of the pollution is highly sorbed,
however, it may be sufficiently bioavailable to harm
soil microorganisms, and a pulse released with the
spring melt each year has the potential to expose
other higher organisms. Degradation is reducing the
overall toxicity of the pollution although new modes
of toxicity could be stimulated. Natural attenuation is
slow and Kinnvika will remain contaminated for many
decades to come. In addition, the expected increase
of average ambient temperatures in air and soil in
association with melting permafrost and increased
runoff from melting events will undoubtedly lead to
an increase re-activation, bioavailability, and mobility
of the previously stored PCB and PAH loads in the
contaminated Kinnvika surface soil.
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Annex 4. Case Study 2: Surface snow as an archive for trend studies on
background levels of polychlorinated biphenyls: Snowpack as a tool for
temporal trend studies on PCBs in the Arctic cryosphere
Roland Kallenborn (corresponding author), University Centre in Svalbard (UNIS), NO-9171 Longyearbyen, Norway
Thue Weel Jensen, University of Aarhus, Denmark and UNIS
A4.1 Background

A4.2 Location and method

During the past 50 years, the central Arctic regions
have been continuously contaminated with longrange transported anthropogenic pollutants despite
being sparsely populated (i.e., a lack of significant
local sources), resulting from complicated transport
mechanisms. With respect to selected xenobiotics, it is
currently known that the Arctic acts as a sink through
a process identified as the ‘global fractionation and
distillation’ whereby the fate of contaminants is a
function of their environmental stability (persistence),
volatility, and the continuously changing average
ambient temperatures. Persistent contaminants with
higher vapor pressures remain in the atmosphere
and are transported over long distances until they
encounter lower temperatures and condense. They are
thus deposited onto snow, ice, and water in the Arctic
environment. This process of a ‘cold sink’ explains
the higher than expected concentrations of persistent
pollutants in the Arctic. Thus, selected chemicals are
continuously deposited on Arctic surfaces (soil, snow,
ice, and oceans). As these contaminants are deposited
into the cryospheric environment they are continuously
buried by subsequent snowfalls. It is thus assumed
that, over time, a record of deposition is generated
from which one may create a temporal history of the
evolution of the compounds in the Arctic. A priority
to the development of a proxy record is the defining
of a ‘transfer function’ for these reversibly deposited
compounds. For example, recent evidence indicates
that important atmospheric constituents undergo
temperature-dependent exchange with ice/snow and
that some species are transformed in photochemical
processes and/or produced within the light-affected
surface snowpack. Thus, the major aim of the study
presented here was to investigate the ‘transfer function’
for the target compounds. In addition, the suitability of
the respective chemicals for temporal trend analysis was
estimated and assessed. The main scientific aim of this
study was to evaluate surface snowpack as a suitable
tool for the investigation of transport mechanisms and
the depositional fate of POPs in the Arctic cryosphere
as well as the identification of potential climate-related
influences on the contaminant identified patterns in
snow.

Summit is a scientific research station sponsored
by the U.S. National Science Foundation, located
at the former GISP2 (Greenland Ice Sheet Project)
drilling site (72.5° N, 38.5° W; 3200 m above sea
level) on the central part of the Greenland Ice Sheet,
approximately 450 km from the westerly and 400
km from the easterly ice margin. At Summit, surface
snow samples, comprising the top 10 cm of the
snowpack, were collected every third day during
the 2007 field campaign. Sampling took place on 2
June, 20 June, 26 June, 29 June, 3 July, 5 July, and
8 July 2007 in the same sampling area. In addition
to the surface samples, a total of 15 horizontal layer
samples (10-cm resolution) were collected on 23
June 2007 from a 2-m deep snow pit. These samples
covered at least two years of snow accumulation.
The Zeppelin Station is situated near the scientific
research town of Ny-Ålesund, Svalbard, on top of the
Zeppelin Mountain (78°54’N, 11°53’E; 474 m above
sea level). At the Zeppelin site, three snow samples
were collected from a 120-cm deep snow pit on 10
April 2008. The samples were collected at intervals
of 40 cm, i.e., 0–40 cm, 40–80 cm, and 80–120 cm,
representing the site-specific snow accumulation for
the season until April 2008.
In order to prevent uncontrolled contamination,
Tyvek suits and latex gloves were worn at all times
when collecting or handling the samples, and any
tools used in the sampling process (snow saw,
shovels, etc.) were pre-rinsed with methanol. The
amount of snow collected for each sample was in
the range of 60 kg (equivalent to 60 L melt water).
Water-tight high-grade polyethylene bags were
used as sample containers (dimensions: 1 m × 1.5
m, thickness: 0.15 mm; provided by Atlantic Poly
Inc., Massachusetts, USA). The Summit samples
were melted and extracted on-site, whereas
the Ny-Ålesund samples were transported by
aircraft directly to the laboratory facility at UNIS
in Longyearbyen for subsequent melting and
extraction. Sample extraction and preparation were
conducted according to a method described earlier
(Petrick et al., 1996; Schulz-Bull et al., 1998).
The compounds being investigated are either
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highest concentrations measured on 26 June 2007.
Parallel surface temperature measurements
revealed a positively correlated temperature
dependence between surface ΣPCB levels and
ambient temperatures (R=0.75 at p=0.91). The number
of different congeners identified in the samples also
seems to follow the temperature, and as temperature
increases, so does the number of different congeners.
When the temperature decreases, the opposite is
observed.

Table A4.1. List of target chemicals
Compound group

Isomers/congeners

Polychlorinated
biphenyls (PCBs)

18, 28, 52, 49, 44, 66, 74, 99, 101, 105, 118, 138,
149, 151, 153, 156, 157, 158, 167, 170, 172, 177,
178, 180, 183, 187, 194, 195, 206, 209

sensitive indicators of anthropogenic impacts on
Arctic ecosystems, or are important chemically
coupled species whose concentrations may be
strongly influenced by changes in the Arctic,
including changes in snow surface temperatures,
snow cover, and atmospheric circulation. Associated
analysis of ambient air (Zeppelin station, NyÅlesund) provides the scientific link to investigate
feedbacks between atmospheric deposition and airsnow exchange processes. Selected polychlorinated
biphenyls (PCBs) were quantitatively analyzed for
this study (Table A4.1).
Separation and detection of the individual
compounds was conducted on a Trace Ultra gas
chromatograph coupled to a Polaris Q ion trap mass
spectrometer (Thermo Fisher Scientific Inc.).

A4.3.2 Snow layers (stratification)
Based on the stratification of the snow layers, a rough
determination of the time resolution was performed.
Several hoar and crust layers were identified in the
Summit snowpack (June 2007) as characteristic
features for summer melting and refreezing. This
layer indicates the coverage of at least two years of
snow accumulation in the analyzed snow column
(2-m depth).
The snow at Zeppelin (April 2008) was more
homogeneously distributed compared to the
Summit snow. This homogeneous distribution
indicates a rapid accumulation without much
subsequent reworking of the snow. Thus, the profile
covered only snow accumulation from the 2007/08
season.

A4.3 Results
A4.3.1 Short term variability (surface snow

samples from Summit)

A series of surface snow samples were collected
in the period 20 June to 8 July 2007. These surface
snow samples (Figure A4.1) showed Σ31PCB
concentrations between 19 and 1727 pg/L, with the

A4.3.2.1 Summit Station
The concentrations of total PCBs (Σ31PCB, Figure
A4.2) observed in the Summit profile showed large
variations between each sample in the upper 100 cm.
The highest concentrations (756 to 1252 pg/L) were
measured at depths of 30 to 70 cm, which correlates
with the summer/autumn 2007 snow accumulation.
At 20 to 30 cm and 70 to 90 cm, no PCBs were
identified at all. In the lower part of the profile (90 to
200 cm), concentrations seemed relatively uniform,
with no major variations.
The PCB congener distribution was found to
conform with previously published literature data
on PCBs. The tri-chlorinated congeners dominated in
all samples. No higher chlorinated biphenyls (heptaCB, octa-CB, nona-CB) were present.

Surface snow temperature, °C
0

Σ31PCB in snow, pg/L
3000

Summit Station, Greenland
-4
2000
-8

-12
1000

A4.3.2.2 Zeppelin Station

-16
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The pattern for Σ31PCB at Zeppelin (Figure A4.3)
revealed a high concentration (2194 pg/L) at 40–80
cm. In the samples above and below this level,
concentrations reached only 121 and 88 pg/L,
respectively. Due to the restricted depth at the
sampling site, only three samples were collected.

-20

Figure A4.1. PCB concentrations in surface snow and surface
snow temperatures at Summit station, Greenland, in 2007. Source:
Jenssen (2008).
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in all snow layers regardless of sampling site. The
general background patterns were similar both for
Zeppelin and Summit snow samples, indicating
similar environmental processes governing both
deposition and transformation in surface snow
(0–40 cm, 80–120 cm). However, in the Zeppelin
accumulation zone (40–80 cm), a larger spectrum
of PCB congeners was identified. This difference
obviously indicates a shorter distance to potential
sources or influence from local sources. This feature
is also supported by the presence of mediumchlorinated PCBs (predominantly CB153), which
may also indicate the potential contribution from
biological sources (e.g., guano, biological particles)
to the local PCB deposition on Zeppelin snow
surfaces. A considerable contribution of CB153 as an
indicator for a ‘biological’ contribution is also seen
in the layer below (80–120 cm) for both Zeppelin and
Summit snow samples. However, the concentration
levels were close to the limit of quantification (LOQ)
and thus associated with elevated uncertainty.

Snow depth, cm
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Figure A4.2. PCB concentrations in the horizontal snow layer from
Summit station, Greenland, in 2007. Source: Jenssen (2008).
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A4.4 Implications and perspectives

Zeppelin Station, Svalbard

Although the concentrations of most compounds
have decreased significantly following restrictions in
their usage, they now seem to have reached a stagnant
level, and for some compounds, concentrations even
seem to have increased lately (PCBs and HCB).
Eckhardt et al. (2003) showed that contaminant
transport from Europe was strongly influenced by
the Arctic Oscillation (AO), and in a study from the
Great Lakes, Jianmin et al. (2004) further explained
interannual variations in concentrations of HCHs,
HCB, and lighter PCBs with respect to the North
Atlantic Oscillation (NAO). These results imply that
anomalously high temperatures associated with the
NAO could enhance the revolatilization of POPs
from global reservoirs. Recent results summarized
in a new AMAP report confirmed this assumption
(Hung et al., 2010). The long-term records for NyÅlesund revealed that between 2003 and 2006
the annual mean air temperatures increased by
approximately 3.3 °C. This increase was even
more profound for the winter mean temperatures,
where an increase of more than 8 °C was observed
over approximately the same period. Thus, it is
expected that also transport, transformation, and the
presence of organic pollutants are directly affected
by the documented ambient temperature rise. Both
transport velocity and deposition (e.g., physical
properties of the scavenging snow, etc.) will affect
the levels and composition of the resulting PCB
patterns in the surface snow.
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Figure A4.3. PCB concentrations in three horizontal snow layers
from Zeppelin station, Ny-Ålesund Svalbard, in 2008. Source:
Jenssen (2008).

A4.3.4 PCB pattern comparison
For comparison, the PCB congener-specific Summit
layer resolution was adapted and re calculated for
the Summit data set (2007). The three layers (0–40
cm, 40–80 cm, 80–120 cm) were compared (Figure
A4.4). For both Summit and Zeppelin samples, an
accumulation zone was identified between 40 and 80
cm depth.
Tri- to hexa-chlorinated congeners were
identified in the snow samples. Low-chlorinated
biphenyls (congeners CB18 to CB44) were dominant
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Figure A4.4. Congener-specific comparison PCB congeners in snow at Summit Station on Greenland and Zeppelin Station on Svalbard.
Horizontal lines mark the average detection limit and quantification limit of a representative sample size of 60 litres. Source: Jenssen (2008).

A comparison of the general surface snow PCB
patterns with the continuously monitored PCB levels
at the Zeppelin station revealed a surprising similarity
in the PCB distribution. It must thus be assumed
that snow as a scavenger of the atmospherically
transported PCBs is not as selective in ‘picking the
right PCBs’ as previously assumed.
The short-term temporal distribution in the surface
snow samples collected daily in the period 20 June
to 8 July 2007 shows a remarkable correlation with
the surface temperature (as the snow temperature
increases, so does the Σ31PCB concentration),
confirming once more that higher average ambient
temperatures will lead to an increased deposition
and uptake of PCBs due to a combination of transport
velocity (meteorology) and deposition. The change
in observed PCB concentration is thus most probably
a direct result of a combination of meteorological
conditions which are directly influenced by ambient
air temperature. Increased air temperatures indicate
that the air masses were derived from lower latitudes
(near sources), and thereby have the potential to
carry contaminants from the source regions, whereas
low temperatures are typical for air that has already
crossed the Arctic.

The stratification of the different snow layers
measured in the snow pits at Zeppelin and Summit
indicates a clear accumulation zone for PCBs. For
Summit, the Σ31PCB at 30 to 70 cm corresponds
with the summer/autumn snow accumulation of the
previous year (2006). For Zeppelin, the accumulation
zone represents the snow contamination in the
previous winter period (September 2007 to April
2008); thus, different seasonal deposition patterns
must be assumed for the two stations due to their
respective geographic positions (Zeppelin = marine,
coastal location; Summit = high altitude, ice cap).
Comparing the Summit PCB profile with the Zeppelin
profile, it can be seen that the two concentration
patterns are surprisingly similar, despite their
different locations and type of snowpack. However,
ascription of specific temporal patterns to the PCB
distribution in the vertical snow column is associated
with great uncertainty. The accumulation zone
identified here indicates clearly that migration of the
low- and medium-chlorinated PCBs is very likely
along the snow column (meltwater channels, particle
transport, etc.). Water vapor may also be transported
along temperature gradients in the snow column
and subsequently re-condensed back into a solid
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state (ice) after migration. In this context, it is most
likely that the deposited contaminants such as lowchlorinated PCBs will follow this vapor migration.
As major conclusions of the study presented here,
it can be stated that:

1. A significant correlation was established between

ambient snow temperatures and daily collected
surface snow samples from Summit, indicating
a clear signal of ‘climate change’ on the PCB
variability in Summit snow.

Jianmin, M., H. Hung and P. Blanchard, 2004. How do climate
fluctuations affect persistent organic pollutant distribution in
North America? Evidence from a decade of air monitoring.
Environmental Science and Technology, 387:6-12.
Petrick, G., D. Schulz, V. Martens and J.C. Duinker, 1996. An insitu filtration/extraction system for the recovery of trace organics
in solution and on particles tested in deep ocean water. Marine
Chemistry, 54:97-105.
Schulz-Bull, D., G. Petrick, R. Bruhn and J.C. Duinker, 1998.
Chlorobiphenyls (PCB) and PAHs in water masses of the northern
North Atlantic. Marine Chemistry, 61:101-114.

2. Similar PCB patterns were found in surface
snow from Zeppelin compared with the weekly
monitoring data from the adjacent atmospheric
monitoring station. This confirms the significance
of snow as a scavenger and deposition medium
for POPs in the Arctic.
3. A comparison of the vertical distribution in the
snow column at both Zeppelin and Summit
(Greenland) revealed that accumulation zones
are found for PCBs in the layers between 30 and
80 cm depth. This feature was similar for both
locations and thus seems to be compound-specific
(dependent on the physicochemical properties of
the chemical rather than on a temporal trend).
Therefore, chemical migration along the snow
column is expected to contribute significantly to
the observed PCB patterns. The applicability of
snow column studies for establishing temporal
trends in historical PCB level distributions in
the Arctic cryosphere should thus be considered
with great caution in future studies.
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Annex 5. Case Study 3: Trends and variability in transport of persistent
organic pollutants (POPs) to the Arctic: Comparison between ice and 		
atmosphere data from Ny-Ålesund Svalbard
Roland Kallenborn (corresponding author), University Centre in Svalbard (UNIS), NO-9171 Longyearbyen,
Norway
Silje Eriksen Holmen, University of Oslo, Department of Geosciences, NO- 0316 Oslo, Norway

A5.1 Background
Transport of pollution into the Arctic has been a subject
of interest in recent decades. During the 1970s, studies
implied that some contaminants have the ability to
be transported over long distances and deposit in
regions where they have never been used or produced
(Kerr, 1979). The current increased understanding of
the potential hazardous consequences of POPs on
humans and wildlife has led to a profound global
decrease of primary emissions during the 1970s,
1980s, and 1990s (Breivik et al., 2007). However, high
concentrations of POPs are still measured at the Arctic
monitoring stations more than 30 years after the ban
and restrictions on their use. As a consequence, the
research focus is now directed towards the role of
secondary emissions on the global POPs distribution
patterns (Hung et al., 2005a,b; Eckhardt et al., 2007).
As an important aspect, processes which can alter the
rate of secondary emissions of POPs are currently in
the focus of environmental scientists. POPs have the
ability to accumulate in water, soil, and lipids (Borgå
et al., 2001, 2004; AMAP, 2004). The atmospheric
transport of selected POPs is temperature dependent
(global distillation), and with the trend in the recent
years toward higher temperatures and less ice cover
on the oceans, they are more likely to re-evaporate
into the atmosphere from water and soil. Although
contaminant transport has been an important
scientific focus in Arctic environmental research,
interannual changes in Arctic pollution levels are
still poorly understood. Climate variability patterns
such as the North Atlantic Oscillation (NAO) and
the Arctic Oscillation (AO) have been known to exist
for many years (Walker and Bliss, 1932; Wallace and
Gutzler, 1981; Barnston and Livezey, 1987), but little
research has been done to link these low-frequency
atmospheric circulation patterns to contaminant levels
in the Arctic.
Thus, the investigation of legacy POPs that have
been banned or restricted for decades gives a good
basis to investigate secondary emissions, since primary
emissions have declined considerably during the past
decades. Studies show that the levels of this POPs
group monitored at the Zeppelin mountain research

station (Ny-Ålesund, Svalbard) have decreased during
the most recent years (Berg et al., 2004).
In this report, an ice core has been analyzed with
respect to POPs. A first attempt is made to compare
ice-core related POPs levels with atmospheric
monitoring data from an ice core collected at a glacier
near the Zeppelin mountain research station. Ice core
contaminants data give information about long-range
atmospheric transport over an extensive period of
time. Glaciers are generally located far away from
human industrial activity. Current detailed POPs
monitoring in the atmosphere does not extend many
years back in time. Zeppelin data series for POPs are
still not long enough to obtain an impression of the
long-term trend longer back in time than ten to fifteen
years. Therefore, the question investigated was: Are
ice core data an acceptable substitute for estimation of
atmospheric long-range transport covering the entire period
from first emission to ban/restricted usage?
Only a few studies on PCBs and pesticides in
ice cores in Svalbard have been conducted thus far.
Hermanson et al. (2005) analyzed a core from the
Austfonna ice cap for several current-use pesticides
and found many compounds throughout the ice core
dated from 1943 to 1998. Isaksson et al. (2003) analyzed
ice cores from Lomonosovfonna and Austfonna,
Svalbard, for pesticides, including α- and γ-HCH. The
presence of this type of pesticides in Svalbard glaciers
is an important indication of the direct transport
of these compounds via the atmosphere over long
distances, because no insecticides have been used in
Svalbard locally.
A5.2 Materials and method
For the comparative study performed here, a
comprehensive number of target chemicals was
chosen in order to cover both industrially emitted
contaminants, unintended released chemicals, as
well as chemicals in agricultural usage. All priority
contaminant are listed in Table A5.1.
The Kongsfjord region in western Spitsbergen
(Svalbard, Norwegian Arctic) and Ny-Ålesund
were chosen as study sites. In Ny-Ålesund, the
Zeppelin mountain research station, an atmospheric
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Table A5.1. Target chemicals.
Sampling location

PCBs

Pesticides

Zeppelin station,
Ny-Ålesund, Svalbard

18, 28, 31, 33, 37, 47, 52, 60, 66, 74, 99, 101, 105, 114, 118,
122, 123, 128, 138, 141, 149, 153, 156, 157, 167, 170, 180,
183, 187, 189, 194, 206. 209

α-HCH, γ-HCH, trans-chlordane, cis-chlordane,
trans-nonachlor, cis-nonachlor, o,p’-DDE, p,p’-DDE,
o,p’-DDD, p,p’-DDD, o,p’-DDT, p,p’-DDT, HCB

Kongsvegen glacier,
Ny-Ålesund, Svalbard

18, 28, 31, 44, 52, 77, 81, 95, 99, 101, 105, 110, 114, 118,
123, 126, 128, 138, 146, 149, 151, 153, 156, 157, 167, 169,
170, 177, 180, 183, 187, 189

α-HCH, γ-HCH, trans-chlordane, cis-chlordane,
trans-nonachlor, cis-nonachlor, HCB

monitoring site, is located 474 m above sea level,
which places it above the boundary layer for most
of the time. This makes the Zeppelin station suitable
for measurements of long-range transport. Because
of the wind direction (mostly from the south), the
station is relatively unaffected by local contamination
from Ny-Ålesund.
A5.2.1 Ambient air samples
The POPs collected in the adsorbent were detected
and quantified by gas chromatography combined
with high-resolution mass spectrometry at the
Norwegian Institute for Air Research (NILU).
For more details about analytical equipment and
procedures used by the Norwegian Institute for Air
Research, see the EMEP Manual (EMEP, 2001).
A5.2.2 Ice core samples
The ice core was collected from Kongsvegen glacier
near Ny-Ålesund, Svalbard, by the Norwegian
Polar Institute (NPI) in spring 2006. The core was
approximately 7.5 m long, and it was dated to cover
the period from approximately 1994 to summer 2005.
The ice samples were carefully melted after dating.
The meltwater samples were further extracted
with solid phase extraction and quantified with
gas chromatography and low-resolution mass
spectrometry at NILU’s department in Tromsø.
A5.2.3 Atmospheric transport calculations
FLEXPART is a Lagrangian dispersion model which
calculates long-range and mesoscale dispersion of air
pollutants from point sources forward or backward
in time. FLEXPART produces multiple atmospheric
trajectories which give a trajectory field. This provides
information about the air masses’ location relative
to the sampling point backward or forward in time.
Meteorological input data from the European Centre
for Medium-Range Weather Forecasts (ECMWF) are
used for the POPs modeling of the data collected
from the Zeppelin station. FLEXPART is based on
the programming language FORTRAN 77 (Stohl
et al., 2005, 2007a,b; Stohl, 2007). In this master’s

thesis, backward model runs using the FLEXPART
model with respect to carbon monoxide (CO) have
been utilized. These model runs were performed by
Andreas Stohl, NILU. The emissions inventory of CO
has turned out to correlate well with the emissions
inventory of POPs, since the sources are considered
to be similar. For the study statistics presented here,
footprint distributions of the potential emission
sensitivity (PES) have been used. The emission
sensitivity is proportional to the residence time of the
particles over a unit area, and footprint residence time
is the residence time of the particles averaged over the
lowest 150 m. Anthropogenic emissions are mostly
located at the surface, so footprint residence time gives
information about where the emissions are likely to
be taken up. Assuming no chemical transformation
and no deposition, this is the response an emission
release of unit source strength would have at the
measurement point (Stohl, 2008).
A5.2.4 Statistical evaluations
The analyses performed in the study presented here
were conducted using Microsoft Excel, MATLAB
and MINITAB. Correlations were investigated using
Pearson’s correlation coefficient. Seasonality and longterm trends of the POPs were investigated using HoltWinters’ method and running mean, respectively.
The NAO and AO indices were downloaded from
the website of the Climate Prediction Center (CPC),
a part of the National Weather Service and under the
National Oceanic and Atmospheric Administration
(NOAA, USA) (CPC, 2008). Running mean (moving
average) calculations were performed using MINITAB.
One-year running means were calculated to examine
long-term trends for the POPs. As with the seasonality
calculations, interpolated monthly averaged values
were used.
A5.3 Results
A5.3.1 CO and POPs
Carbon monoxide concentrations are believed to be
highly correlated with POPs concentrations because
they are both representative of anthropogenic emissions
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Figure A5.1. One-year moving average of HCB (1993–2007), p,p’-DDE (1994-2007), o’p-DDT (1994–2007) and p,p’-DDD (1994–2007).
Source: Eriksen Holmen (2009).
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(Eckhardt et al., 2003; Eckhardt, 2007). Correlations
between CO and the different POPs throughout
the annual cycle were computed to investigate the
connection more closely. Average values for each month
of the year calculated from 1998 to 2006 were used.
The annual cycle of trans-chlordane, o,p’-DDE,
p,p’-DDE, o,p’-DDD, and o,p’-DDT is highly correlated
with CO levels, and p’p-DDT also shows a fairly good
correlation (Figure A5.1). A significant increase in the
average levels for HCB and p,p’-DDE was established,
mainly confirming the results described by Hung et al.
(2010). However, the steep increase of p,p’-DDE as seen
here has not been described earlier.

Table A5.2. Correlation between CO and NAO/AO, 1997–2005,
with corresponding p-values for correlations higher than 0.30.
Black numbers: r > 0.3, blue numbers: r > 0.5, red numbers: r > 0.7.
NAO, r

NAO, p-value

AO, r

January

0.827

0.006

0.286

February

-0.262

March

0.358

0.344

-0.015

April

0.325

0.304

-0.634

-0.490

May

0.017

June

0.408

0.276

-0.227
0.543

July

0.640

0.063

0.015

August

-0.497

0.0003

September

-0.016

-0.465

October

0.559

0.118

November

0.019

-0.059

The correlation between CO and NAO/AO for each
month of the year was calculated over the period 1997
to 2005 (Table A5.2). This calculation was conducted
to study a connection between high concentrations of
a passive tracer and high NAO/AO index. It can be
seen that the correlation is the highest for NAO, but it
is generally low, except for January. It is also evident
that NAO and CO are more correlated in the winter/
spring months. p-values for correlations higher than
0.30 are given in Table A5.2.

December

-0.282

-0.491

160

A5.3.3 POPs in ice
The concentration levels of the PCBs and pesticides
in the collected ice core show similar distribution
patterns (Figure A5.2). The sample taken closest to the
pit floor shows low background level concentrations
for all compounds quantified. However, the core
samples corresponding to the years 2002/03,
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Figure A5.2. Temporal distribution of various PCB congeners along the Kongsvegen glacier ice core. Source: Eriksen Holmen (2009).
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2001/02, and 2000/01 show significantly higher
concentrations. The last five samples, corresponding
to years 1999/2000, 1998/99, 1997/98, 1996/97, and
1995/96 show lower, more stable concentrations.
A5.4 Implications and perspectives
During the study presented here, a series of
atmospheric long-range transport events were
identified. Elevated levels of DDT and cis- and transnonachlor during week 3 in 2007 were most likely to
be a result of direct emissions from China. The PCB
amounts may have been transported to Zeppelin from
Russia. FLEXPART output shows that several forest
fires took place in Russia at that time; see Figure A5.3.
A study relating atmospheric PCB enhancements and
biomass burning concluded that biomass burning
is an important source of PCBs in the atmosphere
(Eckhardt et al., 2007). The FLEXPART output
indicates that the retroplume extends extraordinarily
far south for this episode, to areas with substantially
higher environmental temperatures (Figure A5.3).
High temperatures favor re-evaporation, making it
more likely for compounds with a high Henry’s Law
constant to revolatilize.

In general, the long-term atmospheric monitoring
of POPs at the Zeppelin station revealed a downward
trend for most of the analytes. The downward trend
in the Arctic in recent years for most of the POPs is
consistent with previous studies (Berg et al., 2004;
Hung et al., 2005a,b). However, Berg et al. (2004) did
not find clear trends for all POPs at Zeppelin because
of the short time frame of the monitoring program. In
recent years reversed increasing trends were found
for HCB (2004–2007). Hung et al. (2010) correlated
this feature with the increased evaporation of HCB
from the open sea surface along the west coast of
Spitsbergen due to the presence of ice-free ocean
waters also during the winter season in the respective
time period (inflow of warm North Atlantic surface
water). The statistical calculations (running average)
from this study also found indications of increasing
p,p’-DDE levels.
Although most of the correlations between the
POPs measured and NAO/AO are relatively low, it is
obvious that POPs concentrations are influenced by
the two climate variation patterns. This agrees well
with previous studies (Eckhardt et al., 2003; Hung et
al., 2005a,b; Burkhart et al., 2006; Becker et al., 2008).
The highest correlations are achieved between NAO
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Figure A5.3. Footprint potential emission sensitivity (PES) distribution derived from FLEXPART 20-day backward simulation, 15.01.07,
12.00 UTC, showing the location of forest fires in Russia (black dots) compared to the location of the retroplume. Source: Eriksen
Holmen (2009).
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and the lighter and most volatile PCBs in February
and March, which imply higher correlations during
strong NAO conditions. This seems reasonable
when including other processes that may influence
measured concentrations of POPs: re-evaporation,
photochemical degradation, and seasonality in
emissions. Revolatilization due to evaporation from
oceans and soils occurs during summer and autumn,
when the temperatures are at their maximum and ice
cover is at its minimum, and this aspect influences the
concentration levels to a great extent. Photochemical
degradation occurs during sunlight, in late spring,
summer, and early autumn. Many of the pesticides
analyzed are emitted in spring, summer, and autumn
owing to agricultural activity. This makes it most
likely for POPs measurements to be better correlated
with NAO/AO in the winter and early spring months,
when there is less interference from other mechanisms.
The reason that NAO correlates best with PCBs and
AO correlates best with pesticides can be explained
by emissions and pathways into the Arctic. NAO
describes the variability in the winds to the Arctic
from Europe, where PCB emissions frequently occur.
AO describes more of the hemispheric variability
and would therefore capture transport directed to the
Arctic by the Siberian High as well. Good correlations
between POPs and NAO/AO are also achieved in
August. Positive correlations are found between NAO
and light-chlorinated PCBs, α-HCH, γ-HCH, and transchlordane and between AO and heavy-chlorinated
PCBs, γ-HCH, trans-chlordane, cis-chlordane, and
DDT. Pesticide concentrations are increased in autumn
because of autumn plowing, and water-soluble
compounds with high volatility evaporate to the
atmosphere during periods of ice-free oceans.
For Zeppelin air measurements, concentrations
of HCB, ΣPCBs, and ΣHCHs were of the same
order of magnitude. The lighter PCBs are more
represented than the heavier congeners and α-HCH
is at higher concentrations than γ-HCH. These
patterns established by atmospheric measurements
were compared to the concentrations found in the ice
core. CB18 and CB28/31 were found in the ice core in
relatively high concentrations. This is not surprising
because these congeners are the most water soluble
and volatile PCBs. This is consistent with results from
a study on an ice core taken from the Agassiz ice cap in
Canada covering layers from the mid-1960s until the
mid-1990s (Gregor et al., 1995). However, CB180 and
CB189 were also found in large amounts in the ice core.
These congeners may have entered the ice by longrange atmospheric transport of particulate materials
as a consequence of boreal forest fires (see earlier text)
or by local contamination from, for example, cruise

ships and transportation vessels. α-HCH was not
found in all samples, and a clear distribution pattern
is difficult to establish. γ-HCH was, however, found
in relatively large amounts, even though the earliest
five samples contained γ-HCH below the LOQ. The
predominance of γ-HCH in ice-associated samples
was also confirmed by Hermanson et al. (2005). This
study also found γ-HCH as the predominant HCH
isomer in an ice core collected from a Svalbard glacier
(Austfonna).
A5.4.1 Ice cores as archives for temporal trends		

of POPs

Previous studies on POPs in ice cores to determine
potential temporal POPs distributions are few.
Ions are more commonly analyzed ice core species.
Simoes and Zagorodnov (2001) and Pohjola et al.
(2002) analyzed ice cores from different glaciers in
Svalbard for ions and concluded that many ions travel
downward in the ice during melting. Vehvilainen et
al. (2002) analyzed an ice core from Lomonosovfonna
for naphthalene, a PAH, but this compound showed
much less movement compared to the ions.
Hermanson et al. (2005) reported a melt index
for Austfonna which may cause the summer melt to
penetrate as much as five years down in the ice, and
Vehvilainen et al. (2002) reported two to three years
of percolation for Lomonosovfonna. Even though
the exact height for core drilling at Kongsvegen is
not known, both Austfonna and Lomonosovfonna
are located at higher altitudes than Kongsvegen, so
the same (and perhaps higher) level of melting is
expected to take place at Kongsvegen. The number of
years the summer melt can percolate downward can
be determined by calculating the melting index for the
glacier (Isaksson et al., 2003; Hermanson et al., 2005).
The percolation manifested here adds considerably
to the uncertainty of possible temporal trend studies;
meltwater percolation in combination with high
mobility of soluble pollutants along the ice column
may lead to incorrect conclusions during ice-core
based temporal trend analysis. Therefore, caution
must be taken when selecting analytes as suitable
candidates for temporal trend studies. The following
should be taken into account in this selection:
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• Compounds with minimal mobility along the ice
column (particle associated)
• Glacier location with minimum percolation must
be selected
• The hydrological and glaciological characterization
of the location must be well known and included
in the interpretation of the data.
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Glossary of terms
Bioaccumulation: The accumulation of substances
(including contaminants) in the bodies of animals over
time as the animals continue to eat food, drink water,
or breathe air containing the substances. Contaminants
that bioaccumulate tend to remain in a form that cannot
easily be eliminated from the animal.

Biomagnification: The process whereby concentrations
of certain substances increase with each step in the
food web as, e.g., predators consume the contaminants
stored in their food (prey), which in turn contain the
contaminants consumed by these prey in their food.

Acronyms
ACIA

Arctic Climate Impact Assessment

IPY

International Polar Year

Ag

Silver

IUPAC

Am

Americium

International Union for Pure and 			
Applied Chemistry

AMAP

Arctic Monitoring and Assessment Programme

KOA

Octanol-air partition coefficient

AMDE

Atmospheric mercury depletion event

lw

Lipid weight

AO

Arctic Oscillation

MMHg

Monomethylmercury

ArcRisk

Arctic Health Risks: Impacts on health in the 		
Arctic and Europe owing to climate-induced 		
changes in contaminant cycling; www.arcrisk.eu

NAO

North Atlantic Oscillation

NILU

Norwegian Institute for Air Research

BFR

Brominated flame retardant

NIVA

Norwegian Institute for Water Research

BMF

Biomagnification factor

NRPA

Norwegian Radiation Protection Authority

Cd

Cadmium

PAH

Polycyclic aromatic hydrocarbon 			
(ΣnPAH: sum of n PAHs)

Co

Cobalt

Pb

Lead

CO

Carbon monoxide

Po

Polonium

CO2

Carbon dioxide

PPCPs

Pharmaceuticals and personal care products

Cs

Cesium

POC

Particulate organic carbon

DMHg

Dimethylmercury

POM

Particulate organic matter

DOC

Dissolved organic carbon

POP

Persistent organic pollutant

DOM

Dissolved organic matter

PCB

dw

Dry weight

Polychlorinated biphenyl (ΣnPCB: 			
sum of n PCB congeners)

EF

Enantiomer fraction

PFCA

Perfluorinated carboxylic acids

EMEP

European Monitoring and 			
Evaluation Programme

PFOS

Perfluorooctane sulfonate

Se

Selenium

ENVS

Department of Environmental Science 		
(Aarhus University, Denmark)

Sr

Strontium

GEM

Gaseous elemental mercury

UNEP

United Nations Environment Programme

GHG

Greenhouse gas

UNIS

University Centre in Svalbard

HCB

Hexachlorobenzene

UV

Ultraviolet radiation

HCH

Hexachlorocyclohexane

ww

Wet weight

Hg

Mercury

Zn

Zinc

IPCC

Intergovernmental Panel on Climate Change
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