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5. STRESSORS AND
THEIR ALLEVIATION
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As a contribution to halting the loss of biodiversity,
the Arctic Council initiated the Arctic Biodiversity
Assessment and asked for scientific advice on what
could be done to alleviate stressors that put Arctic
biodiversity under pressure. Detailed advice is given in
the individual chapters, and in this section we the lead
authors of the scientific chapters of the ABA present an
overview of stressors on Arctic biodiversity together
with possible actions to enhance biodiversity conservation. Our aim is to suggest appropriate, scientifically
based actions, which should be seen as facilitative and
not prescriptive.
Arctic biodiversity is at risk from climate change and
other human-caused stressors, and these pressures need
to be addressed by prompt and concerted action at the
local, national, circumpolar and global levels. Within
the Arctic, stressors that directly affect habitats and
populations include human infrastructure, unsustainable harvests, disturbance and pollution. Stressors
coming from outside the Arctic include climate change,
pollutants, invasive species, expansion of boreal species
into the Arctic, and threats to migratory species in
staging and wintering areas.

Arctic biodiversity is under pressure from a
variety of stressors originating from within the
Arctic as well as from abroad. Some can be
solved at national level, while others require
international cooperation. Photo: Susan Morse.
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Arctic ecosystems are resilient to considerable climatic
variability and change (Payer et al., Chapter 2). However, continued warming is likely to be too rapid and
intense for many species and processes to adapt or
adjust in situ. Global warming is already causing local
changes in Arctic climate regimes corresponding to
biome shifts (see Section 4). Much depends on whether
Arctic species and biological communities can shift
distributions along with changing climate regimes, or
persist in refugial regions where change is less rapid or
extreme. Moreover, climate-related alterations to many
cryospheric components (e.g. glaciers, ice sheets, permafrost and sea ice) are likely to produce new biophysical
states that will not easily return to previous conditions
within the timescale of centuries or even millennia
(AMAP 2011a), creating repeatedly novel living conditions for most species and biological communities whose
demographics and interactions operate in annual to
decadal timescales. This not only involves temperature,
wind and precipitation changes, but perhaps of equal
importance the increasingly pronounced interannual
variability and interactive feedbacks of climate change
that are ongoing and expected. All of these will influence biodiversity across many interacting scales.
Many Arctic ecosystems bear signs of human activity
from decades ago, indicating slow regeneration. This is
because the growing season is very short, and the input
of solar energy is low, meaning that Arctic habitats and
many populations are particularly slow in regenerating
from physical or other changes (Freese 2000). Since the
true Arctic species are adapted to demanding Arctic
conditions, but not to competition from ‘southern’
species, they could be more vulnerable to competition from southern intruders benefiting from climate
change (Callaghan et al. 2004b). Arctic ecosystems
also consist of relatively few species with even fewer
keystone species in the food chains, which implies that

population changes in just one keystone species may
have strong cascading effects in the entire ecosystem
(Gilg et al. 2012). Yet, the recovery of some bird, mammal and fish species from overharvest demonstrates the
potential for effective conservation action.
Stressors affecting Arctic biodiversity originate from
a multitude of sources, some of which are indigenous
to the Arctic, while others originate fully or partially
outside the Arctic. Section 5.1 discusses ‘internal’
stressors and related suggestions for actions, highlighting the stressors Arctic nations are responsible for.
The second section (5.2) deals with ‘external’ stressors, which require cooperation from countries where
they originate. In this and the next section the focus
is on anthropogenic stressors (i.e. factors created by
or induced by humans), which human societies can do
something about.13

5.1. Stressors originating from within
the Arctic
In much of the world, nature conservation is now a question of protecting what little is left or of trying to restore what has been damaged. In this respect, the Arctic
offers a rare opportunity to put sustainable development
into practice and to apply solid conservation measures
not as an afterthought, but as a priority (CAFF 2002).
5.1.1. Direct human impacts on habitats

Many Arctic regions have seen little or no locallydriven, human-induced habitat change compared with
other parts of the world (MEA 2005). In particular,
13 In this report, we do not take a position with regard to efforts
to establish an international treaty for the protection of the
Arctic (see Nowlan 2001 and Ebinger & Zambetakis 2009).
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there is very little agriculture and animal husbandry –
with the important exception of reindeer husbandry
– and no forestry, factors that are the main drivers of
wild species population decreases in many parts of the
world (MEA 2005). Furthermore, in large parts of the
Russian north, marked human population declines took
place following the breakdown of the Soviet Union in
1991 (Bogoyavlenskiy & Siggner 2004), temporarily
reducing the direct impact from human activities.
Many Arctic species have wide distributions with most
habitats still intact, and relatively few have restricted
ranges. This means that many species may be relatively
resilient to some habitat loss from conversion, degradation and infrastructure. However, most Arctic species
respond to habitat patchiness and seasonality with significant selection for certain localized habitats during
certain times of the year or across years. Large bodied
species may be most at risk because they tend to have
smaller population sizes and larger ranges intersecting
more potential human activities at the landscape scale.
Heavy grazing and trampling by domesticated reindeer
may be the most widespread direct human-induced
pressure on terrestrial Arctic habitats, especially in
Eurasia, but its causes are often a combination of regulatory, economic and ecological factors (Ims & Ehrich,
Chapter 12). Such human-induced impacts by one
species may propagate to other species through food
web interactions. Hence, overabundant semi-domestic
reindeer in northernmost Fennoscandia (see Section
3) appear to have resulted in range expansions and
increased abundance of boreal generalist predators and
scavengers such as the red fox, with detrimental effects
on the Arctic fox (Ims & Ehrich, Chapter 12).
Oil, gas and mineral extraction and transport are important stressors in parts of the Arctic and are expect-

ed to increase in the near future. However, on land this
activity is largely limited to geographically small areas
with oil and gas pipelines and access roads to mines and
wells having the greatest geographical extent in most of
the Arctic. Furthermore, onshore accidental oil releases
will usually cover a much smaller geographical area
than releases at sea and are therefore easier to address.
In contrast, oil spills in the marine environment are
not easily managed and pose a serious threat to marine
ecosystems and particularly to seabirds and marine
mammals (AMAP 2009b; see Section 5.1.4).
Dams, impoundments, diversions and water withdrawals produce physical and geochemical (e.g. enhanced
mercury mobilization) impacts affecting freshwater
systems and their surrounding and downstream environments including wetlands, deltas, estuaries and
nearshore marine habitats. Ecological issues surrounding the development of hydroelectric facilities (in
particular in the Canadian and Russian Arctic regions)
and other reservoirs are projected to increase, resulting
in implications for local and regional freshwater biodiversity (Prowse et al. 2011a, Wrona & Reist, Chapter
13). Similarly, from a terrestrial landscape perspective,
crossings of linear corridors (roads, trails, cutlines,
railways, pipelines) over rivers and creeks can have
impacts on water quality. Equally important are seismic
exploration lines in winter, which compress vegetation
and may form drainage channels and alter landscapes.
These can be many thousands of kilometers in length in
a single year in some areas.
Off-road driving with tracked vehicles poses a problem
in parts of the Arctic, and especially in Russia. Tracks
form drainage channels that may erode into gullies
draining wetlands and changing vegetation (see Kevan
et al. 1995 and Forbes 1998). Under some conditions,
severe impacts to tundra vegetation can persist for dec-
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ades following disturbance by tracked vehicles (Jorgenson et al. 2010).
Although more common in the boreal forest, wildfires have scorched thousands of square kilometers of
low and sub-Arctic tundra in particularly warm and
dry summers (see e.g. Krupnik 1993, ACIA 2005).
However, the extent to which such fires are natural
phenomena or are ignited by humans is unknown. Fire
has been largely absent from most of the tundra biome
since the early Holocene epoch (Higuera et al. 2008),
but its frequency and extent are increasing, probably
in response to global warming (Hu et al. 2010) with a
positive feedback effect (Mack et al. 2011).
In some areas, fishing practices such as bottom trawling
may pose serious threats to benthic communities and
remain an important stressor that needs to be studied
and monitored (Christiansen & Reist, Chapter 6, Josef-

son & Mokievsky, Chapter 8, Michel, Chapter 14). Conventional bottom trawl fisheries for groundfishes are
highly efficient, but can be damaging to the environment, as they can perturb and change the composition
of benthic communities (Tillin et al. 2006, Thurstan et
al. 2010). Restrictive measures have been put in place
in some areas to address this (Michel, Chapter 14).
Tourism concentrated on particular sites may have
impacts on habitat through wear on sensitive vegetation
or erosion of unconsolidated substrates. However, this
pressure is still negligible in most places (e.g. Daniëls
& de Molenaar 2011) and is relatively easy to regulate
if unacceptable levels arise. Furthermore, tourists
fascinated by the Arctic and its wildlife can be strong
advocates of conservation needs for Arctic nature
and environment and thereby enhance motivation for
conservation (Prokosch 2003). (See also Sections 5.1.3
and 5.2.3.)

75

Managing and understanding the impact of human
activities on biodiversity and ecosystems is increasingly important as direct impacts on Arctic habitats
will increase significantly in the future (Nellemann et
al. 2001). Future management will require modeled
projection of possible impacts, empirical monitoring of
potential trouble-spots and consultation with a wideranging team of knowledge holders from scientific
disciplines as well as indigenous and local knowledge.
Possible conservation actions

› To succeed, biodiversity conservation needs to be

a cornerstone of natural resource management and
land and marine planning throughout the Arctic for
the benefit of Arctic residents and biodiversity in
general. To achieve this, a diversity of legal, regulatory and best management practice tools could be
employed at diverse scales. Possible detrimental cascading effects on nearby endemic Arctic biodiversity
and unique Arctic habitats are important considerations in land and marine planning and monitoring.

› Comprehensive national approaches to protected

area planning and establishment are effective biodiversity conservation mechanisms. Eco-regional representation, connectivity, critical areas for various

Arctic habitats are among the least
physically disturbed on Earth, and
huge tracts of almost pristine tundra,
mountain, freshwater and marine
habitats still exist. W Spitsbergen,
Svalbard with little auk colonies. Photo:
Wild Arctic Pictures/shutterstock.com

life stages, biodiversity hotspot analyses and maintenance of the most productive and/or resilient areas
are important approaches to consider.14 This work
could build on work already done, such as AMSA IIC
(AMSA 2009) and RACER (Christie & Sommerkorn
2011).

› Given the scale of changes forecast for the Arctic

that will often result in substantial habitat displacements (c.f. Section 5.2.1), it is important that
protected areas are: (1) large enough to safeguard
critical habitat for target populations, (2) strategically selected (i.e. forming ecological networks of
sites) and (3) actively managed in coordination with
other approaches that support the overall resilience
of regional ecosystems and species (see also Section
19.4.1.3 in Huntington, Chapter 19).

› To secure species representation, protection of areas

with many unique species should be given high priority, so that a total Arctic network is based on the
‘complementary species richness’ method and covers
as much of the entire biodiversity as possible (VaneWright et al. 1991, Myers et al. 2000).

14 Targets for area coverage were agreed upon internationally
at the 10th meeting of the CBD parties in Nagoya, Japan, in
October 2010, i.e. the Aichi goals of protection of > 17% and
> 10% for land and sea territory, respectively. In 2009, 11%
of the Arctic as defined by CAFF (i.e. includes large tracts
of sub-Arctic and boreal forest together with much of the
Greenland ice shelf) had some form of protection. More than
40% of Arctic protected areas have a coastal component, but
for the majority of these areas it is not possible at present to
determine the extent to which they incorporate or extend into
the adjacent marine environment (Barry & McLennan 2010).
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› Productive and varied areas deserve high priority in

protected area planning and management. Especially
in the high Arctic, such areas often constitute ‘oases’
that may function as source habitats for surrounding
areas (Hodkinson, Chapter 7, Daniëls et al., Chapter
9, Michel, Chapter 14). Such hotspot areas are found
in terrestrial, marine and freshwater biomes, and
include biologically important polynyas, persistent
areas of perennial sea ice, large river deltas, unique
lake systems, hot springs and cold seeps, and seasonally important areas for reproduction, molt and
fattening of many birds, fishes and mammals (Reid et
al., Chapter 3, Ganter & Gaston, Chapter 4, Wrona
& Reist, Chapter 13). The same priority applies to
important areas for endangered species and particularly sensitive or vulnerable populations (see also
Section 5.1.2).

› The design and implementation of mechanisms to

ensure the maintenance of ecosystem structure,
functions and processes and the representativeness
of marine habitats and refugia with low human
impact should be considered. A circumpolar Marine
Protected Area (MPA) network could be an important part of such an effort. As many important
areas cross jurisdictional boundaries, cooperation is
essential. Such a network could include the establishment of an effective management system of deep-sea
areas and large estuaries, which contain a relatively
high proportion of endemic invertebrate species
as well as several members of the species-rich fish
families (Christiansen & Reist, Chapter 6, Josefson &
Mokievsky, Chapter 8).

› Arctic fish species are largely bottom-living (Kara-

mushko 2012), and since Arctic groundfish fisheries
are expected to increase in the coming years, the
development and deployment of fishing practices

that minimize by-catch and seabed destruction are
critical.

› Since protected areas are of little conservation

value if their legal protections are moderated when
economic or other conflicting interests appear (see
section on protected area failure in Sutherland et
al. 2011), the status of protected areas needs to be
maintained and enforced.

› When unavoidable alteration of high priority areas

takes place, these impacts could be mitigated by
improved protection of other important habitat.
However, true compensatory measures in the form
of ‘re-wilding’, which are used in other parts of the
world, are of little relevance in the Arctic where
there is almost no modified habitat to return to a
more natural state. Areas already impacted by bottom trawling and heavy grazing and trampling by
reindeer are exceptions to this, as there is room for
recovery of affected areas by reducing the impacts
and allowing for re-generation.

› Mitigation and restoration of disturbed or damaged
habitat needs to be incorporated into development
projects at the planning stage. This should include
consideration of the full cost of restoration and
remediation activities.

See further discussion in Sections 5.1.2, 5.1.3 and 5.2.1.
5.1.2. Harvest of mammals, birds and fish

According to Article 2 of The Convention on Biological Diversity ”Sustainable use” means the use of components
of biological diversity in a way and at a rate that does not
lead to the long-term decline of biological diversity, thereby
maintaining its potential to meet the needs and aspirations
of present and future generations.
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The harvest of mammals, birds and fish has formed the
basis of Arctic societies since humans first arrived in
the Arctic (see Section 3). Key species such as ringed
seal Pusa hispida and fishes were able to sustain local
human populations for millennia, although periods of
famine and population declines show that the Arctic
environment lay on the margins of human habitability.
Today, harvest of living resources remains vital to the
cultures of Arctic peoples, and contributes important
protein and other nutrients for many Arctic residents
(Huntington, Chapter 18).
During the last few hundred years, harvest of wildlife
in the Arctic changed from a small-scale practice by
scattered human populations to the use of modern
hunting and catching technologies, more efficient
means of transport such as snowmobiles, all-terrain
vehicles, power boats and ocean going vessels, and
increased accessibility through more extensive road
systems. In combination with population growth
and commercial markets in some regions for wildlife
products, this increased the pressure on several wildlife
populations (Huntington, Chapter 18).
Even though historically overharvest was one of the
most common pressures on Arctic wildlife, it is also
the most manageable (Klein 2005). In most areas, hunting and fishing are regulated, at least for species of conservation concern. Indeed, the pressure from overharvest has been largely removed as a major conservation
concern for most species due to improved management
and conservation actions. The switch from dog teams
to snowmobiles has contributed to reducing harvests
in many areas, and changing tastes and the increased
availability of agricultural foods have also led in some
places to lower harvests (Huntington, Chapter 18; see
also Michel, Chapter 14).

In the Russian Arctic, where marked human population
declines took place after the break down of the Soviet
Union, a major shift has happened in the harvest of
wildlife. The reduced population has lowered hunting
pressure on wildlife in general, but has increased local
dependence on harvest of local wildlife as a result of
decreasing subsidies (Duhaime 2004, Wheeler et al.
2010). Since regulation and law enforcement decreased
at the same time, the result has been that hunting, egg
collection and fishing pressure on some populations
have increased, while other populations have benefited
from reduced harvest (K.B. Klokov & E.E. Syroechkovskiy in litt.).
In many regions of the Eurasian Arctic, the adoption
of reindeer herding by indigenous hunting cultures led
to the extirpation or marked reduction of wild reindeer and drastic reductions of wolves, lynx Lynx lynx,
wolverines Gulo gulo and other potential predators of
reindeer (Nuttall 2005).

»

I could say for sure that there are much more bowhead
whales now than there used to be when we were children.
Where today you now could see a single whale, 2, 3 or 4 whales
in one group. While in the olden days we used to only observe
single bowhead whales and never more than one…

(Elijah Panipakoocho, Nunavut, Canda; Hay et al. 2000).

Some populations (for example some whales, muskox
and common eider Somateria mollissima; Fig. 9) have
recovered or are recovering from overharvest following conservation and management measures that have
been put in place over the past few decades (Reid et
al., Chapter 3, Ganter & Gaston, Chapter 4). Similarly,
sound regulation of bowhead whale hunting in the
Bering-Chukchi-Beaufort region has helped populations
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increase from previously depleted levels (see Box 14.6
in Michel, Chapter 14). Others are not recovering or
are only slowly recovering (several sub- and low Arctic
carnivore populations, some polar bear populations
and some reindeer/caribou populations together with
W Greenland walrus, harbor seal Phoca vitulina and
thick-billed murre; the three latter being red-listed in
Greenland; Boertmann 2007, Rosing-Asvid 2010, Reid
et al., Chapter 3, Ganter & Gaston, Chapter 4).
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Figure 9. Common eider Somateria mollissima
population depletion and recovery in W Greenland
from the early 19th century to the present
(estimates by F. Merkel in litt. based on data from
Müller 1906 (down collection), Merkel 2002, 2004a,
Christensen & Falk 2001 and annual growth rates
from 2001 to 2007 in NW Greenland from Merkel
2010). The depletion was probably mainly caused
by overharvest (hunting and egg collection), while
the recovery was the result of tightened legislation
and cooperation with local hunters since 2001
(Gilliland et al. 2009, Merkel 2010).

Species protection has focused on preventing
overharvest, which has historically been the
largest threat to Arctic biodiversity. Seabirds are
an example of biodiversity that is susceptible to
such overharvest, and this has caused population
declines in some parts of their range. In these
areas, careful regulation of harvest is necessary as
part of a conservation and restoration strategy.
Photo: Knud Falk, Kippaku, NW Greenland.

In addition, overharvest has not only caused depletion of some target populations, but in some cases it
has had cascading ecosystem effects. For example, the
elimination of large whales by commercial whaling
may have been followed by increasing populations of
smaller marine mammals together with some seabirds
(Springer et al. 2003). Another example is the depletion of large populations of predatory fish (Smetacek &
Nicol 2005) that may have resulted in reduced genetic
variability (Cook, Chapter 17). Generally, however, the
impact of historical harvest of marine mammals, fish
and seabirds on current Arctic marine ecosystem structure is not well documented, but the removal of such
a large biomass of targeted species would have affected
the flow of energy and trophic interactions that shaped
the Arctic marine food web that existed previously
(Michel, Chapter 14).
In several species of seabirds and small cetaceans, bycatch in fishing nets and on hooks is related to overharvest in that it results in additional mortality on top
of other harvests. However, by-catch in gill-nets in the
Arctic seems to have diminished in recent decades, at
least in the Atlantic sector, due to reduced use of gill
nets in the high seas of Greenland and Norway (Bakken & Falk 1998). However, it still is of major concern
in coastal fisheries, e.g. in W Greenland and the NW
Pacific (Chardine et al. 2000, Merkel 2004b, 2011).
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»

There has been improvement on the salmon stock. It was
in the 1970s that the Norwegians prohibited this trawllike sea fishing. Already in the next year we had small salmon
swimming upstream. Nowadays the sea is being fished out of
shrimp that is leaving the salmon with only little shrimp to feed
on. This has caused the color of salmon to fade. It is not as red
as Atlantic salmon from the Arctic Sea used to be. And the flesh
or meat, that used to be much thicker in the past. Back then a
salted salmon fillet was like a wood board. This is also due to
overcatching shrimp.

(Late salmon fisherman Jouni Tapiola from Kaava, Finland;
Helander et al. 2004).

Fisheries conservation and management measures
put in place over the last few decades have resulted in
large Arctic commercial fisheries which from a global
perspective are relatively well managed, although there
have been management failures, and high harvest pressure continues on some fish stocks (Christiansen & Reist, Chapter 6, Huntington, Chapter 18). Arctic countries are at the forefront of development of sustainable
fisheries. Examples of improvements include national
and sub-national regulations, restrictions and largescale management planning processes and international
cooperation (Huntington, Chapter 18, see especially
Box 18.3). The need for using a precautionary approach
for fisheries and resources management is reinforced
by the paucity of baseline data and long-term monitoring in the Arctic compared with other marine ecosystems, combined with rapid climate-associated changes
(Michel, Chapter 14). In US waters of the Arctic, for
example, commercial fishing has recently been prohibited as per the Arctic Fisheries Management Plan
until more information is available to support sustainable management of potentially harvestable species
(NPFMC 2009).

Accurate statistics on by-catch are crucial in upcoming Arctic fisheries and call for adaptable management
policies to meet conservation aims. No single harvesting practice is foolproof (Pitcher & Lam 2010). Catch
Quota Management (CQM; Danish Ministry of Food,
Agriculture and Fisheries 2012), a new policy that is
currently being tested in North Sea fisheries, may provide urgently needed by-catch data, which is a first step
to better controlling the impacts of by-catch.
While harvest can be a major force influencing ecosystem structure and function by altering community
composition and species interactions, it also interacts
with other stressors and influences as well. For example, while trends in some areas may imply ‘fishing down’ of the ecosystem, the shift in community
structure and landing composition also coincides with a
rapid change in climatic and oceanographic conditions,
and other stressors. Nevertheless, the contribution of
climate change and direct human intervention will have
profound impact on marine ecosystems (Christiansen &
Reist, Chapter 6, Michel, Chapter 14).
Harvest of animals inside the Arctic is not the only
source of harvest stress, as migratory species are also
harvested outside the Arctic (see Section 5.2.4).
Possible conservation actions

› To maximize the adaptive capacity of harvested

populations of mammals and birds, with respect to
harvest, climate change and genetic viability, populations should be allowed to achieve and maintain
healthy population levels that meet sustainable
harvest management goals. This step includes allowing depleted populations to recover (see text above
for examples). Maintaining viable populations can be
achieved by, for example, regulation of the take itself,
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harvest methods and the establishment of protected
zones e.g. for reproduction, molting and feeding.

› The principles of ecosystem-based management

(EBM) distribute risk such that ecosystem sustainability is enhanced and ecosystems do not disproportionately suffer the impacts of tradeoffs resulting
from management decisions concerning utilization
of Arctic resources. This approach would help support the resilience and sustainability of ecosystems
in the face of harvests and the many other uses of
and impacts to Arctic resources and areas.

› Ongoing improvements in data gathering and

analytical techniques for estimating sustained yield
are needed. Ideally, such information would include
an ability to differentiate populations and stocks,
repeated estimations of stock or population abundance, and accurate and complete harvest or catch
data including individuals not retrieved. The same
applies to by-catch of mammals and birds – and nontargeted fish species – in fishing gear.

› Continued and increased international cooperation

on the gathering and assessment of data on population structure, harvest monitoring and harvest
methods and regulations is needed, so as to improve
the planning and management of harvests. Existing examples include the International Agreement
on the Conservation of Polar Bears and cooperation
through the North Atlantic Marine Mammal Commission. Many other species and inter-jurisdictional
issues require such attention (see also Section 5.2.4).

› Improved means of accessing and exchanging information between hunters, fishermen, scientists and
management authorities is of paramount importance. This can involve implementing community

monitoring programs, public education, information
campaigns on sustainability, involvement in public
debates, and more.15
5.1.3. Displacement of animals from important
habitats

The effects of disturbance on displacing mammals and
birds from important habitats are closely related to
shyness of the individual species (Madsen & Fox 1995,
Laursen et al. 2005). This shyness has both an inherited
(genetically fixed) and an acquired element. Both are
related to the level of population pressure created by
such disturbance through death and injury over the
course of generations. Usually, the more a population
of mammals or birds has been subject to hunting, the
shyer it is, and potentially the more effect further disturbance (e.g. in the form of human presence) can have
on the population. The exceptions to this are species
that rely on cryptic behavior, such as ptarmigan.
Most mammal and bird species in the Antarctic are
indifferent towards humans when on land, where there
are no mammalian predators (see Box 4). Similarly,
in the Arctic much wildlife is relatively indifferent to
human presence, so that they can be approached by
humans to within 10-20 m – similar to the escape
distance from foxes and other mammalian predators.
This is not the case for hunted populations, which often
have flight distances of several hundred meters, at least
during the time of the year when they are hunted.
Conversely, birds and mammals can sometimes reduce

15 The appropriateness of co-management systems is outside the
scope of this report to make recommendations on. However,
much experience exists in Arctic countries on how to handle
this, if such methods are desired (see Huntington, Chapter 19).
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their flight distances surprisingly quickly when protected from hunting (e.g. mallards Anas platyrhynchos and
other waterfowl in ‘city parks’ such as in larger cities in
Greenland – a situation that was unthinkable until few
decades ago; H. Meltofte, pers. obs.).
Few studies have documented the effects of disturbance at the population level (see Madsen & Fox 1995),
probably because they are hard to disentangle from
other effects of human presence such as direct mortality or habitat disturbance. Large aggregations of
breeding, molting and wintering waterbirds, marine
mammals at haul outs and calving caribou may be most
sensitive to disturbance, with heavy and continued disturbance having an effect similar to habitat loss, since
the birds or mammals are prevented from utilizing
important habitat. Such behavioral changes may lead to
reduced foraging time, increased energy expenditure
and poorer physiological condition leading to reduced
fecundity and increased mortality. Disturbance may
also have indirect effects such as increased predation,
when birds leave their nests due to human disturbance
and predators can move in easily to take eggs or chicks.
This effect is especially severe in dense bird colonies.
In some cases it may be hard to separate the effect
of disturbance from the direct effect of the take of
individuals from the population. For example, when
walruses no longer haul out on land in W Greenland
(Born et al. 1994), it is hard to know whether this is
an effect of continued shooting at haul out sites or the
extermination of the local animals, but most likely it is
a combination of these pressures.
The potential disturbance due to human presence is
closely related to the level of hunting that the populations in question are subject to. For instance, tourists may approach incubating black-legged kittiwakes
Rissa tridactyla and thick-billed murres to within a few

meters in Svalbard, while these and other harvested
species may flush at distances of several hundred meters
in areas where they are hunted such as in Greenland
(Merkel et al. 2009, pers. com., Egevang 2011, H. Meltofte, pers. obs.). The balance between hunting-induced
shyness and the interests of non-hunters, including
tourists, in being able to enjoy wildlife will ultimately
depend on the priorities of the individual jurisdictions
responsible for hunting and recreational activities.
Other potentially harmful disturbances are ship traffic,
seismic operations and aircraft, which may have the
same effect as direct human disturbance. Low-flying
aircraft – especially helicopters – may displace birds
and mammals from key habitats and can even cause
destruction of eggs and young on bird cliffs (Mosbech
& Glahder 1991, Chardine & Mendenhall 1998, Overrein 2002, Moore et al. 2012). The properties of sound
in water are of particular concern, since increasing ship
traffic may hamper the ability of whales to communicate over large distances (Southhall et al. 2007).
Indeed, disturbance will inevitably increase in the
future, and it remains a challenge to avoid harmful
disturbance to sensitive species such as whales and
other marine mammals or particularly sensitive areas
such as molting areas for waterfowl and breeding areas
for seabirds.
The rapidly diminishing Arctic sea ice cover including
the decline in multi-year ice will open up large sea territories for economic development such as exploitation
of natural resources that were previously physically or
economically unfeasible. This also involves new shipping routes and increased tourism (AMSA 2009).
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Possible conservation actions

› The effects of human disturbance on population size

and fecundity is largely unknown. As human activities increase, the impact of this as a stressor needs to
be better understood and monitored.

› Human disturbances should to be kept at a level that
does not significantly alter animals’ patterns of utilizing existing food resources, natural behaviors and
ability to breed, molt and rest. One of the tools for
achieving this is the establishment of reserves and
other low-disturbance areas as refugia especially for

In general, the more a population of mammals or
birds has been subject to hunting, the shyer it is,
and potentially the more effect further disturbance
(e.g. in the form of human presence) can have on the
population. Photo: Jenny E. Ross/Lifeonthinice.org

hunted populations (see e.g. Madsen & Fox 1995).
Other tools include seasonal restrictions, speed
limits, reducing or minimizing travel in key areas
during sensitive periods16, height restrictions for
aircraft and minimizing noise in marine ecosystems
including stand-off distances and a ramp-up period
at the start of seismic activities.

› For species coming under severe pressure from

climate change, alternative habitat should be or safeguarded such as safe coastal haul out sites for walrus,
in areas where ice haul out sites are no longer suitable due to loss of ice or distance from feeding areas.

16 Of particular concern is some parts of the tundra during
sensitive time periods, including spring calving (caribou and
muskoxen), den selection (foxes), nest initiation (e.g. geese,
owls and raptors) and molting (geese and other waterfowl).
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5.1.4. Pollutants originating in the Arctic

People living in the Arctic probably consume, individually, as many goods and as much energy as people from
the industrialized world (e.g. Grønlands Statistik 2011),
thus likely contributing as much to global pollution on
a per capita basis as humans elsewhere. However, there
is relatively little industrial production in the Arctic,
and human density is very low. Total emissions of toxic
contaminants are thus minimal in the Arctic when
compared with more southern latitudes. Pollution
within the Arctic is both direct via local releases (e.g.
carbon dioxide and black carbon from energy production and combustion of waste often on open dumps,
ozone depleting substances from refrigerators etc.) and
indirect via the consumption of imported goods whose
manufacture and transport contribute to global pollution – which then may disperse to the Arctic. Reducing
local pollution will benefit biodiversity around Arctic
communities and will contribute to global pollutionreduction efforts. In addition, larger sources such as
mining, oil and gas activities, and legacy sites such
as military bases are substantial sources of pollution
within the Arctic (e.g. AMAP 1998, 2004, 2009b).
Oil, gas and other mineral extraction and use is probably the single most important human-induced contributor to pollution, both locally in the form of release
of toxic compounds and accidents (AMAP 2009b) and
globally in the form of greenhouse gases, black carbon
and mercury emitted when fossil fuels are combusted.
This is particularly relevant for the Arctic, since the
region potentially holds one fifth of the world’s yet
undiscovered resources (Fig. 10; USGS 2011, Michel,
Chapter 14). Oil spilled both on land and at sea decomposes more slowly in the cold Arctic environment than
at warmer latitudes, and hence remains bio-active for a
longer time (AMAP 2007). Furthermore, response ca-

pabilities in the Arctic are typically far below what they
are in other oil-producing regions (AMAP 2007). A risk
assessment by two major insurance and risk analyses
companies, Lloyd’s and Chatham House (2012) concluded that “while particular risk events – such as an oil spill
– are not necessarily more likely in the Arctic than in
other extreme environments, the potential environmental consequences, difficulty and cost of clean-up may be
significantly greater, with implications for governments,
businesses and the insurance industry.”
Accidental release of oil into the Arctic marine environment threatens all trophic levels (see Michel, Chapter 14). Most obvious to the public are effects on birds
and mammals, especially compromising their feathers
and fur, resulting in hypothermia and potential mortality. In addition, metabolic effects are documented for
invertebrates, birds and mammals. Furthermore, Arctic
seabirds and marine mammals are particularly susceptible to oil spills should one occur where and when
they congregate in large numbers to nest, rear young
and molt each year (Reid et al., Chapter 3, Ganter &
Gaston, Chapter 4).
According to the Arctic Oil and Gas 2007 overview report from Arctic Council (AMAP 2007) “There are no
effective means of containing and cleaning up oil spills
in broken sea ice.” The same conclusion was reached by
the US National Research Council (2003): “No current
cleanup methods remove more than a small fraction of
oil spilled in marine waters, especially in the presence
of broken ice.” However, recent experiments under
optimal conditions have been able to achieve ‘in situ
burning’ of significant shares of oil in waters covered
with 70% drift ice (Sørstrøm et al. 2010).
Oil spill accidents of cargo, military and cruise vessels (Fig. 11) pose a serious local threat particularly in
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Figure 10. Circumpolar
distribution and probability of
potential petroleum reserves
(from US Geological Survey
2011).
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Figure 11. Locations of subArctic and Arctic shipping
accidents and incident causes,
1995-2004 (from AMSA 2009).
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areas with seabird colonies and similar concentrations
outside the breeding season (staging, molting and wintering congregations in particularly important areas;
AMSA 2009). Yet, the magnitude of spills from ships –
even with oil tankers – is significantly smaller than the
potential magnitude of a spill from an oil blowout from
an under-sea well. The Deepwater Horizon accident
in the Gulf of Mexico released on the order of twenty
times as much oil as at the Exxon Valdez spill in Prince
William Sound, Alaska (c. 790,000 m3 vs. c. 37,000 m3;
AMAP 2009b, Graham et al. 2011). Although spills on
land are generally more readily contained, they are still
a serious threat to tundra, lake and river systems.
Legacy contaminants (e.g. PCBs in Svalbard) and
radioactivity from legacy military activity can potentially have an impact on biodiversity (e.g. AMAP 1998,
Bustnes et al. 2010). Open rubbish dumps may have
a negative impact on wildlife population dynamics
through an increase in predators and parasites and the
spread of contaminants (e.g. from industrial wastes)
and pathogens (see e.g. Pamperin et al. 2006, Weiser &
Powell 2011, Stirling & Derocher 2012).

› Research efforts into understanding the conse-

quences of oil spills in sea-ice environments remain
essential to ensure advances in knowledge and development of improved technologies specific to oil and
gas development in the Arctic.18

› Some tools that may help to reduce other pollution

originating from within the Arctic are: (1) for ship
operations in the Arctic, a mandatory polar code
encompassing vessel construction, maintenance and
operations (e.g. routes, speeds) would help minimize
the risks, (2) best management practices for local
waste management are desirable throughout the
Arctic, (3) minimizing black carbon emissions would
reduce the impact of this important driver of climate change, and (4) ongoing clean-up of legacy contaminated sites from military activity and historic
mining and oil and gas exploration will continue to
reduce contaminant inputs to the environment.

See further discussion in Sections 5.2.1 and 5.2.2.

Possible conservation actions

› A major oil spill in ice filled Arctic waters would

be detrimental to biodiversity and very difficult to
clean up, particularly under problematic weather,
light and ice conditions. However, if oil development
is undertaken, a precautionary approach adhering
to regulations and guidelines specific to the Arctic
and based on the best available science would reduce
risks, including that development activities in the
most sensitive areas are avoided.17

17 See AMAP 2007 for management recommendations.

18 The work of EPPR significantly advanced this issue in its 2011
report Behavior of oil and gas and other hazardous and noxious
substances spilled in Arctic waters and its other work on pollution prevention. Similar work by others continues to advance
the science of oil and gas development in ice-filled waters,
including a Norwegian project led by SINTEF (www.sintef.
no/jip-oil-in-ice) and Canadian work done by Environmental
Studies Research Fund (www.esrfunds.org/) and the Program
on Energy Research and Development (www.nrcan.gc.ca/energy/science/programs-funding/1603). As well, new research
is proceeding on the potential for microbes to degrade oil in
ice-filled environments.
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5.2. Stressors originating from outside
the Arctic
5.2.1. Climate change

Since 1980, the rate of increase of atmospheric temperatures in the Arctic has been twice that of the rest
of the planet (McBean 2005, IPCC 2007a, AMAP
2009a, AMAP 2011a), and projections show that the
Arctic will experience the largest future temperature
changes on the planet (Overland et al. 2011). This is
the result of ‘polar amplification’ caused by a combination of feedback mechanisms such as snow and ice melt
leading to lowered albedo (which leads to further snow
and ice melt and so on) and increased heat transport
from lower latitudes (Graversen et al. 2008, Screen &
Simmonds 2010, AMAP 2011a).
In addition to the well-known effect of greenhouse
gases on global warming (IPCC 2007a), incomplete
combustion of fossil fuels and biomass by human action
or in forest fires releases black carbon which, when
deposited on ice and snow, increases melt by reducing
albedo. Hence, black carbon adds to the positive feedback of snow and ice melt (AMAP 2011c, UNEP et al.
2011; see also Section 5.1.4) and may – together with
a decline in reflective sulphate aerosols – have played a
significant role in the warming of the Arctic in recent
decades (Lenton 2012).

Arctic species are well adapted to harsh
conditions, but often struggle to compete with species moving in from the
south as a result of climate warming.
Photo: Kent Olsen.

»

Long ago [it] used to be [a] long spring. Used to stay out
there [at his hunting camp] for months. In the springtime
(...) we do fishing first. After that, hunt geese; then go fishing
again after that. Now we don’t even go fishing after goose
hunting because it melts too fast.

(Geddes Wolki, Western Canadian Arctic; Nichols et al. 2004).

Full implementation of the measures recommended by
UNEP et al. (2011) for reducing warming globally is
estimated to be able to reduce warming in the Arctic
in the next 30 years by about two-thirds compared
with projections.
Increased vegetation growth following global warming is another potential feedback mechanism operating
through a reduction of the albedo and hence, leading to
further warming (McBean 2005, Ims & Ehrich, Chapter 12). Finally, massive amounts of peat-based carbon
and gas hydrate deposits, bound in permafrost both
on land and in marine shelf areas, may be released at
accelerated rates. This process will release both carbon
dioxide and the much more potent greenhouse gas,
methane (Zimov et al. 2006, Shakhova & Semiletov
2007, AMAP 2009a, Lenton 2012; see also Huntington, Chapter 19). However, the extent to which this
will be counterbalanced by enhanced carbon uptake by
increased vegetation growth on the tundra is uncertain
(Callaghan 2005, AMAP 2009a, 2011a). Contributing
to this uncertainty is the possibility that increased plant
growth and compositional shifts in vegetation communities induce net loss of carbon to the atmosphere via
mycorrhiza activity that increases the rate of decomposition of soil organic matter.
The ten year period 2001-2010 had the highest global
mean temperature recorded for a 10-year period since
records began in 1850 (WMO 2012), and there are
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Figure 12. The loss in summer extent of Arctic Ocean sea ice has occurred much faster than the initial
projections had anticipated, so that
the total ice cover at the summer
minimum reached an all time low
in September 2012 with only half
the extend as compared with the
1979-2000 average (modified from
Stroeve et al. 2007; see also photo
on page 4). Similarly, the loss in
monthly averaged Arctic Ocean ice
volume for August 2013 was 76%
lower than the maximum in 1979
(Polar Science Center 2013).
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indications that summer temperatures in the Arctic
during recent decades have been warmer than at any
time in the past 2000 years (Walsh et al. 2011). Within
this century, temperatures in the Arctic are projected
to continue to increase at a greater rate than the global
average, with the most pronounced increase in autumn
and winter and an annual increase of between 2.8 and
7.8 °C (Kattsov & Källén 2005, Dahl-Jensen et al. 2011,
Overland et al. 2011). June snow cover in the northern
hemisphere (almost entirely within the Arctic) has already decreased by more than 45% since records began
in 1979 (see Fig. 7). Similarly, Arctic summer sea ice
cover – and particularly the amount of multi-year ice.
– is decreasing at an accelerating rate, so that total ice
cover at the summer minimum reached an all time low
in September 2012 with only half the extend as compared with the 1979-2000 average (Fig. 12). Current
projections suggest that the Arctic Ocean will become
largely ice-free in summer within the next 30-40 years
(Meier et al. 2011). Similarly, negative mass balance of
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Arctic ice caps and glaciers are projected to contribute
to an expected global sea level rise of 0.7-1.6 m at the
end of the 21st century (Grinsted et al. 2010, DahlJensen et al. 2011).
The impacts of climate change include a long list of
changes in the physical environment, which will have
profound effects on Arctic biodiversity. The conditions
will vary spatially, but aside from temperature increases,
the most pronounced changes are likely to include (cf.
Callaghan 2005, Kattsov & Källén 2005, AMAP 2011a):
• increased precipitation with more winter snow
• increased frequency of winter thaw-freeze events including rain-on-snow resulting in ice crust formation
• earlier and more variable snow melt
• earlier drying of ponds
• disappearance of perennial snow beds
• increased periods of summer drought but with more
severe rains
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Climate change is already causing earlier snow melt, which initially may benefit many Arctic organisms. But in the longer term it will
make it possible for more competitive southern species to ‘take over’ what are currently Arctic habitats. Photo: Erik Thomsen.
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Figure 13. Temperature response (°C) to an increase of CO2
from 280 to 400 p.p.m. calculated as ‘Earth System Sensitivity’
resulting in significantly larger sensitivity than in ‘traditional’
models. From Lunt et al. 2010 and Richardson et al. 2011.
Reprinted with permission from Nature Publishing Group.
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• thawing permafrost and thermokarst development
with drainage of peatlands and ponds or establishment of new ponds
• increased freshwater discharge into the Arctic Ocean
• disappearance of coastal ice shelves
• flooding of low coasts
• coastal erosion
• later onset of autumn snow
• more frequent and severe extreme events (icing, erosion, storms, flooding, fire)
• accelerating loss of sea ice cover, especially multiyear ice, and
• ocean acidification.
The extent to which these effects are expected to
develop varies between projections, but the overall direction is clear, and several of them are already evident
now (AMAP 2011a).
In addition to linear changes comes the risk of reaching
tipping points, where a system (geophysical or ecosystem) moves from one state to another from which it is
hard to change back across a certain threshold (ARCUS
2009, Rockström et al. 2009, Barnosky et al. 2012).
Here, “we may already be at (or very close to) a tipping
point for some large-scale systems in the Arctic” such
as the Greenland Ice Sheet (Richardson et al. 2011,
Lenton 2012). That the risk of reaching such tipping
points is higher than was anticipated earlier is due
to the fact that recent trends in a number of climate
related elements have been more pronounced than the
IPCC projections (e.g. AMAP 2011a); i.e. the ‘Earth
System’ may be more sensitive to carbon dioxide forcing than previously thought (Fig. 13; Lunt et al. 2010,
Richardson et al. 2011).
The most profound effect will be the loss of ice on
land (permafrost), in freshwater and in the ocean

(AMAP 2011a, Prowse et al. 2011b). This is expected
to have major and often non-linear effects on Arctic
biodiversity because of complex feedbacks and interactions between freeze-up and melt cycles and species
assemblages (Callaghan 2005; see also Walther 2010).
These feedbacks are anticipated to accelerate changes
in the physical environment and in biodiversity (AMAP
2011a). The direct effects of higher temperatures, and
in some cases higher precipitation, may at first involve
increased plant growth and abundance and possibly increasing populations of some animals, but in the longer
term the effects are likely to include the disappearance
of large tracts of what we recognize today as Arctic
ecosystems and populations and hence surpass the
effects of all other stressors taken together (Callaghan
2005, Meltofte et al. 2007).

»

You got an example of that [ice crust] now with the
caribou coming around here, a lot of people wondering
why they didn’t stay around right. They want them to stay
around and they’re in the woods. Why are they down there?
Because the hills are all iced up. They’re pure ice in places and
they can’t get their food so, they’re not going to stick around
where they can’t dig now. They know more than we do. And
they know what’s coming, they can, I don’t know how they
know, but they know that it’s going to be icy, they move on.

(Ron Webb, Anaktalâk Bay, Labrador; Davies 2007).

A meta-analysis of data from the last 40 years has shown
that a wide range of species’ distributions has moved
away from the Equator by a median speed of 16.9 km
per decade and uphill by a median speed of 11.0 m per
decade, and that these range changes tracked temperature trends (Chen et al. 2011). Similar northward range
extensions have been recorded in sub-Arctic and Arctic
species, where also a marked ‘greening’ has taken place
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in large regions since relevant satellite pictures became
available in 1982 (Jia et al. 2007; see Section 4 for a
range of observed climate-related changes together with
references to relevant chapters). It is possible that about
half the present tundra may be replaced by the end of
the 21st century by shrubs and trees from the south
(Callaghan 2005, Kaplan 2005, SNAP 2012, Pearson et
al. 2013) – provided that the spread of woody vegetation is not counterbalanced by drought (Callaghan et al.
2011a), outbreaks of insect pests or intense herbivory
(Ims & Ehrich, Chapter 12). Similar changes are taking
place in the marine environment including changes in
the timing and duration of land fast ice and a reduction
of little-studied biota associated with coastal ice shelves,
which imply the loss of a globally unique ecosystem
(Michel, Chapter 14). Furthermore, the retreat of summer sea ice from continental shelf seas altogether means
the loss of an entire type of marine polar ecosystem at
a global scale. With these impacts occurring already,
the reduction of human-induced climate change is the
most urgent action in securing Arctic biodiversity for
the future or, as concluded by AMAP (2011a; summary
report): “Combating human-induced climate change is
an urgent common challenge for the international community, requiring immediate global action and international commitment.”
Because of the rapidity of change, the dominant
response of many Arctic species to climate change is
more likely to be by phenotypic19 adaptation rather
than genotypic20 adaptation (Callaghan 2005, Gilg et
al. 2012). This may involve northward displacement of
whole habitats resulting in a reduction in the area occu19 The composite of an organism’s observable characteristics or
traits such as morphology, development, biochemical or physiological properties, phenology and behaviour.
20 The genetic makeup of a cell, an organism or an individual.

»

We never saw them before. This is what we have observed.
New plants have arrived here and on tundra. Rivers
and lakes are filled with small-flowered a kind of duckweed
[Lemnaceae], and the lake started to bloom. Life of the fish
is more difficult and likewise peoples fishing opportunities as
lakes grow closed up with the new plants…

(Larisa Avyedeva, Saami, from Luujavre, Russia, on new species of
plants which have arrived to the territories of the Kola Saami 20012004; Cherenkov et al. 2004).

pied by Arctic ecosystems – particularly those characteristic of the high Arctic – because of the reduction in
the available surface area when moving north towards
the pole. In terrestrial species and ecosystems this loss
of surface area ultimately stops at the northern shores
of continents and islands, so that sub-Arctic and boreal
species expanding from the south squeeze Arctic habitats – and particularly high Arctic habitats – up against
the Arctic Ocean (Callaghan 2005, Kaplan 2005,
Meltofte et al. 2007, Hof et al. 2012, Hope et al. 2013).
Considering the fact that during the last 0.8-1.0 million
years, glacial stages sensu lato accounted for > 85%
of the time with much more extensive steppe-tundra
habitats than in interglacial periods like the present,
the whole Arctic biome can already now be considered
to be a refugium for Arctic biodiversity (Ims & Ehrich,
Chapter 12).

Arctic biodiversity has been exposed to strong
selection pressures in the harsh and highly
fluctuating Arctic environment over periods
of up to three million years with repeated
glaciations interrupted by relatively short
interglacial periods. Photo: Jenny E. Ross/
Lifeonthinice.org
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Figure 14. Following socioeconomic transitions and climatic
fluctuations, fisheries in W Greenland have shown a dramatic
shift from harvest founded on Atlantic cod Gadus morhua
(~ 1920-1970) to the present-day harvest of northern shrimp
Pandalus borealis. This harvest is projected to switch again in
coming years as a consequence of ocean warming (ACIA online;
see Christiansen & Reist, Chapter 6).

Unlike many lower latitudes, where dispersal and
colonization can, in theory at least, result in a rearrangement of ecosystems without necessarily involving
species loss, global warming at high latitudes if allowed
to proceed unchecked is certain in the long run to
cause the extinction of many specialized high Arctic
organisms together with small island endemics (Cook,
Chapter 17). However, in absolute numbers, relatively
few Arctic species may be subject to extinction in the
21st century. A number of true Arctic vertebrates and
sea-ice-associated biota are likely to be most at risk
(Callaghan 2005, Smetacek & Nicol 2005, Michel,
Chapter 14; yet, see Section 5.2.2 for the potential
effects of ocean acidification). Moreover, a substantial
proportion of land area currently classified as high

Arctic consists of islands well isolated from continental
land masses (e.g. Svalbard, Franz Josef Land, the Canadian Arctic Archipelago). Future changes in these island
ecosystems will be strongly affected by their isolation.
Simple expansion of existing low Arctic ecosystems
will be inhibited by water/ice barriers, and become
increasingly so as the open-water season lengthens.
Highly mobile species such as birds and some insects
may expand their ranges to these islands as the climate
moderates, while terrestrial mammals, non-flying
invertebrates and plants with animal-dispersed seeds
may take much longer to reach them. The protection of
high Arctic biota, especially animals such as lemmings,
Arctic hare Lepus arcticus and muskoxen, is likely to be
easier in such refugia, the more so because their maritime climates are likely to remain cooler than those of
continental regions (Gaston et al. 2012).
Nevertheless, predictions of such changes are fraught
with large uncertainties. Current ecological projection
models are often mechanistically naïve in the sense
that differential dispersal capacities and interspecific
interactions are not taken into account (cf. Guisan &
Thullier 2005, van der Putten et al. 2010). Thus, novel
types of habitats and ecosystems may emerge under
rapid climate change. Moreover, within the range
of projections from Global Circulation Models there
are outcomes that represent ‘novel climates’ with no
analogues (Williams et al. 2007), which naturally limit
inferences about how biota are likely to respond.
In the marine environment, the northward expansion
of sub-Arctic species (see example in Fig. 14) takes
place via dispersion and transport of planktonic larvae
or adult animals. In addition, increasing temperatures
and the opening of migration corridors as the ice
retreats favor range extension of marine species such as
the killer whale, with expected impacts on marine food

webs (Michel, Chapter 14). In addition, global warming will increase the potential for exchange of species
and populations between the Pacific and the Atlantic
sectors (Cook, Chapter 17). The same applies to alien
invasive species (Lassuy & Lewis, Chapter 16).
The strong selection pressures inherent in the harsh
and highly fluctuating Arctic environment, applied
to organisms over periods of up to two million years,
should ensure that those that persist display high fitness
and resilience to climatic variability and change (see
Beaumont et al. 2011 and Walsh et al. 2011). This does
not mean, however, that climate variability and shifts
will have little effect. A few degrees increase in mean
winter temperature will result in more frequent and
much more pronounced freeze-thaw events including
winter rains resulting in ice crust formation (Rennert
et al. 2009), which may pose severe problems or even
extinction of several species and corresponding change
in ecosystem structure (see example in Fig. 15). Similarly, a few degrees of temperature increase will result
in extensive sea ice reductions, particularly of multi-year
ice, as is already taking place (Smetacek & Nicol 2005).
As a result, the global polar bear population has been
predicted to decrease by about 30% during the next 45
years (Amstrup et al. 2008, Stirling & Derocher 2012),
and the range of polar bears is forecast to contract
significantly, particularly in the southern parts of their
distribution (Durner et al. 2009).
Furthermore, Arctic communities are not entirely
composed of common and widespread species. Some
invertebrate and lichen species, for example, are either
widespread but uncommon elements of a particular
community type or have a highly restricted distribution. We do not yet fully understand the ecology of
rarity, the functional importance of these rarer species
in ecosystem processes or their role in community re-
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Figure 15. In recent decades, a fading out or collapse of lemming population cycles has been reported from several Arctic
regions and has been attributed to increased frequency of
melting-freezing events leading to ground ice-crust formation
(Ims & Ehrich, Chapter 12). The impact of such a collapse of the
lemming cycle on the reproductive performance of three Arctic
predator species with different degrees of specialization to
lemming prey were documented at Trail Island, NE Greenland.
Comparing two periods with presence (1998-2000) and absence
(2000-2011) of regular peak years, Snowy owl fledgling production declined by 98% after the collapse of the collared lemming
Dicrostonyx groenlandicus cycle, and no lemming nests with
signs of predation from stoat Mustela erminea have been found
since then. Data were derived from Schmidt et al. (2012).

silience. The capacity for rapid adaptation by organisms
to a changing Arctic environment will differ markedly
between groups. For example, bacteria, microalgae and
some smaller invertebrates are likely to adapt more
rapidly in situ to change than birds or mammals, which
are more likely to have to move to new areas in search
of favorable conditions.
In ungulates, increasing temperature has already been
shown to strongly influence development rates, popula-
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tion amplification, distributions and emergence of disease
attributable to some helminth parasites. Temperature
changes can facilitate expansion of parasite and host assemblages from the south, leading to a range of interactions with northern endemic faunas, including changing
patterns of exposure for zoonotic parasites transmitted
from animals to people (Hoberg & Kutz, Chapter 15).
To human societies in the Arctic, climate change and
its impacts on biodiversity are now and will increasingly be a challenge (Hovelsrud et al. 2011). Some may
see the multitude of changes as beneficial, such as less
inclement winters, longer summers, easier boat traffic (including marine hunting and fishing, where this
primarily takes place from boats; e.g. Hvid 2007 and
Michel, Chapter 14), better possibilities for agriculture

and aquaculture, together with improved access to
mineral resources. Also, increased marine productivity and new fish and other wildlife species may become
available for harvest and improve economic opportunities (MacNeil et al. 2010). However, to what extent
these advantages will be outweighed by the negative
impacts such as decreasing biological resources currently harvested, is uncertain and furthermore much
dependent on individual situations and preferences
including the sense of ‘Arctic identity’. Successful
adaptation will demand considerable adjustment to
new pressures as well as the ability to make use of new
opportunities (see e.g. Nuttall 2005). The conservation
interest lies in keeping the change from all stressors
as much as possible within the scope of adaptation and
adjustment (i.e. resilience) for all socio-ecosystem com-
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Figure 16. Ship transits of the Northwest Passage 1906-2011. From the NWT State of the Environment report (ENR 2011)
with data from NORDREG updated to 2012.
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ponents, including humans, so that massive disruption
of ecosystems does not result.
When considering impacts of climate change on Arctic
ecosystems, interactions between climate change
and other stressors must be taken into consideration.
Offshore oil and gas exploration, increasing terrestrial and marine traffic (Fig. 16), fishing activity, and
heavy metal and organic contaminants are all stressors
that may be exacerbated by ongoing climate change
(Callaghan 2005, Callaghan et al. 2011b, Wrona &
Reist, Chapter 13, Michel, Chapter 14). Furthermore,
warmer climates may enable – in addition to ‘naturally
expanding’ boreal species – the expansion of a number
of invasive species into the present Arctic (Lassuy &
Lewis, Chapter 16; see also Section 5.2.3).
Climate change will also alter productivities of Arctic aquatic ecosystems (Wrona & Reist, Chapter 13,
Michel, Chapter 14). Most Arctic salmonids (e.g.
chars, whitefishes), important mainstays of coastal and
subsistence fisheries, are represented by polymorphic
forms and also exhibit variable life histories (Christiansen & Reist, Chapter 6). Stressors (e.g. climate change,
river damming) will result in changes in the relative
proportions of these variant forms with possible negative consequences for fisheries. An example is the present dominance of anadromy in the mid-latitudes of the
range of Arctic char (i.e. 50-70 °N in North America),
relative to non-migratory counterparts present in the
same lakes, where sea-run fish are preferred in fisheries due to greater size/weight, larger abundances and
lower parasite loads. Anadromy in fishes is believed to
result from greater productivity in the sea relative to
freshwater systems (Gross 1987); this is especially relevant in the Arctic where the differential is substantial.
Climate-change driven increases in productivity from
present levels are likely to be higher in fresh waters

than in the adjacent marine waters. Accordingly, benefits from migrating to the sea (e.g. enhanced growth)
will be lower relative to costs (e.g. migration, predation), thus, decreased anadromy may ensue with followon consequences to fish quality and quantity (Reist et
al. 2006). Limited evidence accrued to date suggests
that some char populations are already exhibiting a
lower proportion of anadromy (Finstad & Hein 2012).
The huge variation between the effects that climate
change has on different species and even on the same
species in different parts of the Arctic may cause
significant shifts in ‘match’ to occur between species
assemblages and food webs such as simultaneity in plant
flowering and emergence of insect pollinators (Gilg
et al. 2012). This may result in improved ‘matches’ in
some inter-species relations (Vatka 2011, Ims & Ehrich,
Chapter 12), but it is more likely that such changes
will result in trophic mismatches, leading to reduced
reproductive success in many Arctic species (Ganter &
Gaston, Chapter 4, Michel, Chapter 14; see also MillerRushing et al. 2010 for discussion) as hypothesized for
Greenland caribou (Post et al. 2009).
Climate change is also predicted to have a significant
impact on levels of contaminants and their effects
on wildlife. Contaminants may become more mobile in the Arctic environment with climate change.
For example, mercury is expected to increase in the
Mackenzie River with increased discharge rates (Leitch
et al. 2007) and with increases in primary productivity associated with warmer temperatures and less ice
cover (Carrie et al. 2010). Similarly, climate change is
expected to release contaminants accumulated in ice
sheets, glaciers and permafrost that are now melting
and thawing (Callaghan et al. 2011b, Kallenborn et al.
2011, UNEP/AMAP 2011).
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Possible conservation actions

› Sufficient efforts to reduce global greenhouse gas

emissions, and thereby human-induced climate
change, are needed if the threat of climate change is
to be addressed. Continued warming is overwhelmingly the most serious predicted threat to Arctic
biodiversity, as it will fundamentally alter Arctic
biodiversity at the habitat, species and ecosystem
level. In fact, the global goal that world leaders have

set for climate change mitigation, i.e. 2 °C (UNFCCC 2010), may not be adequate to protect Arctic
biodiversity since the Arctic is warming twice as fast
as the global average. Mechanisms to address climate
change are presented by IPCC (2007b), UNEP et al.
(2011) and elsewhere, recognizing that urgent and
far-reaching global actions are required to address
this problem that has worldwide causes and world-

With the acidification expected in Arctic
waters, populations of a key Arctic
pelagic mollusc – such as the pteropod
Limacina helicina – can be severely
threatened due to hampering of the
calcification processes. The Greenlandic
name, Tulukkaasaq (the one that looks
like a raven) refers to the winged ‘flight’
of this abundant small black sea snail.
Photo: Kevin Lee.
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wide impacts.21 This assessment provides additional
evidence pointing to the urgency of addressing this
issue.

• Aerosols causing ozone depletion and thereby
increased UV radiation potentially harming living
organisms.

› The reduction of black carbon emissions is a high

In addition, atmospheric deposition of nitrate (a plant
nutrient) brought to the Arctic from southern sources,
which currently is at relatively low levels in the Arctic,
can be expected to increase in the future (Callaghan
2005).

› High priority for conservation planning should

Most bio-accumulating contaminants found in the Arctic
originate from industrialized areas in Eurasia and North
America and are brought into the Arctic by atmospheric
and ocean currents (AMAP 2010, 2011b). Bio-magnification takes place through food webs, resulting in the
highest concentrations found in apex predators (and
scavengers) including humans (Reid et al., Chapter 3).

priority, since a reduction in the emissions of black
carbon (and tropospheric ozone) is the fastest way to
reduce the ‘polar amplification’ of global warming in
the Arctic (Lenton 2012).
be given to the protection of networks of large,
representative tracts of habitat. This should include
northern ‘refugia’ areas to support and maintain
the resilience of Arctic ecosystems, such as Arctic
islands and mountainous areas together with the
remaining multi-year sea ice areas, where unique
Arctic biodiversity has the best chance of surviving
climate change.

› Furthermore, the reduction or minimization of all

other stressors to biodiversity will help mitigate the
effects of climate change (IPCC 2007c).

5.2.2. Pollutants originating outside the Arctic

Aside from the climate drivers dealt with in Section
5.2.1., the most important pollutants reaching the Arctic from southern countries are:
• Environmental contaminants which are persistent,
bio-accumulative and subject to atmospheric or
oceanic long-range transport.
21 Unless carbon capture and storage (CCS) becomes economically realistic, these actions include that CO2 from “less than
half the proven economically recoverable oil, gas and coal
reserves can (…) be emitted up to 2050”, if the maximum
increase of 2 °C is to be achieved (Meinshausen et al. 2009).

Significant levels of contaminants (heavy metals, organochlorines, brominated flame retardants, etc.) have
been documented in several Arctic animals, but so far,
there is little scientific evidence that contaminants have
reached such levels that they have resulted in reduced
populations. Exceptions to this may be glaucous gulls
Larus hyperboreus on Bjørnoya, Svalbard (Verreault et
al. 2010) and ivory gulls in Canada (Ganter & Gaston, Chapter 4; see also Miljeteig et al. 2012) together
with marine benthic invertebrate species in areas with
mine tailings (Josefson & Mokievsky, Chapter 8). In a
number of other species the levels are high enough that
detrimental effects to individuals may occur (Letcher et
al. 2010, Dietz et al. 2013). However, some toxic contaminants such as the legacy POPs are declining across
much of the Arctic (AMAP 2009c, Rigét et al. 2010,
2013), most likely as a result of international regulation of emissions, such as the Stockholm Convention on
POPs, which was influenced by Arctic Council assessments under AMAP (e.g. Downie & Fenge 2003).
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In contrast, the Arctic is a major sink for tropospheric
mercury derived largely from industrial sources (e.g.
coal combustion) (Ariya et al. 2004) and freshwater
run-off, and mercury concentrations in marine animals
are stable or increasing in the Canadian Arctic and
W Greenland (Braune et al. 2005, Niemi et al. 2010,
AMAP 2011b). A variety of recently emerging, but
poorly studied, contaminants, such as polybrominated
diphenyl ethers (PBDEs), are also increasing (Braune et
al. 2005). See further in Section 5.1.4.
Carbon dioxide also has serious effects on the acidity of
the oceans and thereby living conditions for calcareous
organisms and maybe even fish (AMAP 2013, Christiansen & Reist, Chapter 6, Josefson & Mokievsky, Chapter
8, Lovejoy, Chapter 11, Michel, Chapter 14). These organisms (mollusks, echinoderms, etc.) are likely already
under stress due to low temperatures because the cost
of calcification varies inversely with temperature (Clarke
1992). Increasing temperature and acidification could
mean that one stress factor is substituted by another, but
whether or not they will balance is difficult to say. Furthermore, the solubility of gases, including CO2, is higher
in colder waters than warm waters, so that the Arctic
Ocean is especially prone to harmful effects of acidification (Bates & Mathis 2009, Carmack & McLaughlin
2011, Lovejoy, Chapter 11). Global ocean acidification is
now occurring at a pace likely unsurpassed over the past
55 million years, and regions of the Arctic Ocean are already showing the effects of acidification (AMAP 2013).
The pteropods such as Limacina helicina, an important
plankton species found in the top layers of the Arctic
Ocean, appear to be particularly at risk (Comeau et al.
2011, Michel, Chapter 14). This may have serious negative effects including cascading effects on commercially
harvested fish populations in some of the richest fishing
regions on Earth.

Increased UV radiation due to ozone-depleting substances emitted to the atmosphere has negative consequences for plants (Newsham & Robinson 2009) and
potentially to other living organisms in the Arctic as
well (Wrona & Reist, Chapter 13).
Possible conservation actions

› Efforts to identify and assess emerging contaminants
that may pose a threat to Arctic biodiversity should
continue, combined with implementation of appropriate control mechanisms to limit their input into
the Arctic.

› The successful international efforts already made to

ban the most problematic substances should continue, and could be expanded to limit the discharge
of the rest.

› Enhanced integrated, multi-disciplinary research

and monitoring could be established to improve our
understanding of the fate, distribution and effects

Given the number and size of northward flowing rivers in the Arctic and the
significance of freshwater and diadromous fish species to both ecosystems
and people in the area, cumulative
impacts of bioaccumulating contaminants represent real and present
threats (Christiansen & Reist, Chapter 6).
Anadromous (sea-run) male northern
Dolly Varden Salvelinus malma malma
from the Babbage River, Yukon Territory,
Canada in pre-spawning coloration.
Photo: Neil Mochnacz, Fisheries and
Oceans Canada.
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of contaminants on biota and on ecosystem structure and function, including achieving an improved
mechanistic understanding of interactions with
other relevant environmental stressors (e.g. climate
variability/change) and cumulative effects.
5.2.3. Invasive species

In this assessment, invasive species are defined as alien
species intentionally or unintentionally introduced
by humans that are likely to cause environmental or
economic harm or harm to human health. This includes
invasive species that have expanded north after being
originally introduced by humans to sub-Arctic ecosystems. The range expansions of species native to the
sub-Arctic are not considered ‘invasive’ in the strict
sense used here, although many may cause the same
negative impacts.
Next to habitat loss and modification, invasive species
are globally considered the most significant threat to
biodiversity (Vitousek et al. 1997, Clavero & GarciaBerthou 2005, IUCN 2012), but to date this problem is
less acute in the Arctic than elsewhere. However, some
well-known examples of alien invasive species with
serious effects in near-Arctic areas are American mink
Mustela vison introduced for the fur trade into some
areas in northern Europe and now found over Iceland,
Finland and Norway, together with Nootka lupin in
Iceland and Pacific red king crab in the Barents Sea
(Lassuy & Lewis, Chapter 16).
Many terrestrial alien species already invasive in subArctic ecosystems may move northward facilitated by
climate change, human settlement and industrial activity. Some of these are likely to be ‘human commensals’
benefiting from increased human waste in the Arctic
and function as new predators possibly impacting
Arctic wildlife (Ims & Ehrich, Chapter 12). A warm-

ing Arctic has already facilitated a sharp increase in
shipping and energy exploration activity, which directly
increases the risk of biological invasions from species
borne through pathways and vectors such as ballast
water, hull or rig fouling, and associated shore-based
developments such as ports, roads and pipelines (Lassuy
& Lewis, Chapter 16). Furthermore, it is anticipated
that northward expansion and range shifts for complex
assemblages of parasites among terrestrial, freshwater
and marine vertebrates will result in new faunal associations, a changing spectrum of hosts and varying
impacts at landscape to regional scales (Hoberg & Kutz,
Chapter 15). Pathogens and disease vectors, too, may
invade or arrive with invasive alien species.
Examples of such invasive species in the sub-Arctic
include several introductions (i.e. intentional translocations) of freshwater and diadromous fishes in Norway
and the White Sea in Russia that may be relevant to the
Arctic in the future (Christiansen & Reist, Chapter 6
and references therein). These include both introductions of alien species (e.g. pink salmon Oncorhynchus
gorbuscha) to areas well outside their geographic range
and also to relocation of species (e.g. European whitefish
Coregonus lavaretus, vendace Coregonus albula) to new
drainages adjacent to their native ranges. Initial intentions of such translocations are typically to increase
local fishery or aquaculture opportunities. However, the
effects are usually detrimental in that increased competition or predation occurs on native fish species often
resulting in displacement or extirpation from the area.
Possible conservation actions

› Cost-effective early detection monitoring networks

for invasive alien species linked to a common repository would facilitate immediate and thereby effective response.
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Figure 17. Major flyways of
Arctic birds. Bird migration links
Arctic breeding areas to all other
parts of the globe (from ACIA
2005).
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› Preventative approaches that block pathways of

invasive species introduction are important to implement at both the national and international levels.22

› Expanded inventory efforts at points of entry into
the Arctic (e.g. roads, airports and harbors) are
needed to enhance rapid response capabilities to
eradicate introductions such as rats on seabird islands early in the invasion process.

› For marine species, support for ongoing interna-

tional efforts to reduce the risk of introducing alien
species such as ballast water treatment and the effective cleaning and treatment of ship hulls and drilling
rigs brought in from other marine ecosystems is
important.

22 This could include more consistent use of basic prevention
tools such as Hazard Analysis and Critical Control Points
(HACCP) planning (ASTM 2009), which has been used effectively in animal and plant farming operations and is applicable
to a wide range of operations.

5.2.4. Stressors on migratory species

The Arctic holds a high proportion of migratory species, and many of them spend more than half the year
outside the Arctic (Fig. 17). The most serious threats to
Arctic migratory species when outside the Arctic are
habitat loss and degradation (Ganter & Gaston, Chapter
4). This is particularly evident for many waterfowl and
shorebirds, for which losses of staging and wintering
habitat (wetlands such as marshes and intertidal flats)
are occurring at an alarming rate, especially in East Asia
around the Yellow Sea (Syroechkovski 2006, Wetlands
International 2012, MacKinnon et al. 2012), but also in
other parts of the world. Furthermore, loss of coastal
and intertidal habitat can be expected to increase
considerably with climate-induced sea level rise, since
man-made infrastructure such as seawalls precludes
landwards displacement of these habitats. This effect
will be compounded by increasing coastal development.
In addition, excessive harvest takes place in some
places, particularly in East Asia. Conversely, regulation
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of hunting in the form of shortened shooting seasons,
improved reserve networks and limitations to harvest technology (bans on netting and trapping, limits
to weapon capacity etc.) have caused several waterfowl population in the western Palearctic and North
America to increase during the last half century (Ely
& Dzubin 1994, Madsen et al. 1999, Mowbray et al.
2002, Alisauskas et al. 2009, Meltofte & Clausen 2011,
Wetlands International 2012).
As mentioned above, overharvest has even led to the
probable extermination of the Eskimo curlew and near
extinction of the spoon-billed sandpiper (Ganter &
Gaston, Chapter 4). Similarly, overfishing of Atlantic
horseshoe crabs Limulus polyphemus at the final migration
stop-over site in Delaware Bay has reduced the availability of crab eggs as prey for spring staging red knots
Calidris canutus rufa on the American East Coast, thereby
caused heavy reductions in the population. The Siberian
crane Leucogeranus leucogeranus is one of the East Asian
species suffering heavy population decline as a result
of habitat loss and overharvest in combination with
displacement from many potential staging and wintering
areas due to human disturbance including hunting. The
East Asian great knot Calidris tenuirostris population is
also suspected to have suffered from loss of staging areas
around the Yellow Sea (Moores et al. 2008).
For seabirds, the threat from oil spills (see Section
5.1.4) is at least as big outside the Arctic as inside.
Millions of Arctic seabirds including seaducks winter
in waters that carry a heavy traffic of oil tankers and
ships in general such as the Baltic Sea and the waters
off Newfoundland, where accidental as well as (illegal)
intentional discharge of oil are a major concern (Wiese
& Robertson 2004, Skov et al. 2011).

Recent rapid population increases of a number of goose
species in the Arctic and sub-Arctic, caused by better
feeding conditions in temperate wintering areas and
made possible by improved protection of the geese both
on the breeding grounds and during staging and wintering, have created ‘overabundance’, which is affecting their
Arctic habitats (see Ganter & Gaston, Chapter 4 and
Ims & Ehrich, Chapter 12). Although relatively limited
in geographical extent, this has resulted in the degradation of sensitive marshland vegetation in some Arctic
regions (e.g. around southwestern Hudson and James
Bays in Canada (Batt 1997). Attempts have been made to
reduce the lesser snow goose Chen caerulescens population by increased hunting on the staging and wintering
grounds, but with limited success (Alisauskas et al. 2011).
Similarly, a management plan for preventing the Svalbard
population of pink-footed geese Anser brachyrhynchus from
further increase is under development among the range
states (AEWA 2012).
Other stressors include contamination with organochlorine pesticides of apex predators such as peregrine
falcon Falco peregrinus during wintering in temperate and tropical areas resulting in reduced breeding
success, although this problem has receded for most
populations (Ganter & Gaston, Chapter 4). Also, although lead poisoning of wildlife as a result of ingestion
of lead shot appears to be in decline at least in northern
Europe and North America following national bans
on lead shot for waterfowl hunting, it is still in use for
hunting of some other species in many countries (Anderson et al. 2000, UNEP/AEWA 2008).
Most caribou/reindeer herds around the Arctic undertake extensive seasonal migrations with winter ranges
often quite disjunct from calving and summer ranges.
Calving grounds, and often the travel routes, are well
defined and can receive site-specific conservation atten-
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tion. Seasonal ranges could, however, decline in carrying capacity when caribou experience disturbance, barriers to movement and habitat modifications, resulting
in reductions in survival (through facilitated predation
and hunting) and reductions in productivity (through
habitat alienation, displacement and changes in energy
budgets). Climate change is a threat to caribou migration where herds cross sea-ice bridges at times of
increasing ice melt. These risks will be compounded by
an increase in commercial shipping (Poole et al. 2010).
Industrial developments and landscape alterations also
have the potential to alter caribou migration corridors.
Similar problems may exist but be limited in scope for
whale and fish stocks, except that the past overharvest
of whales took place all over the area of occurrence of
these species, and hydroelectric plants may hamper or
even prevent migratory fish from moving up and down
rivers. Overharvest of migratory populations of diadromous fishes may occur when both harvested while at
sea (e.g. Pacific salmon species) and upon their return
to fresh waters to overwinter and reproduce (e.g. chars,
whitefishes, Atlantic salmon Salmo salar) thus leading to
locally significant impacts (Christiansen & Reist, Chapter 6). Managing such cumulative impacts for species
exhibiting limited marine migrations in Arctic waters
(i.e. chars and whitefishes) is difficult but achievable
through regional cooperation. Management of species
(e.g. Pacific and Atlantic salmons) exhibiting wide-ranging marine migrations outside of Arctic waters requires
more complex actions.
Possible conservation actions

› Cooperation with non-Arctic states is crucial to address threats on the staging and wintering grounds
of migratory species. This includes international
cooperation through multi-lateral and bi-lateral

agreements. One example is the Convention on the
Conservation of Migratory Species of Wild Animals
together with its agreements and management plans
(see Scott 1998).

› Habitat loss is the most serious stressor today for

most migratory birds, and hence conservation action
should include conservation of wetlands and other
important habitats for staging and wintering Arctic
birds.

› Overharvest and poisoning of birds by lead shot

should be reduced where these are still a problem.

› To protect Arctic seabirds from oil spills on their

staging and wintering grounds, it is important that
Arctic nations continue efforts to reduce this risk.

› For endangered species, such as the spoon-billed

sandpiper, international recovery programs need
to be developed and implemented (see also Section
5.1.2 and Tab. 1).

› Caribou/reindeer migrations could be facilitated by
protecting calving grounds and major travel routes
(see Section 5.1.3).

› Regulation of the take of fish and whale stocks

through existing international agreements should
be supported, adhered to and further developed in
accordance with the best scientific advice.

› The large goose numbers established during the last

half century need to be carefully monitored. Where
not already existing, management plans could be
developed, implemented and followed up in cooperation between range states of the populations
involved.

