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In the continental Russian, Canadian, and Alaskan
regions of the Arctic, the winter is long and cold, with
few periods of temperature above 0 °C. The coastal
areas of Scandinavia and Iceland and the west coast of
North America have shorter and warmer winters with
a higher frequency of temperature fluctuations around
0 °C. A winter temperature change of a few degrees in
cold continental regions of the Arctic is very likely to
affect the duration of the winter, but not very likely to
affect the snow environment.

As temperature is dependent on altitude, mountain
areas with relatively low average temperatures are very
likely to be less affected by temperature change than
lower-elevation coastal areas. At low altitudes in a
warmer maritime climate such as that of Scandinavia,
the frequency of precipitation falling as rain is very
likely to increase in the future. The frequency of snow
avalanches with release areas at low altitudes (below
500 to 1000 m) is likely to be reduced due to this
change in precipitation type. Increases in the frequency
of rainstorms and intensity of storm precipitation are
likely to lead to an increasing frequency of mudflows,
as well as an increasing frequency of slush flows where
the rate of thaw together with intense rain precipita-
tion is the triggering mechanism (Hestnes, 1994).

A higher frequency of winter rain events is very likely
to increase the number of wet snow and slush ava-
lanches. However, the duration of slush flow activity in
the Arctic is projected to be shorter (Sidorova et al.,
2001). The frequency of mudflows and debris flows is
projected to increase, as the summer season is project-
ed to be longer, with greater amounts of precipitation
and a higher frequency of extreme events such as rain-
storms and storm-induced flooding (Glazovskaya and
Seliverstov, 1998). For Iceland, storm frequency and
precipitation falling as rain are projected to increase
along the east coast and decrease along the west coast,
owing to a reduction in the ice sheet along the
Greenland coast (Olafsson, pers. comm., University of

Iceland, Reykjavik, 2003).

Fig. 16.7. Debris slide in a saturated moraine during spring
thaw, Lofoten, northern Norway, 1998 (photo: Jan Otto Larsen,
Norwegian Public Roads Administration, Oslo).

In maritime climates, the frequency of avalanches with
long run-out distances is likely to decrease, owing to a
projected change in snow type (from dry-snow to wet-
snow and slush avalanches). This is very likely to have a
positive effect on transportation routes in some areas.
As the frequency of dry-snow avalanches with long
run-out distances decreases, the exposure of highways
and buildings to avalanches will be reduced.

Increased precipitation is projected to influence
groundwater flow. Higher temperatures will probably
also increase the thaw rate in spring and summer,
increasing groundwater flow and flood potential.

In low-altitude areas where snow is presently the pre-
dominant form of winter precipitation, an increase in
winter rain events is likely to lead to a higher probabil-
ity of slides in rock and soils (Fig. 16.7). Slopes that
are stable under the current precipitation regime are
likely to gradually become unstable if the frequency
and magnitude of rainstorms increase (Sandersen et
al., 1996), leading to a potential increase in rock and
soil slide activity until a new equilibrium is established.

A change in the groundwater regime is also likely to
affect the pore water pressure in quick clays (materials
that can change rapidly from solid to liquid state) that
are typical of some fjord districts in the Scandinavian
and Canadian Arctic (Bjerrum, 1955; Janbu, 1996;
Larsen et al., 1999), and may cause instability of these
materials. Quick-clay slides (Fig. 16.8) have caused
serious disasters with loss of lives and properties.
Together with increased floods and erosion by rivers,
higher amounts of groundwater are very likely to
increase the risk of quick-clay slides in the future.

As shown in sections 6.6.1.2 and 6.8.2, observed air
temperature changes in the Arctic have increased the
thaw depth in permafrost areas and increased the dis-
charge of water to the Arctic Ocean from Eurasia
(Shiklomanov, et al., 2002). These changes are causing
numerous slides in permafrost riverbanks (Fig. 16.9).

Fig. 16.8. Slide in a quick-clay deposit,Verdalen, Norway (photo:
Jan Otto Larsen, Norwegian Public Roads Administration, Oslo).
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Fig. 16.9. River erosion and slides in a permafrost riverbank
with exposed ice wedge (photo: Edward C. Murphy, University
of Alaska, Fairbanks).
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Fig. 16.10. Landslides in hard rock with joints parallel to the
slope.Water accumulation in cracks is an important factor
triggering failure (figure and photo provided by Jan Otto Larsen,
Norwegian Public Roads Administration, Oslo, 2003).
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Increasing storm frequencies are very likely to increase
closure periods of wind-exposed roads, highways, rail-
roads, and airports, and are likely to affect industries
and other human activities dependent on transporta-
tion. For example, an increase in the frequency of
closed roads is very likely to have an impact on the
fishing industry in Norway where immediate transport
of fresh fish to the European market is essential.

Greater amounts of precipitation combined with
increased rates of snowmelt is likely to increase water
infiltration in rock and influence the cleft water
pressure in tension cracks in high mountain slopes
(Terzaghi, 1963). The cleft water pressure depends on
the permeability of the rock and the rate of infiltra-
tion; higher cleft water pressures can increase the

probability of landslides in hard rock (Fig. 16.10).

16.2.3.4. Summary

Climate change is projected to increase precipitation
frequencies and magnitudes, and it is possible that the
frequency and magnitude of storms will increase in
some regions. An increase in the frequency and magni-
tude of storms is very likely to lead to increased clo-
sures of roads, railways, and airports. Increases in tem-
perature and precipitation together with increases in
storm magnitude and frequency are very likely to
increase the frequency of avalanches and slides in soil
and rock. In some areas, the probability that these
events will affect settlements, roads, and railways is
likely to increase. Structures located in areas prone to
slope failure are very likely to be more exposed to slide
activity as groundwater amounts and pore water pres-
sure increase. It is possible that floods of greater magni-
tude will occur due to greater amounts of precipitation
and higher rates of snowmelt. Increased erosion due to
higher river flows and thawing permafrost is very likely
to initiate slope failure in riverbanks, exposing infra-
structure such as buildings, harbors, and communica-
tion lines to potential damage. In low-altitude areas
with maritime climates, increased temperatures and
more precipitation falling as rain are likely to result in a
higher frequency of wet-snow avalanches where dry-
snow avalanches dominate at present. This is likely to
reduce avalanche run-out distance and related problems
on exposed traffic routes. The frequency and extent of
slush-flow avalanches are likely to increase in the
future. An increasing probability of slides coupled with
increases in traffic and population concentrations is very
likely to lead to expensive mitigation measures to main-
tain a defined risk level. The best way to address these
problems is to incorporate the potential for increasing
risk in the planning process for new settlements and
transportation routes such as roads and railways.

16.2.4. Coastal environment

The Arctic has approximately 200000 km of coastline,
most of which is uninhabited. However, coastal devel-
opment is critical to the economy and social well-being



Chapter 16 * Infrastructure: Buildings, Support Systems, and Industrial Facilities 921

Coastal bluffs

Tidal currents Waves and tidal
dominate nearshore currents dominate
sediment transport sediment transport

‘Woave-induced
sediment transport
dominates beach

Fig. 16.1 1. Processes affecting bluff erosion in Cook Inlet, south-
central Alaska (redrawn from Smith O. and Levasseur, 2002).

of nearly all arctic residents (see also Chapters 3, 12,
and 15). Natural-resource development is concentrated
along the coast, and the development of resources in
these remote areas is constrained because of challenging
transportation routes (Smith O. and Levasseur, 2002).

Arctic coastal dynamics are often affected directly or
indirectly by the presence of permafrost. Permafrost
coasts are especially vulnerable to erosive processes as
ice beneath the seabed and shoreline melts from con-
tact with warmer air and water. Thaw subsidence at the
shore allows additional wave energy to reach unconsol-
idated erodible materials. Low-lying, ice-rich arctic
permafrost coasts are the most vulnerable to thaw sub-
sidence and subsequent wave-induced erosion.

The southern half of Alaska has coastal characteristics
dominated by erodible glacial deposits and high tides.
Cook Inlet, in south-central Alaska, has a 10 m tidal
range at its northern extreme and an eroding shoreline
of glacially deposited bluffs, as illustrated in Fig. 16.11
(Smith O. and Levasseur, 2002). Freezing of brackish
water and ice deposition on broad tidal flats create
huge blocks of “beach ice” (Fig. 16.12) that, when set
afloat by higher tides, can carry coarse sediments for
distances of over a hundred kilometers. Of all Cook
Inlet sea ice, these sediment-laden ice blocks present

Fig. 16.12. Beach ice in macro-tidal zones of Alaska (photo pro-
vided by Orson Smith, University of Alaska, Anchorage).

the greatest danger to ships in winter. The complex
dynamics of bluff erosion and ice-borne sediment
transport will become even more difficult to forecast
with sea-level rise and a more erratic storm climate.

16.2.4.1. Observed changes in the coastal
environment

Coastal erosion rates vary considerably across the
Arctic. As indicated in Fig. 16.13, erosion rates are
dependent on environmental forcing, sedimentology,
geocryology, geochemistry, and anthropogenic distur-
bance of the coastline. In fine-grained icy silty—clayey
sediments, average erosion rates are typically 1 to

3 m/yr, while in silty—sandy sediments with high ice
content that are directly exposed to waves and storm
surges, erosion rates can be as high as 10 to 15 m/yr
under extreme weather conditions. Frozen rock and
sediments with low ice content may have erosion rates
as low as 0.1 m/yr. Anthropogenic disturbance of the
coastline can increase erosion rates, but there are also
examples from Varandei in the Pechora Sea indicating
that shore protection techniques can slow erosion
rates. Table 16.8 presents examples of erosion rates
along the arctic coast.

Erosion rates have increased along the arctic coast over
the past 30 years. Coastal residents are concerned
about the observed changes and the future of arctic
coastal communities. However, arctic coastal survey
data are often inadequate to reliably quantify accelerat-
ing shoreline retreat. Baseline surveys using satellite
imagery will help the assessment of erosion rates and
systematic planning of future responses significantly.
Understanding of circumpolar coastal dynamics is also
inadequate. Improved understanding of the physical
processes involved in arctic coastal erosion will
improve techniques for shore protection and other mit-
igation measures that may be necessary in the future.

The Arctic Coastal Dynamics project (ACD) is a recent
international initiative, sponsored by the International
Arctic Sciences Committee and the IPA, to address
coastal change in the Arctic (Rachold et al., 2002,
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Fig. 16.13. Processes affecting coastal erosion in the Arctic
(redrawn from Rachold et al., 2002).
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2003). Its objective is to improve the understanding of
coastal dynamics as a function of environmental forcing
(including climate change), coastal geology and cryolo-
gy, and changes in landforms (Fig. 16.13). The ACD has
proposed:

* to establish the rates and magnitudes of erosion
and accumulation along arctic coasts (e.g., Table
16.8);

* to develop a network of long-term monitoring
sites including local community-based observa-
tion sites; and

* to develop empirical models to assess the sensi-
tivity of arctic coasts to environmental variability
and change and human impacts.

Output from studies such as those proposed by the
ACD can be used for site-specific evaluation of arctic
coastal areas. This type of research and monitoring is
essential to document ongoing and future changes and
to make policy recommendations.

16.2.4.2. Projected changes in the coastal
environment

Arctic coastal conditions are likely to change as climate
changes. Thinner, less extensive sea ice is very likely to
improve navigation conditions along most northern

shipping routes, such as the Northwest Passage and the
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Northern Sea Route (see also section 16.3.7).
However, decreasing sea-ice extent and thickness is
very likely to affect traditional winter travel and hunt-
ing where sea ice has been used for these purposes.

Greater expanses and longer periods of open water are
likely to result in wave generation by winds over
longer fetches and durations. Wave energy is con-
strained by wind speed, duration of winds, extent of
fetch, and water depth. Wave-induced coastal erosion
along arctic shores is likely to increase as climate
changes. Sea-level rise and thaw subsidence of perma-
frost shores are projected to exacerbate problems of
increased wave energy at the coast. If more frequent
and intense storms accompany climate change, these
are also likely to contribute to greater wave energy.

Global sea level is rising, although the contribution of
various factors to this rise is still being debated (sec-
tion 6.9.2). The volume of water in the oceans is
increasing due to thermodynamic expansion of seawa-
ter and melting of ice caps and glaciers. Rising sea level
inundates marshes and coastal plains, accelerates beach
erosion, exacerbates coastal flooding, and increases the
salinity of bays, rivers, and groundwater. Some north-
ern regions, such as the southern coasts of Alaska, have
sea-level trends complicated by tectonic rebound of the
land resulting from the retreat of continental glaciers
at the end of the last glacial period. At Sitka, in south-

Table 16.8. Arctic coastal erosion rates measured at various sites (Brown et al., 2003; Rachold et al., 2002, 2003).

Country Time period Average erosion rate (m/yr)
Yugorsky Peninsula, Kara Sea Russia 19472001 0.6-1°
1.3-1.6°
Herschel Island, Beaufort Sea Canada 1954-1970 0.7
1970-2000 1.0
1954-2000 0.9
Barrow, Alaska, Chukchi Sea United States 1948-1997 0.4-0.9
1948-2000 | —2.5¢
Pesyakov Island, Pechora Sea Russia 2002 0.5-2.54
Varandei, Pechora Sea Russia 2002 1.8-2.0¢
Varandei Island, Pechora Sea Russia 1970-1980 7-10
1980-1990 1.5-2f
1987-2000 34
Maly Chukochiy Cape, East Siberian Sea Russia 1984-1988 3.5
1988-1990 1.5
1990-1991 3
1991-1994 5
1994-1999 4.4
1984—1999 43
projected future .88
Kolguev Island, Barents Sea Russia not available [ 2"
not available 0.1-0.2
Beaufort Sea Canada not available -5

scarp; bp|uff; <Elson Lagoon; dHolocene terrace; ¢thermoabrasion coast; 'shore protection; ¢based on complete melting of ice bodies; hincludes thermo-erosion of ice-rich

sediments.
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cast Alaska, the net effect is falling sea level. However,
arctic coasts have a wide variation of tectonic trends.
Low-lying coastal plains in the Arctic are generally not
tectonically active, which is another reason why they
are vulnerable to the adverse effects of sea-level rise.
Global sea-level rise will possibly allow more wave
energy to reach the coast and induce erosion as waves
break at the shore.

Reduced sea-ice extent and thickness are very likely to
provide opportunities for the export of natural
resources and other waterborne commerce over new
northern shipping routes. Reduced sea ice in the
coastal regions of the Arctic Ocean is very likely to
result in longer navigation seasons along the Russian
Arctic coast, in the Canadian Arctic, along the eastern
and western coasts of Greenland, and around Alaska.
Enhanced regional arctic navigation, such between
Europe and the Kara Sea, and potential trans-arctic
voyages using icebreaking container ships and tankers,
is very likely to shorten distances between markets and
improve the delivery times for valuable products.

Climate change is also likely to change the use of arctic
rivers for transportation routes, water sources, and
habitat. Increased precipitation is very likely to result in
higher stream flows and more flooding. Conditions for
commercial river navigation will possibly improve the
transport of minerals and bulk exports to tidewater.
Erosion of thawing permafrost banks is very likely to
accelerate, threatening the infrastructure of rural arctic
river communities. River-ice breakup is very likely to
occur earlier and ice jams and flooding risks are likely
to be more difficult to project. The projection and pre-
vention of ice-jam flooding warrant further study.

Higher sea levels at the mouths of rivers and estuaries
are likely to allow salt to travel further inland, chang-
ing riparian habitats. Furthermore, climate change is
projected to result in more frequent and intense
storms accompanied by stronger winds. These winds
are very likely to induce even higher water levels at the
coast, accompanied by higher waves. Storms are also
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Fig. 16.14. Sea-ice extent in the Northern Hemisphere
between 1900 and 2002 (Walsh and Chapman, 2001, updated).

likely to result in more intense rainfall at the coast,
increasing runoff-related erosion and the mobile sedi-
ment in coastal waters.

Coastal communities are sensitive to climate change.
Engineering solutions are available for shore protection
(flood barriers, dikes, breakwaters, erosion control)
but may not be able to reduce erosion rates sufficiently
to save specific settlements. Moreover, while these pro-
tective measures may address one problem, they may
create another by altering the dynamics of erosion and
deposition processes.

16.2.5. Arctic Ocean

16.2.5.1. Observed changes in sea-ice extent

Climatic and environmental changes in the Arctic Basin
include changes in air temperature, water temperature
and salinity, and the distribution, extent, and thickness
of sea ice. There is compelling empirical evidence of
consistent environmental changes across the Arctic
Ocean, including increases in air temperature, reduc-
tions in sea-ice extent, and freshening of the Beaufort
Sea mixed layer (Maslanik et al., 1996; McPhee et al.,
1998). Data from ice-floe measurements show a slight
air temperature increase with statistically significant
warming in May and June between 1961 and 1990.

Air temperature anomalies in the Arctic Basin have been
strongly positive since 1993. Between 1987 and 1997,
the mean annual air temperature increased by 0.9 °C
(Aleksandrov and Maistrova, 1998), comparable to tem-
perature changes observed in the terrestrial Arctic.

The area of warm Atlantic waters in the polar basin
increased by almost 500000 km? over the past three
decades (Kotlyakov, 1997), and the inflowing fresh-
water has warmed (Carmack, 2000; Carmack et al.,
1995). Measurements from submarines indicate that
surface waters in the Arctic Ocean basin warmed by
0.5 to 1 °C from the mid-1970s to the mid-1990s,
with maximum warming observed in the Kara Sea

(Alekseev et al., 1997).

One of the most valuable and graphic records of sea-
ice extent changes in the Northern Hemisphere was
produced by Walsh and Chapman (2001). Figure 16.14
shows a 103-year record (1900-2002) of sea-ice
extent. A decreasing trend in sea-ice extent, starting in
the mid-20th century, is evident for all four seasons.
The greatest decreases have occurred in summer and
spring: over the past 50 years, summer sea-ice extent
has decreased by nearly 3 x 10® km?. Although the
decrease in sea-ice extent has been unevenly distrib-
uted around the coastal margins of the Arctic Ocean,
it has provided greater marine access for ships.

Satellites have recorded increasing areas of open water
along the Russian Arctic coast and in the Beaufort Sea.
Figure 16.15 is a satellite passive microwave image
showing the extent of arctic sea ice on 22 September



Fig. 16.15. Satellite image of arctic sea-ice extent on
22 September 2002 (figure provided by William Chapman,
University of lllinois, 2003).

2002 — the date of the minimum observed extent in
the 103-year record. This image illustrates the large
areas of open water surrounding the Arctic Basin at the
summer minimum extent of sea ice. Of significance for
the Northern Sea Route, the only pack ice reaching the
Russian Arctic coast is along the northern tip of
Severnaya Zemlya; the sea ice in this image has also
retreated record distances in the Beaufort, Chukchi,
and East Siberian Seas.

Sea-ice conditions in the Canadian Arctic are very com-
plex. Observations of minimum sea-ice extent in the
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eastern and western regions of the Canadian Arctic
between 1969 and 2003 (Fig. 16.16) illustrate the
extraordinary interannual variability of the ice condi-
tions. Although the trends in sea-ice extent are nega-
tive in both regions over the period shown, the year-
to-year variability is extreme and sometimes differs
between the two regions. For example, one of the
largest observed minimum extents in the western
region (for the period shown) occurred in 1991, while
in the eastern region the minimum sea-ice extent that
year was relatively low. While these observations indi-
cate a recent overall decrease in the extent of sea ice in
the Northwest Passage, the interannual and spatial vari-
ability is not conducive to planning a reliable marine
transportation system.

16.2.5.2. Projected changes in sea-ice extent

Figure 16.17 shows the median of the sea-ice extents
projected by the five ACIA-designated climate models
for the three ACIA time slices. However, an important
limitation of the ACIA-designated models is that they
cannot resolve the complex geography of the Canadian
Arctic and thus cannot provide adequate sea-ice projec-
tions for this region. In summer, the models project a
substantial retreat of sea ice throughout the entire
Arctic Ocean for each ACIA time slice, except for parts
of the Canadian Archipelago and along the northern
coast of Greenland. By mid-century (September
2041-2060), most of the alternative routes in the
Northwest Passage and Northern Sea Route are project-
ed to be nearly ice-free; three of the five models project
open water conditions across the entire lengths of both.
By the end of the 21st century, vast areas of the Arctic
Ocean are projected to be ice-free in summer, increas-
ing the possibility of shipping across the Arctic Ocean.

(a) Eastern
Sea-ice extent (105 km?)
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Fig. 16.16. Annual minimum sea-ice extent in (a) the eastern and (b) the western regions of the Canadian Arctic between 1969 and
2003, from a composite of remotely sensed and ground-based measurements. Lavender lines show linear trends (redrawn from figure

provided by the Canadian Ice Service, 2004).
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Fig. 16.17. Projected sea-ice extent in March (upper panel) and September (lower panel) for the three ACIA time slices, showing

the median of the five ACIA-designated model projections.

Although there is some projected winter retreat of the
sea-ice edge, particularly in the Bering and Barents
Seas where ship access is likely to improve throughout
the 21st century, most of the Arctic Ocean is projected
to remain ice-covered in winter. However, sea-ice
cover is likely to be on average thinner, and the area of
multi-year sea ice in the central Arctic Ocean is likely
to decrease through 2080. Winter navigation (through-
out the year to Dudinka since 1978) along the western
end of the Northern Sea Route, from the Barents Sea
to the mouths of the Ob and Yenisey Rivers, will possi-
bly encounter less first-year sea ice. Full transit of the
Northern Sea Route through Vilkitskii Strait to the
Bering Sea is very likely to remain challenging and
require icebreaker escort. The only improvement in
winter sea-ice conditions for the Laptev, East Siberian,
and western Chukchi Seas is a possible reduction in the
area and frequency of multi-year floes along the naviga-
ble coastal routes.

The significant interannual sea-ice variability in the
arctic seas is also important to navigation. The project-
ed increase in ice-free areas and reduced sea-ice con-
centrations will possibly lead to a more dynamic sea-
ice cover under the influence of local and regional
wind fields. These more variable environmental condi-

tions, combined with an increase in the number of
ships making passages in the Arctic Ocean, will possibly
lead to a higher demand for sea-ice information, long-
range ice forecasting, and increased icebreaker sup-
port. While direct (across the North Pole) trans-arctic
voyages are unlikely by mid-century, voyages may be
possible north of the arctic island groups (such as those
along the Russian Arctic coast) and away from shallow
continental shelf areas that restrict navigation.

There is likely to be an increased requirement for real-
time satellite imagery of sea-ice conditions. Increased
ship access to the Arctic Ocean is very likely to require
more resources to facilitate marine traffic and to sup-
port maritime safety and protection of the arctic
marine environment.

The four ACIA regions are not conveniently drawn for
assessment of future arctic marine transport routes.
Therefore, as a case study, a new “sector” was defined
between 60° and 90° N, and between 40° E and 170°
W, which includes the coastal region from the eastern
Barents Sea to Bering Strait. This sector also encom-
passes Russia’s Northern Sea Route, defined by regula-
tion as the routes or waterways between Kara Gate (at
the southern end of Novaya Zemlya) and Bering Strait.
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Fig. 16.18. September sea-ice extent in the Eurasian Arctic
projected by each of the five ACIA-designated climate models.

As shown in Fig. 16.17, the median of the ACIA-
designated model projections suggests that, in all the
time slices, most coastal waters of the Eurasian Arctic
(along the Northern Sea Route) will be relatively ice-
free in September. Figure 16.18 illustrates the
September sea-ice extents projected by each of the five
models for the Eurasian Arctic sector used in this
analysis. During September, the month of minimum
sea-ice extent in the Arctic Ocean, the models consis-
tently project sea ice in the vicinity of Severnaya
Zemlya during each of the ACIA time slices. For ships
to travel north of Severnaya Zemlya, highly capable,
more expensive icebreaking ships would be necessary.
However, it is more likely that ships would sail through
the deep waters of Vilkitskii Strait to the south —
between the Kara and Laptev Seas north of the Taymir
Peninsula — where more open water is very likely to be
found. Four of the five models also project open water
to the east and north of the New Siberian Islands in
September. Ships sailing along the Northern Sea Route
are likely to take advantage of these ice-free conditions
to avoid the shallow, narrow passages along the
Eurasian coast. In addition, if there is a continued
reduction in the proportion of winter multi-year sea
ice in the Central Arctic Ocean (Johannessen et al.,
1999), it is very likely that first-year sea ice will domi-
nate the entire maritime region of the Northern Sea
Route throughout the year, with a decreasing frequen-
cy of intrusions of multi-year sea ice into the coastal
seas. Such changes in sea-ice conditions would have key
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implications for ship construction (e.g., potentially
lower construction costs) and route selection along the
Northern Sea Route in summer and winter.

16.3. Infrastructure in the Arctic

Infrastructure is defined as facilities with permanent
foundations or the essential elements of a community.

It includes schools; hospitals; various types of buildings
and structures; and facilities such as roads, railways, air-
ports, pipelines, harbors, power stations, and power,
water, and sewage lines. Infrastructure forms the basis
for regional and national economic growth. In the
Arctic, the largest population concentrations are located
in North America and Russia (Freitag and McFadden,
1997), as is much of the existing infrastructure.

Most arctic facilities are connected with population
concentrations, extraction of natural resources, or mili-
tary activity. In the case of industrial or military devel-
opments, facilities typically include industrial buildings
and warehouses, crew and worker quarters, embank-
ments (roadway, airport, work pad), pipelines (both
chilled and warm), and excavations of different types.
Many industrial buildings must be designed to accom-
modate heavy equipment, increasing demands on the
foundation system. In the case of human settlements,
infrastructure includes public transportation systems,
utility generation and distribution facilities, and build-
ings associated with residential or business activities.

In addition to the complexity presented by the wide
range in requirements of the different types of infra-
structure, the problems associated with climate change
are compounded by the range of environmental condi-
tions over which human activities occur, extending from
the sporadic permafrost/seasonal frost zone to the high
Arctic with its cold, continuous permafrost layer.

Some of the engineering projects that are likely to be
affected by climate change are as follows (see also Bush
etal., 1998; Nixon, 1994).

* Northern pipelines are likely to be affected by
frost heave and thaw settlement. Slope stability is
also likely to be an issue in discontinuous perma-
frost (Nixon et al., 1990).

* The settlement of shallow pile foundations in
permafrost could possibly be accelerated by tem-
perature increases over the design life of a struc-
ture (~20 years). However, over the same period,
there is very likely to be less of an effect on the
deeper piles used for heavier structures (Nixon et
al., 1990).

* Large tailings disposal facilities might be affected
(negatively or positively) by climate change, due
to the long-term effects on tailings layers. There
is some chance that layers that freeze during win-
ter deposition in northern seasonal-frost or
permafrost areas would thaw out many years
later, releasing excess water and contaminants
into groundwater. There is some chance that
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increasing temperature would significantly change
the rate of thawing of such layers.

The availability of off-road transportation routes
(e.g., ice roads, snow roads) is likely to decrease
owing to a reduction in the duration of the freez-
ing season. The effect of a shorter freezing season
on ice and snow roads has already been observed
in Alaska and Canada (section 16.3.6).

Climate change is likely to reduce ice-cover

thickness on bodies of water and the resulting ice
loading on structures such as bridge piers.
However, until these effects are observed, it is
unlikely that engineers will incorporate them into
the design of such structures.

* The thickness of arctic sea-ice cover is also likely
to change in response to climate change, and it is
possible that this will affect the design of off-
shore structures for ice loadings, and the design
of ice roads used to access structures over land-
fast ice in winter.

Precipitation changes are very likely to alter
runoff patterns, and possibly the ice—water bal-
ance in the active layer. It is very difficult to
assess the potential effects of these changes on
structures such as bridges, pipeline river cross-
ings, dikes, or erosion protection structures.

* The stability of open-pit mine walls will possibly
be affected where steep slopes in permafrost
overburden have been exposed for long periods
of time. The engineering concerns relate to
increased thaw depth over time, with consequent
increased pore pressures in the soil and rock, and
resulting loss of strength and pit-wall stability
(Szymanski et al., 2003; Bush et al., 1998).

* The cleanup and abandonment of military and

industrial facilities throughout the Arctic some-

times involves storage of potentially hazardous
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Fig. 16.19. Projected geocryological hazard potential in 2050,

based on output from the HadCM3 model (Anisimov and
Belolutskaia, 2002; Nelson F. et al., 2002).

materials in permafrost or below the permafrost
table. There is some chance that permafrost degra-
dation associated with climate change will threat-
en these storage facilities. AMAP (1998) provides
a detailed review of arctic pollution issues.

For all types of arctic infrastructure, the key climate-
related concern is changes in the thermal state of the
supporting soil layers. As described in section 16.2.2.5,
changes in soil temperature can induce large variations
in soil strength and bearing capacity and may also cause
thaw settlement or frost heave. Many facilities and
structures were designed for current climatic condi-
tions, and it is possible that appreciable warming will
introduce differential settlement beneath them. The sus-
ceptibility of permafrost to environmental hazards asso-
ciated with thermokarst, ground settlement, and several
other destructive cryogenic processes can be crudely
evaluated using the geocryological hazard index, which
is the combination of the projected percentage change
in active-layer thickness and the ground ice content:

I =Az V. Eqn. 16.2

s al ice

where Az | is the percentage increase in active-layer

1
thickness, and V, _is the volumetric proportion of near-
surface soil occupied by ground ice. The index provides
a qualitative representation of relative risk, with lower

values representing lower risk and vice versa.

Future geocryological hazards were projected using
several scenarios of climate change (including those
from the ACIA-designated models) as input to a
permafrost model that included information about
existing permafrost and ground ice distributions from
the IPA. Figure 16.19 presents the geocryological haz-
ard potential with respect to engineered structures
projected for 2050, calculated using the HadCM3 sce-
nario (Anisimov and Belolutskaia, 2002; Nelson F. et
al., 2002). The map shows areas projected to have low,
moderate, and high susceptibility to thaw-induced set-
tlement, as well as areas where permafrost is projected
to remain stable.

A zone of high and moderate risk potential is projected
to extend discontinuously around the Arctic Ocean,
indicating high potential for coastal erosion. North
American population centers (e.g., Barrow, Inuvik) and
river terminals on the arctic coast of Russia (e.g.,
Salekhard, Igarka, Dudinka, and Tiksi) fall within this
zone. Transportation and pipeline corridors traverse
areas of high projected hazard potential in northwest-
ern North America. The area containing the Nadym-
Pur-Taz natural gas production complex and associated
infrastructure in northwest Siberia also falls in the pro-
jected high-risk category. Large portions of central
Siberia, particularly the Sakha Republic (Yakutia) and
the Russian Far East, have moderate or high projected
hazard potential. These areas include several large pop-
ulation centers (Yakutsk, Noril’sk, and Vorkuta), an
extensive network of roads and trails, and the Trans-
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Siberian and Baikal-Amur mainline railroads. The
Bilibino nuclear power station and its grid occupy an
area of projected high hazard potential in the Russian
Far East. Areas of lower projected hazard potential are
associated with mountainous terrain and cratons (geo-
logically stable interior portions of continents) where
bedrock is at or near the surface.

Three main design approaches are employed when
using permafrost soils as foundations for structures and
infrastructure (Andersland and Ladanyi, 1994):

* to maintain the existing ground thermal regime
(referred to as Principle I in Russia, and the pas-
sive method in North America);

* to accept changes in the ground thermal regime
caused by construction and operation, or to mod-
ify foundation materials prior to construction
(referred to as Principle II in Russia, and the
active method in North America); and

* to use conventional foundation methods if the
soils are thaw stable.

With the first two methods, it is necessary to estimate
the maximum active-layer thickness and the maximum
permafrost temperature as a function of depth that the
structure will be subjected to in its lifetime. The air
thawing index can be used to calculate active-layer
thickness and maximum permafrost temperatures as a
function of depth and time of year (see section
16.2.2.2). Other approaches can also be used to
calculate active-layer thickness (e.g., using a full sur-
face energy balance).

A significant consequence of permafrost degradation is
likely to be a change in the maintenance conditions of
many structures, especially for those that were
designed without consideration of potential climate
change. Projections of the change in bearing capacity
and durability of foundations as temperatures change
illustrate the potential for damage as a result of climate
change. The results of such calculations for Yakutsk are
presented in Table 16.9.

For structures utilizing Principle I (permafrost conser-
vation), the table illustrates that foundation failures
will possibly begin when the mean annual air tempera-
ture increases by a small amount (a few tenths of a

Table 16.9. Projected decrease in the bearing capacity and
durability of foundations in Yakutsk for different increases in air
temperature (Khrustalev, 2000).

Increase in mean annual air temperature (°C)

0 0.5 1.0 1.5 2.0

Bearing capacity 100 93 85 73 50
of structures built
using Principle | (%)

Foundation durability 100 68 46 412 23
of structures built
using Principle Il (%)
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degree), and extend to all foundations when the
increase exceeds 1.5 °C. This indicates that there is lit-
tle margin for safety in the bearing capacity related to
Changes in air temperature. For structures utilizing
Principle II (permafrost thawing), design is based on
allowable deformations. As with structures utilizin
Principle I, no factor of safety is included in the design.
However, foundation failures will occur a relatively
long time after the temperature changes. This means
that the change in temperature affects only the durabil-
ity of the foundations. Table 16.9 shows that a small
increase in air temperature substantially affects the sta-
bility of the building, and the safety of the foundation

decreases sharply with rising temperatures.

Temperature increases can result in a significant
decrease in the lifetime and potential failure of the
structure (Khrustalev, 2000, 2001). Permafrost engi-
neers, therefore, face the problem of preserving infra-
structure under projected future climate conditions.
The compensation method (putting new buildings into
operation as existing ones are damaged and abandoned)
appears to be one of the possible ways to address this
problem. However, Khrustalev (2000, 2001) states that
this method will be inadequate, since the required rate
of new construction rises exponentially from 5% per
decade in 1980—-1990 to 108% per decade in 2030—
2040 (assuming a linear increase in mean annual tem-

perature of 0.075 °C/yr) .

Various methods have been suggested to address
temperature-related foundation problems. Techniques
to reduce warming and thawing, such as heat pumps,
convection embankments, thermosyphons, winter-
ventilated ducts, and passive cooling systems, are
already common practice in North America, Scandi-
navia, and Russia (Andersland and Ladanyi, 1994;
Couture et al., 2003; Goering and Kumar, 1996;
Instanes, B., 2000; Khrustalev and Nikiforov, 1990;
Smith S. et al., 2001).

16.3.1. Ultraviolet radiation and
construction materials

Ultraviolet (UV) radiation adversely affects many mate-
rials used in construction and other outdoor applica-
tions. Exposure to UV radiation can alter the mechani-
cal properties of synthetic polymers used in paint and
plastics, and natural polymers present in wood.
Increased exposure to UV radiation due to stratospheric
ozone depletion is therefore likely to decrease the use-

ful life of these materials (Andrady et al., 1998).

The impact of UV radiation on infrastructure in the
Arctic is influenced by two compounding factors: the
high surface reflectivity of snow or ice and long hours of
sunlight. Both factors have strong seasonal components,
generally resulting in increased UV radiation levels in
the late spring. While the level of UV radiation incident
on a horizontal surface (e.g., a flat roof) may be consid-
erably lower in the Arctic than at mid-latitudes, the level
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of UV radiation incident on a vertical surface (e.g., a
south-facing wall) may be higher than that on a horizon-
tal surface at some times of the year, when reflection
from snow augments the direct UV radiation incident on
the surface. Materials degradation is often related to the
total accumulated UV radiation exposure.

Long days during the arctic summer can result in large
daily doses of UV radiation, even when noon levels
remain moderate. If UV radiation levels increase as a
result of ozone depletion or changes in cloud cover, the
impacts on materials are likely to include earlier degra-
dation and significant discoloration.

For natural polymers found in wood, exposure to UV
radiation can lead to a decrease in the useful lifetime of
the product. Even small doses of UV radiation may
darken wood surfaces. Other effects of increased expo-
sure to UV radiation on wood are less certain. The
damage to finished wood products is limited primarily
by protective surface coatings, but increased UV radia-
tion levels will possibly lead to increased costs for
more frequent painting or other maintenance.

The construction industry is increasingly turning to
synthetic polymers for use in building materials. In the
United States and Western Europe, the building sector
uses 20 to 30% of the annual production of plastics
(Mader, 1992). Plastics and other synthetic polymer
products are used for a number of applications, includ-
ing irrigation, water distribution and storage, and in
fishing nets and agricultural films.

During the manufacture of virtually all polymer prod-
ucts, impurities can be introduced that make the end
product susceptible to photodegradation by UV radia-
tion. Although stabilizers may be added to retard pho-
todegradation effects, their inclusion can substantially
increase the cost of the final product. Unfortunately,
much of the research on UV-induced degradation has
been conducted on pure polymer resins, leading to
problems in extrapolating the findings to processed
products of the same polymer.

The effects of UV radiation on materials are closely
tied to other environmental factors, including ambient
temperatures. Polar regions have experienced the
greatest ozone depletion and therefore the greatest
potential increases in UV-B radiation levels. However,
the cooler temperatures in these locations can help
prevent rapid degradation of materials. Materials have
different sensitivities that can depend on wavelength
and dose. Some materials contain stabilizers designed
to mitigate degradation, but the efficacy of those stabi-
lizers under spectrally altered (e.g., higher than normal
UV) conditions is not always known (Andrady, 1997).

UV-induced polymer deterioration has been widely
observed. Polyvinyl chloride tends to undergo discol-
oration or yellowing, and to lose impact strength.
This loss of impact strength can eventually lead to

cracking and other irreversible damage. Another
polymer, polycarbonate, undergoes a rearrangement
reaction when exposed to UV-B or UV-C radiation.
When irradiated at longer wavelengths, including visi-
ble wavelengths, polycarbonates undergo oxidative
reactions that result in yellowing (Factor et al., 1987).

Polystyrene, used as expanded foam in both building and
packaging applications, also undergoes light-induced
color changes. In polyethylene and polypropylene, which
are used extensively in agricultural mulch films, green-
house films, plastic pipes, and outdoor furniture, the loss
of tensile properties and strength is a particular concern
(Hamid and Pritchard, 1991; Hamid et al., 1995).

The cost of more frequent replacement of woods and
polymers is likely to be higher in the Arctic than at
lower latitudes because of the increased cost of shipping
and placement. Environmental stresses in the Arctic,
including high winds and repeated freezing and thawing,
will possibly exacerbate minor materials problems that
develop as a result of UV radiation damage.

16.3.2. Buildings

Several foundation systems are currently in use for
industrial, commercial, and residential structures situ-
ated in the Arctic and subarctic. When building sites
are underlain by permafrost, the foundation system
must ensure that any warmth emanating from the
structure does not induce thawing of the permafrost
layer. For many structures, this is accomplished by ele-
vating the building above the ground surface on a pile
or adjustable foundation system. The resulting air space
ensures that heat from the structure will not induce
permafrost warming. Thousands of structures ranging
from single-family residences to large living quarters
and apartment blocks are currently supported on pile
foundations, including many residential structures in
the permafrost zones of Alaska, Canada, and Scandi-
navia, and many apartment buildings in Siberia.

In most of these areas, existing structures are perform-
ing well, and there has been little evidence that climate
change is inducing failures. However, as noted in sec-
tion 16.3.8 many Siberian buildings are experiencing
significant rates of structural failure that may be con-
nected to increasing temperatures.

The bearing capacity of piles embedded in permafrost
depends on the type of frozen soil (clay, silt, or sand),
its temperature, and the length of pile embedment in
the permafrost layer. A safe pile design is usually based
on the calculated maximum temperatures of the frozen
soil along the embedded pile length, determined from
data on the mean annual temperature of the site and
the seasonal temperature variation. Pile foundations are
particularly sensitive to permafrost temperatures
because of the large increase in creep rates as tempera-
tures approach 0 °C (see section 16.2.2.5). For this
reason, extra cooling measures, such as the use of
thermopiles (thermosyphon-cooled pilings), are some-
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times taken in the warmer discontinuous permafrost
zone in order to lower temperatures and ensure a sta-

ble permafrostfpiling bond.

An increase in ground temperature along an existing
pile is very likely to reduce its bearing capacity or
increase the rate of its settlement for two reasons: an
increase in the active-layer thickness will reduce the
effective embedment length of the pile; and increased
temperature will reduce the strength of the frozen soil.
As a result, if soil warming occurs, an existing struc-
ture founded on piles will experience an increasing set-
tlement rate that is likely to lead to uneven settlement
and damage to the structure.

The design of all future structures founded on piles
embedded in permafrost soils should take into account
projected future temperature increases. Depending on
the estimated useful lifetime of the structure, the pile
design should preferably be based on projected tem-
perature conditions at the end of its lifetime. For any
particular pile type, unless bearing on rock, this will
result in longer pile length and increased cost.

Very light buildings in permafrost areas are often estab-
lished directly on the ground surface and supported by
a system of adjustable mechanical jacks providing a suf-
ficient crawl space below the heated and insulated floor
of the building and the ground surface. Although such
buildings will not produce thaw settlement of underly-
ing permafrost, they are likely to be subject to the
effects of regional thaw settlement due to rising tem-
peratures and the resulting increase in active-layer
thickness. Although settlement in these types of build-
ings can be adjusted by the jacking system, the differen-
tial settlement of water supply and sewage evacuation
pipes attached to the building must also be addressed.

Depending on local meteorological conditions, the
foundation soils of buildings constructed on elevated
foundation systems (either pile or adjustable supports)
are likely to be less prone to temperature increases as
climate change occurs. This is due to the combined
influence of shielding the surface from solar radiative
input (due to shading by the structure) and elimination
of snow cover at the surface beneath the building, both
of which have a significant cooling effect on ground-
surface temperatures.

For industrial and equipment buildings that must sup-
port large floor loads, pile foundations are sometimes
too costly. These buildings often have a slab-on-grade
foundation with insulation installed beneath the floor to
help protect the underlying permafrost. In addition to
the insulation, some sort of cooling system under the
slab is required to remove heat from beneath the struc-
ture. Both active and passive refrigeration systems have
been employed for this purpose, but passive systems are
generally preferred due to their lower operational and
maintenance costs. Passive systems are based on either
thermosyphon or air-duct cooling systems, and utilize
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low ambient temperatures during winter to refreeze a
buffer layer of non-frost-susceptible material beneath
the building. The buffer layer typically consists of a pad
of granular material that is placed before building con-
struction and sized to contain the seasonal thaw that
develops beneath the building during summer months
when the passive cooling system is inactive.

Increasing air temperature is very likely to have a detri-
mental effect on the operation of these foundation sys-
tems for two reasons. Higher air temperatures are like-
ly to lengthen the thaw season and place increased
requirements on the thickness of the buffer layer
and/or the insulation system, and reduced air freezing
indices (section 16.2.2.4) are very likely to decrease
the capacity of the passive cooling system to refreeze
the buffer layer material during winter.

As a result, existing buildings built on slabs are likely
to experience an increasing failure rate as air tempera-
tures rise and produce either significantly longer thaw
seasons or a reduced freezing index. Future designs for
such buildings will need to take into account tempera-
ture increases projected for the lifetime of the struc-
ture. This is very likely to increase costs due to the
need for additional buffer layer material and higher
cooling capacities.

16.3.3. Road and railway embankments
and work pads

Transportation routes are likely to be particularly sus-
ceptible to destructive frost action under conditions of
changing climate. Garagulya et al. (1997) developed a
map showing areas with various probabilities of natural
hazards. This map indicated that the regions of highest
susceptibility to frost heave and thaw settlement are
located along the Arctic Circle.

The design of road and railway embankments in the
Arctic is complicated by the presence of underlying
permafrost, due to the possibility of thaw settlement
and significant permanent embankment deformation if
thermal disturbance occurs. The situation is exacerbated
by complex thermal interactions between the embank-
ment and the surrounding environment. Embankment
construction often produces a significant alteration of
the surface microclimate that results in an increase in
mean annual surface temperature of several degrees as
compared to natural conditions. Precise temperature
increases are a complex function of embankment sur-
face conditions, maintenance operations (e.g., snow
clearing patterns), and the pre-existing natural vegeta-
tion, and are sometimes difficult to project.

In the continuous permafrost zone, where the perma-
frost layer and surface conditions are generally colder,
surface warming due to embankment construction can
usually be accommodated using well-established design
practices. In this case, the embankment thickness is
adjusted to ensure that seasonal thawing is contained
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within the embankment itself, thus avoiding thawing of
the underlying permafrost. The required embankment
thickness is sensitive to climatic conditions, tending to
increase significantly with warmer conditions.

In the discontinuous permafrost zone, permafrost and
ground-surface temperatures are warmer, often within
a few degrees of the melting point. In this zone, it is
more difficult to accommodate surface warming due to
embankment construction since the resulting mean
surface temperatures are often above the melting
point. In this case, long-term thaw of the permafrost
layer can be expected and cost-effective design strate-
gies are currently unavailable. In a limited number of
cases, techniques such as thermosyphon, air duct, or
convection cooling systems have been used to mitigate
these problems (Andersland and Ladanyi, 1994;
Goering, 2003; Goering and Kumar, 1996; Instanes,
B., 2000; Phukan, 1985), however, the expense associ-
ated with these systems severely limits their utility.

In practice, even under current climatic conditions,
many road and railway embankments located in regions
of warm discontinuous permafrost experience high
failure rates and resulting high maintenance costs.
Typical problems include differential thaw settlement
and shoulder failure due to thawing permafrost, result-
ing in an uneven, cracked embankment surface (Fig.
16.20). The timescales associated with permafrost thaw
beneath embankments are of the order of the embank-
ment lifetime (20 to 30 years), thus necessitating a
continuous maintenance program.

Increasing temperatures are very likely to affect
embankment performance in both the continuous and
discontinuous permafrost zones and should be consid-
ered in the design of future projects. In the discontinu-
ous permafrost zone, the problems associated with
permafrost thaw described above are very likely to
increase as increasing air temperature adds to the
warming influence of embankment construction.

This is very likely to result in increased failure rates
and higher maintenance costs. As climate change
reduces permafrost extent in the southern discontinu-

Fig. 16.20. Typical embankment cracking and differential thaw
settlement in the discontinuous permafrost zone of Interior
Alaska (Photo: Larry Hinzman, University of Alaska, Fairbanks).

ous permafrost zone, some reduction in these embank-
ment problems is possible, although the timescales for
projected warming and thaw are much longer than
typical project lifetimes.

In the continuous permafrost zone, increasing tempera-
tures are likely to have negative impacts on embank-
ment performance for two reasons:

* increased surface temperatures will necessitate
greater embankment thicknesses in order to con-
tain the seasonal thaw depth. This is very likely to
have a large impact on project costs due to the
difficulty and expense associated with obtaining
appropriate granular material for embankment
construction; and

as air and surface temperatures increase, a design
regime shift will possibly occur in association
with the northward movement of the boundary
between the discontinuous and continuous
permafrost zones. It is possible that increasing
embankment thickness alone will no longer be
sufficient to protect underlying permafrost and
greater failure rates will occur, similar to those
seen in the discontinuous permafrost zone.

As a result, it is likely that existing road, rail, or air-
port embankments will experience increasing failure
rates both in the continuous and discontinuous perma-
frost zones. Future embankment designs should incor-
porate the effects of projected temperature increases
over the lifetime of the project, which is likely to
increase construction costs.

16.3.4. Pipelines

Many of the earth’s remaining oil and gas reserves are
located in regions of the Arctic far from population
centers. These areas include the North Slope of Alaska,
the Canadian Arctic, northwestern Russia, and Siberia.
The limited exploitation of these resources to date has
relied primarily on pipeline systems to transport prod-
ucts to market. Future expansion of these pipeline net-
works is likely given the increasing demand for fossil
fuels worldwide. Examples include the large gas pipe-
line projects currently under consideration to connect
natural gas reserves in the Alaskan and western Canad-
ian Arctic to southern Canada and the continental
United States. Many of the current and anticipated
pipeline routes cross extensive areas of continuous and
discontinuous permafrost and require special design
considerations.

Oil and gas pipelines differ in their interactions with
the surrounding environment because of variations in
operating temperature. Transmission of oil through
pipelines usually takes place at high temperatures
because of high oil-well production temperatures and
reduced pumping losses. Conversely, natural gas trans-
mission through pipelines often takes place at tempera-
tures below freezing in order to increase gas density
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and throughput. High- or low-temperature pipelines
present different challenges to designers and will react
in different ways to increased air temperatures.

Gas and oil pipelines are normally constructed below
the ground surface, as this reduces construction costs
and provides other benefits. In the case of warm-oil
pipelines, this becomes problematic in areas where
permafrost is encountered. The desire to keep the oil
warm to limit viscosity and pumping costs is in direct
conflict with the requirement to maintain the frozen
state of the surrounding soil. If the pipeline is buried,
no practical amount of insulation will prevent the warm
oil from thawing surrounding permafrost, thus resulting
in loss of strength, thaw settlement, and probable line
failure. As a result, designers have relied on one of two
methods to avoid permafrost degradation:

* an elevated oil pipeline that is supported above
the ground surface on some sort of pile founda-
tion, thus limiting the possibility of permafrost
thaw; or

* a more conventional buried pipeline design, with
the oil chilled to near-permafrost temperatures

(typically below 0 °C for a large part of the year).

A major shortcoming of both methods, particularly
with regard to potential climate change, is their
reliance on the permafrost layer for structural support.
In the first case, the piles are embedded in the perma-
frost, as for a building foundation, and the adfreeze
bond between the pile and the permafrost supports the
load. In the second case, the integrity of the pipe
trench and support of the pipeline are dependent on
the structural integrity of the underlying permafrost.
Both methods result in increased cost; the first due to
the large expense of constructing an elevated line, and
the second due to the high pumping costs associated
with moving chilled oil and related problems with
potential wax formation in the line.

The best-known example of an existing elevated
arctic oil pipeline is the Trans Alaska Pipeline System
(TAPS), which stretches 1280 km from Prudhoe Bay
to the ice-free port of Valdez in southern Alaska.

This pipeline is elevated for just over half of its length
in order to avoid potential permafrost problems.

The northern sections, where permafrost tempera-
tures are cold (lower than approximately -5 °C),
utilize non-refrigerated pile supports and a work-pad
embankment designed to protect underlying perma-
frost. In the more southerly sections, where warmer
discontinuous permafrost is encountered, the piles
utilize a passive refrigeration system consisting of
pairs of thermosyphons installed in each piling. More
than 120000 thermosyphons are used (Sorensen et al.,
2003). The thermosyphons are designed to ensure that
any excess heat transported downward from the pipe-
line or entering the ground surface due to construc-
tion disturbance will not cause thawing of the perma-
frost where the piles are embedded.
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Owing to the extensive use of pile supports, elevated
oil pipelines are sensitive to increasing air and soil tem-
peratures, as are building-support pilings. Increased
soil temperatures are very likely to reduce the bearing
capacity of these systems because of the reduction in
the strength of the adfreeze bond between the frozen
soil and the pile. In addition, increased air tempera-
tures are very likely to result in a greater active-layer
depth, which will reduce the effective embedment
length of the pile in the frozen zone. Some of these
effects can be countered by the use of refrigerated
piles, as in the case of TAPS; however, increased air
temperatures are also very likely to reduce the ability
of these systems to provide adequate cooling. It is also
possible that the pipeline right-of-way and work-pad
embankment will begin to experience increased prob-
lems with thaw settlement due to the combination of
surface disturbance and increasing air temperature.
These factors should be considered during the design
stage of future projects.

The Norman Wells Pipeline, which runs 896 km
through the western Canadian Arctic from Norman
Wells, Northwest Territories, to Zama City, Alberta,

is an example of a chilled pipeline that is buried in
permafrost terrain. The oil is chilled by a refrigeration
system before it enters the line at Norman Wells, and
operates at near-ambient permafrost temperatures. Even
though the oil is chilled to minimize permafrost distur-
bance, the designers anticipated a significant amount of
thaw settlement and/or frost heave along the route
(Nixon et al., 1984).To resist the anticipated loading
due to thaw strain or frost heave, a relatively high-
strength system consisting of a small-diameter thick-
wall pipe was used. Two major design/performance
issues were identified as the most significant for this
project: adequate thermal conditions must be main-
tained such that design loads due to thaw settlement or
frost heave are not exceeded; and permafrost thaw with-
in the pipeline trench and right-of-way must be limited
in order to avoid slope instability (and potential land-
slides) in areas of sloped terrain.

Variations in line operating conditions have resulted in
significant movement of the pipe due to thaw settle-
ment and frost heave. In some places, thaw settlement
near the pipeline trench has exceeded the design pro-
jections of 1 m (Burgess and Smith, 2003), and increas-
es in thaw depth have reduced the factor of safety for
slope stability (Oswell et al., 1998).

Many of the difficult operational issues identified above
for buried ambient-temperature pipelines result from
the thermal interaction between the pipe and the
surrounding ground. These difficulties are likely to be
exacerbated if air temperatures also change over time.
Increased air temperatures are likely to aggravate prob-
lems with thaw settlement along the right-of-way and
decrease slope stability. To some extent, it may be
possible to reduce the severity of these problems by
decreasing the operational temperatures of the pipeline,



Chapter 16 * Infrastructure: Buildings, Support Systems, and Industrial Facilities 933

however this is not desirable because of the high pump-
ing cost and wax formation issues mentioned previously.
New projects should take projected temperature increas-
es into account during the design stage and may have to
increase measures designed to prevent slope instability
and settlement associated with permafrost thaw.

Unlike oil pipelines, gas pipelines benefit from low-
temperature operation and are often operated at tem-
peratures significantly below the freezing point. When
these pipelines are buried in continuous permafrost,
they aid the maintenance of the permafrost layer and
design is straightforward. On the other hand, where
chilled buried pipelines must traverse zones of discontin-
uous permafrost, problems can be expected. In this case,
the chilled pipeline will cause freezing of the thawed soil
present along the route, some of which may be suscepti-
ble to frost. The resulting frost-heave loads on the pipe
can be large and must be accounted for carefully.
Previous studies have suggested that line operation tem-
peratures should be kept only moderately below freezing
in these areas in order to minimize frost-heave problems
while, at the same time, avoiding thaw settlement in the
permafrost portions of the route (Jahns and Heuer,
1983). Increased air temperatures will possibly expand
the problematic portion of these pipeline routes as the
boundary between continuous and discontinuous perma-
frost moves northward. However, the ability to control
pipeline operating temperatures may help to adapt to
changing climatic conditions.

16.3.5. Water—retaining structures

Water-retaining embankments in permafrost are dis-
cussed in detail by Andersland and Ladanyi (1994), and
are generally one of two types: unfrozen embankments
or frozen embankments. With unfrozen embankments it
is assumed that the permafrost foundation will thaw
during the lifetime of the structure. This type is limited
to sites with thaw-stable foundation materials or
bedrock, or cases where the water is retained for a
short period of time. With frozen embankments it is
assumed that the permafrost foundation will remain
frozen during the lifetime of the structure. This type is
suitable for continuous permafrost areas and other areas
where the foundation materials are thaw-unstable.

The embankment design for a particular site must com-
bine the principles of soil mechanics for unfrozen soils
and the mechanical behavior of permafrost. The design
should always include thermal and stability considera-
tions, and for permanent structures, potential climate
change should be taken into account. Sayles (1984,
1987) and Holubec et al. (2003) have summarized the
factors that are relevant to embankment design.

Problems associated with water-retaining dams include
seepage, frost heave (in areas of seasonal frost), settle-
ment, slope stability, slope protection, and construc-
tion methods. Increased air temperatures are not likely
to affect unfrozen embankments because the perma-

frost foundation is thaw stable. Frozen embankments
usually require supplementary artificial freezing to
ensure that the foundation and embankment remain
frozen (Andersland and Ladanyi, 1994). Increased air
temperatures are likely to increase the construction
and operational costs of frozen embankments due to
the increased energy demand required to keep the
embankment frozen.

16.3.6. Off-road transportation routes

In recent years, temporary winter transportation
routes have played an increasingly important role for
community supply and industrial development in the
permafrost zones of North America. These transporta-
tion corridors consist of ice roads that traverse frozen
lakes, rivers, and tundra. In some cases, ice roads are
constructed for one-time industrial mobilizations,
such as oil and gas exploration activities. In other
cases, permanent ice-road corridors have been estab-
lished and are reopened each winter season. Winter
ice roads offer important advantages that include low
cost and minimal impact to the environment. Oil and
gas exploration can be conducted from these road
structures with very minimal ecological effects, and
costs associated with construction and eventual
removal of more permanent gravel roads or work pads
can be avoided.

Winter ice-road construction is affected by a number
of climatic factors, including air temperature, accumu-
lated air freezing index, and snowfall. These roads
depend on the structural integrity of the underlying
frozen base material and, thus, a significant period of
freezing temperature must occur each autumn before
ice-road construction can begin. For water crossings,
the critical factor influencing the start of the winter-
road season is the rate and amount of ice formation.
Ice thickness must reach critical minimum values
before vehicles and freight can be supported safely.
For tundra areas (particularly where temporary trans-
portation routes are needed), a critical issue is protec-
tion of the existing vegetative cover. In this case, the
active layer must be frozen to a depth that is sufficient
to support anticipated loads and avoid damage to vege-
tation. Once a sufficient frozen layer has been estab-
lished, the surface is covered with snow and water is
applied and allowed to freeze in place. The result is a
durable driving surface that can support significant
loads without harming the underlying vegetation.

In North America, winter-road use and construction is
regulated to avoid environmental damage to the
tundra. Various inspection techniques are used to
ensure adequate freezing before the winter-road
season is opened. One technique employs a penetro-
meter that is pushed into the frozen active layer to
measure the strength and thickness of the frozen zone.
Based on these measurements, regulatory agencies
make decisions regarding opening and closing dates
for winter-road travel.
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Climatic conditions play a strong role in determining
the opening and closing dates for winter-road travel,
although inspection techniques and load requirements,
among other factors, are also important. Increased air
temperature and reductions in the annual air freezing
index are very likely to have a negative impact on the
duration of the winter-road season. This will possibly
become particularly problematic for oil and gas
exploration because of the time needed at the begin-
ning and end of the ice-road season for mobilization
and demobilization.

Hinzman et al. (in press) present historic data for the
opening and closing dates for tundra travel on the North
Slope of Alaska that show a substantial reduction in the
duration of the winter-road season (from over 200 days
in the early 1970s to just over 100 days in 2002).

The rate of reduction has been fairly consistent over the
intervening years and is due primarily to delayed open-
ing dates (from early November in the 1970s to late
January in the 2000s), although closing dates have also
been occurring earlier in the spring. Reductions in the
duration of the winter-road season have also occurred in
the Canadian Arctic, however the reductions are much
smaller than those observed in Alaska, and in some cases
the season length has increased.

Fig. 16.21 shows historic data for opening and closing
dates of winter roads on the North Slope of Alaska and
in Canada’s Northwest Territories. The data for the
North Slope are for temporary winter roads used
primarily for oil and gas exploration, whereas the data
for the Northwest Territories are for the winter roads
between Inuvik and Tuktoyaktuk (187 km) and between
the Yellowknife Highway and Wha Ti (103 km). The
figure illustrates the reduction in season length for the
North Slope of Alaska, and a trend of later opening
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Fig. 16.21. Opening and closing dates for winter roads on the
North Slope of Alaska and the Inuvik—Tuktoyaktuk and
Yellowknife Highway—Wha Ti winter roads in western Canada
(North Slope data after Hinzman et al., in press; Canadian data
from the Government of the Northwest Territories, Department
of Transportation, www.hwy.dot.gov.nt.ca’highways/, 2003).
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dates for the Wha Ti road. Data for the Inuvik-
Tuktoyaktuk road, however, indicate an increased sea-
son length.

The observed trend in Alaska shows that climate
change is likely to lead to decreased availability of off-
road transportation routes (ice roads, snow roads, etc.)
due to reduced duration of the freezing season.

16.3.7. Offshore transportation routes

The global economy of the 21st century will need the
natural resources of the Arctic and subarctic. Air trans-
port remains unprofitable for mineral payloads and
attention to arctic shipping is growing as a result.
Road, rail, and pipeline routes are complicated in the
far north by tectonically active glacier-contorted land-
scapes, low-lying frozen ground, and fragile ecosys-
tems. Shorter routes from resource to tidewater mini-
mize terrestrial complications only if a port can be
built at the coast. New ice-breaking ship designs are
continually improving the efficiency of arctic shipping.
Growing evidence of climate change indicates that ice-
free navigation seasons will probably be extended and
thinner sea ice will probably reduce constraints on
winter ship transits (section 16.2.5). Additional north-
ern port capacity is critical to the success of arctic
shipping strategies associated with northern resource
development and potential climate change. Difficulties
related to freezing temperatures, snow accumulation,
and extended darkness compound the challenges of
geotechnical, structural, architectural, mechanical,
electrical, transportation, and coastal engineering in
designing and operating sea and river ports.

The International Northern Sea Route Programme was
a six-year (June 1993 — March 1999) international
research program designed to create an extensive
knowledge base about the ice-infested shipping lanes
along the coast of the Russian Arctic, from Novaya
Zemlya in the west to the Bering Strait in the east.
This route was previously named the Northeast
Passage, but is now more often known by its Russian
name — the Northern Sea Route.

Projected reductions in sea-ice extent are likely to
improve access along the Northern Sea Route and the
Northwest Passage. Projected longer periods of open
water are likely to foster greater access to all coastal
seas around the Arctic Basin. While voyages across the
Arctic Ocean (over the pole) will possibly become fea-
sible this century, longer navigation seasons along the
arctic coasts are more likely. Development of the off-
shore continental shelves and greater use of coastal
shipping routes will possibly have significant social,
political, and economic consequences for all residents
of arctic coastal areas.

Output from the five ACIA-designated climate models
was used to project the length of the navigation season
along the Northern Sea Route based on the amount of
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sea ice present. Figure 16.22 shows the five-model
mean for three conditions: 25, 50, and 75% open
water across the Northern Sea Route. If ships sailing
along the Northern Sea Route are designed for and
capable of navigating in waters with 25% open water
(75% sea-ice cover), the projected length of the navi-
gation season is considerably longer than that for ships
that are minimally ice-capable and can only navigate in
75% open water (25% sea-ice cover).

There are few days when, even at mid-century, the
Northern Sea Route is covered by 75% open water
(25% sea-ice cover). When days on which navigation is
possible are defined by a higher ice-cover percentage,
the length of the navigation season increases. In 2050,
Fig. 16.22 shows a projected navigation season length
of 125 days under conditions of 25% open water (75%
sea-ice cover); conditions very favorable for the transit
of ice-strengthened cargo ships. However, the ACIA-
designated model projections provide no information
on sea-ice thickness, a critical factor for ice navigation.
Section 16.2.5.2 provides additional projections of
future sea-ice conditions.

With increased marine access to arctic coastal seas,
national and regional governments are likely to be called
upon for increased services such as icebreaking assis-
tance, improved sea-ice charts and forecasting, enhanced
emergency response capabilities for sea-ice conditions,
and greatly improved oil-ice cleanup capabilities.

The sea ice, although thinning and decreasing in extent,
will possibly become more mobile and dynamic in many
coastal regions where fast ice was previously the norm.
Competing marine users in newly open or partially ice-
covered areas in the Arctic are likely to require increased
enforcement presence and regulatory oversight.

A continued decrease in arctic sea-ice extent this cen-
tury is very likely to increase seasonal and year-round
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access for arctic marine transportation and offshore
development. New and revised national and interna-
tional regulations, focusing on marine safety and
marine environmental protection, are likely to be
required as a result of these trends. Another probable
outcome of changing marine access will be an increase
in potential conflicts between competing users of arctic
waterways and coastal seas.

Based on the scenarios presented in this section and in
section 16.2.5.2, a longer navigation season along the
arctic coast is very likely and trans-arctic (polar) ship-
ping is possible within the next 100 years.

16.3.8. Damage to infrastructure

Instanes A. (2003) pointed out that for structures on
permafrost it is often difficult to differentiate between
the effect of temperature increases and other factors
that may affect a structure on permafrost. For example:
the site conditions are different from the assumed
design site conditions; the design of the structure did
not take into account appropriate load conditions,
active-layer thickness, and permafrost temperature; the
contractor did not carry out construction according to
the design; the maintenance program was not carried
out according to plan; and/or the structure is not being
used according to design assumptions. In addition, it is
very difficult to find cost-effective engineering solutions
for foundations or structures on warm (T >-1 °C),
discontinuous perrnafrost.

Kronik (2001) summarized reports on damage to infra-
structure in Russian permafrost areas from the 1980s
to 2000. The reported deformations of foundations and
structures were caused not only by climate change, but
also by other factors such as those listed above, partic-
ularly the low quality and inadequate maintenance of
structures. Unfortunately, it is difficult to distinguish
between these factors. The analysis of deformation
causes performed by Kronik (2001) for industrial and
civil complexes showed that 22, 33, and 45% of the
deformations were due to mistakes by designers, con-
tractors, and maintenance services, respectively (see
also Panova, 2003). Out of 376 buildings surveyed,
183 (48.4%) did not meet building code requirements
in 1992, including 21 buildings (8.5%) that were unfit
for use (Kronik, 2001). The percentage of dangerous
buildings in large villages and cities in 1992 ranged
from 22% in the village of Tiksi to 80% in the city of
Vorkuta, including 55% in Magadan, 60% in Chita,
35% in Dudinka, 10% in Noril’sk, 50% in Pevek, 50%
in Amderma, and 35% in Dikson.

The condition of land transportation routes in Russia is
not much better. In the early 1990s, 10 to 16% of the
subgrade in the permafrost areas of the Baikal-Amur
railroad line was deformed because of permafrost thaw-
ing; this increased to 46% in 1998. The majority of
runways in Norilsk, Yakutsk, Magadan, and other cities
may be closed for shorter or longer periods due to lack
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Fig. 16.23. Annual demand for heating energy (Anisimov, 1999).

of maintenance. The main gas and oil transmission lines
in the permafrost region have also suffered damage
related to permafrost thawing: 16 breaks were record-
ed on the Messoyakha—Noril’sk pipeline in 2000.

16.3.9. Energy consumption for heating

A reduction in the demand for heating energy is a
potential positive effect of climate change in the Arctic
and subarctic. The air-temperature threshold that
defines the beginning of the cold period, when addi-
tional heating of living facilities, businesses, and indus-
trial buildings is necessary, varies within and between
countries. In North America and Western Europe, most
civil buildings, private houses, apartment complexes,
and even most buildings in large cities have local heat-
ing systems. In the United States the temperature
threshold for heating is defined as 65 °F (17.8 °C),

but because the local systems are very flexible and can
be manipulated individually, evaluation of energy con-
sumption is complex.

In Eastern Europe and Russia, most urban buildings
have centralized heating systems. Under standard con-
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ditions, such systems operate when the mean daily air
temperature falls below 8 °C (47 °F). Because of the
large thermal inertia of these centralized heating sys-
tems, comfortable indoor temperatures (e.g., 18 °C)
are usually maintained throughout the winter.

Figure 16.23 shows the annual demand for heating
energy (in 1000 °C-days) when building heating is
required (mean daily air temperature below 8 °C) cal-
culated for current climatic conditions. Annual heating
degree-day totals characterize the demand for heating
over the entire cold period. Daily heating degree-days
are calculated by subtracting the mean daily tempera-
ture from the 8 °C threshold (e.g., a day with a mean
daily temperature of 5 °C would result in three heating
degree-days); days with a mean temperature at or
above 8 °C result in zero heating degree-days.

Anisimov (1999) used the GFDL, ECHAM-1 (Max-
Planck Institute for Meteorology), and HadCM tran-
sient climate scenarios for 2050 to calculate the
reduction in the duration of the heating period and
changes in the number of heating degree-days relative
to 1999. Projected reductions in the number of heat-
ing degree-days (Fig. 16.24) can be used as a metric
for the reduction in heating energy consumption.
Figure 16.25 shows the percentage reduction in the
duration of the heating period between 1999 and
2050; this decrease is projected to vary from a few
weeks to more than a month, depending on the
regional effects of climate change.

The energy savings from decreased demand for heating
in northern regions are likely to be offset by increases
in the temperature and duration of the warm period,
leading to greater use of air conditioning,

16.3.10. Natural resources

The Arctic has large oil and natural gas reserves.

Most are located in Russia: oil in the Pechora Basin,
natural gas in the Lower Ob Basin, and other potential
oil and gas fields along the Siberian coast. Canadian oil
and gas fields are concentrated in two main basins in
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Fig. 16.24. Projected decrease in the number of heating degree-days in 2050 as a percentage of 1999 values, calculated using the
(a) ECHAM-I; (b) GFDL;and (c) HadCM climate scenarios (Anisimoyv, 1999).
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the Mackenzie Delta—Beaufort Sea region and in the
high Arctic. Prudhoe Bay (Alaska) is the largest oil
field in North America, and other fields have been
discovered or are likely to be present along the
Beaufort Sea coast. Oil and gas fields also exist in
other arctic waters, for example, the Barents Sea and
off the west coast of Greenland. The Arctic is an
important supplier of oil and gas to the global market,
and it is possible that climate change will have both
positive and negative financial impacts on the
exploration, production, and transportation activities
of this industry.

Climate change impacts on oil and gas development
have so far been minor, but are likely to result in both
financial costs and benefits in the future. For example,
offshore oil exploration and production is likely to
benefit from less extensive and thinner sea ice because
of cost reductions in the construction of platforms that
must withstand ice forces. Conversely, ice roads, now
used widely for access to offshore activities and facili-
ties, are likely to be useable for shorter periods and
less safe than at present. The thawing of permafrost, on
which buildings, pipelines, airfields, and coastal instal-
lations supporting oil development are located, is very
likely to adversely affect these structures and the cost
of maintaining them (Parker, 1998; Weller and Lange,
1999; Weller et al., 1999).

The Arctic holds large stores of minerals, ranging from
gemstones to fertilizers. Russia extracts the largest
quantities, including nickel, copper, platinum, apatite,
tin, diamonds, and gold, mostly on the Kola Peninsula
but also in Siberia. Canadian mines in the Yukon and
Northwest Territories supply lead, zinc, copper, and
gold. Gold mining continues in Alaska, along with
extraction of lead and zinc deposits from the Red Dog
Mine, which contains two-thirds of US zinc resources.
Coal mining also occurs in several areas of the Arctic.
Mining activities in the Arctic are an important con-
tributor of raw materials to the global economy and
are likely to benefit from improved transportation
conditions to bring products to market, due to a longer
ice-free shipping season.

The coal and mineral extraction industries in the Arctic
are important contributors to national economies, and
the actual extraction process is not likely to be much
affected by climate change. However, climate change
will possibly affect the transportation of coal and min-
erals. Mines that export their products using marine
transport are likely to experience savings due to
reduced sea-ice extent and a longer shipping season.
Conversely, mining facilities with roads on permafrost
are likely to experience higher maintenance costs as
the permafrost thaws (Parker, 1998; Weller and Lange,
1999; Weller et al., 1999).

Any expansion of oil and gas activities and mining is
likely to require expansion of air, marine, and land
transportation systems. The benefits of a longer ship-
ping season in the Arctic, with the possibility of easy
transit through the Northern Sea Route and Northwest
Passage for at least part of the year, are likely to be sig-
nificant. Other benefits are likely to include deeper
drafts in harbors and channels as sea level rises, a
reduced need for ice strengthening of ship hulls and off-
shore oil and gas platforms, and a reduced need for ice-
breaker support. Conversely, coping with greater wave
heights, and possible flooding and erosion threats to
coastal facilities, is likely to result in increased costs.

16.4. Engineering design for a
changing climate

Climate change is likely to affect infrastructure in differ-
ent ways, as has been described in previous sections of
this chapter. Some infrastructure may be relatively insen-
sitive to climate change or easily adaptable to changing
conditions. In other cases, a large sensitivity may exist
and/or the consequences of any failure may be high
(Esch, 1993; Ladanyi et al., 1996, Khrustalev, 2001,
2000). For infrastructure in the first category, a detailed
analysis of the potential impacts of climate change may
not be important, particularly given the high level of
uncertainty associated with local climate trends that will
affect individual projects. Conversely, for projects where
high sensitivity or large consequences are possible, a
detailed analysis may be warranted.

Reduction in heating
period duration

Fig. 16.25. Projected reduction in the duration of the heating period between 1999 and 2050, calculated using the (a) ECHAM-I;
(b) GFDL; and (c) HadCM climate scenarios (Anisimov, 1999).
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16.4.1. Risk-based evaluation of potential
climate change impacts

Bush et al. (1998) presented a methodology for consid-
ering the impact of projected climate change within
the framework of the engineering design process. They
also explained how the same methodology can be uti-
lized to identify and prioritize concerns about existing
facilities with respect to climate change impacts. The
method involves a multi-step approach that first assess-
es the sensitivity of a given project to climate change
and then the consequences of any potential failures.
The relationship between sensitivity and consequences
defines the risk that climate change poses to the proj-
ect. Finally, the degree of sensitivity and the severity of
the consequences are used to determine what level of
climate-change impact analysis should be carried out
for a given project.

The sensitivity of a particular infrastructure project to
climate change is determined by a number of factors,
including the initial soil and permafrost temperatures,
the temperature dependence of the material proper-
ties, the project lifetime, and the existing over-design
or safety margin that might be included in the design
for other reasons. Bush et al. (1998) included a proce-
dure for categorizing these effects and determining the
climate sensitivity of a project using a scale of high,
medium, or low.

Any analysis of the consequences of failure begins with
a determination of all relevant failure scenarios. These
scenarios are then evaluated qualitatively using a scale
of catastrophic, major, minor, or negligible, consider-
ing not only potential physical damage to the infra-
structure but also socioeconomic or cultural impacts.

The final step in the screening process involves the
determination of the level of climate-change impact
analysis required at the design stage. Bush et al. (1998)
included a table that suggests a level of analysis as a
function of the degree of risk indicated by the project
sensitivity and failure consequences. Level A requires a
detailed quantitative analysis relying on numerical geo-
technical models with refined input parameters, inde-
pendent expert review, and a field-monitoring program
with periodic evaluation of performance. Level B
requires more limited quantitative analysis and also
suggests a field-monitoring program. Level C suggests
the use of qualitative analysis based on professional
judgment, and Level D does not require any analysis of
climate change impacts. This framework provides an
organized approach to incorporating projected climate
change into the design of arctic infrastructure projects.

16.4.2. Design thawing and freezing
indices

Section 16.2.2.2 introduced the concept of air thawing
and freezing indices. For design purposes, the design
air thawing index (ATI) is commonly defined as the
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average ATI for the three warmest summers in the lat-
est 30 years of record, or the warmest summer in the
latest 10 years of record if 30 years of record are not
available (Andersland and Anderson, 1978; Andersland
and Ladanyi, 1994).

In Norway, statistical analysis of historic meteorological
data is used to determine design air freezing indices
(AFIs) with varying probabilities of occurrence
(Heiersted, 1976). A similar approach can be used for
determining design ATIs in permafrost areas (Instanes,

A., 2003).

Table 16.10 shows different design ATIs and their
probability of occurrence. The two-year design ATI
(ATL,) is approximately equal to the 30-year mean of
the ATIL. The average ATI for the three warmest sum-
mers in the latest 30 years of record usually lies some-
where between ATI, | and ATI, . The magnitude of
potential thawing incorporated in a design is dependent
on the type of foundation or structure and the conse-
quences of differential settlement or failure. For road
embankments, ATI, to ATI, ; is commonly used, while
for buildings, ATI,  to ATI
tive structures, such as power plants and oil or gas

is used. For more sensi-
pipelines, higher design ATIs should be considered.

In thermal analyses using advanced methods such as
finite-element models, the design ATI is usually repre-
sented by a time series or sine curve that combines an
average winter (AFl,) and a design summer. Maximum
thaw depth and permafrost temperature are usually
caused by a combination of warm winters and summers.
Therefore, combinations of warm winters (low AFI) and
warm summers (high ATT) should also be considered.

Section 16.2.2.4 describes projected changes in freez-
ing and thawing indices calculated using output from
the ACIA-designated climate models. Figures 16.26
and 16.27 present an example of projected design
freezing and thawing indices for Kugluktuk (Copper-
mine), Canada. The values from 1940 to 2000 are
based on observations, while those from 2000 to 2100
are based on output from the CGCM2 model. The fig-
ures show curves for the 30-year mean value (probabil-
ity of occurrence 50%); the mean of the warmest 3
years during the last 30 years; the warmest year during
the last 10 years; AFL, /AT, (probability of occurrence

Table 16.10. Design air thawing indexes (ATls).

Magnitude of Probability of Predicted number of

thawing occurrence in any  occurrences

given year (%)
ATI, 50 once in 2 years
ATl 10 once in 10 years
ATl,, 5 once in 20 years
ATl 00 | once in 100 years
ATl 00 0.1 once in 1000 years
A 0.01 once in 10000 years
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Fig. 16.26. Projected air freezing index (AFl) design levels for
Kugluktuk (Coppermine), Canada (Instanes A. and Mjureke, 2002b).

5%); AFI, /ATIL,, (probability of occurrence 2%); and
AFI, \/ATIL .

Figure 16.26 shows that the 30-year mean design AFI is
projected to decrease from approximately 4850
degree-days in 1960 to 3850 degree-days in 2100.

This represents an increase in winter (October—March)
temperatures of approximately 5 to 6 °C. Figure 16.27
shows that the 30-year mean design ATI is projected to
increase from approximately 720 degree-days in 1960
to 1430 degree-days in 2100. This represents an
increase in summer (April-September) temperatures
of approximately 4 °C. Instanes A. and Mjureke
(2002b) presented similar plots of design freezing and
thawing indices for the 21 stations listed in Table 16.3.

Using such projections, it is possible to estimate the
potential impacts of climate change on specific struc-
tures in the Arctic while also including the effect of
natural variability. Such an analysis has been carried out
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Fig. 16.27. Projected air thawing index (ATI) design levels for
Kugluktuk (Coppermine), Canada (Instanes A. and Mjureke, 2002b).

for Svalbard Airport (Instanes A. and Mjureke, in
press), using observed air temperature data for 1930 to
2000 and future temperature projections obtained by
statistical downscaling of output from the ECHAM4/
OPYC3 GSDIO integration (Hanssen-Bauer et. al,
2000, see also section 4.6.2). Figures 16.28 and 16.29
show the results of the analysis. Figure 16.28 shows
that average thaw depths are projected to increase by as
much as 50% between 2000 and 2050. As Fig. 16.29
shows, March ground temperatures at 2 m depth are
projected to undergo the greatest increase (~4 °C)
between 2000 and 2050, while the corresponding
September temperatures are projected to increase by
only 1 °C. At 40 m depth, mean annual temperatures
are projected to increase by approximately 2 °C by
2050. At depths of 10 m and more, seasonal tempera-
ture variations are small. The climate scenario used in
this study projects greater air temperature increases in
winter than summer, which contributes to the strong
positive trend in March temperatures at 2 m depth.
The weak trend in September temperatures at 2 m is
largely explained by the proximity of the 0 °C
isotherm and the latent heat of the associated phase
change. At shorter timescales, the large fluctuations in
March ground temperatures reflect variable projected
winter conditions, while summer conditions are
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Fig. 16.29. Projected ground temperature changes at depths of
2, 10,and 40 m below the Svalbard Airport runway (Instanes A.
and Mjureke, in press)
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projected to be more uniform. This analysis suggests
that the design of structures sensitive to thaw settle-
ment should utilize the risk-based method described in
section 16.4.1.

Instanes A. (2003) reported that the design lifetime for
structures in permafrost regions is typically 30 to

50 years. Within this time frame, the structure should
function according to design with normal maintenance
costs. Total rehabilitation, demolition, and replacement
of old structures must be expected and are part of sen-
sible infrastructure planning and engineering practice.
The effects of climate change on arctic infrastructure
are, as previously indicated, difficult to quantify.
Structural damage is often blamed on climate change,
when a thorough investigation and case history indi-
cates that the cause is either human error or the design
lifetime being exceeded.

16.4.3. Coastal areas

Numerous arctic communities face the challenge of
increased coastal erosion and warming of permafrost.
The combined problems of increased wave action, sea-
level rise, and thermal erosion have no simple engineer-
ing solutions. Two examples of erosion problems threat-
ening communities and industrial facilities in Canada
and Russia are discussed in the following sections.
Coastal erosion is discussed in detail in section 6.9.

16.4.3.1. Severe erosion in Tuktoyaktuk, Canada

Tuktoyaktuk is the major port in the western Canadian
Arctic and the only permanent settlement on the low-
lying Beaufort Sea coast. The location of Tuktoyaktuk
makes it highly vulnerable to increased coastal erosion
due to decreased extent and duration of sea ice, acceler-
ated thawing of permafrost, and sea-level rise. The Tuk-
toyaktuk Peninsula is characterized by sandy spits, barri-
er islands, and a series of lakes that have resulted from
collapsed ground due to permafrost thawing (“thermo-
karst” lakes). Erosion is already a serious problem in and
around Tuktoyaktuk, threatening cultural and archeologi-
cal sites and causing the abandonment of an elementary
school, housing, and other buildings. Successive shore-
line protection structures have been rapidly destroyed by
storm surges and accompanying waves.

As climate change proceeds and sea-level rise acceler-
ates, impacts are likely to include further landward
retreat of the coast, erosion of islands, more frequent
flooding of low-lying areas, and breaching of fresh-
water thermokarst lakes and their consequent conver-
sion into brackish or saline lagoons. The current high
rates of cliff erosion are projected to increase due to
higher sea levels, increased thawing of permafrost, and
the increased potential for severe coastal storms during
the extended open-water season. Attempts to control
erosion at Tuktoyaktuk will become increasingly expen-
sive as the surrounding coastline continues to retreat,
and the site could ultimately become uninhabitable.
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16.4.3.2. Erosion threatens Russian oil storage

facility

The oil storage facility at Varandei on the Pechora Sea
was built on a barrier island. Damage to the dunes and
beach due to construction and use of the facility accel-
erated natural rates of coastal erosion. The Pechora Sea
coasts are considered to be relatively stable, except
where disturbed by human activity. Because this site has
been perturbed, it is more vulnerable to damage from
storm surges and the accompanying waves that will
become a growing problem as climate continues to
warm. As with the other sites discussed here, the reduc-
tion in sea-ice extent and duration, thawing coastal
permafrost, and rising sea level are projected to exacer-
bate the existing erosion problem. This provides an
example of the potential for combined impacts of cli-
mate change and other anthropogenic disturbances.
Sites already threatened due to human activity are often
more vulnerable to the impacts of climate change.

16.4.4. Summary

In areas of continuous permafrost, projected climate
change is not likely to pose an immediate threat to
infrastructure if the correct permafrost engineering
design procedures have been followed; the infrastruc-
ture has not already been subjected to one of the fac-
tors mentioned at the beginning of this section or
strains exceeding design values; and the infrastructure
is not located on ice-rich terrain or along coastlines
susceptible to erosion. Maintenance costs are likely to
increase relative to those at present, but it should be
possible to gradually adjust arctic infrastructure
(through replacement and changing design approaches
over time) to a warmer climate.

Projected climate change is very likely to have a seri-
ous effect on existing infrastructure in areas of discon-
tinuous permafrost. Permafrost in these areas is already
at temperatures close to thawing, and further tempera-
ture increases are very likely to result in extremely
serious impacts on infrastructure. However, consider-
able engineering experience with discontinuous
permafrost has been accumulated over the past centu-
ry. Human activities and engineering construction very
often lead to extensive thawing of both continuous and
discontinuous permafrost. Techniques to address
warming and thawing are already commonly used in
North America and Scandinavia.

If the projections and trends presented in this assess-
ment do occur over the next five to ten years, this is
very likely to have a serious impact on the future design
of engineering structures in perrnafrost areas. However,
engineering design should still be based on actual mete-
orological observations and a risk-based method.

The most important engineering considerations related
to projected climate change include: that risk-based
methods should be used to evaluate projects in terms
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of potential climate change impacts; that design air
thawing and freezing indices should be updated annual-
ly to account for observed climate variations and
change; and that mitigation techniques such as artificial
cooling of foundation soils should be considered as sit-
uations require.

In coastal areas, shore protection measures have to
some extent reduced local erosion rates. However,
thawing and erosion of ice-rich coastal sediments is a
process that has been ongoing since the last glaciation
and cannot be reversed given present climate trends.

16.5. Gaps in knowledge and research
needs

The main gaps in knowledge are the lack of site-specif-
ic scenarios providing the probability of occurrence of
various meteorological conditions (temperature, pre-
cipitation, wind, snow and sea-ice thickness and
extent, waves, and erosion rates). Monitoring of infra-
structure and the coastal environment is essential, as
are climate sensitivity analyses.

It is also important to combine engineering knowledge
with socioeconomic development scenarios and envi-
ronmental impact assessments (see Chapters 3, 12, and
15) to evaluate how projected climate change may
affect human lives in the Arctic in the future. Studies
examining impacts and socioeconomic assessments

have been performed in Canada (Couture et al., 2001).

Studies are also underway for other regions of the
Arctic, including Alaska (University of Alaska, Institute
of Social and Economic Research) and northwest
Russia (Centre for Economic Analysis, Oslo; Norwe-
gian Institute of International Affairs, Oslo; and the
Fridtjof Nansen Institute, Bergen).
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Summary

Climate change occurs amid myriad social and natural
transformations. Understanding and anticipating the
consequences of climate change, therefore, requires
knowledge about the interactions of climate change and
other stresses and about the resilience and vulnerability
of human—environment systems that experience them.
Vulnerability analysis offers a way of conceptualizing
interacting stresses and their implications for particular
human—environment systems. This chapter presents a
framework for vulnerability analysis and uses this frame-
work to illuminate examples in Sachs Harbour, North-
west Territories, Canada; coastal Greenland; and Finn-
mark, Norway. These examples focus on indigenous peo-
ples and their experiences or potential experiences with
climate change, organic and metallic pollution, and
changing human and societal conditions. Indigenous peo-
ples are the focus of these studies because of their (gen-
erally) close connections to the environments in which
they live and because of the coping and adaptive strate-
gies that have, for generations, sustained indigenous peo-
ples in the highly variable arctic environment. The Sachs
Harbour and Greenland examples are cursory since
vulnerability field studies in these areas have yet to be
undertaken. The Finnmark example provides a more
in-depth analysis of Sami reindeer herding developed
through a collaborative effort involving scientists and
herders, a subset of whom are authors of this chapter.
These examples reveal a number of factors (e.g., changes
in snow quality, Changes in ice cover, contaminant con-
centrations in marine mammals, regulations, resource
management practices, community dynamics, and eco-
nomic development) likely to be important in determin-
ing the vulnerability of arctic peoples experiencing envi-
ronmental and social change. The examples also illus-
trate the importance of understanding (and developing
place-based methods to refine this understanding) stress
interactions and the characteristics of particular human—
environment systems, including their adaptive capacities.
Moreover, meaningful analyses of human—environment
dynamics require the full participation of local people,
their knowledge, perspectives, and values.

Full vulnerability assessments for communities in Sachs
Harbour and coastal Greenland, require in-depth inves-
tigations into what the people living in these areas view
as key concerns and how these residents perceive the
interrelations among, for example, natural resources
and resource use, climate change, pollution, regula-
tions, markets, and transnational political campaigns.
This information will contribute to the identification of
relevant stresses and to analysis of adaptation and cop-
ing, historically, presently, and in the future. For the
Finnmark case study next steps should include attaining
a more complete understanding of interrelations among
reindeer herding, climate change, and governance and
how reindeer herders might respond to consequences
arising from changes in these factors. This case study
highlights a number of other areas for future and/or
continued investigation. These include analysis of the
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possibility that governmental management authorities
or herders might respond to environmental and social
changes in ways that enhance or degrade the reindeer
herding habitat, and a more in-depth inquiry into
extreme events and their implications for sustainable
reindeer herding.

A comprehensive picture of the vulnerability of arctic
human—environment systems to climate change and
other changes will benefit from further development of
case studies, longer periods of longitudinal analysis, and
more comprehensive research with interdisciplinary
teams that include local peoples as full participants.
Case studies should be selected to provide information
across a wide array of human—environment systems and
conditions so as to enable comparative work across sites.
This will lead to refinements in the vulnerability frame-
work and improved understanding of resilience and vul-
nerability in this rapidly changing region.

17.1. Introduction

The impact assessments in the preceding chapters
demonstrate significant effects that climate change and
increases in ultraviolet (UV) radiation are now having
and are expected to have on arctic peoples and ecosys-
tems. These chapters also illustrate that (1) climate
change and increases in UV radiation occur amidst a
number of other interacting social and environmental
changes, (2) the consequences of social and environmen-
tal changes depend on the interconnectedness of human
and environmental systems and the ability of these cou-
pled systems to cope with and otherwise respond to
these changes, and (3) these changes and their conse-
quences occur within and across scales from local to
regional and even global dimensions (NRC, 1999).
Assessments of potential impacts of social and environ-
mental change in the Arctic will benefit from formalized
frameworks for conceptualizing and analyzing these
three characteristics and their implications for the
dynamics of arctic social and biophysical systems.

The fund of knowledge and learning that underpins
these frameworks is based in risk—hazard and vulnerabil-
ity studies, but only in recent years have these frame-
works been applied in studies of arctic human and envi-
ronment systems. Thus, unlike earlier chapters, this
chapter does not have the benefit of a large body of pub-
lished literature from which conclusions can be drawn
regarding the resilience of arctic peoples and ecosystems
in relation to future climate change and its interactions
with other social and environmental changes.

This chapter develops the case for using a vulnerability
framework to explore these interactions and ultimately
to generate understanding as to where resilience, made
possible through coping and adaptive strategies, could be
effective in diminishing future climate change impacts in
arctic coupled human—environment systems. “Coupled
human—environment system” refers to the ensemble of
inextricable relationships linking people and the environ-
ment within which they live. Use of the word “system”
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should not complicate this term, but rather it should
communicate that various elements, from politics and
history to the behavior of individuals and the ecology of
plants and animals, form a complex whole. A vulnerabil-
ity analysis that builds upon the assessment of climate
impacts will consider a climate event in the context of
other stresses and perturbations that together produce
impacts of a compound character (Kasperson J. and
Kasperson, 2001). Elements of a vulnerability approach
are evident throughout preceding chapters of this assess-
ment. The concept of vulnerability itself is noted in
Chapters 1, 3, and 12, and adaptation and resilience are
important themes in the overall assessment, particularly

in Chapters 1, 3,7, 11,12, and 13.

This chapter uses the definitions of vulnerability and its
elements that were adopted in the Third Assessment
Report of the Intergovernmental Panel on Climate
Change with vulnerability defined as the degree to
which a system is susceptible to, or unable to cope with,
adverse effects of stresses. Vulnerability is a function of
the character, magnitude, and rate of change in stresses
to which a system is exposed, its sensitivity, and its adap-
tive capacity. Exposure is the degree to which a system
is in contact with particular stresses. Sensitivity is the
degree to which a system is adversely or beneficially
affected by stimuli. And adaptive capacity (or resilience)
refers to a system’s ability to adjust, to moderate possi-
ble harm, to realize opportunities, or to cope with con-

sequences (IPCC, 2001b).

The presentation of vulnerability analysis in this chapter
rests on three primary assumptions: (1) arctic human—
environment systems are experiencing multiple and
interacting stresses in addition to changes in climate and
UV radiation; (2) consequences of social and environ-
mental change depend upon how human—environment
systems respond to such changes; and (3) the dynamics
of changes, adaptations, and consequences span varied
scales. Climate change and UV radiation increases trig-
ger changes in ecosystems upon which arctic residents
depend. For example, global warming is expected to
increase net primary productivity in terrestrial and
freshwater ecosystems (IPCC, 2001b; see also Chapters
7 and 8), but increased UV radiation penetration is likely
to adversely affect productivity in aquatic ecosystems
(AMAP, 1998). Although the Arctic is still a relatively
pristine environment compared with many other areas,
this region is experiencing significant problems associat-
ed with contaminants such as persistent organic pollu-
tants (POPs) and heavy metals (AMAP, 1998, 2002).
Climate change and exposure to pollutants interact,
since changes in ice cover and runoff can cause lakes to
become greater sinks for river-borne contaminants, and
increased catchment rates and melting ice can lead to
wider dispersion of pollutants. Moreover, sea-ice reduc-
tions can speed the entry of POPs trapped in Arctic
Ocean ice into the food chain, posing risks to humans
(AMAP, 2003; IPCC, 2001b). Linked human health
effects of UV radiation, arctic diets, and pollutants have
received little attention, but are plausible (De Fabo and

Bjérn, 2000). Clearly, an assessment of arctic vulnerabil-
ities and the adaptive capacities that can modify vulnera-
bilities requires a holistic understanding of multiple
drivers of change and their interactions.

Examples of resilience are also illustrated in the preced-
ing chapters of this assessment. Consequences arising
from climate change and increased UV radiation depend
in large part both on the interconnectedness of human—
environment systems and the capacities of these systems
to respond to changes (see especially Chapters 1, 3, 7,
11, 12, 13; Freeman, 2000; Stenbaek, 1987). As noted
by the authors of the Mackenzie Basin Impact Study:

Traditional lifestyles could be at risk from climate
change, but this new challenge will not occur in a
vacuum. Population growth and economic and institu-
tional changes will influence the North’s sensitivities
and vulnerabilities to climate variability and climate
change. They will also influence how regions and
countries respond to the prospects of a global scale
phenomenon that could affect their climate no matter
what they do on their own. Cohen, 1997

Studies of some regional arctic seas have also considered
changes in factors that will interact with climate change.
One such example is the Barents Sea Impact Study,
which examines the possible mobilization of contami-
nants on the Kola Peninsula. The success of the Barents
Sea Impact Study rests on a number of factors including
place-based research that addresses socio-economic fac-
tors, the inclusion of indigenous knowledge, and atten-
tion to cross-scale interactions (Lange et al., 2003).

How arctic peoples experience, respond to, and cope
with environmental phenomena will be shaped to some
degree by the social changes they have experienced in
the past (Freeman, 2000; Stenbaek, 1987; Chapters 1, 3,
11, 12, 13). Increasingly these changes concern relation-
ships between local and central governments (Chapter
3), ties to a global economy and external markets and
ways of life (Chapters 11 and 12), campaigns relating to
animal rights and environmental issues (Chapter 12),
resource management systems grounded in transnational
as well as domestic policy fora (Chapters 11, 12, 13),
habitat loss due to urbanization, industrial development,
and agriculture (Chapter 11), and extraction of non-
renewable resources (Chapters 11, 12, 16). Additional
contemporary concerns of high priority for arctic peo-
ples include poverty, domestic violence, substance abuse,
inadequate housing, and substandard infrastructure

(Chapters 3, 15, and 16).

Analysis of these and other changes and their implica-
tions for arctic human—environment systems must take
account of dynamics at different scales. Some changes,
such as those associated with climate change, for exam-
ple, originate outside the Arctic, and arctic peoples con-
tribute little to their sources. At the same time, the
lives of many arctic peoples are closely interconnected
with their environments through fishing, hunting, herd-
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ing, and gathering (see Chapters 3 and 12). These
relationships are also evolving, through, for example,
technological changes, which can influence the future
sustainability of arctic livelihoods. These close ties to
transnational processes and intimate relationships
between many arctic people and their environments
underscore the importance of examining the vulnerabil-
ity of particular arctic human—environment systems
within the context of dynamics operating within and
across local, regional, and global levels.

Social and environmental changes often yield benefits,
as well as adverse effects for human—environment sys-
tems (Chapter 12). It is, therefore, appropriate to ask:
in addition to the obvious desire to minimize future
adverse effects of climate and other changes, in what
ways might new opportunities be realized? Climate
change could lead to increased vegetation growth/cover
(Chapter 7), increased production of reindeer meat,
new trade routes (Chapter 12), and new or intensified
forms of commercial activity. Innovations in hunting
equipment and practices might enable some hunters to
hunt even more effectively and sustainably under snow
and ice cover alterations brought about by climate
change. Hunters may adapt to climate change by chang-
ing the type of species that they hunt and by altering the
location, timing, and intensity of hunting. They may also
take actions to minimize risk and uncertainty under
unpredictable climate and ice conditions (e.g., by taking
greater safety precautions or by electing not to hunt or

fish) (Chapter 12).

The integrated vulnerability analysis described in this
chapter begins with a general framework from Turner et
al. (2003a). This framework provides a means of con-
ceptualizing the vulnerability of coupled human—
environment systems, under alterations in social and
biophysical conditions arising from and interacting
across global, regional, and local levels (e.g., NRC,
1999). Two examples are given where the extension of a
climate impact analysis to a vulnerability analysis would
be a logical next step. An example of a fully participato-
ry exercise with a Sami reindeer herding community in
the Finnmark area of northern Norway is then used to
explore aspects of vulnerability in their reindeer-
herding livelihood. A full understanding of vulnerability
in any of the systems examined is beyond the scope of
this chapter. Such an analysis would require in-depth
fieldwork and extensive participation of arctic residents
(e.g., in planning and carrying out the assessment, in
determining the stresses of greatest concern to them,
in generating and disseminating results, etc.). The initial
phase of work presented here illustrates, however, pre-
liminary results of a conceptual and methodological
approach to vulnerability analysis. These results offer
insights into: the vulnerability of particular arctic
human—environment systems to multiple human and
environmental changes, how human and environmental
conditions and behavior might attenuate or amplify
these changes and their consequences, and what options
exist to reduce vulnerability (see Turner et al., 2003a).
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Examples used in this chapter focus on the experiences
and likely future prospects for indigenous communities
and the environments upon which they depend.
Although non-indigenous populations far outnumber
indigenous peoples in the Arctic, there are a number of
reasons why a focus on indigenous livelihoods is particu-
larly suited for initial analyses of interactions between
climate and other factors that can contribute to the vul-
nerability of arctic residents. First, analyses of vulnerabil-
ity require an understanding of human—environment
interactions and their historical evolution. Such connec-
tions can be complex and difficult to discern. Indigenous
ways of life, however, often offer ready insights into the
ways in which people depend upon and adapt to their
surroundings. Many indigenous peoples, for example,
have livelihoods based partly or wholly on subsistence
activities that entail strong human—environment relation-
ships that have persisted through many generations.
These activities include hunting, fishing, herding, and/or
gathering, and their execution requires knowledge about
the highly variable arctic environment, how to interact
and cope with it, and how earlier generations adapted to
past changes (Krupnik and Jolly, 2002). Second, analyses
of vulnerability have the greatest potential for informing
decisions regarding adaptation and mitigation when there
is a distinct possibility of social and environmental loss.
Arguably, the potential for such loss is particularly acute
in indigenous arctic communities as they encounter var-
ied forms of environmental and social change.

Rates of climate changes projected for some regions of
the Arctic exceed, however, those likely to have been
experienced during multiple past human generations.
Thus, the resiliencies sufficient during the past may or
may not suffice in the future. Moreover, while not all
forms of likely future change portend likely negative
consequences, climate change, UV radiation exposure,
transboundary air pollution, and economic globaliza-
tion, singly and in combination have the potential to
adversely affect long-standing indigenous cultural prac-
tices, livelihoods, economies, and more. It is also note-
worthy that among arctic residents a much larger body
of literature is available on the resilience of indigenous
peoples’ livelihoods in response to climate change and
in the context of multiple stressors.

The prospect of climate change in the Arctic has now
begun to seriously influence planning in this region.
Over an even shorter period researchers have begun

to explore the degree to which likely future climate
change will interact with other factors in the broader
realm of human—environment interactions. At this early
stage in the development of methodologies to quantita-
tively assess the vulnerability of different aspects of the
human—environment system, studies of indigenous
arctic communities are timely. Studies of indigenous
peoples in other areas can now provide a common con-
text within which to test characterizations of human—
environment systems and their interactions, and to
advance integrative data collection and analytical
methodologies. Notable among these approaches is the
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absolute necessity of co-generating knowledge of expo-
sures, sensitivities, and resiliencies inherent in these
systems by involving indigenous peoples at the earliest
stages of research planning and analysis.

Analyses of indigenous communities can also yield
insights into the lives and livelihoods of non-indigenous
arctic residents. However, without the same degree of
historical and cultural ties to localities and ways of life,
and with greater freedom to relocate, perhaps to an
area outside the Arctic, non-indigenous residents will
be vulnerable to likely future change in the Arctic in
different ways. Eventually, suites of case studies
focused on indigenous peoples and non-indigenous
peoples and their environments will form useful
comparative analyses from which questions regarding
comparative resiliencies and ultimately their relative
vulnerabilities can be assessed.

17.2. Conceptual approaches to
vulnerability assessments

Large-scale studies of climate impacts have begun to
examine the vulnerability of social and ecological sys-
tems to climate change. The seminal work of Timmer-
man (1981) provided intellectual underpinning for link-
ing the concepts of vulnerability, resilience, and climate
change. Examples of recent projects that incorporate
these perspectives include the IPCC (particularly the
contribution of Working Group II to the Third Scientific
Assessment; [IPCC 2001b), the Assessments of Impacts
of and Adaptation to Climate Change in Multiple
Regions and Sectors (AIACC) implemented by the
United Nations Environment Programme, the Finnish
global change research projects FIGARE and SILMU, the
European Commission project on Tundra Degradation in
the Russian Arctic (TUNDRA), the Norwegian project
NORKLIMA, the US National Assessment of Climate
Change Impacts on the United States (NAST, 2000), and
the Regional Vulnerability Assessment (ReVA) Program
under the United States Environmental Protection
Agency (Smith, 2000). Some of these assessments were
based on published research, and as such are limited in
their completeness with respect to their spatial coverage,
and especially to their inclusiveness of other stressors
that can interact with climate to influence the vulnera-
bility of human—environment systems. Other assess-
ments are underway, and the surge in vulnerability
research over the last few years will ensure that future
climate impact assessments are more complete with
respect to interactions with other stressors.

Vulnerability analysis is rooted in a long history

(e.g., Cutter, 1996; Dow, 1992; Downing, 1992; Kates,
1971; Liverman, 1990; Turner et al., 2003a; White,
1974), and in research traditions (for recent reviews see
Cutter, 1996; Golding, 2001; Kasperson ]. et al., 2003;
Polsky et al., 2003; Turner et al., 2003a) that encom-
pass work on risk—hazards—disasters (Blaikie et al.,
1994; Cutter, 1996), climate impacts (Cutter, 2001;
IPCC, 1997; Kates et al., 1985; Parry 1978; Parry et

al., 1998), food security (Bohle et al., 1994; Downing,
1991; Easterling, 1996), national security (Bachler,
1998; Dabelko and Simmons, 1997; Gilmartin et al.,
1996; Homer-Dixon and Blitt, 1998; Winnefield and
Morris, 1994), and resilience (Berkes and Folke, 1998;
Berkes et al., 2003; Turner et al., 2003a). Much of the
applied hazards, climate impact, and food security
research to date has focused on the source of and
potential exposure to a hazard, and has sought to
understand the magnitude, duration, and frequency of
this hazard and the sensitivity of the exposed system
(Burton et al., 1978; Cutter, 1996).

It is common to distinguish between impacts and
vulnerability perspectives by saying that the former
focuses more on system sensitivities and stops short of
specifying whether or not a given combination of stress
and sensitivity will result in an effective adaptation.
The latter emphasizes the factors that constrain or
enable a coupled human—environment system to adapt
to a stress. Another distinction that has been drawn
between climate impact and vulnerability assessments is
that the former proceeds by examining a climate event
and the stresses that are exerted upon an exposure unit
to produce critical downstream outcomes. The latter, by
contrast, considers the climate event in the context of
other stresses and perturbations that together produce
impacts from compound events (Vogel as quoted in
Kasperson ]. and Kasperson 2001).

These distinctions are, however, to some degree oversim-
plifications, since a lack of emphasis on adaptation
applies more to past empirical studies of climate change
impacts than to the conceptual underpinnings of such
studies. Adaptation has long been at the heart of the
debate on reducing vulnerability to environmental stress-
es (Turner et al., 2003a). Even the early models on cli-
mate change impacts (e.g., Kates et al., 1985) consider
the importance of adaptation, and the same applies to the
broader, related literature on risk/hazards (e.g., Burton
etal., 1978; Cutter, 1996; Kasperson R. et al., 1988)
and food security (e.g., Bohle et al., 1994; Downing,
1991). Parry and Carter (1998) also acknowledge the
seminal ideas of Kates (1985) on this topic and go on to
discuss the evolution from a climate impact approach to
a climate interaction approach. They describe how the
severe economic hardship experienced by Canadian
prairie farmers in the 1930s arose as a result of interac-
tion among multiple factors. “Economics, weather and
farming technology interacted to create a severe eco-
nomic and social impact that was perhaps preconditioned

by the Depression but triggered by drought.”

Thus, increasing interest in “global change vulnerability”
is not so much the result of a revolution in ideas —
although the theoretical bases are maturing (e.g., Adger
and Kelly, 1999) — but more a response to a general dis-
satisfaction with the ways in which adaptive capacity has
been captured in empirical research and the associated
need to reconnect with this concept if climate impact
and global change models are to improve.
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Increasingly, studies of vulnerability go beyond under-
standing the behavior of a stress and the degree to which
an exposed system reacts adversely or beneficially
(Holling, 1996, 2001). These studies also investigate

(1) ways in which the exposed system might respond to,
intensify, and/or ameliorate the effects of multiple stress-
es; and (2) why the same hazard might affect different
systems in different ways and what system characteristics
(including political economy, social structures and insti-
tutions) help to explain this variation. The concept of
resilience in ecological studies has also informed treat-
ment of adaptive capacity in vulnerability assessment
(Resilience Alliance, no date; Walker et al., 2002).
Resilience generally refers to the ability of a system to
return to a reference state or remain within a range of
desirable states following a perturbation. Berkes and
Jolly (2001) have pointed out that the concept of
resilience has three defining characteristics. It is a meas-
ure of: the amount of change the system can experience
and still retain the same controls on function and struc-
ture; the degree to which the system is capable of self-
organization; and the systems’ ability to sustain and
increase its capacity for adaptation.

Similarly, adaptive capacity refers to ecosystem flexibili-
ty and social system responsiveness in the face of distur-
bances (Turner et al., 2003a). According to one line of
thought in political ecology, for example, adaptive
capacity derives from human ecology of production,
entitlements pertaining to market exchanges, and
political economy (Bohle et al., 1994). These factors
depend, for example, on resources available to a social
group, the ability to sell these resources, the selling
price, and access to markets (Sen, 1981). In addition,
social, institutional, and political conditions might affect
the ability of a social system to utilize resources or
make other adjustments in overcoming the effects of a
disaster such as drought (Turner et al., 2003a). Initia-
tives such as the Management of Social Transformations
Programme’s Circumpolar Coping Processes Project
(MOST CCPP) advances understanding of human
responses to environmental and other forms of change.
MOST CCPP is a cross-disciplinary network compris-
ing participants from Norway, Finland, northwest
Russia, Denmark, Faroe Islands, Greenland, Iceland,
Canada, and Sweden. This project is a comparative
research endeavor that examines ways in which local
authorities, civil society actors, and enterprise networks
cope locally and regionally with global technological,
economic, and environmental changes.

Researchers are also increasingly attentive to the socio-
ecological, multi-scalar, and dynamic nature of vulnera-
bility. Studies aimed at understanding the vulnerability
of particular places are forgoing the tendency to treat
social and biophysical vulnerability as separate condi-
tions (e.g., see Adger and Kelly, 1999; Kelly and Adger,
2000). They are instead examining the vulnerability of
the coupled human—environment system with place-
based approaches (Cutter, 1996; Turner et al., 2003a)
(also see Berkes and Folke, 1998; Berkes et al., 2003).
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In addition, conditions and phenomena spanning glob-
al, national, and local levels can have important impli-
cations for the vulnerability of specific people and
areas. For example, the globalization of markets, tech-
nological innovations originating abroad, changes in
national policy, and the condition of local infrastruc-
ture could all potentially increase or decrease the vul-
nerability of a particular household or community to
drought or flood (Leichenko and O’Brien, 2002). The
ever-changing character of biogeophysical, environ-
mental, institutional, economic, and political processes
that influence human—environment systems requires
that vulnerability be treated as a process (Handmer et
al., 1999; Leichenko and O’Brien, 2002; Reilly and
Schimmelpfenning, 1999). In its simplest static state
vulnerability can be seen as the residual of change after
considering the resilience and adaptive capacity of a
system. However, the dynamic nature of these process-
es requires that vulnerability also be considered as an
integral part of the change rather than external to it.

17.2.1. A framework for analyzing
vulnerability

Building on this history, the combined effects of climate
and other stressors can be examined via the following
questions:

1. How do social and biophysical conditions of
human—environment systems in the Arctic influ-
ence the resilience of these systems when they are
impacted by climate and other stressors?

2. How can the coupled condition of these systems be
suitably characterized for analysis within a vulnera-
bility framework?

3.To what stresses and combinations of stresses are
coupled human—environment systems in the Arctic
most vulnerable?

4.To what degree can mitigation and enhanced adap-
tation at local, regional, national, and global scales
reduce vulnerabilities in these systems?

Answers to these questions require a holistic research
approach that addresses the interconnected and multi-
scale character of natural and social systems. A frame-
work for this approach (Fig. 17.1) depicts a cross-scale,
coupled human—environment system. The multiple and
linked scales in each diagram are reflected in the nesting
of different colors with blue (place), pink (region), and
green (world). The place (whatever its spatial dimen-
sions) contains the coupled human—environment system
whose vulnerability is being investigated. Figure 17.2
presents a more detailed schematic of the place. The
influences (including stresses) acting on the place arise
from outside and inside its borders. However, given the
complexity and possible non-linearity of these influences,
their precise character (e.g., kind, magnitude, and
sequence) is commonly specific to the place-based sys-
tem. This system has certain attributes denoted as human
and environmental conditions. These conditions can
interact with one another and can enable or inhibit cer-
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tain responses in, for
example, the form of cop-
ing, adaptation, and
impacts. Negative impacts

at various scales result
when stresses or perturba-
tions exceed the ability of
the place-based human—

environment system to
cope or respond. There are
a number of feedbacks and
interactions within and
around the place-based
system and these dynamics
can extend across place-
based, regional, and global
levels. Impacts and miti-
gating and adaptive
responses, for example,
can modify societal condi-
tions of the place and/or
alter societal and environ-
mental influences within

the place and at regional Drivers/Causes Consequences
and global scales.
Fig. 17.1. Vulnerability framework (Turner et al., 2003a).
The vulnerability of the '
coupled human—environment system can be Place

thought of as the potential for this system to
experience adverse impacts, taking into considera-
tion the system’s resilience. Adverse impacts
might arise from phenomena such as cli-

mate change, pollution, and social change.
The system’s resilience depends on its abili-
ty to counter sources of adverse change
and to adapt to and otherwise cope with
their consequences. Itis important to note
differences between mitigation and adapta-

Environmental L

tion. Mitigation involves the amelioration _ i ..
of a stress at its source (e.g, changes in fos-

sil fuel consumption resulting in reduced green-
house gas (GHG) emissions). While the Arctic is
experiencing the effects of climate change, actions
to mitigate climate change through GHG reduc-
tions are largely dependent on the actions of peo-

ple living at more southern latitudes. Adaptation

(e.g., through mobility, new hunting or fishing

Fig. 17.2. Details of the exposure, sensitivity, and resilience components

practices, and/or the development or adoptlon of of the vulnerability framework (Turner et al., 2003a).

new technologies) requires that resources and
other forms of capacity be accessible to the
human—environment system in question. Such resources tial to conduct “place-based” analyses, where “place-
and capacity can take years, even generations to develop. based” suggests a spatially continuous set of human—
environment conditions or systems (Turner et al.,
17.2.2. Focusing on interactive Changes and 2003a). Since the vulnerability of a system is closely
stresses in the Arctic connected to the particular social and environmental
conditions at a given location, the priorities and per-

The Arctic is experiencing a number of striking social spectives of people living in the location and those of
and environmental changes and influences. While some other stakeholders are essential for identifying the key
are welcome, others (considered stresses) have adverse stresses, and understanding the exposure, sensitivity,
consequences. Given that vulnerability is highly com- and resilience of their coupled human—environment sys-

plex and can vary significantly with location, it is essen- tem (see section 17.3.4). Thus, knowledge, values, and
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understanding held by local residents are integral in
determining which factors are most likely to test
resilience of a system. Recent research on coupled
human—environment systems (Turner et al., 2003a,b)
demonstrates the efficacy of a participatory approach.
The Sachs Harbour and Finnmark examples discussed in
this chapter similarly evidence the importance of col-
laborating with local people and other stakeholders.

Preliminary consultations with arctic researchers and
residents led the authors of this chapter to consider
environmental pollution (POPs and heavy metals) and
trends in human and societal conditions in addition to
climate change and variability and UV radiation as
potential stressors in arctic human—environment sys-
tems. The case for climate change is central to the
Arctic Climate Impact Assessment, and so needs only a
brief review in this section. Changes in UV radiation
also receive considerable attention in the ACIA, but
rather less is known about how possible harmful effects
will be distributed in the Arctic. So little can be done at
this time to assess vulnerability to this potential stress
either in isolation or in combination with other factors.
The comprehensive nature of the Arctic Monitoring and
Assessment Programme (AMAP) studies allow much
more to be said about organic and metal pollution as a
potential stress in arctic systems, so more attention is
given to pollution in this section.

It is important to note that, although they are often
referred to here as stresses, climate change and trends in
human and societal conditions can have positive as well
as negative effects. Changes in climate and climate vari-
ability refer to changes in temperature, precipitation,
snow cover, permafrost, sea ice, and extreme weather
events. Major POPs include DDT (Dichlorodiphenyl-
trichloroethane), PCBs (polychlorinated biphenyls),
HCH (hexachlorocyclohexane), and major heavy metals
include lead (Pb), cadmium (Cd), and mercury (Hg)
(AMAP, 1998, 2002). Human and societal trends of
interest are consumption (especially pertaining to food-
stuffs and technology), settlement patterns and demog-
raphy, governance and regulation (particularly regarding
natural renewable resources), connectivity (e.g., tele-
phones, email, Internet), and markets and trade (Turner
etal., 2003b) (see also Beach, 2000; Bjerregaard, 1995;
Caulfield, 1997, 2000; Kuhnlein and Chan, 2000;
Macdonald et al., 2003; Stenbaek, 1987; Svensson,
1987a,b; Wheelersburg, 1987). More in-depth fieldwork
and analysis might reveal additional high priority stresses
important for these sites.

17.2.2.1. Trends in human and societal conditions

Arctic peoples have experienced significant social
changes over the past few human generations (Freeman,
2000; Stenbaek, 1987) as the Arctic’s borders have
become more permeable to southerners, material
goods, and ways of thinking; as indigenous peoples have
asserted their identity, rights, and culture in legal and
policy forums; and as new relationships have formed
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between local and national governments. The Arctic
Council’s Arctic Human Development Report (AHDR,
2004, especially its chapters on sustainable human
development and economies is a logical and welcome
next step in a synthesis of understanding in this area.
Technology has been an important part of many such
transformations. Satellites, television, the Internet, and
telephones, for example, have revolutionized
communication. Snowmobiles, all terrain vehicles, and
more powerful small boats have brought new modes of
transportation and recreation while accompanying
changes in some hunting, herding, and fishing practices.
The modernization of hunting equipment has also
contributed to changes in approaches to whaling and
marine mammal hunting. Individuals often have
differing views about what types of social changes are
beneficial and what types are unwanted. Some arctic
residents, for example, might support the use of snow-
mobile technology in reindeer herding, while others
might oppose it. Similarly, some people might view cer-
tain forms of human and societal change as adversely
stressing a human—environment system, while others
might view these changes as enhancing the resilience of
that system. In seeking to understand how such changes
bear on the vulnerability of arctic communities, this
chapter examines a variety of human and societal
factors including governance, population dynamics,
migration, consumption, economies, markets and trade,
and connectivity. These represent only a small subset of
topics that constitute human and societal conditions.

In some instances these factors are considered influ-
ences or stresses on the system (e.g., regulations limit-
ing flexibility in reindeer herding). In other instances
these factors can serve as both influences and part of
the system’s adaptive and coping responses (e.g., migra-
tion and changes in consumption).

17.2.2.2. Climate change

Projections of future climate change in the Arctic are
documented in Chapter 4. Temperatures are projected to
increase throughout the Arctic, even in sub-regions that
have shown slight cooling trends in the latter half of the
20th century. Summer sea ice in the Arctic Ocean is
projected to continue to decrease in area and thickness.
The active layer of permafrost is projected to continue to
deepen. Seasonal weather and precipitation patterns are
likely to change, altering forms of precipitation between
rain, freezing rain, and snow, and affecting snow quality.
Recent evidence indicates that many of these changes are
already affecting the distribution and abundances of
terrestrial and marine species (see Chapters 7, 8, 9).
Changes in temperature, precipitation, and storm pat-
terns can affect the type, abundance, and location of ani-
mals and plants available to humans and may lessen the
productivity of certain traditional forms of hunting and
gathering. Decreases in the extent and thickness of sea
ice can alter the distribution, age structure, and size of
marine mammal populations, expose the arctic coast to
more severe weather events, exacerbate coastal erosion,
and affect modes of transportation and the ability of peo-
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ple to reach hunting locations and other villages.
Changes in surface water budgets and wetlands can
change coastal microclimates, alter the size and structure
of peatlands, and result in pond drainage. In addition,
damp, wet air during the traditional “drying season”
makes it difficult to dry and preserve foods for winter
months. These changes would, in turn, result in effects
felt not only in human communities in the Arctic, but in

other areas of the world as well (IPCC, 2001b).

17.2.2.3. UV radiation

Continued ozone depletion and the related problems of
UV radiation exposure are likely to result in serious
human and ecosystem impacts (Cahill and Weatherhead,
2001). UV radiation can harm humans directly via sun-
burn and skin cancer, immune system suppression, and
eye damage, such as cataract photokeratitis (AMAP,
1998; De Fabo and Bjorn, 2000). The synergistic effects
of UV radiation, climate change, and pollution could be
more intense than the effects of any one of these stress-
es acting alone. For example, aquatic organisms that
have assimilated UV-B absorbing polyaromatic hydro-
carbons have shown phototoxic effects when exposed to
UV-B radiation. Exposure to UV radiation has also been
found to increase the toxicity of some chemicals,
especially those associated with oil spills (Cahill and
Weatherhead, 2001).

Adverse effects of UV radiation on arctic plants and ani-
mals can also indirectly affect humans. The vulnerability
of arctic ecosystems to UV radiation is greatest in
spring when ozone depletion is at its maximum and
when new organisms are beginning life. Arctic plants
have fewer protective pigments and are more sensitive
to UV radiation than similar plants in other regions of
the world, partly because at low temperatures plants
are less able to repair UV radiation damage (AMAP,
1998; De Fabo and Bjorn, 2000).

Wildlife can experience UV radiation effects similar to
those found in humans, although fur and plumage mean
skin effects are less likely than eye damage (De Fabo and
Bjérn, 2000). Increased UV radiation may affect fisheries
through changes in planktonic food webs, but these
changes are difficult to predict because they involve
long-term alterations in species adaptation and commu-
nity structure. If UV radiation were to change arctic
aquatic ecosystems, this could in turn affect seabirds and
land predators (e.g., seals, foxes, and bears) that feed on
aquatic organisms (AMAP, 1998).

17.2.2.4. Pollution

AMAP concluded in both of its two recent assessments
that pollution can pose problems in the Arctic (AMAP,
1998, 2002). Heavy metals and POPs are of particular
concern, although there are important regional and local
variations within the Arctic. Both heavy metals and
POPs are transported to the Arctic via long-range air
and water pathways and both bioaccumulate in food

webs (see Fig. 17.3) (AMAP, 2002; Wania and Mackay,
1996). In addition to long-range transport, some pollu-
tants originate from local sources such as the geology,
industrial activities, pesticide use, and private use.

Heavy metals and POPs are associated with several envi-
ronmental risks. These include estrogenic effects, disrup-
tion of endocrine functions, impairments of immune
system functions, functional and physiological effects on
reproduction capabilities, and reduced survival and
growth of offspring (AMAP, 1998, 2002; UNECE,
1994). Data on human health effects suggest that human
exposure to levels of POPs and heavy metals found in
some traditional foods may cause adverse health effects,
particularly during early development (AMAP, 2003;
Ayotte et al., 1995; Colborn et al., 1996; Hild, 1995;
Kuhnlein and Chan, 2000).

Traditional foods also provide health benefits, however,
which need to be weighed against risks (see section
17.2.3.3). Many traditional foods are rich in vitamins
and nutrients and low in saturated fats. Whale skin and
blubber, for example, are a good source of vitamins A
and C, thiamin, riboflavin, and niacin. They are also low
in saturated fats and high in omega-3 polyunsaturated
fatty acids that guard against cardiovascular diseases.
Additional health benefits arise from the physical activity
required to obtain traditional foods. Moreover, tradition-
al harvesting, processing, and sharing of traditional foods
serve important roles in the social, cultural, and eco-
nomic life of many arctic inhabitants (AMAP, 2003;
Freeman et al., 1998). In communities where contami-
nant levels are sufficiently high to prompt health con-
cerns, balanced dietary advice is needed, especially for
pregnant women and small children. Risk—benefit discus-
sions have been most productive when they involve local
communities, local public health authorities, and experts
from a wide array of disciplines (AMAP, 2002, 2003).

Persistent organic pollutants that require special atten-
tion in arctic vulnerability studies include the industrial
chemicals PCBs; the pesticide DDT; and the pesticide
HCH, the most common form of which, Y-HCH, is the
insecticide Lindane. These are well-known arctic pollu-
tants of concern (AMAP, 1998, 2002) that are currently
being addressed by national legislation and international
agreements (Downie et al. 2004; Eckley, 2001; Selin,
2003; Selin and Eckley, 2003).

Many other POPs are known to be hazardous, as well as
possibly other, lesser known organic substances that may
have negative impacts. For example, levels of the flame-
retardants polybrominated diphenyl ethers (PBDEs),
polychlorinated naphthalenes (PCNs), and the pesticide
endosulfan are increasingly found in the Arctic. Levels of
PBDE:s are increasing in the Canadian Arctic (AMAP,
2002; Ikonomou et al., 2002). Ikonomou et al. (2002)
suggested that at current rates of bioaccumulation,
PBDEs will surpass PCBs to become the most prevalent
contaminant in ringed seals (Phoca hispida) in the

Canadian Arctic by 2050.
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For heavy metals, special attention should be given to
Cd, Pb, and Hg. The rationale for selecting these heavy
metals is similar to the rationale for selecting the
POPs; they are well known arctic pollutants that have
been subject to much previous study (AMAP, 1998,
2002). They are also being addressed by national
legislation and regional international agreements.
Heavy metals are naturally-occurring environmental
trace elements, and many are essential elements for
living organisms. However, some have no known
metabolic roles, and some are toxic even at low expo-
sures. In the last 150 years there have been changes in
the form in which these metals are released and dra-
matic increases in the quantity of these metals emitted
to the environment. Anthropogenic emissions have
altered the natural biogeochemical cycles of these ele-
ments (Nriagu, 1996). Anthropogenic sources of heavy
metal pollution include industrial production, combus-
tion processes, and waste incineration. These anthro-
pogenic inputs add to the natural background levels

and can pose a toxic risk to environmental and human

health (AMAP, 2002).

17.2.2.5. Pollutant interactions

Climate change, pollution, and human and societal
conditions are interrelated and the consequences of
these phenomena will depend largely on their inter-
actions. It is becoming increasingly clear, for exam-
ple, that climate change and pollution interact closely
and that climate changes can affect the pollution
transport chain (Alcamo et al., 2002). Air current
changes affect pollutant transport patterns.
Temperature changes affect which pollutants are
deposited where, how they migrate, and which ani-
mals accumulate which pollutants. More extensive
melting of multi-year sea ice and glacial ice can result
in pulse releases of pollutants that were captured in
the ice over multiple years or decades (AMAP, 2002;
Macdonald et al., 2003).
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Recently discovered mercury depletion events (MDEs)
in the high Arctic (Schroeder et al., 1998) reflect addi-
tional ways in which pollution interacts with other
factors. Levels of gaseous elemental mercury drop
sharply each spring following polar sunrise, in a series
of events that begin shortly after the first sunrise and
continue until the snow melts. These MDEs are highly
correlated with depletions in surface ozone, and appear
to be caused by a reaction involving sunlight and
bromine. The gaseous elemental mercury is trans-
formed into reactive gaseous mercury, which is quickly
deposited and can potentially enter food webs in a
bioavailable form. Because MDEs occur at a time when
biological productivity is increasing, the interactions
between pollutant transport pathways, solar radiation,
and climate can be extremely important (Lindberg et
al., 2002; Lu et al., 2001). It is still unclear to what
extent changes in climate and pollutant pathways may
affect these events (AMAP, 2002).

Anthropogenic climate change and pollution are the
products of societal activity and their consequences
depend heavily on human and societal conditions. The
effects of pollutants on human health are determined, in
part, by regulations governing the use and disposal of
hazardous chemicals, policies and public health guidance
regarding human intake of potentially contaminated
foods, public perceptions of and responses to such guid-
ance, how much pollutant-contaminated food people
ingest, cultural attitudes toward various types of food,
and what access people have to these various foods.

17.2.3. Identifying coping and adaptation
strategies

The Arctic has been inhabited by many diverse groups of
people for several thousand years. Each group has its
own distinct history, culture, language, and economic
system. Despite the cultural and economic diversity
found among arctic indigenous peoples, they have,
through time, adapted to a number of similar conditions,
such as a challenging and highly variable environment
generally unsuited for most agriculture, severe climatic
conditions, extended winter darkness, changes in
wildlife populations, great expanses between settle-
ments, and sparse populations (Chapter 3). The varied
livelihoods of arctic indigenous peoples are examples of
such adaptation. Reindeer herding in Finnmark and
Russia, and fishing, sealing, and whaling in Greenland,
Canada, Russia, and Alaska reflect the ability of arctic
peoples to utilize and innovate with available resources,
and to anticipate environmental and social changes in
ways that enable people to take advantage of opportuni-
ties and guard against adverse effects.

Colonization has been another important source of
change for arctic peoples. Prior to European contact,
arctic indigenous peoples lived primarily in small settle-
ments, and those dependent on terrestrial versus marine
resources led nomadic lifestyles in order to follow the
animals they relied upon for their livelihoods.

Historically, their cultures, identities, social organiza-
tions, and economies centered on these livelihoods,
which represent successful adaptations to local environ-
ments. More recently, however, all arctic indigenous
peoples, have, to greater or lesser extent, been colo-
nized by outsiders interested in extracting and profiting
from the Arctic’s resources. In addition to centuries of
European and Asian settlement, arctic indigenous peo-
ples have also encountered missionaries and traders and,
more recently social, economic, environmental, and
political impacts and changes brought about by global-
ization (Freeman, 2000). In response, many indigenous
peoples have developed mixed cash—subsistence
economies. Yet, despite a number of challenges, these
people continue to keep alive their traditional ways of
life and in recent decades have acquired considerable
authority in matters of governance. Arctic peoples have
shown a remarkable resilience to extreme environmental
conditions and profound societal change. At the same
time, cultural change could reduce the adaptive capacity

of arctic peoples (Chapter 3).

Adaptive responses to environmental changes are multi-
dimensional. They include adjustments in hunting, herd-
ing, fishing, and gathering practices as well as alterations
in emotional, cultural, and spiritual life. Arctic peoples
change their hunting and herding grounds, become more
selective about the quality of the fish they ingest, and
build new partnerships between federal governments
and indigenous peoples’ governments and organizations.
Adaptation can involve changing personal relationships
between people and the weather and new forms of lan-
guage and communication developed in response to
novel environmental phenomena. Changes in knowledge
and uses of knowledge can also constitute forms of adap-
tation. Altered weather prediction techniques are an

example (Chapter 3).

In this chapter the term “adaptation” is used broadly,
but in some instances it requires refinement. In their
discussion on the term “adaptive” Berkes and Jolly
(2001) apply terminology long used in anthropology
(McCay, 1997) and the development literature (Davies,
1993), to distinguish between coping mechanisms and
adaptive strategies. Coping responses are the ensemble
of short-term responses to potential impacts that can
be successfully applied season-to-season or year-to-year
as needed to protect a resource, livelihood, etc. Some
forms of coping are explicitly anticipatory and take the
form of, for example, insurance schemes and emer-
gency preparedness. Adaptive responses refer to the
ways individuals, households, and communities change
their productive activities and modify their rules and
institutions to minimize risk to their resources and
livelihoods. Depending on the frequency, duration,
and suddenness in the onset of a stress, and on the
resilience of a system, either coping or adaptive
responses or both will come into play. With a progres-
sion of change in climatic conditions, coping mecha-
nisms may at some point be overwhelmed, and by
necessity supplanted by adaptive responses.
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17.2.3.1. Governance, regulations, and subsistence

A number of changes in governance and regulation are
transforming arctic governments and their relation-
ships with the rest of the world. Since the early 1970s,
authority has devolved from central governments to
local and regional governing bodies in places like
Greenland, Alaska’s North Slope Borough, and
northern Quebec’s Nunavik region (Young, 2000).
But while indigenous peoples in these communities
have gained control over local affairs, external regula-
tions have had considerable bearing on local ways of
life. Seal harvest protests in Europe and the United
States have affected seal hunting livelihoods in
Greenland (e.g., Hovelsrud-Broda, 1997, 1999).
Recently, proposals have been made to the Interna-
tional Whaling Commission (IWC) to deny the aborig-
inal subsistence hunters in Alaska and Chukotka in
Russia a quota for bowhead whales (Balaena mysticetus).
And Sami reindeer herders must defend their practices
against claims by others that they are allowing over-

grazing (Beach, 2000).

For a long time, east—west tensions and core—periphery
relationships (e.g., between Greenland and Copen-
hagen) kept arctic relations with the rest of the world
connecting, for the most part, along north—south lines.
Since the 1980s, however, arctic countries have become
more open to pan-arctic cooperation with, for exam-
ple, the thawing of the Cold War and the growing
recognition of indigenous peoples’ rights (Young,
1998a). Cooperative alliances include the Arctic
Council, the Inuit Circumpolar Conference, and the
North Atlantic Marine Mammal Commission. The
Arctic Environmental Protection Strategy (AEPS),
which provided a basis for the Arctic Council, was a
pan-arctic initiative begun in 1991 when the eight arc-
tic states signed the Declaration on the Protection of
the Arctic Environment. A primary purpose of AEPS
was a better understanding of environmental threats
through a cooperative approach to these threats
(Young, 1998a). There is also an increasing effort to
link arctic initiatives with global regimes such as the
Convention on Biological Diversity, the UN Frame-
work Convention on Climate Change, ozone agree-
ments, pollution-related agreements and initiatives,
and the International Labour Organisation Convention
169 concerning Indigenous and Tribal Peoples in
Independent Countries (Young, 2000).

Several factors are likely to characterize arctic interna-
tional relations of the future. These include a greater
role for non-state actors (especially indigenous peoples
and environmental groups) in arctic affairs and a focus
on sustainable development as a policy goal that means
different things to different people. However, the
future shape of environmental institutional arrange-
ments (e.g., geographically broad with a narrow focus
on an environmental program, or geographically limit-
ed, but encompassing a wide range of environmental
issues) remains to be seen (Young, 1998a).
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17.2.3.2. Settlements, population, and migration

Over the past decades indigenous populations in
Greenland, Finnmark, and elsewhere have tended to
migrate to towns and larger settlements. These move-
ments have generally resulted in mixed economies
where individuals are more likely to engage in wage
labor and supplement their cash incomes with the sale of
subsistence products. While these mixed economies can
perpetuate traditional systems of land use and allow the
use of cash to support household hunting and fishing
(Caulfield, 1997), the diets of people who migrate from
smaller settlements to larger towns tend to contain sig-
nificantly less marine mammal and fish (Pars, 1997).

Indigenous peoples throughout the Arctic have often
coped with and adapted to change via migration. Certain
types of migration, however, can pose problems. People
in general have responded to changes in animal popula-
tions and movements by altering their own locations and
movement patterns and by varying the types of species
hunted. Migration to towns might also serve as an adap-
tive strategy if, for example, economic trends, regula-
tions and/or the effects of climate change and pollution
make hunting or fishing in settlements impractical or
unproductive. The movement of Greenlanders to
permanent towns and settlements over recent decades
restricted the ability of hunters to follow animals on
their seasonal migrations, introduced more Green-
landers to wage labor, and helped to catalyze the indige-
nous political movement that culminated in Home Rule.
Alternatively, certain economic conditions, regulatory
policies, and/or the stresses of urban life could conceiv-
ably prompt people to move from towns to settlements.
This type of coping through mobility is evident in
Greenland over the past thirty years as the size, compo-
sition, and distribution of Greenland’s population during
this period has varied with changes in policies, econom-
ics, and educational and occupational opportunities.

Migration and settlement practices have also had impli-
cations for governance. Danish government policy
encouraging a growth in town populations led many
Greenlanders to concentrate in towns and major settle-
ments in the 1960s. Migration from rural to more urban
areas was part of Danish modernization programs of the
1950s and 1960s. These programs, for example, shut
down a number of small settlements so that their inhabi-
tants could work in fish-processing plants located in
larger towns. Many Greenlanders were not in favor of
these activities, believing that they were detrimental to
Greenlandic culture and practices. Greenlandic resist-
ance to forced migrations and other modernization ini-
tiatives eventually contributed to the establishment of

Home Rule (Caulfield, 2000).

17.2.3.3. Consumption

Access to new foods and technologies have accompanied
changes in diet and livelihood practices, respectively, and
mark important ways in which consumption patterns are
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part of changing arctic lifestyles. The diets of indigenous
peoples are changing as they use smaller amounts of tra-
ditional foods, and rely more on commercially available
products and imports. These changes have implications
for culture and health as traditional foods are closely tied
to indigenous identity and offer significant nutritional
benefits (Kuhnlein and Chan, 2000). A decrease in tradi-
tional foods combined with an increase in western foods
in the diet of indigenous peoples increases the rate of
western diseases such as heart disease. Examples of tech-
nological change include snowmobile use which has
accornpanied changes in transportation, hunting, trap-
ping and fishing, and recreation and tourism among the
Sami in Norway (Muga, 1987). In addition, imported
modern hunting equipment has made whaling and
marine mammal hunting activities, in general, safer and
more efficient in Alaska, Greenland, and Canada.

17.2.3.4. Economies, markets, and trade

Mixed economies based on wage labor and on subsis-
tence activities are increasingly prevalent in arctic indige-
nous communities (Chapter 3) and broader trade and
growing access to markets have innumerable implications
for arctic indigenous peoples. Easier access to world mar-
kets continues to provide arctic inhabitants with increas-
ingly better access to new material goods and new
sources of income. At the same time, growing arctic-
based businesses (e.g., tourism, see Chapter 12) can be
sensitive to fluctuations in the distant economies to
which they connect. An important question is whether,
and if so how, this type of economic diversification affects
resilience of local household and community economies.

17.2.3.5. Connectivity

A particular way in which technology is part of transfor-
mations in the Arctic is via the provision of new means
of communication such as television, Internet, and tele-
phones. The Anik satellites in Canada, for example, have
been instrumental in exposing Inuit to outside cultures
and in providing these peoples with a tool for asserting
their own identity and culture (Stenback, 1987).

17.3. Methods and models for vulnerability
analysis

A successful vulnerability assessment is one that prepares
specific communities for the effects of likely future
change. A vulnerability assessment should: draw upon a
varied and flexible knowledge base; focus on a “place-
based” study area; address multiple and interacting
stresses; allow for differential adaptive capacity; and be
both prospective and historical (Polsky et al., 2003).
Data and methodologies to support such an assessment
vary widely and any given vulnerability study is likely to
involve a variety of quantitative and qualitative forms of
data and methodological techniques. Interviews with
“key informants” and surveys (Kelly and Adger, 2000)
have been employed to obtain data on transience, immi-
gration and education levels, income, education, age,

family structure (Clark et al., 1998), literacy, infant
mortality, and life expectancy (Downing et al., 2001).
Floodplain maps are important in analyzing the vulnera-
bility of communities to extreme storm events (Clark et
al., 1998). Agricultural vulnerability analyses often
require information about extent of land degradation,
crop type, soil moisture, runoff, and groundwater
(Downing et al., 2001). As described by Cutter (1996)
analytical techniques can include historical narratives,
contextual analyses, case studies, statistical analyses and
GIS approaches, mapping, factor analysis and data envel-
opment analysis, and vulnerability index development
(see also Downing et al., 2001). Thus, what is novel
about vulnerability assessments is not the individual
techniques used to explore specific parts of a coupled
human—environment system, but the integration of these
techniques across varied intellectual domains.

A framework, such as that proposed by Turner et al.
(2003a) enables at least two approaches for investigating
vulnerability (see Fig. 17.1). One approach is to begin
with knowledge about stresses and trace them through
to consequences, while another is to begin with conse-
quences and trace these back to stresses. It is also possi-
ble to work in both directions in an iterative fashion to
yield a more comprehensive analysis. Figure 17.4 pres-
ents a research approach that allows for iterative analy-
sis, in which (reading from left to right) information
about stresses and their interactions are used both to
develop scenarios and to project impacts. Impact projec-
tions can be used in conjunction with interviews, focus
groups, workshops, and other means for engaging resi-
dents of the place of interest to explore coping strategies
and adaptive capacities of a human—environment system.
Knowledge of impacts and adaptive capacity can then be
used to characterize site-specific vulnerabilities.
Proceeding from consequences to stresses (right to left),
researchers can work with residents of a particular
locale to identify consequences experienced within a
coupled human—environment system and then trace
them back to identify the specific nature of the stresses.

Application of a framework to understand vulnerabili-
ties within a coupled human—environment system
requires different types of knowledge, as well as tools
from a wide range of disciplines and from local and
indigenous sources. For example, vulnerability analysis
in the form presented here requires integration of natu-
ral science, social science, indigenous and local knowl-
edge, cooperation among researchers and people who
are part of the coupled human—environment system
under study, and reliance on diverse techniques such as
interviews, participant observation, focus groups, cli-
mate modeling, and climate downscaling. A proper vul-
nerability analysis will engage (1) a number of scientific
disciplines (ecology, biology, climate and global change
research, meteorology, social anthropology, sociology,
political and policy science, economics, geography,
ocean sciences, physiology and veterinary science, and
environmental chemistry) and (2) local people with sig-
nificant knowledge of their environment, of relevant
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social, political, and economic factors, and of human—
environment interactions concerning, for example,
hunting, herding, gathering, processing, and produc-
tion. The success of a vulnerability assessment depends
on the success of partnerships among various groups of

stakeholders (Polsky et al., 2003).

17.3.1. Climate scenarios and downscaling
to specific sites

An active area of climate change research is the
translation of atmosphere—ocean general circulation
model (AOGCM) projections calculated at large spa-
tial scales to smaller spatial scales, a process termed
“downscaling”. In this way, selected study sites can be
provided with customized climate projections.

There are two principal approaches for downscaling:
dynamical downscaling (also known as regional cli-
mate models) and statistical downscaling (also known
as empirical downscaling). As described in Chapter 4,
there are advantages and disadvantages to each
approach. While both generate similar results for cur-
rent climate, they have been known to generate differ-
ent projections for future climates.

Greenhouse gas emissions scenarios used to drive the
AOGCMs are based on projections of economic activi-
ty. In turn, the projected economic activity is a function
of anticipated changes in global population, technology,
and trends in international trade. As a result, each of
the 40 scenarios used by the IPCC can be characterized
by its anticipated trajectories of population, economy,
environment, equity, technology, and globalization
(IPCC, 2001a). It is impossible to assign likelihoods to
these or any other GHG emissions scenario. Thus the
IPCC emissions scenarios are individually equally
plausible, but collectively represent only a subset of the
possible futures.

Current arctic climate projections are limited in their
utility for vulnerability analyses for two main reasons.
First, the AOGCM:s that produce these projections do
not capture all important features of regional climate.
For example, local ocean and atmospheric circulation
patterns, and topographic relief are not well represented
in AOGCMs. These factors often play a decisive role in
determining local climate in the Arctic. As a result, addi-
tional analytical techniques are needed to produce local-
scale climate projections. Chapter 4 reviews the various
methods available for this task.

Second, for downscaling results to contribute to suc-
cessful vulnerability assessments, local people must be
involved in the planning and analysis of downscaling
studies (Polsky et al., 2003). Otherwise, the down-
scaled climate projections may not reflect the climate
factors relevant for decision-making to enable arctic
residents to adapt or employ mitigation strategies.

For example, one of the climate variables of concern
for reindeer herders in northern Norway is snow
quality. Too much snow hinders reindeer mobility and
restricts their access to food on the ground, especially
when the snow contains enough ice to mask the smell
of the food. Too little snow, by contrast, makes it diffi-
cult for the herders to contain the reindeer (no restric-
tions on mobility) and to track the animals when they
stray (no snow tracks). For these and other reasons, the
Sami employ many words to describe snow quality, as it
relates to timing, amount, consistency, bearing, surface,
trees, thawing, patches, accessibility, and other aspects
(Ruong, 1967). The point here is that the way climate
matters for any particular activity is specific to that
activity. Thus a downscaled projection of, for example,
mean monthly surface temperature may not be suffi-
cient (or even necessary) information for contributing
to the process of social adaptation to the effects of cli-
mate change for any group of arctic people.
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Likelihoods of extreme conditions are difficult attributes
to derive with confidence from climate scenarios, espe-
cially at the local scale, and this is the scale of most
interest in assessing vulnerabilities in human—
environment systems. As Smithers and Smit (1997)
pointed out, “frequency, duration, and suddenness” of
climatic events influence the character of successful
adaptation strategies. Higher frequency of a potentially
harmful event will heighten decision-makers” awareness
of risk associated with a class of climate events. Greater
duration of a climate event could inflict a corresponding-
ly greater impact, or alternatively allow for more adap-
tation than would be possible with a shorter duration
but otherwise similar event. Rapid onset of a particular
climate event or condition, whether a specific flood or
myriad aspects of the broader syndrome of climate
change, will be much more limiting with respect to
adaptation options than slowly rising water or very
gradual climate change. Scales of social and political
organization are important, since they reflect inertia in
the response or adaptive capabilities of a human—
environment system (Berkes and Jolly, 2001). Future
projections of arctic climate change models (see Chapter
4) do not yet systematically resolve details in climate
extremes that will be useful for assessing changes in
frequency, duration, and suddenness of most climate
events. Within the last few years, however, some
progress has been made with ensemble simulations,
especially for precipitation (Palmer and Réisinen, 2002).

17.3.2. Measurement and methodology for
pollutant analyses

Data on POPs and heavy metal pollution and impacts
for many arctic locations are now available. Although
analytical methodology has advanced significantly for
both since the late 1970s, some older and more recent
data can be difficult to compare. For example, early
PCB studies reported concentrations relative to indus-
trial mixtures (e. g, Aroclor). Current studies report
PCBs as a sum of individual congeners. In addition,
levels of POPs and metals in biota may differ dramati-
cally depending on the species sampled, the part of the
individual animal from which the sample was taken,
and the age and sex of the sampled individual. Shifts in
diet can also affect exposure. Few studies have moni-
tored the same species at the same site over a long
timescale, a procedure necessary for making reliable
comments on trends. Heavy metals pose an additional
challenge for measurement and assessment because
they are derived from both anthropogenic and natural
sources. It is not always possible to determine whether
a given concentration measured in biota originated
from a natural or an anthropogenic source (Muir et al.,
1999). In the last few years, the assessment and stan-
dardization efforts implemented by AMAP have dra-
matically improved knowledge of the pollutant situa-
tion in the Arctic. The data used here for analyzing
interactions with multiple stresses and for identifying
vulnerabilities draw heavily on the latest AMAP assess-
ment (AMAP, 2002).

17.3.3. Analysis of human and societal trends

Data on trends in human and societal conditions can be
obtained from published and unpublished institutional
and governmental databases (e.g., Statistics Greenland)
and from research in fields such as anthropology, sociolo-
gy, political science, economics, and native studies.

An in-depth analysis of human and societal trends
requires a wide array of data sources, extensive statistical
analysis, and knowledge shared and generated through
interactions between researchers and arctic residents.
Such an analysis might draw upon economic data per-
taining to markets operating at various scales, employ-
ment, retail transactions, trade, imports, exports, and
the processing and sale of natural and other resources.
Public health information can also form an important
part of human and societal trends analyses with informa-
tion about contaminant levels in food and humans,
diseases, and health care. Census data can provide infor-
mation about general demographics, education, family
structure, employment, and migration patterns. Election
data can be useful in revealing trends in governance and
the implementation and enforcement of regulations and
policies emanating from transnational, national, and sub-
national decision-making bodies. Archives and other doc-
umentation that track negotiations and participation
within such bodies are also useful. Surveys and inter-
views with local people are essential in ascertaining the
views of individuals with, for example, respect to dietary
practices, consumption patterns, values, and priorities.

17.3.4. Sources of local knowledge and
stakeholders as participants

The vulnerability of a coupled human—environment
system will be perceived differently across cultures, age
groups, economic sectors, etc. A reindeer herder will
most likely define the vulnerability of his/her human—
environment system differently than would an outsider
assessing the same system. There may also be diverging
opinions within a community. There may well be a
range of different perspectives on what constitutes a
vulnerable condition and it is essential to recognize and
address these perspectives in carrying out a vulnerabili-
ty analysis. Evaluation of the exposure, sensitivity, and
adaptive capacity of a coupled human—environment sys-
tem will require the knowledge, observation, and
participation of people who are part of the system.
These people can, for example, identify important
stresses, human—environment interactions, and out-
comes that they seek to avoid. They can also identify
changes in the human—environment system, describe
coping and adaptive capacities, monitor environmental
and social phenomena, and communicate research
findings. The involvement of local people in research
design, implementation, and the dissemination of
research results should, therefore, be a central aspect
of any comprehensive vulnerability study.

Participatory research has become increasingly common
in arctic research on socio-ecological changes, as evident
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throughout this assessment and a number of other
projects e.g., SnowChange (Mustonen, 2002), Scannet
(Scannet, no date), the Mackenzie Basin Impact Study
(Cohen, 1997), Voices from the Bay (McDonald et al.,
1997), and Inuit Observations on Climate Change (IISD,
2001). Participatory research follows from a long tradi-
tion. From the time people in the “South” began to take
an interest in the high latitudes, indigenous peoples of
northern regions have often had a role to play in arctic
research and exploration. Early anthropologists and
archaeologists frequently used indigenous peoples as
guides, laborers, informants, and/or interpreters (e.g.,
Boas, 1888; Rasmussen, 1908; Stefansson, 1941), as did
arctic seamen and explorers (Peary, 1907). Since those
days, indigenous peoples have continued to work with
visiting researchers and explorers. Throughout, there
have been a variety of reports on the positive and nega-
tive outcomes of these interactions and relationships
(e.g., Harbsmeier, 2002). However, despite the many
ways in which arctic indigenous peoples have con-
tributed to arctic research, often there has been little
mention of their role or acknowledgement of their
efforts (Brewster, 1997).

The way outside researchers worked with indigenous
peoples changed considerably in the mid-1980s.
Coinciding with the settlement of land claims, the
emergence of co-management regimes, and the ascen-
dancy of indigenous peoples” power and influence in
formal decision-making processes (Kuhn and Duerden,
1996), indigenous knowledge became a topic of interest
for many researchers who worked in the Arctic. It was
centered around a few key themes: documentation of
indigenous knowledge about various aspects of the
environment (Ferguson and Messier, 1997; Fox, 2004;
Huntington and the communities of Buckland, 1999;
Jolly et al., 2003; Kilabuck, 1998; McDonald et al.,
1997; Mymrin and the communities of Novoe
Chaplino, 1999; Reidlinger and Berkes, 2001); the
increasing use of cooperative approaches to wildlife
and environmental management (Berkes, 1998, 1999;
Freeman and Carbyn, 1988; Huntington, 1992;
Pinkerton, 1989; Usher, 2000); environmental impact
assessment (Stevenson, 1996a); and collaborative
research between scientists and indigenous peoples
(Huntington, 2000; Krupnik and Jolly, 2002). This last
theme has particular relevance for vulnerability studies.
A brief literature review on the development of collab-
orative and participatory research in the Arctic follows.

Early efforts to involve arctic indigenous peoples in
research and land management began with much discus-
sion on the validity and utility of indigenous knowledge.
Researchers who had worked with indigenous peoples for
some time recognized that indigenous knowledge could
reveal valuable information that could augment scientific
understanding about many aspects of environment and
ecology. Further, some researchers were beginning to rec-
ognize that indigenous knowledge holders needed to par-
ticipate in the research process themselves (e.g., Wenzel,
1984). Seminal edited volumes on northern indigenous
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knowledge, e.g., Johnson M. (1992) and Inglis (1993) use
case studies from the Arctic to present a number of per-
spectives on the validity and utility of this knowledge.

The case studies illustrate that indigenous knowledge can
make a key contribution to resource management and sus-
tainability. Arguing for the inclusion of indigenous peoples
in research and decision making, several case studies pres-
ent examples of how these initiatives were needed, or
underway, in a variety of settings. For example Eythorsson
(1993) explained why the knowledge of Sami fishermen
in northern Norway is integral to successful resource
management there and Usher (1993) discussed some of
the successes of the Beverly-Kaminuriak Caribou
Management Board, one of the earliest examples of
wildlife co-management in North America.

As interest in indigenous knowledge in the Arctic picked
up through the 1990s, many people continued to focus
on promoting the validity and utility of indigenous
knowledge and the need to integrate it into research and
management. However, critiques began to surface that
questioned the methods behind the “integration”, as well
as the intentions. Bielawski (1996) examined interactions
between scientists and indigenous land users involved in
co-management systems and noted that, although co-
management is supposed to combine scientific and
indigenous expertise, the model and process for co-
management is not integrative at all, but scientific and
bureaucratic. Usher (2000) echoed this when stating that
although indigenous knowledge (also called TEK, “tradi-
tional ecological knowledge”) is required to be incorpo-
rated into Canadian resource management and environ-
mental assessments there is little understanding of what
TEK is and how to implement it in policy. This confusion
was especially visible during 1996 when a senior policy
advisor with the Northwest Territories (NWT) govern-
ment wrote an article claiming that the inclusion of
indigenous knowledge in environmental assessments not
only hinders the scientific process, but is against the con-
stitutional rights of Canadian citizens since indigenous
knowledge is based on spiritual beliefs, not facts (Howard
and Widdowson, 1996). The article created a heated
debate (see Berkes and Henley, 1997; Stevenson, 1996b)
and caused both researchers and managers to look more
closely at the reasons and methods for incorporating
indigenous knowledge into research and policy. As shown
by Usher (2000), these reasons and methods remained
unclear until the end of the 1990s. In 1999, others such
as Nadasdy (1999) still believed that indigenous knowl-
edge and the engagement of indigenous peoples in
research were not taken seriously and were merely paid
lip-service for political reasons. Nadasdy (2003) called
for a more critical look at “successful” co-management
efforts and the political, as well as methodological obsta-
cles, to the integration of indigenous knowledge.

By 2000, a number of indigenous knowledge projects in
the Canadian Arctic and Alaska had made advances in
participatory methods for working with arctic communi-
ties (Krupnik and Jolly, 2002). For example the Tuktu
(caribou) and Nogak (calves) Project (Thorpe et al.,
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2001, 2002), which documented Inuit knowledge of
Bathurst caribou and calving grounds in the Kitikmeot
region of Nunavut from 1996 to 2001, established a
local advisory board for the project and relied on trained
local researchers to help with interviews and data analy-
sis. Fox (1998, 2004), who has a long-term project with
Nunavut communities regarding Inuit knowledge of cli-
mate and environmental change, has used an iterative
approach to community work, incorporating community
input and feedback in research methods. Jolly et al.
(2002) also used an iterative approach over a one-year
project in Sachs Harbour, NWT to collect Inuvialuit
observations of climate change. In the Sachs Harbour
project, scientific experts worked one-on-one with local
experts to understand a variety of phenomena and com-
munity workshops were held to establish common goals
for the research and to clarify information. A number of
other projects and management systems have incorporat-
ed participatory approaches with much success in recent
years (Huntington, 1998, 2000; Kofinas and the commu-
nities of Aklavik, 2002; Krupnik and Jolly, 2002).
Common to many of these projects are some aspects of
participatory research in the Arctic that have emerged as
key including time, trust, communication, and meaning-
ful goals and results. Many of these projects span multi-
ple years, where researchers and community members
form friendships and fruitful working relationships. In
several projects, results were produced in forms that the
community could use and found interesting. For exam-
ple, the Tuktu and Nogak Project produced a communi-
ty-directed book (Thorpe et al., 2001). Fox (2003)
developed an interactive multi-media CD ROM and an
Inuktitut book for participants, and the Sachs Harbour
project created a documentary film (IISD, 2000).

Indigenous peoples themselves are also making an
impact on participatory research in the Arctic. Many arc-
tic communities and organizations are reaching out to
scientists and decision-makers to set research priorities
and form partnerships for investigations (Fenge, 2001).

17.4. Understanding and assessing
vulnerabilities through case studies

Comparative vulnerability assessments at continental
scales (IPCC, 2001b) can reveal regional differences in
the vulnerability of human—environment systems. The dif-
ferences reflect, for example, geographically uneven rates
of climate change projected in regional climate scenarios
and broad regional distinctions in the capacity of individu-
als and institutions to cope with and adapt to change.

The Third Scientific Assessment of the IPCC ascertained
the following as likely projections for the Arctic using
the IPCC scenarios for climate change (Anisimov and
Fitzharris, 2001):

The Arctic is extremely vulnerable to climate change,
and major ecological, sociological, and economic
impacts are expected.

Habitat loss [will occur] for some species, and apex con-
sumers — with their low-reproductive outputs — are vul-
nerable to changes in the long polar marine food chains.

Adaptation to climate change in natural polar ecosystems
is likely to occur through migration and changing species
assemblages but the details of these gﬁécts are unknown.

Loss of sea-ice in the Arctic will provide increased oppor-
tunities for new sea routes, fishing and new settlements,

but also for wider dispersal gf pollutants.

Although most indigenous peoples are highly resilient, the
combined impacts of climate change and globalization
create new and unexpected challenges. Because their liveli-
hood and economy increasingly are tied to distant mar-
kets, they will be cyffected not only by climate change in
the Arctic but also by other changes elsewhere. Local
adjustments in harvest strategies and in allocation of
labor and capital will be necessary. Perhaps the greatest
threat of all is to maintenance of self-esteem, social cohe-
sion, and cultural identity gf communities.

This chapter builds upon more general climate change
vulnerability analyses by placing climate in the context
of other factors that can enhance or diminish vulnera-
bility of arctic systems to future climate change.

In order to ensure that such an analysis realistically
characterizes the perspectives of the people who will
be making decisions to apply coping and adaptive
strategies to increase resilience, and hence minimize
vulnerability, a vulnerability analysis must focus on a
particular place. The dynamic character of vulnerability
requires that the human—environment system be repre-
sented on a scale that is meaningful to individual
decision-makers.

Sections 17.4.1.1 and 17.4.1.2 provide examples for
which a vulnerability assessment would be tractable,
revealing, and ultimately useful to residents of the
Arctic who will be making decisions in relation to
future change. The first example (see section 17.4.1.1)
is drawn from a case study on the Sachs Harbour com-
munity, NWT, Canada. This case study is one of several
such cases presented in Chapters 3, 11, and 12 for
which a vulnerability analysis would be illuminating.
The study of Sachs Harbour, however, is particularly
well suited because its design and development fully
engaged the residents of this community, while detail-
ing the ways in which local people and other stakehold-
ers view, experience, and respond to climate change.
The community has a mixed economy, with strong his-
torical dependence on fish and wildlife, and lies in a
region of the Arctic that experiences high rates of cli-
mate change. However, at this time it is not possible to
go beyond the work that has already been conducted
with respect to recent and likely future climate change.
Without a new phase of research that fully involves the
Inuvialuit people of Sachs Harbour, their resilience in
accommodating interactive future impacts of changes
in climate and other stressors cannot be assessed. A
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primary purpose of the description in section 17.4.1.1
is to signal the importance of the next phase in such an
assessment in this community.

The second example (see section 17.4.1.2) focuses on
the coastal communities of Greenland. These communi-
ties are attractive potential sites for vulnerability analysis
because of their historical documentation of their strong
dependence on marine living resource use, including
fishing, sealing, and whaling for subsistence and income,
and in particular their growing knowledge of the
amounts of pollutants in the local marine food webs.

In addition the governance of Greenland is evolving, and
its institutions will continue to play important roles in
shaping coping and adaptive capacities for Greenlanders.
Research on this human—environment system is at a very
early stage. In order to proceed, residents knowledge-
able about the roles of past and likely future climate in
local livelihood activities must be engaged.

Furthermore, assessing climate change in the context of
multiple stresses and resilience in both Sachs Harbour
and coastal Greenland will require scenarios, i.e., a range
of plausible futures. These scenarios should reflect the
combined effects of likely future changes in climate, in
other environmental factors that could affect livelihoods
(e.g., natural resources), and in human and societal con-
ditions that influence resilience and coping strategies.

A third example (see section 17.4.2) focuses on rein-
deer populations and reindeer herding in Finnmark,
Norway. Reindeer herding by Sami takes place well
inland in winter and on the coast and nearby islands in
summer. This practice involves management of grazing
grounds in both locations and migration of the herds
between them in spring and autumn. The long history
of these practices during periods of past climate change
and the increasing role of governmental regulation rais-
es interesting questions about the vulnerability of this
system. Sami reindeer herding represents a tightly cou-
pled human—environment system in which indigenous
peoples interact closely with an ecosystem upon which

they depend for their way of life.

Two additional factors support the inclusion of the
Finnmark case study. A vulnerability assessment has
recently been conducted for Norway (O’Brien et al.,
2004). It aptly demonstrates that the arctic region of
Norway will be more vulnerable to climate change than
more southern regions, and the importance of selecting
the appropriate scale of analysis in vulnerability assess-
ments. Secondly, work to date with the Sami reindeer
herding community in Finnmark offers an excellent
example of the co-generation of knowledge involving aca-
demic scientists and indigenous peoples. A research effort
is now underway to ascertain the resilience of this system
to future change in climate and other factors, and the pre-
liminary findings from this study are discussed below.

These three communities and livelihoods are not intend-
ed to be representative of the Arctic as a whole. They
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have been selected because they present examples of
tightly coupled human—environment systems in which
indigenous peoples interact closely with local ecosys-
tems and rely upon these ecosystems to support their
ways of life. Yet, they also span different geographic set-
tings, environmental conditions, governance systems,
and socio-ecological dynamics. For example, neither
Sami reindeer herders nor reindeer herding itself are
“typical” of anything beyond themselves. The system of
which they form a part possesses unique ecological,
sociological, and ethnological features. Therefore, the
system represents a useful site in which to examine the
plasticity and adaptability of a generalized methodologi-
cal framework for vulnerability studies.

In each of these cases there lies potential to test concepts
and methodologies described in this chapter and to pres-
ent information about stresses, sensitivity, and resilience
within the coupled human—environment system. Other
examples could have been developed by building upon
material presented in Chapters 3 and 12. For example,
the Dene Nation, NWT, Canada, and the Yamal Nenets
of Northwest Siberia. The Dene case study (Chapter 3)
is of interest because of the success of the Dene in form-
ing the Denendeh Environmental Working Group.

The Dene culture emphasizes interconnectedness among
all aspects of the environment, and this working group is
observing, documenting, and communicating informa-
tion related to climate change. However, there is not
much information available to judge what factors in
addition to climate change are contributing to the vul-
nerability and resilience of the Dene at this time, and the
detailed content of their working group reports are not
yet publicly available. The Yamal Nenets case study
(Chapter 12) is of interest because it focuses, like the
Finnmark study, on a reindeer herding livelihood with a
history of adaptive management during times of change.
The Yamal Nenet situation differs from that of the
Finnmark herders in that the Yamal Nenets are experi-
encing stresses relating to oil and gas extraction, and
might in the future experience stresses related to
Northern Sea Route coastal development made possible
by climate change. Krupnik (2000) and Krupnik and
Jolly (2002) suggest that these other stresses may be
straining the resilience of a livelihood that has sustained
Nenet people for centuries. Although a comparative
analysis of the Yamal and the Finnmark cases would cer-
tainly be instructive it is premature given the prelimi-
nary character of research on each of these at this time.

17.4.1. Candidate vulnerability case studies

The following are preliminary findings from the two
sites for which assessments of climate change in the con-
text of multiple stresses and resilience would be particu-
larly timely. Knowledge about what makes a system
either vulnerable to or resilient to change can be used to
minimize risks and damage and to capitalize on opportu-
nities. Regional scenarios for climate and other changes
and field research conducted with the full participation
of inhabitants of Sachs Harbour and coastal Greenland
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will be needed to develop an assessment of climate
impacts and other changes beyond these initial findings.

17.4.1.1. Sachs Harbour

Berkes and Jolly (2001) have identified three reasons
why the Arctic is a highly appropriate region in which to
address questions relating to human adaptations to cli-
mate change. First, people living in the Arctic, particu-
larly indigenous peoples with subsistence livelihoods,
have historically experienced a high degree of climate
variability, and their ability to adapt to varying climate,
from seasonal to interannual, is part of their culture.
Second, as is well documented in earlier chapters, the
rate of climate change recently experienced in the
Arctic, and likely to continue over the next several
decades, may be exceeding the range of experience and
hence capacity of arctic peoples to adapt. Third, there is
a growing body of participatory research, with topics
ranging from wildlife co-management to the use of
traditional knowledge in environmental assessments
(Berkes et al., 2001). The focus of the analysis by Berkes
and Jolly (2001) is a Canadian Arctic community, Sachs
Harbour, on Banks Island, NWT.

Sachs Harbour, a community of 150 Inuvialuit hunters
and trappers was the subject of a two-year study (1999—
2001) by the Canadian International Institute for
Sustainable Development (Ashford and Castledown,
2001). This area is known to have been inhabited
episodically, beginning with Pre-Dorset peoples over
3500 years ago. Traditional livelihoods (hunting, trap-
ping, fishing) continue to thrive, and increasingly
tourism, including guiding and the sale of arts and
crafts, contributes to the local economy. The study
became widely known through the distribution of an
educational video, and several research papers (Ford,

2000; Fox et al., 2001; Riedlinger, 2000).

The report on this study describes a community at a
crossroads. Climate has changed in recent decades and
traditional ways of predicting weather are no longer
reliable. Within the last few decades the later dates for
autumn freeze-up, earlier dates for spring thaw, thinner
winter ice, diminished extent of multi-year sea ice,
thawing permafrost, and increased coastal erosion have
altered abundances of and accessibility to fish and
wildlife. The people of Sachs Harbour wonder whether
they can maintain their traditional ways of life if these
trends continue.

Berkes and Jolly (2001) analyzed the adaptive capacity of
this community, considering a continuum of near-term
coping responses to longer term cultural and ecological
adaptations. Given the high degree of natural climate
variability in the Arctic, coping strategies have always
been essential for the success of indigenous peoples’
livelihoods. These strategies include adjusting the timing
of activities and switching between fished and hunted
species to minimize risk and uncertainty in harvest.
Waiting is also a coping strategy. “People wait for the

geese to arrive, for the land to dry, for the weather to
improve, or for the rain to end”. But as annual climate
cycles become more and more unfamiliar, new strategies
are necessary. With changes in snow and ice cover,
permafrost conditions, and coastal erosion, modes of
transportation need to change. Greater unpredictability
in weather also requires a greater caution for those who
travel on ice. Coping with changes in harvest has in
some regards become easier as alternatives to traditional
diets have become more available with the growing
reach of market economies.

Longer term adaptive responses that are considered cen-
tral to the long-term success of indigenous peoples in
the Arctic are categorized as follows: (1) mobility and
flexibility in terms of group size; (2) flexibility with
regard to seasonal cycles of harvest and resource use,
backed up by oral traditions to provide group memory;
(3) detailed local environmental knowledge and related
skill sets; (4) sharing mechanisms and social networks to
provide mutual support and minimize risks; and

(5) intercommunity trade (Berkes and Jolly, 2001).

The authors go on to suggest that the first response,
mobility and group size, became much less relevant fol-
lowing the settlement of Inuit in permanent villages sev-
eral decades ago. However, the remaining four responses
have continuing potential to offer some adaptive capacity
to deal with future climate change.

But will these time-proven strategies be sufficient for a
future where factors in addition to climate change
become increasingly important in this human—
environment system? Are there other adaptive responses
that need to be examined? Increasing dependence on
cash economies and industries such as tourism raise new
questions about the sustainability and overall vulnerabili-
ty of this system.

The co-generation of knowledge in the IISD study, which
fully involved the Inuvialuit people of Sachs Harbour, sets
the stage for discussions about vulnerabilities in this loca-
tion. However, in addition to participatory research meth-
ods to support the collaboration of researchers and local
peoples, there are also institutional arrangements in this
region that can facilitate the assessment of vulnerability in
the context of multiple stresses, including climate change,
pollution, and economic change. Over the last two
decades co-management bodies have arisen that provide
individual Inuit communities with formal mechanisms to
interact with regional, territorial, and federal government
institutions. These bodies provide greater local flexibility
and response capacity in dealing with local uncertainties
such as climate change (Berkes and Jolly, 2001). More-
over, they facilitate self-organization and learning across
levels of organization, thus enhancing feedbacks across the
levels. A community like Sachs Harbour can improve its
understanding of risks and vulnerabilities and therefore
better prepare itself for the future by examining possible
effects of and responses to climate change in a historical
perspective and within the context of other forms of
social and environmental transformation.
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17.4.1.2. Greenland

Communities in Greenland (and other similar communi-
ties elsewhere in the Arctic) that rely heavily on living
natural resources, such as marine resources, might uti-
lize vulnerability analysis in anticipating and planning for
future social and environmental changes. Many such
communities have a mixed subsistence/cash economy
that involves a combination of commercial fishing, wage
employment, and small-scale hunting and fishing activi-
ties. Commercial fishing (for shrimp, Greenland halibut
(Reinhardtius hippoglossoides) and other species) is domi-
nant in terms of monetary return. The residents of these
communities and the environments with which they
interact are affected by many factors including gover-
nance and market dynamics spanning local to global con-
texts, as well as climate and pollution. Recent decades
have witnessed significant changes in these variables and
the future may hold even more pronounced alterations.
A vulnerability analysis could be useful for residents,
other stakeholders, and decision-makers in identifying
which social and environmental influences warrant their
concern, the potentially advantageous or adverse conse-
quences of these factors, and how human—environment
systems could respond.

Climate change could have important consequences for
Greenland’s human—environment systems. Recent sta-
tistically downscaled temperature scenario results based
on the Max Planck Institute climate model ECHAM4/
OPYC3 for Greenland project a warming trend for the
period 1990 to 2050 of 1.3 to 1.6 °C for West Green-
land and around 0.4 °C for East Greenland (Forland et
al., 2004). In West Greenland such a trend is likely to
have significant implications for sea-ice cover, for ice-
dependent marine mammal species such as the ringed
seal, and for hunting and fishing activities that require
secure ice cover.

Pollution is another factor that could bear on the vul-
nerability and resilience of Greenland’s human—
environment systems. Although no clear effects on
human health are presently observed in Greenland, the
occurrence of POPs and heavy metals in traditional
foods is identified by some researchers as an important
environmental threat to human health (AMAP, 2003;
Bjerregaard, 1995). Health concerns have been
expressed in particular for pregnant women and small
children (AMAP, 2003). Greenlandic residents have in
general a high consumption of marine mammals and
fish and are exposed to POPs mainly through their
marine diet. Data indicate that levels of some POPs in
biota in Greenland have decreased over the past 20
years, although it is difficult to compare earlier and
more recent data for methodological reasons (Frombert
etal., 1999). Given international and national policies
regarding these compounds, it is reasonable to expect
that environmental levels of DDT, PCBs, and HCH in
Greenland will decline toward 2020 (Macdonald et al.,
2003). In contrast, PBDE levels are increasing in some
parts of the Arctic (AMAP, 2002).
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Data since the mid-1990s reveal that the estimated
average human intake of both Hg and Cd from local
marine food continues to greatly exceed the FAO/
WHO limits (Johansen et al., 2000). The study that
produced these data involved surveys in two towns and
two settlements in the Disko Bay region where the
main dietary source of Hg and Cd was seal liver.

This study shows that Hg and Cd are still posing prob-
lems in arctic ecosystems and could affect humans
whose diet results in high levels of exposure to these
metals. Most Hg contamination arises from long-range
transport and there are indications of increased Hg lev-
els in seabirds and marine mammals in West Greenland
(AMAP, 2002). Smoking is often the major source of
human Cd contamination. Lead contamination, another
heavy metal of concern in the Arctic, is linked to the
use of lead shot for bird hunting (Johansen et al., 2001)
and to continued use of leaded gasoline in parts of
Russia and in some non-arctic countries.

Governance could shape the vulnerability and resilience
of human—environment systems in marine resource use
communities. The distribution of power among supra-
national, national, and sub-national decision-making
bodies, for example, could help to create or ameliorate
particular problems for a given human—environment
system and could influence the ability of such a system
to anticipate and react to stresses or potential stresses.
Self-determination and self-government via Home Rule
(established in 1979) allow Greenlanders a greater say in
charting the country’s economic and social develop-
ment. However, some observers argue that the Green-
landic government, though supported by Greenland’s
inhabitants, has allowed for less autonomy at local levels
than did its predecessor. According to this view, local
people had more control over access to territory and
other aspects of natural resource use and management
under the more distant central government (Dahl,
2000). Currently, hunting methods and catches of a
number of target species are influenced to a large extent
by scientific data and by the management institutions
that draft hunting and fishing regulations. Prior to the
early 1990s, local communities granted territorial access
for hunting and fishing to all members of a local com-
munity. This access (e.g., available for full-time hunters
and fishers and fishing vessel owners) is now decided by
the centralized Home Rule Government that manages
hunting and fishing through regulations.

Natural resource management decisions are further
influenced by international laws and policies and global
markets. Greenland is heavily involved with transnational
policymaking that has implications for domestic gover-
nance decisions regarding natural resource use and the
environment. Consequently, Greenlandic hunters and
fishers have to cope with and adapt to international poli-
tics and policymakjng concerning species conservation
and other matters. Greenland is represented in several
multilateral fishery organizations and Greenland and the
EU renegotiate a fishing agreement every five years
(Nuttall, 2000; Statistics Greenland, 1997). The Home



Chapter 17 * Climate Change in the Context of Multiple Stressors and Resilience 965

Rule Government sets fishery quotas based on recom-
mendations of biologists and international organizations
(Statistics Greenland, 1997). In addition, global compe-
tition among commerecial fisheries forces Royal Green-
land (an independent limited company owned by the
Home Rule Government that engages in the catching,
processing, manufacture, and distribution of seafood
products) to fish more efficiently (so affecting the nature
of the fishery) and to cut costs (which can include shut-
ting long—operating processing plants in some communi-
ties). This situation has important implications for house-
holds that engage in the fishing industry and rely to vary-

ing degrees on subsistence hunting and fishing.

Whaling of minke (Balaenoptera acutorostrata) and fin
whales (B. physalus) in Greenland is subject to a variety
of political pressures and regulations. Whales caught for
subsistence purposes are to be used only for local con-
sumption and may not be exported. The Greenland
parliament regulates minke and fin whaling by, in part,
requiring that whalers have a full-time hunting license,
reside in Greenland, and have a “close affiliation” with
Greenlandic society, a special whaling permit issued for
each whale taken, and, at minimum, a 50 mm harpoon
canon with a penthrite grenade (if a fishing vessel is
used, the harpoon canon offers the best method for
killing the animal). The Home Rule Government, in
conjunction with the national hunters and fishers associ-
ation (KNAPK) and the nationwide municipal govern-
ment organization (KANUKOKA), allocates IWC quotas
for minke and fin whales. After a municipality receives
its annual quota consultations take place with the local
hunter and fisher associations and quotas are assigned to
vessels and collective hunters (Caulfield, 1994).

Marine mammal hunters have been subject to interna-
tional protests and bans on marine mammal products
since the early 1980s. The EU has maintained its 1983
trade ban on sealskins for certain species of seal pups,
the 1972 Marine Mammal Protection Act remains in
place, and the International Convention for the
Regulation of Whaling (and its Commission — the IWC),
sets quotas for aboriginal subsistence whaling. In addi-
tion, environmental and animal welfare organizations
(e.g., Greenpeace, the International Fund for Animal
Welfare, and the World Wildlife Fund) continue to criti-
cize and protest against marine mammal utilization.
Indigenous arctic peoples argue against restrictions on
marine mammal hunting on the basis that the targeted
animals are not endangered and that protests are not
based on science, but on ethics particular to industrial-

ized country politics (Caulfield, 2000).

Commercial and non-commerecial fishing and hunting
practices are inextricably linked and are integral to the
social, economic, and cultural lives of Greenlanders.
Marine resource use in general, entails cultural and
social organization on many levels, through shared lan-
guage, transmission of appropriate behavior, validation of
identity, and reinforcement of social ties and kinship net-
works. Sealing and whaling, in particular, reflect the tra-

ditional social order of the communities and reinforce
ties within and among families and households. The con-
sumption, distribution, and exchange of marine resource
products integrate the households and the community
through a complex exchange network that reinforces
cultural identity and social networks and provides
important foodstuffs to households that are not able to
hunt themselves.

Climate change, pollution, and governance are likely to
be major factors in a vulnerability study of marine
resource use communities in Greenland. Climate change
and pollution could alter the availability, conditions, and
health of animals such as seals and halibut, while changes
in climate could affect the distribution and migration
patterns of these animals, as well as ice and snow cover.
Diminishing ice and snow cover could also have serious
impacts on the mobility, hunting, and fishing activities of
the residents of these communities. Climate alterations
could further affect the ability of hunters and fishers to
interpret and predict weather in planning safe and suc-
cessful harvesting activities. Changes in politics, policies,
and markets at local, national, and transnational levels
could have negative or positive effects on the communi-
ties. Trade bans on marine mammal products, the
increasing role that Home Rule and municipal govern-
ments play at the local level in towns and settlements,
the growing importance of transnational policymaking
forums, the financial support that individuals receive
through transfer payments and subsidies, and consump-
tion patterns of people near and far all have a bearing on
the state of human—environment systems and their
economies, social lives, and cultures. A vulnerability
study would be useful in exploring how factors such as
climate, pollution, and governance interact, their impli-
cations for human—environment systems, the resources
Greenlanders might draw upon in reacting to social and
environmental change, and the strategies that could be
effective in guarding against negative consequences while
capitalizing on opportunities.

17.4.2. A more advanced vulnerability case
study

17.4.2.1. Reindeer nomadism in Finnmark,
Norway

World reindeer herding

Reindeer herding is today the most extensive form of
animal husbandry in the Eurasian Arctic and subarctic
(also see Chapter 12). Some 2 million semi-domesticated
reindeer (Rangifer tarandus) graze natural, contiguous
mountain and tundra pastures covering an area of around
5 million km?, which stretches from the North Sea to the
Pacific Ocean (Fig. 17.5, Box 17.1). These reindeer pro-
vide the basis of the livelihood of herders belonging to
some 28 different indigenous and other local peoples,
from the Sami of northern Fennoscandia (northern
Norway, Sweden, and Finland) and the Kola Peninsula in
northwest Russia, who herd approximately 500000
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Box 17.1. Biological adaptations by reindeer to life in the north (parts of this text have been
published previously by Tyler and Blix, 1990)

Reindeer is one of only |3 out of 180 different species of ruminants that has been domesticated. The grazing
areas of reindeer, however, cover almost 25% of land surface of the world (Turi, 1994). Reindeer inhabit a wide
range of different biotopes. Like other species resident in the Arctic, reindeer are exposed to large seasonal varia-
tions in ambient light and temperature conditions and in the quality and availability of food.

The Arctic is a hostile place in winter, vet the cold, dark “polar wastes” sustain life. The environment is truly mar-
ginal and for this reason it might be thought that warm-blooded animals that spend the winter there must endure
a truly marginal existence. However, most arctic animals usually neither freeze nor starve and it is therefore self-
evident that they are well adapted to the several challenges of the natural environment in which they live.

Several species of monogastric mammals (i.e., those having a stomach with only one compartment) circumvent
the problem of cold and the scarcity of food in winter by hibernating. Reindeer, however; are ruminants. Unlike
monogastric species they have to remain active to feed continuously throughout winter. Moreover, they are truly
homeothermic, requiring maintenance of a constant internal body temperature that is considerably above envi-
ronmental temperature. For these, like other true homeotherms, the problem of survival becomes one of keeping
warm.To do this they need both to reduce heat dissipation and to ensure an adequate supply of fuel, in the form
of metabolites from food, for heat production. Therefore, adaptations for survival can be divided between those
which help the animals to reduce their energy expenditure and those which help them to make best use of what
little food they can find.

Reduction in energy losses

Reindeer and caribou have two principal defenses against cold. First, they are very well insulated by fur (e.g,
Nilssen et al,, 1984); second, they restrict loss of heat and water from the respiratory tract. In humans exposed to
low ambient temperature but warmly dressed, the heat lost in exhaled air may account for more that 20% of
metabolic heat production. In resting reindeer exposed to cold, by contrast, expired air is cooled and the animals
are capable of conserving about 70% of the heat and 80% of the water added to the inspired air in the lungs
(Folkow and Mercer; 1986).

Reduction in energy expenditure
Appetite and growth

Reindeer; like several other species of deer, show a pronounced seasonal cycle in appetite and growth which
appears to follow an intrinsic rhythm entrained by photoperiod and associated with changes in levels of circulating
hormones. In winter their appetite falls by as much as 70% of autumn values (Larsen et al., 1985; Mesteig et al,,
2000; Tyler et al, 1999a). Growth slows or even stops (McEwan, 1968; Ryg and Jacobsen, 1982) and the animals
begin to mobilize their fat reserves even when good quality food is freely available (e.g., Larsen et al., 1985).
Intrinsic cycles of growth and fattening appear to be adaptations for survival in seasonal environments in which
animals are confronted with long, predictable periods of potential under-nutrition. Slowed rate of growth and, to
an even greater extent, actual loss of weight have the effect of reducing an animal’s daily energy requirements
(e.g, Tyler, 1987).This may be literally vitally important in winter when food is not only scarce and of poor quality
but is also energetically expensive to acquire.

Activity

Besides minimizing heat loss in winter by means of increased insulation, reindeer and caribou can reduce energy
expenditure by adopting appropriate behavior; in particular by reducing the total daily locomotor activity.

The nature of the surface over which animals travel is also very important. The relative net cost of locomotion in
a caribou sinking to 60% of brisket height at each step is almost six times greater than the cost of walking on a
hard surface (Fancy and White, 1985). The capacity of snow to support an animal depends on the hardness of the
snow and the pressure (foot load) that the animal exerts on it. Thus, if snow hardness consistently exceeds foot
loads, animals can walk on top of the snow or will sink to only a fraction of its total depth.The broad, spreading
feet of reindeer and caribou, a well-known characteristic of this species, is clearly an adaptation to walking on
snow, through minimizing the extent to which they break through the crust and sink in. Reindeer and caribou,
with the exception of musk deer (Moschus moschiferus), have the lowest foot load measured in any ungulate
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(Fancy and White, 1985). The potential significance of reducing locomotion as a means of saving energy is made
clear from Fancy and White’s (1985) calculation that the costs of locomotion for a 90 kg caribou breaking the
trail at the head of the spring migration will represent an increment to its minimal metabolism of 82%. For the
animals following the packed trail in its wake the incremental cost would be equivalent to about 33% of their
minimal metabolism, a saving of more than half (Fancy and White, 1985).

Gathering and storing energy
Diet and digestion

Reindeer have an exceptional ability to cope with seasonal changes in the availability and quality of the different
species of forage plants that they eat. This, together with the diversity of habitats in which the animals live, pro-
vides the basis for the capacity of reindeer to adapt toward climatic variability and change. Reindeer are highly
adaptable intermediate mixed feeding types. They fall between true grazers that eat fibrous plants (25% of all
species of ruminants) and concentrate selectors (40% of all species) that eat plants with low fiber content
(Hofmann, 2000). By feeding selectively, they avoid highly fibrous plants and take, instead, the nutritious and easily
digestible parts of a variety of different forage types including lichens, grasses, and some woody plants (Mathiesen
et al, 1999, 2000; Storeheier et al,, 2002a).

In some areas, the proportion of lichens in their diet increases in winter (Boertje, 1984; Mathiesen et al., 1999,
2000). Lichens are unusual as food for ruminants. They are rich in carbohydrate that is easily digestible in reindeer
and are therefore also a good source of energy for the animals. However, they are deficient in nitrogen and min-
erals (Aagnes and Mathiesen, 1994; McEwan and Whitehead, 1970; Nieminen and Heiskari, 1989; Scotter; 1965;
Storeheier et al,, 2002a). Reindeer cannot, therefore, survive on lichens as their sole food supply. Ruminal fermen-
tation of lichens has an important effect on ruminal absorption of energy rich volatile fatty acids in winter
(Storeheier et al., 2003) and reindeer that eat lichens are better able to extract nitrogen from dietary vascular
plants in winter (Storeheier et al., 2002b).

The consequences of increased temperatures over arctic ranges include an increase in the abundance of shrubs
(Silapaswan et al., 2001; Strum et al, 2001) and a decrease in the abundance of lichens (Cornelissen et al.,, 2001).
Reindeer herders report that the abundance and distribution of mountain birch (Betula pubescens) have increased
and the abundance and distribution of mat-forming lichens have decreased in Finnmark over the last three to four
decades. There are undoubtedly multiple causes underlying these changes. Thus, it is important to understand how
reindeer can regulate their forage consumption to meet energy requirements under changing conditions. Though
reindeer are able to survive without lichens in winter (Leader-Williams, 1988; Mathiesen et al., 1999; Sermo et al,,
1999) little is known about the level of production and the economy — and therefore, also, the vulnerability — of
herding in lichen-free areas.

Fat

Many animals that live in highly seasonal environments store large amounts of energy as fat during summer and
autumn in anticipation of food shortage during winter. In hibernating species, fat deposits may constitute up to
35% of the animals' total body weight. Ungulates, by contrast, usually store relatively little fat. The fat deposits of
temperate and subarctic deer; for example, represent usually only between 4 and 0% of their total body weight
in autumn (Tyler, 1987). Such low values cast doubt over the widely held view that fat is likely to be a major
source of energy for deer and other ungulates in winter. Even using the most conservative models of energy
expenditure it seems that the fat reserves of female Svalbard reindeer; the fattest of all reindeer; could contribute
only between 10 and 25% of the animals’ energy demands during winter (Mathiesen et al., 1984; Tyler; 1987).

In practice, the contribution from fat is likely to be lower than these models predict because reindeer which sur-
vive winter do not normally use up all their fat (Tyler, 1987). Moreover, there is increasing evidence that the princi-
pal role of fat reserves in ungulates is to enhance reproductive success, rather than to provide a substitute for
poor quality winter forage (although the very presence of fat will necessarily also provide insurance against death
during periods of acute starvation). Substantial pre-rut fat reserves, for example, enable male deer to gather,
defend, and serve their harems without being distracted by the need to feed and, in several species, males hardly
eat at all for two or three weeks during the rut. It is more difficult to distinguish between alternative roles (repro-
duction and food supplement) for fat reserves in female ungulates because, in many species, these are pregnant
throughout winter: Kay (1985) suggested that the principal role of fat reserves in females may be to supplement
(but not to substitute for) their food intake during late pregnancy.
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reindeer, to the Chukchi of the Chukotka Peninsula in the
far east (Slezkine, 1994). The herding and hunting of
reindeer has major cultural and economic significance for
these people. Moreover, their herding practices, ancient
in origin, represent models in the sustainable exploitation
and management of northern terrestrial ecosystems that
have developed and adapted in situ over hundreds of years
to the climatic and administrative vagaries of these
remote regions (Turi, 2002).

A Norwegian context

O’Brien, et al. (2004) asked whether Norway is vulner-
able or resilient to future anthropogenic climate change
(using projections from the ACACIA project, Parry,
2000). At a national level Norway can be considered
relatively resilient and hence unlikely to be seriously
affected by conditions forecast by climate scenarios over
the next few decades. Its relative protection from haz-
ards associated with sea-level rise, its weather-hardened
architecture and infrastructure, its strong and equitable
economy, its state of technological development, etc.,
all signal a good measure of resilience at the national
scale. Certain economic sectors (oil and gas, hydro-
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Fig. 17.5. Distribution of semi-domesticated reindeer in
Eurasia and some of the indigenous and other peoples of the
Eurasian north for which reindeer hunting and herding has
major cultural and economic significance.

power, fishing, agriculture, tourism etc.) will experi-
ence gains and losses, but on average the scenarios for

responses to anticipated warmer and wetter conditions
point to likely sufficiency of adaptive capacity to mini-

mize costly climate-related disruptions.

Through the application of multi-scale analyses, using
dynamic and empirical downscaling techniques for
regional and local climate scenarios, respectively,
O’Brien, et al. (2004) were able to refine their assess-
ments of vulnerability accordingly. Although climate
extremes are not well captured in this analysis, it is clear
that projections for differences in mean climate condi-
tions vary greatly across Norway: northern, southwest-
ern, and southeastern Norway fare quite differently.
Only the first of these regions falls within the Arctic as
defined in this chapter. Not surprisingly, it is this arctic
portion of Norway that shows the greatest potential vul-
nerability to projected climate change; in large part due
to the anticipated changes in natural ecosystems. The
high dependence of human livelihoods on these
resources, for economic and cultural reasons, con-
tributes to a strong linkage between ecosystem changes
and socio-economic consequences.

The primacy of fishing in many Norwegian coastal
economies provides one example of such human—
environment relationships. There is no historical analogue
to allow confident predictions of fish stocks under a
warmer coastal regime, and circulation changes in the
North Atlantic may in fact be even more influential in
determining the recruitment in key stock such as cod and
herring. It is, however, likely that there will be changes in
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Fig. 17.6. World distribution of reindeer, showing Finnmark
— the northernmost, largest, and least populated county in
Norway (CAFF, 2001).

these marine ecosystems under projected climate
regimes. Studies elsewhere reveal the difficulty that com-
munities highly dependent on fishing have in adapting to
alternative livelihoods when faced with permanently
unfavorable changes in catch (Mariussen and Heen,
1998). Coastal areas in more temperate regions of North
America and Europe contain many such examples.

Reindeer herding in northern Norway provides a similar
example. Changes in temperature can affect vegetation
and changes in the timing and form of precipitation can
affect the animals’ access to food. Either of these changes
can influence the health and productivity of the herd, and
hence the livelihoods and cultural practices of indigenous
peoples who are highly dependent on this ecosystem.

O’Brien et al. (2004) also gave good examples of how
the overall perspective on Norway’s vulnerability could
change with diminished importance of revenues from oil
and gas over the next five decades (considered likely),
and how climate impacts experienced in other nations
can affect Norway via commerce, political relations, and
movements of people. But an important underlying mes-
sage is that for the foreseeable future the people most
likely to be negatively affected by climate change are
those whose lives are most intimately linked with terres-
trial and marine ecosystems.

Finnmark Sami reindeer herding

This analysis represents an interdisciplinary and inter-
cultural approach to understanding the vulnerabilities

Fig. 17.7. The present pattern of semi-domesticated rein-
deer migration in western Finnmark.

(hearkivuohta) of specific human—environment systems in

the Arctic. As a work in progress it explores only some
features of the human—environment system represented
in reindeer nomadism. These features include climate
and non-climate factors that impinge on, and may influ-
ence, the sensitivity and adaptive capacity of the system
to environmental change. The perspective adopted here
is that of members of local communities: the focus is on
their interpretation of the concept of vulnerability analy-
sis and on how it might usefully be applied to their situa-
tion. Thus, the information provided here is the result of
a partnership between researchers and reindeer herders.
The case study demonstrates how through active partici-
pation the reindeer herders modified and applied a gen-
eral conceptual framework and interpreted research
findings in a co-production of knowledge.

Finnmark is the northernmost, largest, and least populat-
ed county in Norway (Fig. 17.6). Within its 49000 km?
there live approximately 76 000 people, including a large
proportion of Sami. Populations of 114-000 reindeer and
2059 registered reindeer owners in Finnmark in 2000
represented 74 and 71% of semi-domesticated reindeer
and Sami reindeer owners in Norway, respectively
(Reindriftsforvaltningen, 2002).

Reindeer in Finnmark are managed collectively in a
nomadic manner rich in tradition. Herds of mixed age
and sex, varying in size from 100 to 10000 animals, are
free-living and range in natural mountain pasture all year
round. The herders typically make two migrations with
their animals each year, moving between geographically
separate summer and winter pastures. In spring (April
and May), they and their animals generally move out to
the mountainous coastal region where the reindeer are
left on peninsulas or are swum or ferried across to
islands where they feed throughout the summer, eating
nutritious parts of bushes and shrubs, sedges, and grass-
es. In September the animals are gathered and taken
inland to winter pastures in landscape typically consist-
ing of open, upland plains of tundra and taiga birch
scrub (Fig. 17.7, Paine, 1996; Tyler and Jonasson, 1993).
The pattern of migration observed today is probably as
much a legacy from earlier times, when Sami moved to



970

the coast to fish in the summer and retired inland to
hunt game in winter, as a reflection of the natural behav-
ior of their reindeer. The autumn migration inland is
clearly an adaptation to climatic conditions. Winters are
mild and wet near the coast but colder and drier inland
(Fig. 17.8). Consequently, the climate is more continen-
tal inland and cycles of thawing and re-freezing (which
increase both the density and the hardness of the snow
making it increasingly difficult for the animals to dig to
the plants beneath) occur less frequently than at the
coast. Grazing (snow) conditions are generally better
inland as a result.

Reindeer herding in northern Norway has many advan-
tages over herding throughout much of the rest of the
Eurasian Arctic and subarctic. First, although the
absolute number of animals is small (the population in
Finnmark, for example, represents approximately 4% of
semi-domesticated reindeer in Eurasia), the density of
reindeer is very high. This reflects, in part, the relatively
high productivity of this region, which, in turn, is a
consequence of the warming effect of a branch of the
North Atlantic Current. The overall density of approxi-
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Fig. 17.8. Monthly mean precipitation and temperature at
Tromse and at Karasjok in Finnmark (26° E, 69° N). Data are
for 1961 to 1990 and the bars indicate | standard deviation
(data supplied by the Norwegian Meteorological Institute).
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mately 2 reindeer per km? in Finnmark is roughly four
times greater than the density of reindeer in Russia.
Second, reindeer meat is regarded as a delicacy in
Norway and in many years production fails to meet
demand. This, in combination with the richness of the
Samis’ traditional gastronomic culture, provides oppor-
tunities for development of the economic basis of their
industry through small-scale family-based productions
focusing on the concept of adding value. Third, north-
ern Fennoscandia possesses well developed infrastruc-
ture and transport and an electronic communication
network superior to that in any other region of the
circumpolar Arctic at similar latitude. These three
factors form the basis of a potentially robust and vibrant
form of cerviculture. They also represent features of
both the natural and the social environments that poten-
tially influence the vulnerability of reindeer herding to
the effects of climate variability and change.

17.4.2.2. Modifying the general vulnerability
framework

The first step in a vulnerability study is to evaluate the
general methodological framework (Fig. 17.1) and mod-
ify it, where necessary, to suit the characteristics of the
system of interest, in this case reindeer herding in
Finnmark. A conceptual framework must be developed
that focuses on the specific and, perhaps, even unique
attributes of each particular case. Reindeer, reindeer
herders, and the natural and social environments to
which they belong represent a coupled human—
environment system. Many of the components of this
system, though only distantly related, are closely and
functionally linked. Herders’ livelihoods, for example,
depend on the level of production of their herds.
Production, in turn, depends on the size of herds and on
the productivity of individual reindeer in them, which
depend, again in turn, on the quantity and quality of for-
age available. The level of feeding the animals enjoy is
determined in the short term by prevailing weather con-
ditions including temperature in summer, which affects
the growth and nutritional quality of forage plants, and
by weather conditions in winter, in particular a combina-
tion of precipitation, temperature, and wind, which
affect the quality of the snow pack and, hence, the avail-
ability of the forage beneath. In the medium and long
term, however, feeding levels are also determined by a
suite of non-climate factors all of which have a major
influence on the level of production and, completing the
circle, on the profitability of reindeer herding. These
include the quality of pasture (in terms of the species
composition and biomass of forage and the availability of
other important natural resources), the area of pasture
available, herders’ rights of access to pasture, the level of
competition between reindeer and other grazers, the
level of predation to which herds are subjected, the
monetary value of reindeer products and so on.
Common to all these non-climate factors is that they are
influenced by the decisions and policies of institutions
far removed from Finnmark. Hence, it was clear at the
outset that reindeer herding is a production system
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Fig. 17.9. Conceptual framework for the Finnmark case study.

affected not just by climate variability, and potentially
also by climate change, but also potentially very strongly
by the socio-economic environment in which it exists.

A conceptual model relevant for reindeer herding in
Finnmark was developed at a five-day meeting held in
Tromso in August 2002. The president of the Association
of World Reindeer Herders drew together a team of
natural scientists, social scientists, administrators, and
reindeer herders. All the participants were encouraged
to emphasize their own particular perspectives and,
working together in this way, the group then revised the
generalized conceptual framework to suit the conditions
prevailing in Finnmark. The herders, for example, were
largely responsible for selecting the principal compo-
nents included in the final model and upon which the
study was based. The customized framework (Fig. 17.9)
describes the perceived relationships through which

(1) climate change influences the growth and productivi-
ty of herds of reindeer, (2) herders cope with climate-
induced changes in the supply of forage and in the level
of production of their herds, and (3) herders’ ability to
cope with climate-induced changes is constrained by
extrinsic anthropogenic factors collectively called
“institutions and governance”. (These include “preda-
tion”, the level of which is influenced by legislation that
protects populations of predators.) Each part was tem-
pered with herders’ understanding of the dynamics of
herding, of their society, and of the natural and social
environments in which they live. Superficially the final
model (Fig. 17.9) bore little resemblance to the general
framework (Fig. 17.1) from which it evolved, yet key
elements, including human and environmental driving
forces, human and societal conditions, impacts, respons-
es, and adaptation, all remain.

17.4.2.3. Climate change and climate variability
in Finnmark: projections and potential effects

Climate change is one of a suite of factors that influence
the physical environment, the biota and, ultimately, the
cultures of indigenous and other arctic communities.
Large-scale climate changes in the Arctic will influence

local climate (e.g., Bamzai, 2003), which, in turn, can pos-
sibly affect foraging conditions for reindeer, the productivi-
ty of herds and, ultimately, herders’ income and livelihood.

Projections for Fennoscandia

The climate of northern Fennoscandia is milder than at
similar latitudes in Russia or North America owing to
the warming effect of a northeastern branch of the
North Atlantic Current, which flows north along the
coast of Norway. The mean July temperature at the
coastal town of Vadse (70° 05' N) in northern Norway,
for example, is approximately 11 °C, while that at Point
Barrow (71° 30" N) in Alaska is approximately 4 °C.
Likewise, the mean January temperature inland at
Kautokeino (68° 58' N) is approximately -16 °C com-
pared to approximately -35 °C at Old Crow (67° 34' N)

in Canada (both located at similar elevations).

These differences notwithstanding, recent modeling
indicates that during the next 20 to 30 years the mean
annual temperature over northern Fennoscandia is likely
to increase by as much as 0.3 to 0.5 °C per decade
(Christensen et al., 2001; Hanssen-Bauer et al., 2000;
Hellstrom et al., 2001; see also Chapter 4). The project-
ed rise in temperature is greater in the north than in the
south of the region, greater inland than at the coast, and
greater in winter than in summer.

Confidence in these projections is based on the trend in
mean annual temperature for the period 1970 to 2000,
generated retrospectively by the same models, corre-
sponding reasonably well with empirical observations.
Figure 17.10, for example, illustrates the observed
mean annual temperature measured at Karasjok, a
representative inland grazing region used in winter,
between 1900 and 2000 and a modeled projection for
mean annual temperature for the period 1950 to 2050
(Hanssen-Bauer et al., 2000). The trend in the projec-
tion from 1970 to 2000 compares well with, and is not
significantly different from, the observed temperature
trends (Hanssen-Bauer et al., 2003). The models do
not, however, capture the changes in variability which
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Fig. 17.10. Low-pass filtered series of observed and projected
mean annual temperature in Karasjok, eastern Finnmark.

The projected temperature is downscaled from the ECHAMA4/
OPYC3 global climate model, run with the 1S92a emissions
scenario (Hanssen-Bauer et al., 2000).
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have been observed. At this stage, therefore, it is not
possible to project with any degree of confidence to
what extent the variability in mean annual temperature
in northern Fennoscandia is likely to change over the
next 50 to 100 years.

Global projections for the next 70 years or so indicate
increased precipitation at high latitudes. These projec-
tions seem robust (e.g., Rdisinen, 2001) and are qualita-
tively consistent with the expected intensification of the
hydrological cycle caused by increased temperatures.
Regional models for Fennoscandia project an increase in
annual precipitation of between 1 and 4% per decade
(Fig. 17.11). The regional precipitation scenarios are,
however, generally less consistent than the regional tem-
perature scenarios and their ability to reproduce the
trends observed in recent decades remains limited.

Increases in temperature and precipitation can poten-
tially affect snow conditions in a variety of ways that
can influence foraging conditions for reindeer.
Increased temperature in autumn might lead to a later
start of the period with snow cover and increased tem-
perature combined with more frequent precipitation
may increase the frequency of snow falling on unfrozen
ground. Furthermore, increased precipitation in winter
would be expected to contribute to increased snow
depth at the winter pastures of reindeer. With increased
temperatures, the melting period in spring might start
earlier but the last date of melting might be significant-
ly delayed where the initial snow cover is deeper.

The physical structure of the snow pack could also be
affected by the projected changes in temperature and
precipitation. No local projections for snow conditions
in Finnmark have, however, yet been made. Their devel-
opment would require an integration of the projections
for temperature and precipitation, both of which are
currently available only at a coarse scale of resolution.
To be meaningful, models would have to be downscaled
and would need to incorporate data on the physical
structure of the landscape, especially altitude which
influences local temperature profiles and, hence,

the transition of precipitation from rain to snow

(e.g., Mysterud et al., 2000; see also Chapter 7).
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Fig. 17.11. Low-pass filtered series of observed and projected
annual precipitation in Karasjok, eastern Finnmark.The project-
ed precipitation is downscaled from the ECHAM4/OPYC3 glob-
al climate model, run with the 1S92a emissions scenario
(Hanssen-Bauer et al., 2000).
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Downscaling global projections

The spatial resolution of the projections for tempera-
ture and precipitation over northern Fennoscandia is
very coarse and, consequently, of limited use for pro-
jecting local trends in any but the most general terms.
Downscaled scenarios, designed to improve the spatial
resolution of the projections, have been developed for
temperature and precipitation at selected stations in
Finnmark. Projections for Karasjok in eastern Finnmark
are shown in Figs. 17.10 and 17.11. The downscaled
temperature scenarios show some of the same charac-
teristics as the regional scenarios for Fennoscandia,
including greater warming in winter than in summer
and inland compared to the coast. However, the
inland—coast gradient was in most cases greater in the
downscaled projections than in the global scenarios.
Downscaled projections for precipitation did not match
the global projections for Fennoscandia well. This result
was not unexpected and reflects the fact that down-
scaling, unlike global modeling, is sensitive to the
effects of local topography on patterns of precipitation.

Local climate conditions important for reindeer
herding

To be manageable, the models developed by downscaling
analysis were necessarily made very simple. The weather
patterns over reindeer pastures, by contrast, are highly
complex and display a large degree of regional, local,
and temporal variation. Some of the temporal variation
is apparent from data for particular parameters.

The observed winter precipitation in Karasjok, for
example, has varied during the last five decades from
less than half the 19611990 average to almost twice
this value (Fig. 17.12). Likewise, at Tromse at the coast,
the date on which the last snow disappeared (between
1960 and 2000) has varied by as much as 60 days from
year to year. There is also considerable spatial variability:
the mean annual precipitation for Finnmark (1961—
1990), for example, ranges from 325 mm at Kautokeino
(inland) to 914 mm at Loppa (coast). The situation is,
however, more complicated than these simple compar-
isons indicate owing to the many ways in which weather
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Fig. 17.12. Winter precipitation anomalies for Karasjok (eastern

Finmark) and Vardg (northeastern Norway), 1950 to 2001.The
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can vary. Data collected over 35 years from two weather
stations in central eastern Finnmark reveal, for example,
that almost every year is a record year. Every year one
parameter or another is colder, or warmer, or earlier, or
deeper, and so on than ever before. There are, in effect,
no “normal” years in Finnmark; instead, every year is
exceptional. In herders’ parlance: Jahki ii leat jagi viellja
(“One year is not another’s brother”).

The challenge, therefore, is to extract data from global,
regional, or local meteorological records in the form of
selected parameters that, singly or in combination, rep-
resent useful proxies for those aspects of the weather in
this complex system that significantly influence the
rowth and survival of reindeer and the work of the
herders who look after them. Ecologists select proxies
that are either as highly generalized or as highly specific
as possible, including major atmospheric phenomena
such as the North Atlantic Oscillation or monthly mean
records of precipitation from a particular local weather
station, respectively. The application of either highly

Box 17.2.The significance of snow

generalized or highly specific data can be useful and can
yield robust results. The selection of proxies, however,
is largely arbitrary and the results lack the sophistication
that characterizes herders’ understanding of the ways in
which short-term variation in weather and longer term
variation in climatic conditions affect their lives.
Reindeer herders, like other people whose livelihood
depends on close reading of the natural environment,
have a deep understanding of the significance of the
changing patterns of weather (Box 17.2). An important
step in a vulnerability analysis of this kind, therefore, is
to describe the effects of temporal and regional varia-
tion in weather on grazing conditions in terms of
herders’” experience and, hence, to identify climate phe-
nomena and thresholds that are potentially important
for reindeer production.

17.4.2.4. Ecological impacts

The ecological impact of large-scale climate variability
and recent climate change on temperate species of

Reindeer herders, like other people whose livelihood depends on close reading of the natural environment,
have a deep understanding of the significance of changing weather patterns. This knowledge is based on gener-
ations of experience accumulated and conserved in herding practice. Herders' understanding of snow (muohta)
is one example.

In winter, each herding group grazes their animals in a defined area to which it has usufructory rights. In Finnmark,
herds are typically tended continuously in winter, with herders taking watches that last seven to ten days. Their
daily duties include maintaining the integrity of their herds — by preventing animals from straying and by keeping
other reindeer away — and, most importantly, by finding fresh places for the animals to graze.“Good grazing” is a
place where the snow is dry, friable, and not too deep to prevent the animals easily digging through it to reach
the plants beneath."Bad grazing” is a place where the snow is icy, hard, and heavy, or where a layer of ice lies over
the vegetation on the ground beneath. “Exhausted grazing” is a place where reindeer have already dug and tram-
pled the snow, consequently rendering it hard and effectively impenetrable.

Snow lies in the mountain pastures of northern Norway for up to 240 days per year and it is therefore not
surprising that herders have learned to cope with varying snow conditions. The significance of snow for the
lives of the people probably increased when they turned from hunting reindeer to herding them (Ruong,
1964). Winter grazing conditions must have become an important determinant of trade and, hence, an impor-
tant topic of discussion. The distribution of snow and its physical characteristics such as its depth, hardness,
density, structure, and variability all had to be expressed in a linguistic form. The Sami recognize about 300
different qualities of snow and winter pasture — each defined by a separate word in their language (Eira, 1984,
1994; Jernsletten, 1997; Pruitt, 1979; Ryd, 2001).

A selection of Sdmi words for snow

Cearga  Hard-packed drift snow “which one can't sink one’s staff into”— impossible for reindeer to dig through.

Ciegar Snow that has been dug up and trampled by reindeer, then frozen hard.

Fieski Snow in an area where only a few reindeer have been, evidenced by few tracks.

Oppas  Thickly-packed snow through which reindeer can dig if the snow is of the luotkku (loose) or seanas type.

Sarti A layer of frozen snow on the ground at the bottom of the snow pack that represents poor grazing
conditions for reindeer.

Seanas  Dry, coarse-grained snow at the bottom of the snow pack. Easy for reindeer to dig through. Occurs in
late winter and spring.

Skdrta A thin layer of frozen, hard snow on the ground that forms after rain. Also poor grazing conditions.
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plants and animals is well documented (Ottersen et
al., 2001; Post and Stenseth, 1999; Post et al., 2001;
Stenseth et al., 2002; Walther et al., 2002). Among
northern ungulates, variation in growth, body size,
survival, fecundity, and population rates of increase
correlate with large-scale atmospheric phenomena
including the North Atlantic Oscillation (Forch-
hammer et al., 1998, 2001, 2002; Post and Stenseth,
1999) and Arctic Oscillation (Aanes et al., 2002).
Putative causal mechanisms underlying these correla-
tions involve the climatic modulation of grazing
conditions for the animals. The effects may be either
direct, through the influence of climate on the ani-
mals’” thermal environment or the availability of their
forage beneath the snow in winter (e.g., Forchhammer
etal., 2001; Mysterud et al., 2000), or indirect,
through modulation, by late lying snow, of the pheno-
logical development and nutritional quality of forage
plants in summer (e.g., Mysterud et al., 2001).

The consequences for the animals may, in turn, be
either direct, involving the survival of the current
year’s young, or indirect, whereby climate-induced
variation in early growth influences the survival and
breeding performance of the animals in adulthood
(e.g., Forchhammer et al., 2001).

Some well-established reindeer populations character-
istically display high-frequency, persistent instability
(e.g., Solberg et al., 2001; Tyler et al., 1999b) indicat-
ing that their dynamics, and the dynamics of the graz-
ing systems of which they are a part, may be strongly
influenced by variation in climate (Behnke, 2000;
Caughley and Gunn, 1993). However, despite a sub-
stantial volume of research related to the effects of
snow on foraging conditions in tundra and taiga pas-
tures (Adamczewski et al., 1988; Collins and Smith,
1991; Johnson C. et al., 2001; Miller et al., 1982;
Priutt, 1959; Skogland, 1978) and, more recently,
research related to the effects of variation in summer
weather on forage (e.g., Lenart et al., 2002; Pentha et
al., 2001; Van der Wal et al., 2000), only little evidence
of a strong and pervasive influence of large-scale cli-
mate variation on the rate of growth of populations
(Aanes et al., 2000, 2002, 2003; Post and Stenseth,
1999; Solberg et al., 2001; Tyler et al., 1999b) or the
performance of individual reindeer (Post and Stenseth,

1999; Weladji et al., 2002) has yet emerged.

17.4.2.5. Coping with climate Variability and
change

The potential impact of climate variation and change
on the productivity of herds can be ameliorated by
tactical and strategic changes in herding practice.
Herders’ responses (feedback) represent coping
(birgehallat), indicated by the dotted line in Fig. 17.9.
The conceptual framework proposes that responses
may be triggered at two levels. Ultimately, the herders
respond to climate-induced changes in the perform-
ance of their animals. They also respond directly to the
kinds of weather conditions that are important for suc-
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cessful herding. This proximal response is indicated by
the line marked “Herders” knowledge” in Fig. 17.9.
The model makes no assumption about the extent or
effectiveness of herders’ ability to cope or the magni-
tude of the influence of climate change on the system.

A major point emphasized in this study is that climate
change is not a new phenomenon in eastern Finnmark,
even over the timescale of human memory. Systematic
records of meteorological data have been made at
Karasjok, close to the winter pastures, since 1870.
These data provide clear evidence of climate change
during the last 100 years. The dominant features of the
temperature and precipitation records displayed in
Figs. 17.10 and 17.11 are not the overall trends but,
rather, the substantial decadal variation. Hence,
although temperature displayed no statistically signifi-
cant trend during the course of the last century, it is
readily apparent that between 1900 and 2000 inner
Finnmark experienced two periods with generally
increasing temperatures. Between 1900 and 1935 and
again between 1980 and 2000 the mean annual tem-
perature at Karasjok increased by about 0.5 °C per
decade. The observed rate of increase closely matches
the projections for warming over Fennoscandia over
the next 20 to 30 years that lie in the range of 0.3 to
0.5 °C per decade (see Chapter 4). Similarly, the mod-
est net increase in precipitation during the last century,
which occurred at a rate of 1.6% per decade, belies the
observation that there were, in fact, three separate and
substantial periods of increasing precipitation in those
years. Between 1945 and 1965, for example, the mean
annual precipitation at Karasjok increased by 20%.
The rate of increase during this event greatly exceeds
the current projections for precipitation increase over
Fennoscandia of 1 to 4% per decade (see Chapter 4).
Projections for future temperature and precipitation
fail to capture these rapid changes and, instead, reflect
only the modest trends observed across the 20th
century as a whole.

Sami reindeer herders have therefore, in the course of
the last century, been exposed to climate change
events of a magnitude at least as great as — and in
some cases much greater than — those currently pro-
jected for northern Fennoscandia over the next 20 to
30 years. It needs to be noted, however, that a
reoccurrence in the future of the large variations in
climate experienced historically is certainly not
excluded in the projections of climate change.
Moreover, what is likely to be unprecedented histori-
cally is the level of mean climate around which these
fluctuations will occur. One potentially useful
approach to predicting the likely impact of, and
herders’ responses to, climate change, therefore, is to
explore how they were affected in the past and what
responses they displayed then. This kind of exploration
requires the codification and analysis of herders’
responses to weather-related changes in foraging
conditions and of their perception and assessment of
the risks associated with different coping options.
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Strategic responses

Diversity in the structure (yr herds

Aboriginal production systems in extreme, highly
variable, and unpredictable climates are based on the
sequential utilization of, often, a large number of eco-
logical or climatic niches (Murra, 1975). The essence of
such systems is flexibility and the distribution of risk
through diversity. Reindeer herders maintain high levels
of phenotypic diversity in their herds with respect, for
example, to the age, sex, size, color, and temperament
of their animals (Oskal, 2000). A ¢appa eallu (“beautiful”
herd of reindeer) is, therefore, highly diverse and, in this
respect, is the antithesis of a purebred herd of livestock
of the kind developed by careful selection to suit the
requirements of a modern, high yielding agricultural
ruminant production system.

The traditional diversity in the structure of reindeer
herds is an example of a coping strategy aimed at reduc-
ing the vulnerability of the herd to the consequences of
unfavorable — and unpredictable — conditions. Thus, in
traditional reindeer herding, even apparently “non-
productive” animals of either sex have particular roles
which, when fulfilled, contribute significantly to the
productivity of the herd as a whole. Traditionally, for
example, reindeer herds in Finnmark typically consisted
of as many as 40% adult males. Large numbers of large
males were required for traction; they acted as focal
points, helped keep the herd gathered, and reduced the
general level of activity of the females: in modern jar-
gon, the males contributed to energy conservation with-
in the herd. Many were carefully castrated to this end
(Linne, 1732). Their strength, moreover, enabled them
to break crusted snow and to smash ice with their
hooves, opening the snow pack to gain access to the
plants beneath to the benefit of themselves and — inci-
dentally — also for the females and calves in the herd.
The modern agronomist, however, considers adult males
unproductive and today few herds in Finnmark have
more than 5% males. Males’ role as draft animals and in
gathering and steadying the herd has been largely
superceded by snowmobiles — albeit at greatly increased
economic cost. The reliance on snowmobiles, moreover,
renders herding early in winter difficult in years when
little or no snow arrives before the New Year. But old
ways sometimes die out only slowly and there are ingen-
ious solutions. When asked recently (in 2002) why he
kept several heavy, barren females in his herd, Mattis
Aslaksen Sara, a herder from Karasjok, replied “I have so
few big males now — so who else will break the ice?”
The decline in the diversity of the herd structure and,
specifically, the increased proportion of females in
today’s herds is largely a result of government interven-
tion. It reflects the influence of practices copied from
sheep production systems that have been translated to
reindeer herding by agronomists. The reduced hetero-
geneity of herds represents a reversal of the traditional
approach; its consequences, in terms of the performance
of the animals, remain largely unknown. The pattern of

dispersion of female-dominated herds over the landscape
is said to be different. The consequences of reduced
heterogeneity in terms of changes in the vulnerability of
the herding system to environmental change remain
completely unknown.

Pastoral nomadism

The characteristic seasonal pattern of movement
reflects herders’ responses to the spatial and temporal
heterogeneity and unpredictability of key resources,
usually forage or water, whether these be for goats or
cattle on a tropical savannah (Behnke et al., 1993) or
for reindeer on northern taiga (Behnke, 2000).
Nomadism is adaptive in the sense that, by moving his
herd, the herder gains or averts what he anticipates will
be the advantages or undesirable consequences of his
doing so or not doing so, respectively.

Tactical responses
Movement

For Sami nomads, one principal feature of the natural
environment that influences the pattern of movement of
herds into, within, and out of winter pastures is the con-
dition of the snow pack. Snow determines the availabili-
ty of forage (crusted snow is bad) and, in late winter, the
mobility of herds (crusted snow is good). Skilled herders
observe how the snow drifts, how it settles, and where
conditions remain suitable for grazing and then make
decisions about how and when to move after assessing
the physical quality of the snow pack in relation to
topography, vegetation, time of year, and condition of
the animals. In the warm winters of the 1930s (see Fig.
17.10), for example, conditions were sometimes so dif-
ficult owing to heavy precipitation that herds spread out
and moved to the coast earlier than normal in spring.
Today, neighboring herding groups (siida) may even
“trade” snow in the sense that one group may allow its
neighbors to move their herd to an area of undisturbed
snow (good grazing) on the former’s land. In every case,
success is contingent on the freedom to move.

Feeding

Reindeer husbandry in Norway is based on the sustain-
able exploitation of natural pasture. In winter, access to
forage can be restricted by deep snow or ice and the ani-
mals have to cope with reduced food intake as a result.
So extreme were snow conditions in the winter of
1917/18, with ensuing loss of animals, that Sami herders
in Norway employed Finnish settlers to dig snow to
improve access to forage. Herders often provided small
amounts of lichen both to reward animals they were in
the process of taming and also as a supplement for draft
animals or for hungry ones. Gathering lichens, however,
is laborious and, instead, in addition to locally produced
grass converted into hay or silage, several commercially
available pelleted feeds have been developed (Aagnes et
al., 1996; Boe and Jacobsen, 1981; Jacobsen and
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Skjenneberg, 1975; Mathiesen et al., 1984; Moen et al.,
1998; Sletten and Hove, 1990). The provision of small
amounts of supplementary feed can help to improve
survival in winter (especially for calves), to increase the
degree of tameness of the herd, and to improve the ani-
mal welfare image of reindeer herding in the eyes of the
public. Negative effects include increased frequency of
disease (Oksanen, 1999; Tryland et al., 2001) and
increased cost. The use of pellets and locally harvested
grass increased throughout Fennoscandia in the 1990s;
reflecting this, many petrol stations in the reindeer herd-
ing areas of northern Finland now stock sacks of feed
during winter. The use of pellets is less widespread in
Norway owing in part to its high cost: the grain products
in pelleted ruminant feeds are heavily taxed in Norway
and the cost of providing artificial feed for reindeer is
between four and six times higher than in Finland.

In Norway, therefore, use of feed is generally restricted
to periods of acute difficulty. This pattern might alter,
however, in future should snowfall increase substantially.

17.4.2.6. Constraints on coping

The strategic and tactical decisions herders make in
response to changes in pasture conditions represent
aspects of coping. The success of the kinds of responses
outlined in the previous section, however, depends to a
large extent on herders’ freedom of action. This section
outlines five constraints or potential constraints on this
freedom of action. The first four concern government
policy (state, regional, and municipal) and present insti-
tutional arrangements that reduce the herders’ ability to
respond creatively to changing conditions, includin
climate variability and change. The fifth is pollution.

In Norway, Sami reindeer herding takes place in a com-
plex institutional setting heavily influenced by various
forms of governance (see Fig. 17.1) that constrain
herders’ options. Constraints include the loss of habitat,
predation (where the abundance of predators and,
hence, the rates of mortality due to predation, is influ-
enced by legislation protecting predators), and the
governmental regulation of herding (including the regu-
lation of rights of pasture, of the ownership of animals,
and of the size and structure of herds) and of market-
and price-controls. The effects of non-climate factors
like these on the development of reindeer herding
potentially dwarf the putative effects of climate change
described previously. Institutions and governance have
since the early 1980s demonstrably reduced the degree
of freedom and the flexibility of operation under which

reindeer herders traditionally acted. Their ability to cope

with vagaries of climate may be reduced as a result. For
these reasons, institutions and governance were included
as a major element in the conceptual model (Fig. 17.9).
The challenge remains to identify and quantify their
impact on reindeer herding and to identify and under-
stand the effects of this on herders’ ability to cope with
and adapt to changing environmental conditions. Of
course, not all forms of governance and institutions are

negative for reindeer herding: central administration also

Arctic Climate Impact Assessment

provides important protection and opportunities for the
industry and has supported both research and education.
Interestingly, a major development in government sup-
port for reindeer herding was precipitated by an
extreme climatic event. Severe icing over the pasture
during the winter of 1967/68 resulted in substantial
starvation and loss of reindeer in Finnmark. The govern-
ment responded in an unprecedented manner and pro-
vided compensation equivalent, in today’s monetary
terms, to US$ 6.5 million. Out of this action arose a
debate among the Sami regarding the division and distri-
bution of government funds within the reindeer indus-
try, which continues, in one form or another, to this day.
Loss of habitat, predation, the economic and socio-
political environment, and law, however, were factors
highlighted at the co-operative meeting in Tromse (see
section 17.4.2.2): their legitimacy and relevance lie in
the fact that they are based on herders’ subjective evalu-
ation of their own situation.

Loss of habitat

Reindeer herding is a highly extensive form of land use.
Roughly 40% (136000 km?) of Norway’s mainland is
designated reindeer pasture and within this area Sami
herders have — at least in principle — the right to graze
their animals on uncultivated ground irrespective of
land ownership. Herders’ rights of usufruct, however,
afford them neither exclusive access to the land nor
protection from the interests of other land users.
Conlflicts of interest are common. For herders the prin-
cipal issue is generally the securing of habitat in which
to graze their reindeer. Indeed, the progressive and
effectively irreversible loss of the uncultivated lands
which reindeer use as pasture is probably the single
greatest threat to reindeer husbandry in Norway today.
Preservation of pastureland is, likewise, perhaps the sin-
gle greatest priority for sustaining the resilience of rein-
deer herding confronted by changes in both the natural
and the socio-economic environment.

Habitat loss occurs in two main ways: (1) through phys-
ical destruction and (2) through the effective, though
non-destructive, removal of habitat or through a reduc-

Impact
(reduced abundance
of wildlife)
Very High
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Fig. 17.13. Encroachment of roads in Finnmark 1940 to 2000,
and the associated loss of reindeer pasture (UNEP, 2001).
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Fig. 17.14. Projected development of infrastructure (including roads, houses, military training areas) in the Barents Euro-Arctic region
2000-2050. This scenario is based on the historical development of infrastructure, the distribution and density of the human popula-
tion, the existing infrastructure, the known location of natural resources, distance from the coast, and vegetation type (GloBio, 2002).

tion in its value as a resource. Physical destruction of
habitat is chiefly a result of the development of infra-
structure, including the construction of artillery ranges,
buildings, hydro-electricity facilities, pipelines, roads,
etc. The effective removal of habitat may result from
disturbance (for example, by hunters, fishers, and walk-
ers), local pollution, increased grazing pressure by
potentially competing species (e.g., sheep, Coleman,
2000) or through loss of rights of access either locally
(Strom Bull, 2001) or as a result of the closure of
regional or international borders (Haetta et al., 1994).
Taking Norway as a whole, piecemeal development of
infrastructure has resulted in an estimated loss of 70%
of previously undisturbed reindeer habitat during the
last 100 years (Nellemann et al., 2003); in Finnmark,
the figure is close to 35% for the last 60 years alone
(Figs. 17.13 and 17.14).

Predation

Fennoscandia is home to the last remaining sizeable
populations of large mammalian predators in Western
Europe, including bear (Ursus arctos), lynx (Lynx Iynx),
wolf (Canis Iupus), and wolverine (Gulo gulo). These
species are all capable of killing medium-sized ungulates
like reindeer (although bears probably rarely do this).
Wolverine, a major predator for reindeer, were com-
pletely protected in 1981 though limited hunting is now
permitted. In Norway, very large numbers of domesticat-
ed animals range freely in the mountain areas in summer,
including approximately 2 million sheep and 140000
reindeer (which remain at pasture both in summer and
winter) and these, not surprisingly, are potential prey.
Reindeer herders in Finnmark, the county with the high-
est losses, estimate that between 30 and 60% of their
calves are taken as prey each year (Anon., 2003); in some
herds losses exceed 90% (Mathis Oskal, reindeer herder,
pers. comm., 2003). Losses on this scale dwarf all other
causes of mortality including climate-related deaths
(Reindriftsforvaltningen, 2002) and are therefore a major
determinant of levels of production in herds.

Norway’s mountain pastures are an important renewable
natural resource: their management as pasture, however,
is clearly complicated by the presence of predators and
the resulting predation on grazing animals. Intervention
designed to ensure the sustained usefulness of mountain
pastures as a resource for grazing animals by reducing

the density of predator populations to levels at which
they no longer represent a threat to the livelihood of the
sheep farmers and reindeer herders, must select from
among several unsatisfactory alternatives. Consequently,
any solution is likely to be an unsatisfactory compro-
mise. Alternative strategies range from implementing a
general reduction in the density of predator popula-
tions, to establishing “predator-free zones” where graz-
ing can continue uninterrupted while leaving the preda-
tors elsewhere undisturbed. Any course adopted must
be commensurate both with Norway’s commitment to
the conservation of viable populations of mammalian
predators under the terms of the Convention on the
Conservation of European Wildlife and Natural Habitats
(the “Bern Convention”) and other international agree-
ments and, at least as far as reindeer are concerned, by
the country’s commitment to safeguarding the special
interests of the Sami people. This commitment is
enshrined in the terms of the International Labour
Organisation (ILO) Convention No. 169 on Indigenous
and Tribal Peoples. Moreover, it seems apparent, as rein-
deer herders argue, that obligations with respect to the
intentions of ILO Convention No. 169 may take prece-
dence over those of the Bern Convention (Schei, no
date; Uggerud, 2001) and they press for the establish-

ment of predator-free zones accordingly.

In practice, the situation remains unclear. No predator-
free zones have been created. The culling of predators
takes place only on a limited scale and herders — who
have the best local knowledge about the predators — are
not normally permitted to take part. Compensation for
loss of animals is generally paid only in cases where
claims are substantiated with unequivocal evidence such
as post-mortem examination of carcasses. Herders,
however, normally determine losses by observing the
absence of particular animals and are only rarely able to
support their claims by producing a carcass; the gathering
up, transport, and delivery of carcasses is generally
impracticable. Consequently, their claims are mostly
unsubstantiated and usually rejected: in 2001-2002
herders in Finnmark were compensated for only one in
four reindeer claimed lost (Lund, 2002). Loss of reindeer
through predation, possibly exacerbated by increased
snow, therefore, remains a major constraint on herd pro-
duction levels and the herders, furthermore, remain
largely powerless to tackle the situation owing to legisla-
tion that runs counter to their immediate interests.
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Economic and socio-political environment

Reindeer herding in Norway is the most regulated rein-
deer husbandry in the world today. In 2000, the annual
cost of its administration was US$ 21 million, which was
more than twice the amount paid to reindeer herders
for their meat. (This refers to the raw product; the
market value of the reindeer meat sold is substantially
greater.) The current high level of regulation of herding
dates from 1978 when Sami reindeer husbandry was
brought more closely under the management of the
Royal Norwegian Ministry of Agriculture where eco-
nomic planning remained the policy-makers paradigm.
This development reflected an earnest desire to improve
the economic basis of Sami reindeer husbandry and,
hence, help herders to achieve the stable income indis-
pensable in modern society. Its consequence was that
central government became one of the most potent
forces shaping the development of reindeer herding,

The reigning paradigm of government policy was that of
a modern, agricultural food-production system and an
immediate consequence of its implementation was an
increase in the number of reindeer and reindeer herders
(Anon., 1992). Today, policies established by the central
administration influence virtually every aspect of rein-
deer husbandry, from the granting of licenses to own
reindeer and the allocation of grazing rights, to the
monitoring and regulation of the size-, age-, sex-, and
weight-structure of herds, the setting of production quo-
tas, the influencing of both the age and sex composition
of animals selected for slaughter, the timing of slaughter-
ing, and determining to which slaughterhouses herders
must sell their animals.

Some aspects of government intervention have been
necessary and valuable. Once the aboriginal system of
pasturing rights (the siida system) ceased to be recog-
nized by Norwegian law (Strem Bull, 2001), an alterna-
tive governance structure was needed. Other govern-
ment interventions, such as a centralized regulation of
the price of reindeer meat, have resulted in stagnation
in herders’ economy. Political and market power was
lifted from the hands of the herders in 1978 and consol-
idated in early 2000 when an alliance took place
between Norsk Kjott (a meat farmers’ co-operative
which controls 75% of slaughtering in Norway) and
two large, private, reindeer slaughterhouses neither of
which are Sami owned. Sami ownership and control is
minimal: in Norway only a small proportion of reindeer
are slaughtered by Sami-owned enterprises compared to
a large proportion in both Sweden and Finland (Reinert
and Reinert, in press). Import tariffs and pricing poli-
cies have been used to protect and promote the inter-
ests of agricultural meat production at the expense of
reindeer herding interests. The market mechanism has
been eliminated as a price setting mechanism for rein-
deer meat and, instead, its price is negotiated annually
by the herders’ organization (the Sami Reindeer
Herders Association of Norway) and the government. In
reality, the negotiating power of the herders is minimal
because Norsk Kjott is responsible both for the marketing
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and the regulation of the reindeer meat market. For
example, from 1976 to 1991 the net price paid to
herders for their meat, corrected for inflation, fell by
45% largely in response to an increase in the level of
production (Reinert and Reinert, in press). In the fol-
lowing decade the trend was reversed and the level of
production was halved; yet, contrary to all normal prac-
tice, the real price paid to herders for their meat
remained at the 1991 level. The absence of normal mar-
ket mechanisms for price setting has been economically
most disadvantageous for the herders. The fall in the
price of reindeer meat over the last 25 years exempli-
fies the influence wielded over the economic develop-
ment of reindeer husbandry by agricultural meat pro-
ducers with vested interests. Lacking direct control
over the slaughtering and marketing of reindeer meat,
the Sami of Norway became, de facto, an internal colony
(Reinert and Reinert, in press). This recalls the term
“Welfare Colonialism” coined by Paine (1977) to char-
acterize culturally destructive colonialism in the Arctic.

Central administration, therefore, remains responsible
for key aspects of the economic and socio-political envi-
ronment in which herding exists and to which herders
are obliged to adapt. The traditional fluidity and flexibili-
ty of practice that reindeer herding had developed to
meet the vagaries of the natural environment of the
north has been eroded. The exploration of the conse-
quences of these developments for the adaptability,
resilience, and vulnerability of Sami reindeer herding
under potential climate change remains, therefore, an
important area of research.

Law

The elaborate legal structure upon which the regulation
of reindeer husbandry is based is another aspect of the
complex institutional setting in which Sami reindeer
herding is practiced in Norway. The law is comprehen-
sive, complex and, occasionally, liberal to the point of
ambiguity (Strom Bull et al., 2001). It represents, there-
fore, a fourth non-climate factor that has a major influ-
ence on herding and which, by constraining herders’
options, influences their ability to cope with changes in
the natural environment.

Legislation governing reindeer husbandry is of consider-
able antiquity. A treaty agreed in 1751 between the
respective joint kingdoms of Denmark/Norway and
Sweden/Finland included the division along a common
national border of hitherto undefined northern lands.
This same border divides Norway and Finland today.
The 18th century legislators realized that the creation of
a border would potentially disrupt the lives of the
nomads whose freedom of movement across the area
had hitherto been unrestricted. An addendum was,
therefore, included in the treaty confirming agreement
between the two states that Sami reindeer herders’ cus-
tomary utilization of the land should remain undisturbed
notwithstanding the creation of a common border and
the nomads’ obligation to adopt one or other nationality.
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This document, the Lapp Codicil, is the first formal leg-
islation of reindeer husbandry. Crucially, it was built
upon the principle of local self-government regarding
the division of resources (Heetta et al., 1994).

The legislation of reindeer husbandry has evolved and
increased in complexity since 1751. Successive statutes
have been revised and new ones created to meet the
challenges of changes in the economic and political cli-
mate, culminating in the Reindeer Husbandry Act of
1978 and its revision in 1996. Today’s law includes provi-
sions for the regulation of a wide range of issues. Section
2 alone includes rules for the designation of herding
areas, the duration of grazing seasons within them, the
size of herds, and the body mass of the animals in them.
The level of detail of the legislation contrasts sharply
with the lack of detail in the guidelines for its imple-
mentation. The Act is built on the premise that the
organization of reindeer herding is best left in the hands
of public administration. No groups have protected
rights of usage. Instead, successive levels of the legisla-
ture — including the Ministry of Agriculture, the
Reindeer Husbandry Board, Regional Boards, and Area
Boards — determine, virtually unimpeded by legal barri-
ers, the division of grazing districts, the allocation of
herding franchises, and reindeer numbers. Regulation is
achieved through rules, not statutes, as a consequence of
which there remains considerable uncertainty among
administrators and herders alike about the scope of the
Act and a severe limitation of individual herder’s oppor-
tunity to challenge administrative decisions.

The prevailing uncertainty is compounded by the fact
that reindeer herding is regulated de facto by a Conven-
tion on Herding rather than through the provisions of the
1978 Act. The Convention is negotiated annually
between the Government represented by the Ministry of
Agriculture and the herders represented by the Sami
Reindeer Herders Association of Norway (NRL).

The two parties are by no means equal. The Ministry is
responsible both for drafting the regulations contained in
each Convention, albeit in consultation with the NRL,
and, ultimately, also for the interpretation and imple-
mentation of the final agreement. The regulations con-
tained in the Convention are far more flexible than the
Act but lack the legal checks and balances that the Act
contains. The regulations agreed at each Convention,
moreover, are frequently changed which only increases
the level of uncertainty. Clearly, the complexities and
ambiguities of the law contribute to the unpredictability
of the administrative environment within which reindeer
herding is practiced and, consequently, represent an
important potential constraint on herders’ ability to cope
with changes in the natural environment.

Pollution

Pollution from sources outside the Arctic (AMAP, 2002)
is another non-climate factor that can potentially influ-
ence the development of reindeer herding. Just as clean,
local water is a fundamental human right, so also is the

availability of uncontaminated food that can be gathered
from traditional local sources. Imported agricultural
food products are no substitute. Fortunately, chemical
pollution is substantially less important for reindeer
herding in Finnmark (generalizing from data for nearby
regions in Russia) and, indeed, for all reindeer herding
in Fennoscandia, than it is for marine resources

(Bernhoft et al., 2002).

Most radioactive contamination on land in northern
Fennocscandia is derived from fallout from atmospheric
nuclear tests conducted up to 1980. Observed levels of
contamination have not been considered hazardous for
human health in Finnmark (/o\hman, 1994; AMAP, 2004).

Radioactive contamination from the explosion at the
Chernobyl nuclear power plant in 1986 is a major source
of contamination in parts of southern Fennoscandia.

This is a serious problem locally but is not directly a
problem for reindeer herding as a whole because the
majority of reindeer and reindeer herders live in the
north of the region (Ahman, 1994). The radioactive pol-
lution from Chernobyl has, however, been an indirect
problem for the entire reindeer herding industry owing
to negative focus in mass media, which failed to distin-
guish between those regions that received some fallout
and those that were not affected at all. Misinformation of
this kind can potentially turn consumers away and can
encourage international food producers to step in and
provide “clean”, although non-traditional, substitute
foods. The influence of effects of this kind on the vulnera-
bility of small arctic enterprises like Sami reindeer herd-
ing remains an important area of study.

Heavy metals accumulate in lichens (AMAP, 2002).
Concentrations of heavy metals in reindeer meat, how-
ever, are no higher than in the meat of pigs, cattle, and
poultry (Bernhoft et al., 2002). No data are available
on concentrations of heavy metals in reindeer in
Finnmark. Data on trends in heavy metals are available
only for reindeer from Sweden where samples have
been collected annually in three reindeer districts
since the early 1980s (Swedish Museum of Natural
History Contaminant Research Group, 2000). These
data indicate that there have been no significant
changes in the concentration of Pb, Cd, or Hg in rein-
deer meat for the period 1983 to 1998. In liver, the
concentration of Pb decreased by 6.8% per year over
this period, while the concentration of Cd showed a
slight increase. Concentrations of Pb and Cd are very
low (0.06 umol/L) in blood among women in arctic

Norway (Odland et al., 1999).

Cadmium is a potential problem owing to its tendency to
accumulate in reindeer kidneys: people who consume
these organs are exposed to this metal. AMAP (2002)
reported that concentrations of Cd in reindeer kidneys in
arctic Norway and Sweden are approximately three times
higher than those in southern Norway and Sweden.
Bernhoft et al. (2002) reported very low levels of Cd in
the kidneys of reindeer from Kola in northwest Russia.
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No data are available on concentrations of POPs in rein-
deer in Finnmark. In general, concentrations of POPs
are lower in terrestrial mammals than in marine mam-
mals (AMAP, 2002). Concentrations have been measured
on an annual basis since 1983 in reindeer at Abisko,
Sweden (AMAP, 1998). Current levels are not thought
to represent a significant threat for reindeer (AMAP,
2002). Levels of two POPs in other species in the
Swedish Arctic are declining, e.g., 2DDT and ZPCBs in
otters in northern Sweden (Roos et al., 2001), and this
trend is expected to continue.

17.4.2.7. Insights from the reindeer nomadism
vulnerability case study

The reindeer nomadism vulnerability case study demon-
strated the versatility of the general conceptual frame-
work for vulnerability studies proposed in section 17.2.
The development of a framework that was tailored
specifically for reindeer herding in Finnmark also
showed the diversity of the kinds of information that
need to be included in an assessment of the vulnerability
of a human—environment system in the Arctic. It illus-
trated the usefulness of reducing potential complexity to
manageable proportions by developing a conceptual
model containing just a few selected elements. It also
showed the importance of collaborating with reindeer
herders in a co-production of knowledge.

The validity and legitimacy of reducing an immensely
complex system to something simple and, therefore,
amenable to a vulnerability assessment depended wholly
on the participation of herders themselves. Outsiders
should not decide what factors, or suites of factors,
influence reindeer herding: nobody, except for herders
themselves, can legitimately make the required selec-
tion. The conceptual model, developed as a result of the
interdisciplinary and intercultural effort, necessitated the
integration of empirical data and herders’ knowledge.
The integration of different ways of knowing, called the
“co-production of knowledge” (e.g., Kofinas and the
communities of Aklavik, 2002), is not widely exploited
in ecological research probably because aboriginal
knowledge often does not lend itself to reductionist
analysis and hypothesis testing. However, herders’
knowledge of the impact of something as specific as cli-
mate variation on their way of life is based on an under-
standing resulting from generations of experience accu-
mulated and conserved in herding practice and herders’
specialized vocabulary. Consequently, in some instances
herders can contribute knowledge gathered over a time
span longer than the periods over which climate change
has been documented by other means. The success of the
approach outlined here was evident from the logical
design and usefulness of the resulting conceptual model.

The joint effort in developing a conceptual model appro-
priate for a study of the vulnerability of reindeer herding
in Finnmark to climate change quickly revealed that

herding is affected by much more than just change in cli-
mate. Moreover, it is extremely likely that the effects on
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reindeer herding of the non-climate factors introduced
into the model potentially dwarf the putative effects of
climate change on the system. Hence, the potential con-
sequences of the projected increase in the average annual
temperature at Karasjok over the next 20 to 30 years
(Fig. 17.10) cannot meaningfully be considered inde-
pendent of concurrent changes in the socio-economic
environment for which, in some cases, clear predictions

are already available (e.g., Figs. 17.13, 17.14).

Clearly, reindeer herding has been very resilient. The
continued existence of nomadic reindeer herding by
Sami and other northern peoples in Eurasia today is
evidence that these have, through the centuries, coped
with and adapted to the vagaries and transitions of the
socio-economic environment of the north. On one
hand, it has not been overlooked that, if the marginaliza-
tion of reindeer nomadism continues and if constraints
on the freedom of action of the herders increase, new
climatic conditions might threaten the resilience and
increase the vulnerability of herding societies in ways
that are without precedent. On the other hand, action
provokes reaction: changes in climate and in the socio-
economic environment rnight also create new opportu-
nities for sustainable development in reindeer peoples’
societies. Herders can be expected to grasp new oppor-
tunities, wherever they arise, and to take the initiative in
improving the economy of their industry thereby reduc-
ing the vulnerability of their society.

17.5. Insights gained and implications
for future vulnerability assessments

Arctic human—environment systems are subject to high rates of
change in climate and/or other environmental and societal
factors. Some changes emanate from outside the Arctic, while
other changes arise from within the region. The vulnerability
of human—environment systems in the face of such changes
can vary widely with differences in the character and relative
importance of environmental and societal changes across local
settings. Vulnerability analysis offers an approach for
exploring implications of environmental and social
changes in a way that recognizes the interconnected-
ness of human and environment systems and the expo-
sure, sensitivity, and adaptive capacity of these systems
as they experience stresses or anticipate potential
stresses arising from and interacting across local,
regional, and global scales.

The Sachs Harbour and Greenland examples, plus the
more developed case study on reindeer herding in
Finnmark (section 17.4.2), reveal the importance of
characterizing the place-based aspects of coupled human—
environment systems, analyzing multiple and interacting
stresses across multiple scales, accounting for adaptive
capacity in assessing vulnerability, and incorporating var-
ied forms of knowledge, analytical tools, and methodolo-
gies in vulnerability analysis. These case studies demon-
strate that in their decision-making arctic residents integrate
their experiences and expectations of change in environmental
and societal factors in addition to changes in climate and varia-
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tion in climate. They also illustrate that vulnerability analysis
can be applied in situations where the social and environmental
changes important for a particular human—environment system
operate at different scales.

Given the close linkages between arctic peoples and
the natural settings in which they live and on which
they depend, a meaningful and useful analysis of arctic
vulnerabilities requires the definition, characterization,
and analysis of coupled human—environment systems.
The human—environment systems at the heart of the
case studies presented in this chapter are centered
around human livelihoods (e.g., marine resource use).
Seen from a human perspective, livelihoods are
arguably the most salient aspect of a coupled human—
environment system because the practices they entail
involve close, fairly well-circumscribed, and critical
interactions between social and natural systems in a
particular locale, yet with discernible linkages to
dynamics operating not only within, but also across
local, regional, and global levels. Livelihoods are also
the focal point of social organization, culture, and iden-
tity. The focus on reindeer herding in Finnmark, for
example, enables the identification of specific climate-
related changes (e.g., regarding snow pack and forage)
and regulations (e.g., regarding land rights and preda-
tors) that affect this system. The identification of
stresses, vulnerabilities, and response strategies for a
more broadly defined system (e.g., for all indigenous
peoples in Fennoscandia) would be more difficult and
arguably less useful. The complex dynamics important
for understanding vulnerability are apparent in all case
studies. In Greenland and Sachs Harbour the size,
health, and harvest of fish and marine mammals
depend on climate, pollution, market factors, regula-
tions, and technology. In Finnmark, climate changes
and regulations have profound effects on reindeer, rein-
deer habitats, and herder practices and livelihoods.

In Greenland with its market ties to distant localities
via fish and fur products it is evident that coupled human—
environment systems in the Arctic are influenced by socio-
political, socio-economic, and cultural factors originating out-
side as well as inside the region. Arctic residents accommodate
this range of influences in their coping decisions.

As these studies also show, primary stresses like climate
change can have cascading and interacting impacts on
many different aspects of the arctic physical and biolog-
ical environment. Some factors, for example local cli-
mate shifts, can impact on many different components
of the arctic system with differing magnitudes, timing,
effects, and interactions. Thus, an increase in air and
water temperature will probably affect the distribution
of coastal winter sea ice and alter the access of local
people to fishing and hunting areas; it may affect local
oceanography and alter the habitats of marine mam-
mals and their prey; it may increase the abundance of
forage that reindeer eat; it may accelerate physical
processes of pollutant transport and reactivity; and it
may affect the health and well-being of arctic residents
through decreased access to traditional foods and

increased incidence of disease, etc. Each of these
effects can interact with others leading to more com-
plex, higher-order effects. For example, the seasonal
distribution and migratory routes of marine mammals
may shift, forcing the hunters and their families either
to follow the animals and relocate or to adopt new
economies and lifestyles.

The case studies also illustrate the importance of examin-
ing mu]tiple, interacting stresses, operating within and across
local, regional, and global scales, as well as the adaptive
capacity of systems weathering these stresses. Stresses (as
well as potential opportunities) facing marine resource
systems arise from interactions among, for example,
climate, global markets, environmental and animal wel-
fare campaigns, and changes in governance. Stresses (as
well as potential opportunities) facing reindeer herding
systems arise from interactions among changes in, for
example, climate, forage, technology, and regulation.
These factors do not, by definition, always lead to neg-
ative consequences. Changes in governance might be
just as likely to reduce vulnerability as they are to con-
tribute to vulnerability. A holistic understanding of vul-
nerability requires analysis of these many factors and
their interactions, along with an understanding of how
the coupled human—environment system in question
might cope with or adapt to the changes brought about
by these factors. Coping and adaptation can diminish the
vulnerability of certain components of the system and thereby
offset adverse impacts. Vulnerability analyses reveal where
actions can best be taken to enhance adaptive capacity, for
example, via changes in public policy and new strategies in
resource management, and anticipatory measures to prepare
for adverse circumstances and mitigate their effects. Arctic
human and environment systems have a long history of
coping with and adapting to social and natural changes.
The resilience exhibited by arctic peoples provides
insight into how these coupled human—environment
systems might adapt in the future. Mobility, flexibility
in livelihood (e.g., hunting, fishing, herding) practices,
and a capacity for innovation all contribute to adaptive
capacity, including a capacity to plan and prepare for
contingencies. For example, the varied strategies that
reindeer herders have developed for dealing with envi-
ronmental and social changes are also strategies
through which herders anticipate and prepare for
future events. Nomadism itself is a way of anticipating
future opportunities or adverse conditions. Because
they are mobile, Sami reindeer herders can respond
quickly to unfavorable weather and/or snow conditions
in one location by moving to another. “Trading” in
snow is another practice that helps herders to success-
fully handle contingencies. An accounting of past and
present adaptive measures is an important component
of vulnerability assessment.

Vulnerability assessment also requires varied forms of
knowledge and the development of new analytical tools
and methodologies. Understanding the stresses facing
place-based coupled human—environment systems and
the adaptive measures they might take in response to
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these stresses necessitates novel modes of inquiry.
Involving indigenous peoples and other arctic residents in the
research process is extremely important in developing such
understandings. Methods to integrate indigenous knowl-
edge and scientific knowledge such as biology, climate
science, political science, and anthropology are similarly
important. Climate downscaling, pollutant modeling,
scenario development for societal trends, environmental
monitoring, interviews, focus groups, workshops, and
ethnography comprise additional approaches that could
be integral to vulnerability analysis.

The following sections contain general conclusions
pertaining to the assessment of trends in climate,
pollution, and human and societal conditions, and
some comments on next steps.

17.5.1. Climate

The results of downscaling analyses reported for
Finnmark provide preliminary insights into how tem-
perature and precipitation may change in this region.
The projections presented in the Finnmark case study
were calculated using a single domain (20°W—40° E
and 50° N—70° N for Karasjok, Norway). A more com-
prehensive downscaling program would provide pro-
jections using multiple downscaling domains. The mod-
els presented here also use a single predictor variable:
large-scale temperature for projecting local tempera-
ture, and large-scale precipitation for projecting local
precipitation. It remains to be seen how sensitive the
results are to the selection of downscaling domain or
predictor variables. Also important to include would
be downscaling results for a number of additional
variables such as snow and ice cover, permafrost
conditions, and extreme events, as well as sensitivity
analyses to examine the robustness of the various pro-
jections. A more comprehensive program would also
involve residents more directly in research design,
analysis, and dissemination.

Effective downscaling must engage local people. Snow
quality, for example, is an extremely important factor
for reindeer herding and reindeer herders have many
words to describe snow quality. In contrast, climate
downscaling provides information about a relatively lim-
ited number of variables. It is therefore not obvious how
typical climate forecasting products and terminology
might be made relevant for reindeer herders. Thus, in
principle, analysts conducting downscaling for a vulnera-
bility study should first assimilate the views and infor-
mation needs of local people for the products of these
analyses. In practice this will require creative ways for
presenting results to non-climate specialists in order to
address their needs and concerns and make most advan-
tage of their local knowledge. As with any climate analy-
sis, the models used in this study produce an enormous
quantity of information — all of which is important for
the analysis but most of which may not be useful for
decision-makers. The risk of information overload is
high. For example, at a minimum, for each downscaled
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climate variable, month, and general circulation model
analyzed, vulnerability researchers should examine esti-
mates of trend, variability, historical goodness-of-fit, and
spatial distribution. Thus, climate analysts need to be
willing to tailor their model products to the specific
needs of local decision-makers.

17.5.2. Pollution

Information on POPs and heavy metals in the Arctic is
widely available for the past two decades. Data on envi-
ronmental concentrations for a number of chemicals
exist for both western Greenland and Fennoscandia.
These data, however, tend to be temporally and spatially
dispersed. Data on local, long-term trends in environ-
mental levels of POPs and heavy metals are much less
abundant for both loci. There are, however, reliable
time trends for certain species (e.g., reindeer and arctic
char) in Fennoscandia. Data from the early 1980s to
2000 indicate generally declining environmental levels
of POPs in both Disko Bay on the west coast of Green-
land and in Fennoscandia. Trends in environmental
heavy metal levels in western Greenland and Fenno-
scandia are less clear than for POPs. Some heavy metal
levels have increased, while others show no change, or
even a decrease.

Long-term local human trend data are even less
available for western Greenland and Fennoscandia than
environmental trend data. Available data suggest that
observed human health problems relating to POPs and
heavy metals are greater in western Greenland than in
Fennoscandia. At the regional level, the greatest heavy
metal threat to human health is due to Hg. Exposure to
Hg in Greenland is at levels where subtle health effects
can occur on fetal and neonatal development (AMAP,
2003). As in Fennoscandia, environmental heavy metal
levels in the Disko Bay region show diverse trends.
Daily human intake of Cd and Hg in the Disko Bay
region is comparatively high.

Levels of POPs in both regions can be expected to
decline toward 2020 due to increasing international
regulation, although other POPs such as brominated
flame retardants could become a growing problem
(AMAP, 2002). Trends in environmental heavy metal
levels to 2020 in both regions are more difficult to
project than for POPs.

Future place-based pollutant research for vulnerability
analysis would ideally consist of exposure and trend
monitoring, human health and epidemiological analyses,
and collection of other relevant data such as informa-
tion about dietary intake, smoking, and other influences
on pollutant burden. All these types of study are feasible
and have been done at various sites; however, a vulnera-
bility study necessitates that this information be avail-
able for a specific location. There is also a need to bet-
ter understand local means of adaptation to problems
with pollution, both in terms of what has been done
and what could be done.
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17.5.3.Trends in human and societal
conditions

Several general trends (i.e., those concerning
governance; population and migration; consumption;
economy, markets and trade; and connectivity) are
apparent in human and societal conditions throughout
much of the Arctic. In recent decades, governing
authority in Greenland and places within Canada and
Alaska has rested increasingly with indigenous peoples.
At the same time, regulations (particularly those per-
taining to natural resource use) emanating from local,
national, and international bodies are playing important
roles in the lives of arctic peoples and the ways in which
they are permitted to use land and to harvest fish and
marine and terrestrial mammals. In addition, pan-arctic
cooperation is increasing and transnational networks of
indigenous peoples are growing. More people live in
arctic urban areas than was the case thirty years ago,
less traditional food is being consumed, a larger num-
ber and greater variety of imported technologies are
employed, and people are more “wired” via the Inter-
net, television, telephones, and satellites. Mixed econo-
mies have become more prevalent throughout the
Arctic and the connections linking arctic economies
with global markets are becoming stronger.

But while human and societal trends identified in this
project are noteworthy for the Arctic as a whole, they by
no means represent a complete inventory of such trends.
Nor are they necessarily the most important trends for
understanding the vulnerability of the case study sites.

A more comprehensive and complete analysis of human
and societal trends within the context of a fully-fledged
vulnerability analysis would require the broad and sys-
tematic engagement of people living in the case study
locations, and the use of tools such as surveys, partici-
pant observation, workshops, interviews, focus groups,
and ethnography to ascertain what human and societal
conditions are most relevant to a particular coupled
human—environment system, how these conditions have
changed over recent decades, and how they are expected
to change in the future. The development of several
alternative future societal scenarios would be useful in
carrying out the difficult task of projecting future human
and societal conditions and assessing their implications
for coupled human—environment system vulnerabilities.
The production and comparison of multiple scenarios
could facilitate sensitivity analysis.

Oran Young (1998b) defined sustainable development as
“...an analytic framework intended to provide structure
and coherence to thinking about human/environment
relations”. Young calls for a sustainable development dis-
course that will facilitate efforts to identify and address
arctic concerns. He adds that “To be useful in an arctic
context, sustainable development must take into account
the distinctive ecological, social, and cultural features of
the region and offer an integrated approach to the
endogenous and exogenous threats to sustainability
peculiar to the circumpolar world”. According to this

view, vulnerability (and resilience) analysis as outlined in
this chapter, can serve as a vehicle for conceptualizing
and implementing sustainable development. Vulnerability
analysis offers a holistic vision of human—environment
systems and their dynamics at local to global scales.

It recognizes that environmental changes are interactive,
that ecology, culture, economics, history, and politics are
interconnected, and that decisions about what to sustain
and how must be made in particular social and ecologi-
cal contexts. However, vulnerability analysis is more
than a research strategy. It has the potential to provide
processes in which people with varied backgrounds and
interests can engage in dialogue, produce knowledge,
and articulate values. Such processes can ultimately
inform the ways in which communities and governments
balance aspirations for human and societal development
with those of environmental and social sustainability.
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18.1. Introduction

This chapter provides a brief summary of the main
conclusions of the seventeen preceding chapters of the
Arctic Climate Impact Assessment (ACIA). The chapter
has three main parts. The first part contains the conclu-
sions of the assessment discussed chapter by chapter.
Observed climate and ultraviolet (UV) radiation trends
(Chapters 2 and 5) are summarized, using both scientific
and indigenous (Chapter 3) observations, and informa-
tion from the latest assessments by the Arctic Monitor-
ing and Assessment Programme (AMAP, 1998) and the
Intergovernmental Panel on Climate Change (IPCC,
2001). Projections of climate change over the 21st cen-
tury, based on emissions scenarios and computer model
simulations (Chapter 4) are described, as are the
observed and projected changes in stratospheric ozone
and UV radiation levels (Chapter 5). Next, the chapter
summarizes arctic-wide consequences of climate change,
by examining impacts on the environment (Chapters 6,
7,8, and 9), on people’s lives (Chapters 10, 11, 12, 15,
and 17), and on economic sectors of importance in the
Arctic (Chapters 13, 14, and 16). These impacts cut
across the entire Arctic and are generally not dependent
on resolving regional details. For example, the timing,
intensity, and magnitude of the melting of snow and ice
in a warmer climate will have widespread implications
for the entire Arctic and the global environment, even if
these changes vary regionally.

Projected major large-scale environmental changes in
the Arctic are illustrated in Fig. 18.1, which shows the
existing and projected boundaries for summer sea-ice
extent, permafrost, and the treeline. The likely changes
associated with these shifts are many and dramatic, as
described in the preceding chapters of this assessment.
For example, the map shows that the treeline is project-
ed to reach the Arctic Ocean in most of Asia and west-
ern North America by the end of the century. This is
likely to lead to a near total loss of tundra vegetation in
these areas, with important consequences for many
types of wildlife. The consequences of the permafrost
thawing and sea-ice reductions shown in Fig. 18.1 are
equally dramatic.

The second part of the chapter is a synthesis of impacts
on a local and regional basis, providing details on four
different regions of the Arctic. A regional emphasis is
necessary because the Arctic covers a large area and so
experiences significant regional variations in the changes
in climate that will lead to different impacts and
responses. Different regions also have different social,
economic, and political systems, which will each be
influenced differently, causing vulnerability and impacts
to differ to a large extent on the basis of geopolitical and
cultural boundaries. The four regions for which results
are presented are:

* Region 1: East Greenland, the North Atlantic,
northern Scandinavia, and northwestern Russia;
* Region 2: Siberia;
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* Region 3: Chukotka, the Bering Sea, Alaska, and
the western Canadian Arctic; and

* Region 4: the central and eastern Canadian Arctic,
the Labrador Sea, Davis Strait, and West
Greenland.

The rationale for selecting these four broad regions
includes climatic, social, and other factors, and is dis-
cussed in section 18.3.

The final part of the chapter addresses cross-cutting
issues that are important in the Arctic. These are dis-
cussed in several chapters of the assessment, although
usually in the context of the main topic of the chapter,
and include the carbon cycle, biodiversity, and extreme
and abrupt climate change.

Changes in climate and UV radiation in the Arctic will
not only have far-reaching consequences for the arctic
environment and its peoples, but will also affect the rest
of the world, including the global climate. The connec-
tions include arctic sources of change affecting the
globe, e.g., feedback processes affecting the global cli-
mate, sea-level rise resulting from melting of arctic gla-
ciers and ice sheets, and arctic-triggered changes in the
global thermohaline circulation of the ocean.

The Arctic is also important to the global economy.
There are large oil and gas and mineral reserves in many
parts of the Arctic, and arctic fisheries are among the
most productive in the world, providing food for mil-
lions (see section 18.2.2.3). Climate change is likely to
benefit north—south connections, including shipping, the
global economy, and migratory birds, fish, and mammals
that are important conservation species in the south.
The Arctic plays a unique role in the global context and
climate change in the Arctic has consequences that
extend well beyond the Arctic.

18.2. A summary of ACIA conclusions
18.2.1. Changes in climate and UV radiation

18.2.1.1. Observed climate change

The climate of the Arctic has undergone rapid and dra-
matic shifts in the past and there is no reason that it could
not experience similar changes in the future. Past changes
show climatic cycles that have occurred regularly on time
scales from decades to centuries and longer and are most
likely to have been caused by oceanic and atmospheric
variability and variations in solar intensity. Examples of
long-term cooler and warmer climates were the Little Ice
Age and the Medieval Warm Period, respectively, while
short-term decadal cycles like the North Atlantic Oscil-
lation and Pacific Decadal Oscillation, among others, have
also been found to affect the arctic climate. Since the
industrial revolution in the 19th century, anthropogenic
greenhouse gas (GHG) emissions have added another
major climate driver. In the 1940s, the Arctic experienced

a warm period, like the rest of the planet, although it did
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Projected
summer
sea-ice
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Present
summer
sea-ice
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Fig. 18.1. Present and projected boundaries of summer sea-ice extent, permafrost, and the treeline. The changes are projected to
occur over different time periods. Changes in summer sea-ice extent will occur by the end of the century, as projected by the five-
model composite used by the ACIA (section 6.3, Figs. 6.3b and 6.9c). The projected changes in the treeline by the end of the century
are from a vegetation model driven by output from the Hadley Centre model (section 7.1.1, Fig. 7.2 and section 7.5.3.2, Fig. 7.32).
The change in the permafrost boundary assumes that the present areas of discontinuous permafrost (section 6.6.1, Fig. 6.21,
although published sources differ) will be free of any permafrost in the future; this is likely to occur beyond the 21st century but it
is not certain how long it will take.

not reach the level of the warming experienced in the occurred, and some areas where precipitation has
1990s. The IPCC stated that most of the global warming increased. Reconstruction of the history of arctic climate
observed over the last 50 years is attributable to human over thousands to millions of years indicates that there
activities (IPCC, 2001), and there is new and strong evi- have been very large changes in the past. Based on these
dence that in the Arctic much of the observed warming indications that the arctic climate is sensitive to changes
over this period is also due to human activities. in natural forcing factors, it is very likely that human-
induced factors, for example the rise in GHG concentra-
Chapter 2 discusses the arctic climate system and tions and consequent enhancement of the global green-
observed changes in arctic climate over recent decades. house effect, will lead to very large changes in climate,
Many types of observations indicate that the climate of indeed, changes that will be much greater in the Arctic
the Arctic is changing. For example, air temperatures are than at middle and lower latitudes.

generally warmer, the extent and duration of snow and
sea ice are diminishing, and permafrost is thawing. The observed temperature changes in the Arctic over
However, there are also some regions where cooling has the five-decade period from 1954 to 2003 are shown in
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Winter (Dec-Feb)

Fig. 18.2. Change in observed surface air temperature between 1954 and 2003: (a) annual mean; (b) winter (Chapman and Walsh,
2003, using data from the Climatic Research Unit, University of East Anglia, www.cru.uea.ac.uk/temperature).

Fig. 18.2. Owing to natural variations and the complex
interactions of the climate system, the observed trends
show variations within each region. Mean annual atmo-
spheric surface temperature changes range from a 2 to

3 °C warming in Alaska and Siberia to a cooling of up to
1 °C in southern Greenland. Winter temperatures are
up to 4 °C warmer in Siberia and in the western
Canadian Arctic.

Although some regions have cooled slightly the overall
trend for the Arctic is a substantial warming over the last
few decades. For the Arctic as a whole, the 20th century
can be divided into two warming periods, bracketing a
20-year cooling period (approximately 1945 to 1966) in
the middle of the century. This pattern is less evident in
northern Canada than in some other areas of the Arctic.
The Canadian Archipelago and West Greenland did
experience some cooling mid-century, although even
then, there was substantial winter warming. The warm-
ing has been significant over the past few decades (1966
to 2003), particularly in the Northwest Territories —
continuing the band of substantial warming across
northwest North America that also covers Alaska and the
Yukon — reaching an increase of 2 °C per decade. This
warming is most evident in winter and spring. A more
detailed description of observed climate change is given
in Chapter 2. The climate change for each of the four
ACIA regions is summarized in section 18.3.

Observations of arctic precipitation are restricted to a lim-
ited network of stations and are often unreliable since win-
ter snowfall is not accurately measured by existing gauges,
due to drifting snow. Available records indicate 20th-
century increases in precipitation at high latitudes on the
North American continent but little if any change in pre-
cipitation in the watersheds of the large Siberian rivers.

Rapid changes in regional climates (so-called regime
shifts) are also evident in the climatic record. For exam-
ple, in 1976 in the Bering Sea region there was a rela-
tively sudden shift in prevailing climatic patterns, which
included rapid warming and reduction in sea-ice extent.
Such shifts have led to numerous, nearly instantaneous
impacts on biota and ecosystems, as well as impacts on
human communities and their interactions with the envi-
ronment. Although such fluctuations are not fully under-
stood and are therefore difficult to predict, regime shifts
can be expected to continue to occur in the future, even
as the baseline climate is also changing as a result of
global warming (see section 18.4.3).

18.2.1.2. Indigenous observations of recent
changes in climate

Indigenous observations of climate change, as discussed
in Chapters 3 and 12, contribute to understanding of
climate change and associated changes in the behavior
and movement of animals. Through their various activi-
ties, which are closely linked to their surroundings, the
indigenous peoples of the Arctic experience the climate
in a very personal way. Over many generations and
based on direct, everyday experience of living in the
Arctic, they have developed specific ways of observing,
interpreting, and adjusting to weather and climate
changes. Based on careful observations, on which they
often base life and death decisions and set priorities,
indigenous peoples have come to possess a rich body of
knowledge about their surroundings. Researchers are
now working with indigenous peoples to learn from
their observations and perspectives about the influences
of climate change and weather events on the arctic envi-
ronment and on their own lives and cultures. These stud-
ies are finding that the climate variations observed by
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indigenous people and by scientific observation are, for
the most part, in good accord and often provide mutual-
ly reinforcing information.

The presently observed climate change is increasingly
beyond the range experienced by the indigenous peo-
ples in the past. These new conditions pose new risks to
the lifestyles of the indigenous populations, as described
in section 18.2.2. The magnitude of these threats is crit-
ically dependent on the rate at which change occurs.

If change is slow, adaptation may be possible; if howev-
er, change is rapid, adaptation is very likely to be con-
siderably more difficult, if possible at all in response to
some types of impacts.

Recent observations by the indigenous peoples of the
Arctic of major changes in the climate and associated
impacts are summarized in Table 18.1. Taken together,
the body of observations from people residing across the
Arctic presents a compelling account of changes that are
increasingly beyond what their experience tells them
about the past.

Indigenous observations of climate and related environ-
mental changes include many other effects on plants and
animals that are important to them (Chapter 7). These
observations provide evidence of nutritional stresses on
many animals that are indicative of a changing environ-
ment and changes in food availability. New species, never
before recorded in the Arctic, have also been observed.
The distribution ranges of some species of birds, fish, and
mammals now extend further to the north than in the
past. These observations are significant for indigenous
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communities since changes likely to occur in traditional
food resources will have both negative and positive
impacts on the culture and economy of arctic peoples.

18.2.1.3. Projections of future climate

In projections of future climate, uncertainties of many
types can arise, especially for as complex a challenge as
projecting ahead 100 years. The ACIA adopted a lexicon
of terms (section 1.3.3) describing the likelihood of
expected change (Fig. 18.3). These terms are used
throughout this chapter, and in all ACIA documents.

Chapter 4 presents the ACIA projections of future
changes in arctic climate. These projections extend the
IPCC assessment (IPCC, 2001) by presenting regional
(north of 60° N) climate parameters, derived from global
model outputs. The ACIA used five different global cli-
mate models (CGCM2, Canadian Centre for Climate
Modelling and Analysis; CSM_1.4, National Center for
Atmospheric Research, United States; ECHAM4/
OPYC3, Max Planck Institute for Meteorology,
Germany; GFDL-R30_c, Geophysical Fluid Dynamics
Laboratory, United States; and HadCM3, Hadley Centre
for Climate Prediction and Research, United Kingdom)
forced with two different emissions (GHG and aerosol)
scenarios. The emissions scenarios are the B2 and A2 sce-
narios drawn from the IPCC Special Report on Emis-
sions Scenarios (Naki¢enovi¢ and Swart, 2000). The A2
emissions scenario assumes global emphasis on sustained
economic development while the B2 emissions scenario
reflects a world that promotes environmental sustainabil-
ity. Neither scenario is considered an upper or lower

Table 18.1. Examples of indigenous observations of environmental change in the Arctic. This table is mainly based on Chapters 3 and 12.

European Arctic

Canada and Greenland

Alaska

Atmosphere/
weather/winds

Weather patterns are

Weather patterns are changing so fast

Weather patterns are changing so

changing so fast that
traditional methods of
prediction are no longer

that traditional methods of prediction
are no longer applicable.Winters are
warmer. There has been cooling in

fast that traditional methods of pre-
diction are no longer applicable.
There are more storms and fewer

Hudson Strait/Baffin Island area, but
greater variability.

applicable. Winters are
warmer. Seasonal patterns
have changed.

calm days. Winters are shorter and
warmer, summers longer and hotter.

Rain/snow Rain is more frequent in Snow is melting earlier and some There is less snow.
winter than before.There are permanent snow patches disappear.

more freeze—thaw cycles, There is less snow and more wind,

thus more trouble for rein-  producing snow conditions that do not

deer grazing in winter. allow igloo building.

Ocean/sea ice Later freeze-up and earlier breakup of
sea ice. Shore-fast ice is melting faster,
creating large areas of open water

earlier in summer.

Sea ice is thinner and is forming later.
There is increased coastal erosion
due to storms and lack of ice to
protect the shoreline from waves.

Ice on lakes and rivers is
thinner.

Lakes/rivers/
permafrost

Water levels in lakes and rivers are falling Lakes and wetlands are drying out.
on the Canadian mainland. Thinner river ~ Permafrost thawing is affecting

ice affects caribou on migration (they fall village water supply, sewage
through). Permafrost is thawing, slumping systems, and infrastructure.

soil into rivers and draining lakes.

Caribou suffer from more insects;
body condition has declined. Caribou
migration routes have changed.

Plants and animals New species are moving

into the region.

Trees and shrubs are advancing into
tundra. There are die-offs of seabirds
and marine mammals due to poor
body condition. New species of
insects are observed.
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Fig. 18.3. Five-tier lexicon describing the likelihood of expected change.

bound on possible levels of future emissions. The climatic
and environmental changes in the Arctic projected using
the two scenarios are similar through about 2040, but
diverge thereafter, with projections forced with the A2
emissions scenario showing greater warming,

These projections are not intended to capture a large
range of possible futures for the Arctic under scenarios
of continuing emissions of GHGs and other pollutants.
For practical reasons, only a limited number of future
change scenarios could be developed for this assess-
ment. Nonetheless, while the ACIA used only two dif-
ferent emissions scenarios, five global climate models
were used to project change under the two emissions
scenarios, capturing a good range of the uncertainty
associated with how different models represent climate
system processes.

Under the A2 and B2 emissions scenarios, the models
projected that mean annual arctic surface temperatures
north of 60° N will be 2 to 4 °C higher by mid-century
and 4 to 7 °C higher toward the end of the 21st centu-
ry (Fig. 18.4), compared to the present. Precipitation
is projected to increase by about 8% by mid-century
and by about 20% toward the end of the 21st century.
There are differences among the projections from the
different models, however. Although the projected
trends are similar for the next few decades, the scatter
of results for either the A2 or B2 emissions scenarios is
about 2 to 3 °C toward the end of the 21st century.
The reasons for this scatter are differences in the rep-
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Fig. 18.4. Changes in surface air temperature north of 60° N

between the 19812000 baseline and 2100 as projected by the
five ACIA-designated models forced with the A2 and B2 emis-

sions scenarios.
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resentation of physical processes and feed-
backs that are particularly important in the
Arctic (e.g., changes in albedo due to
reduced snow and ice cover, clouds, atmo-
spherefocean interactions, ocean circula-
tion), and natural variations that remain sig-
nificant compared with the induced changes
for at least the next few decades. While
observations seem to indicate some increase in
the frequency and severity of extreme events,
these are very difficult to project.

Composite five-model projections for annual and win-
ter mean surface air temperature changes in the Arctic
between 19812000 and 20712090 using the B2 emis-
sions scenario are shown in Fig. 18.5a (annual) and

Fig. 18.5b (winter). Projected annual temperatures
show a fairly uniform warming of 2 to 4 °C throughout
the Arctic by the end of the century, with a slightly
higher warming of up to 5 °C in the East Siberian Sea.
Summer temperatures are projected to increase by 1to
2 °C over land, with little change in the central Arctic
Ocean, where sea ice melts each summer, keeping the
ocean temperature close to 0 °C. Winter temperatures
show the greatest warming: about 5 °C over land, and
up to 8 to 9 °C in the central Arctic Ocean, where the
feedback due to reduced sea-ice extent is largest.
Regional and seasonal differences between the individ-
ual model results can be large, however, for the reasons
previously discussed.

Changes in the Arctic affect the global system in several
ways. Global climate change is influenced by feedback
processes operating in the Arctic; these also amplify cli-
mate change in the Arctic itself. Apart from the well-
known and often quoted ice- and snow-albedo feedback,
another important arctic feedback is the thawing of
permafrost, which is likely to lead to additional GHG
releases. Arctic cloud feedbacks are also important but
are still poorly understood. Some of these arctic feed-
backs are adequately represented in general circulation
models while others are not. Changes in the Arctic also
affect the global system in other ways. Climate change is
likely to increase precipitation throughout the Arctic and
increase runoff to the Arctic Ocean; such a freshening is
likely to slow the global thermohaline circulation with
consequences for global climate. The melting of arctic
glaciers and ice sheets is another effect of climate change
that contributes to global sea-level rise with all its inher-
ent problems. The global implications of these feedbacks
are discussed in greater detail in section 18.2.2.

18.2.1.4. Ozone and UV radiation change

Atmospheric ozone is vital to life on earth. The strato-
sphere contains the majority of atmospheric ozone,
which shields the biosphere by absorbing UV radiation
from the sun. Anthropogenic chlorofluorocarbons are
primarily responsible for the depletion of ozone in the
stratosphere, particularly over the poles. Atmospheric
dynamics and circulation strongly influence ozone
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Winter (Dec-Feb)

Fig. 18.5. (a) Projected annual surface air temperature change from the 1990s to the 2090s, based on the average change project-
ed by the five ACIA-designated climate models using the B2 emissions scenario. (b) Projected surface air temperature change in
winter from the 1990s to the 2090s, based on the average change projected by the five ACIA-designated climate models using the

B2 emissions scenario.

amounts over the poles, which in normal conditions tend
to be higher than over other regions on earth. During
conditions of ozone depletion, however, ozone over the
polar regions can be substantially reduced. This depletion
is most severe in the late winter and early spring, when
unperturbed ozone amounts are typically high. Ozone
losses over the Arctic are also strongly influenced by
meteorological variability and large-scale dynamical
processes. Winter temperatures in the polar stratosphere
tend to be near the threshold temperature for forming
polar stratospheric clouds, which can accelerate ozone
destruction, leading to significant and long-lasting deple-
tion events. Because climate changes due to increasing
GHGs are likely to lead to a cooling of the stratosphere,
polar stratospheric cloud formation is likely to become
more frequent in future years, causing episodes of severe
ozone depletion to continue to occur over the Arctic.

Decreases in stratospheric ozone concentrations are very
likely to lead to increased UV radiation levels at the sur-
face of the earth. Clouds, aerosols, surface albedo, alti-
tude, and other factors also influence the amount of UV
radiation reaching the surface. Achieving an accurate pic-
ture of UV radiation doses in the Arctic is complicated
by low solar elevations and by reflectance off snow and
ice. Ultraviolet radiation has long been a concern in the
Arctic, as indicated by protective goggles found in the
archaeological remains of indigenous peoples. Depletion
of ozone over the Arctic, as has been observed in several
years since the early 1980s, can lead to increased
amounts of UV radiation, particularly UV-B radiation,
reaching the surface of the earth, exposing humans and
ecosystems to higher doses than have historically been
observed. These higher doses are most likely to occur

during spring, which is also the time of year when many
organisms produce their young and when plants experi-
ence new growth. Because ecosystems are particularly
vulnerable to UV radiation effects during these stages,
increased UV radiation doses during spring could have
serious implications throughout the Arctic.

Chapter 5 discusses observed and projected changes in
atmospheric ozone and surface UV radiation levels.
Satellite and ground-based observations since the early
1980s indicate substantial reductions in ozone over the
Arctic during the late winter and early spring. Between
1979 and 2000, mean spring and annual atmospheric
ozone levels over the Arctic declined by 11 and 7%,
respectively. During the most severe depletion events,
arctic ozone losses of up to 45% have occurred.
Although international adherence to the Montreal
Protocol and its amendments is starting to lead to a
decline in the atmospheric concentrations of ozone-
depleting substances, ozone levels over the Arctic are
likely to remain depleted for the next several decades.
For the Arctic, most models project little recovery over
the next two decades. Episodes of very low spring
ozone levels are likely to continue to occur, perhaps
with increasing frequency and severity because of the
stratospheric cooling projected to result from increasing
concentrations of GHGs. These episodes of very low
ozone can allow more UV radiation to reach the earth’s
surface, suggesting that people and ecosystems in the
Arctic are likely to be exposed to higher-than-normal
UV radiation doses for perhaps the next 50 years.

Table 18.2 summarizes some of the major aspects of
changes in ozone and UV radiation levels.



996

Arctic Climate Impact Assessment

Table 18.2. Observed and projected trends in ozone and ultraviolet radiation levels and factors affecting levels of ultraviolet radiation
in the Arctic. This table is mainly based on Chapter 5.

Observed

Projected

Ozone and UV
radiation trends

Low ozone episodes

Seasonal variations in
ozone and UV
radiation levels

Cloud effects

Albedo effects

Snow and ice cover

Impacts of increased
UV radiation levels

Combined satellite and ground-based observations
indicate that mean spring and annual atmospheric ozone
levels over the Arctic declined by || and 7%, respectively,
between 1979 and 2000. These losses allowed more UV
radiation to reach the surface of the earth. Individual
measurements suggest localized increases in surface UV
radiation levels, although high natural variability makes it
difficult to identify a trend conclusively.

Multi-week episodes of very low ozone concentration
(depletion of 25 to 45%) have been observed in several
springs since the early 1990s.

There is high seasonal and interannual variability in arctic
ozone levels, due to atmospheric processes that influence
ozone production and distribution. Over the Arctic,
stratospheric ozone levels are typically highest in late
winter and early spring, when ozone depletion is most
likely to occur. Surface UV radiation amounts vary with
solar angle and day length throughout the year. In general,
UV radiation doses are highest in summer, but can also be
significant in spring due to ozone depletion combined with
UV radiation enhancements from reflection off snow.

Cloud cover typically attenuates the amount of UV
radiation reaching the surface of the earth.When the
ground is snow-covered, this attenuation is diminished and
UV radiation levels reaching the surface may increase due
to multiple scattering between the surface and cloud base.

Changes in snow and ice extent affect the amount of UV
radiation reflected by the surface. Reflection off snow can
increase biologically effective UV irradiance by over 50%.
In addition, high surface albedo affects UV radiation
amounts incident on vertical surfaces more strongly than
amounts incident on horizontal surfaces. Snow-covered
terrain can substantially enhance UV radiation exposure
to the face or eyes, increasing cases of snow blindness
and causing potential long-term skin or eye damage.

Snow and ice cover shields many arctic ecosystems from
UV radiation for much of the year.

Ultraviolet radiation effects on organisms in human
health and on terrestrial and aquatic ecosystems include
skin cancer, corneal damage, immune suppression, sun-
burn, snow blindness. Ultraviolet radiation also damages
wood, plastics, and other materials widely used in arctic
infrastructure.

Future ozone levels over the Arctic are difficult
to project, partly owing to the link with climate
change. Current projections suggest that ozone
over the Arctic is likely to remain depleted for
several decades. This depletion would allow UV
radiation levels to remain elevated for several
decades. The elevated levels are likely to be most
pronounced in spring, when many ecosystems
are most sensitive to UV radiation exposure.

Decreasing stratospheric temperatures resulting
from climate change may cause low ozone
episodes to become more frequent.

Future changes in cloud cover are currently
difficult to project, but are likely to be highly
regional.

Climate changes are likely to alter snow cover
and extent in the Arctic. Reduced snow and ice
cover means less reflection of UV radiation,
decreasing the UV radiation levels affecting
organisms above the snow.

Climate changes are likely to alter snow cover
and extent in the Arctic. Reduced snow and ice
cover will increase the UV radiation levels
experienced by organisms that would otherwise
be shielded by snow or ice cover.

All the impacts noted in the “Observed” column
are likely to worsen.

18.2.2. Arctic-wide impacts
18.2.2.1. Impacts on the environment
Changes in snow, ice, and permafrost

Recent observational data, discussed in detail in Chapter
6, present a generally consistent picture of cryospheric
variations that are shaped by patterns of recent warming
and variations in atmospheric circulation. Consistent
with the overall increase in global temperatures, arctic
snow and ice features have diminished in extent and vol-
ume. While the various cryospheric and atmospheric
changes are consistent in an aggregate sense and are

quite large in some cases, it is possible that natural, low-
frequency variations in the atmosphere and ocean have
played at least some role in forcing the cryospheric and
hydrological trends of the past few decades.

Model projections of anthropogenic climate change
indicate a continuation of the recent trends through the
21st century, although the rates of the projected
changes vary widely due to differences in model repre-
sentations of feedback processes. Models project a 21st-
century decrease in sea-ice extent of up to 100% in
summer; a widespread decrease in snow-cover extent,
particularly in spring and autumn; and permafrost
degradation over 10 to 20% of the present permafrost
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area and a movement of the permafrost boundary
northward by several hundred kilometers. The models
also project river discharge increases of 5 to 25%; earli-
er breakup and later freeze-up of rivers and lakes; and a
sea-level rise of several tens of centimeters resulting
from glacier melting and thermal expansion, which is
amplified or reduced in some areas due to long-term
land subsidence or uplift.

Table 18.3 summarizes observed and projected trends in
the snow and ice features of the Arctic, including snow
cover, glaciers, permafrost, sea ice, and sea-level rise.
Because the snow and ice features of the Arctic are not
only sensitive indicators of climate change but also play a
crucial role in shaping the arctic environment, any changes
in these features are very likely to have profound effects on
the environment, biota, ecosystems, and humans.

Changes on land

Climate change is also likely to have profound effects on
the tundra and boreal forest ecosystems of the Arctic.
Arctic plants, animals, and microorganisms adapted to
climate change in the past primarily by relocation, and
their main response to future climate change is also like-
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ly to be relocation. In many areas of the Arctic, however,
relocation possibilities are likely to be limited by region-
al and geographical barriers. Nevertheless, changes are
already occurring in response to recent warming.
Chapters 7, 8, and 14 provide details of the major con-

clusions presented here.

Some arctic species, especially those that are adapted to
the cold arctic environment (e.g., mosses, lichens, and
some herbivores and their predators) are especially at
risk of loss in general, or displacement from their pres-
ent locations. Present species diversity is more at risk in
some ACIA regions than others; for example, Beringia
(Region 3) has a higher number of threatened plant and
animal species than any other ACIA region. While there
will be some losses in many arctic areas, movement of
species into the Arctic is likely to cause the overall
number of species and their productivity to increase,
thus overall biodiversity measured as species richness is
likely to increase along with major changes at the
ecosystem level.

Freshwater systems in the Arctic will also be affected
due to changes in river runoff, including the timing of
runoff from thawing permafrost, and changes in river-

Table 18.3. Observed and projected trends for the arctic cryosphere. This table is mainly based on Chapter 6.

Observed

Projected for the 21st century

Snow cover

Glaciers

Permafrost

Sea ice

River discharge

Breakup and freeze-up

Sea-level rise

Snow-cover extent in the Northern Hemisphere
has decreased by 5 to 10% since 1972; trends of
such magnitude are rare in GCM simulations.

Glaciers throughout the Northern Hemisphere
have shrunk dramatically over the past few decades,
contributing about 0.15 to 0.30 mm/yr to the aver-
age rate of sea-level rise in the 1990s.

Permafrost temperatures in most of the Arctic

and subarctic have increased by several tenths of
a degree to as much as 2 to 3 °C (depending on
location) since the early 1970s. Permafrost thawing
has accompanied the warming.

Summer sea-ice extent decreased by about 7% per
decade between 1972 and 2002, and by 9% per
decade between 1979 and 2002, reaching record
low levels in 2002. The extent of multi-year sea ice
has also decreased, and ice thickness in the Arctic
Basin has decreased by up to 40% since the 1950s
and 1960s due to climate-related and other factors.

River discharge has increased over much of the
Arctic during the past few decades and the spring
discharge pulse is occurring earlier.

Earlier breakup and later freeze-up of rivers and
lakes across much of the Arctic have lengthened
the ice-free season by | to 3 weeks.

Global average sea level rose between |0 and
20 cm during the 20th century.This change was
amplified or moderated in particular regions by
tectonic motion or isostatic rebound.

Snow-cover extent is projected to decrease by
about 3% by 20712090 under the projected
increase in mean annual temperature of about 4 °C.
The projected reduction is greater in spring. Owing
to warmer conditions, some winter precipitation in
the form of rain is likely to increase the probability
of ice layers over terrestrial vegetation.

The loss of glacial mass through melting is very likely
to accelerate throughout the Arctic, with the
Greenland Ice Sheet also starting to melt. These
changes will tend to increase the rate of sea-level rise.

Over the 21st century, permafrost degradation is
likely to occur over 10 to 20% of the present
permafrost area, and the southern limit of
permafrost is likely to move northward by
several hundred kilometers.

Sea-ice extent is very likely to continue to decrease,
particularly in summer. Model projections of summer
sea-ice extent range from a loss of several percent
to complete loss.As a result, the navigation season

is projected to be extended by several months.

Models project that total river discharge is likely
to increase by an additional 5 to 25% by the late
2|st century.

The trend toward earlier breakup and later
freeze-up of rivers and lakes is very likely to contin-
ue, consistent with increasing temperature. Breakup
flooding is likely to be less severe.

Models project that glacier contributions to sea-
level rise will accelerate in the 2Ist century.
Combined with the effects of thermal expansion,
sea level is likely to rise by 20 to 70 cm (an average
of 2 to 7 mm/year) by the end of the 2Ist century.
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and lake-ice regimes. Changes in water flows as perma-
frost thaws are very likely to alter the biogeochemistry
of many areas and create new wetlands and ponds,
connected by new drainage networks. More water will
alter the winter habitats in freshwater systems and
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increase survival of freshwater and sea-run fish. On hill
slopes and higher ground, permafrost thawing is likely
to drain and dry existing soils and wetlands. The pro-
ductivity of these systems is likely to increase, as well
as species diversity.

Table 18.4. Projected impacts on terrestrial ecosystems. This table is mainly based on Chapter 7.

Projected impact

Ecotone
transitions

Forest changes

Species diversity

Species at risk

UV radiation
effects

Carbon storage
and fluxes

Albedo feedback

Warming is very likely to lead to slow northward displacement of tundra by forests, while tundra will in turn dis-
place high-arctic polar desert.Tundra is projected to decrease to its smallest extent in the last 21 000 years. In dry
areas where thawing permafrost leads to drainage of the active layer; forests are likely to be replaced by tundra—
steppe communities.VWhere thawing permafrost leads to waterlogging, forest will be displaced by bogs and wetlands.

Forests are likely to expand and in some areas, where present-day tundra occupies a narrow zone, are likely to
reach the northern coastline. The expansion will be slowed by increased fire frequency, insect outbreaks, and
vertebrate herbivory, as has already been observed in some parts of the Arctic.

Climate warming is very likely to lead to northward extension of the distribution ranges of species currently
present in the Arctic and to an increase in the total number of species. Individual species will move at different
rates and new communities of associated species are likely to form. Climate warming is also likely to lead to a
decline or extirpation of populations of arctic species at their southern range margins.As additional species move
in from warmer regions, the number of species in the Arctic and their productivity are very likely to increase.

Specialist species adapted to the cold arctic climate, ranging from mosses, lichens, vascular plants, some herbi-
vores (lemmings and voles) and their predators, to ungulates (caribou and reindeer), are at risk of marked
population decline or extirpation locally. This will be largely as a consequence of their inability to compete with
species invading from the south. The biodiversity in Beringia is at risk as climate warms since it presently has a
higher number of threatened plant and animal species than any other arctic region.

Increased UV radiation levels resulting from ozone depletion are likely to have both short- and long-term
impacts on some ecosystem processes, including reduced nutrient cycling and decreased overall productivity.
Many arctic plant species are assumed to be adaptable to high levels of UV-B radiation. Adaptation involves
structural and chemical changes that can affect herbivores, decomposition, nutrient cycling, and productivity.

Over the long term, replacement of arctic vegetation with more productive southern vegetation is likely to
increase net carbon storage in ecosystems, particularly in regions that are now tundra or high-arctic polar
desert. Methane fluxes are likely to increase as vegetation grows in tundra ponds, and as wetlands become
warmer (until they dry out). Methane fluxes are also likely to increase when permafrost thaws.

The positive feedback of albedo change (due to forest expansion) on climate is likely to dominate over the
negative (cooling) feedback from an increase in carbon storage.The albedo reduction due to reduced
terrestrial snow cover will be a major additional feedback.

Table 18.5. Projected impacts on freshwater ecosystems. This table is mainly based on Chapter 8.

Projected impact

Lakes

Rivers

Water quality

Wetlands

Species diversity

UV radiation
effects

Reduced ice cover and a longer open-water season are very likely to affect thermal regimes, particularly

lake stratification. Permafrost thaw in ice-rich environments is very likely to lead to catastrophic lake drainage;
increased groundwater flux will drain other lakes.A probable decrease in summer water levels

of lakes and rivers is very likely to affect the quality and quantity of, and access to, aquatic habitats.

A likely shift to less intense ice breakup will reduce the ability of flow systems to replenish riparian ecosystems,
particularly in river deltas. Reduced climatic gradients along large northern rivers are likely to alter

ice-flooding regimes and related ecological processes.A very likely increase in winter flows and reduced
ice-cover growth will increase the availability of under-ice habitats.

Enhanced permafrost thawing is very likely to increase nutrient, sediment, and carbon loadings to aquatic
systems, with a mixture of positive and negative effects on freshwater chemistry.An earlier phase of enhanced
sediment supply will probably be detrimental to benthic fauna but the balance will be ecosystem- or site-specif-
ic. Freshwater biogeochemistry is very likely to alter following changes in water budgets.

Changes in climate are very likely to lead to an increased extent of wetlands, ponds, and drainage networks
in low-lying permafrost-dominated areas, but also to losses of wetlands on hill slopes and higher ground.
Coastal erosion and inundation will generate new wetlands in some coastal areas. Conversely, increased
evapotranspiration is likely to dry peatlands, particularly during the warm season.

Changes in the timing of freshwater habitat availability, quality, and suitability are very likely to alter the
reproductive success of species. Correspondingly, the rate and magnitude of climate change and its effects
on aquatic systems are likely to outstrip the capacity of many aquatic biota to adapt or acclimate. Climate
change is very likely to act cumulatively and/or synergistically with other stressors to affect the overall
biodiversity of aquatic ecosystems.

Reduced ice cover in freshwater ecosystems is likely to have a greater effect on underwater UV radiation
exposure than projected levels of stratospheric ozone depletion. Little is known about the adaptive responses
of aquatic organisms to changing UV radiation levels.
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Changes in animal and plant populations are often trig-
gered by extreme events, particularly winter processes.
Weather extremes in winter are likely to have greater
effects on the mammals and birds that remain active in
winter, than on plants, insects, and other invertebrates that
are dormant in winter. While some projections indicate a
likely increase in the frequency and severity of extreme
events (storms, floods, icing of snow layers, drought) the
distribution of these events is very difficult to project.
Rapid changes present additional stresses if they exceed the
ability of species to adapt or relocate since they are likely
to lead to increased incidence of fires, disease, and insect
outbreaks, as well as to restricted forage availability.

The impact of changes in climate and UV radiation
levels on species and ecosystems is likely to make the
current use of many protected areas as a conservation
practice almost obsolete. Although local measures to
reduce hunting quotas might moderate impacts of
climate change on wildlife species, habitat protection
requires a new, more flexible paradigm. Comparison of
areas in the Arctic in which vegetation is likely to dra-
matically change with the location of current protected
areas shows that many habitats will be altered so that
they will no longer serve to support the intended
species or communities. These impacts will be reduced
if simple measures are incorporated into the design of
protected areas, for example, designating flexible
boundaries that encompass extended latitudinal tracts
of land and protect corridors for species movement.

As warming allows trees to grow, forests are projected
to replace a significant proportion of the tundra.

999

This process is very likely to be slowed locally by natu-
ral barriers to movement, human activities, fires, insect
attacks, browsing by vertebrate herbivores, and drying
or waterlogging of soils, but the long-term effect on
species composition will be significant. Displacement of
tundra by forest will also lead to a decrease in albedo,
which will increase the positive (warming) feedback to
the climate system, especially during spring when snow
melts, and amplify changes in the local climate. Warm-
ing and drying of tundra soils are likely to lead to an
increased release of carbon, at least in the short term.
However, current models suggest that the Arctic may
become a net sink for carbon (although the uncertain-
ties associated with the projections are high). There are
also uncertainties about changes in methane (CH,)
fluxes (although current CH, emissions from arctic
ecosystems are already forcing climate) from wetlands,
permafrost, and CH, hydrates, so it is not known if the
circumpolar tundra will become a carbon sink or car-
bon source in the long term.

Tables 18.4 and 18.5 summarize the most important
impacts projected for terrestrial and freshwater ecosys-
tems, respectively.

Changes in the ocean

Through its influence on the Atlantic thermohaline
circulation, the Arctic plays a critical part in driving the
global thermohaline circulation. It is possible that
increased precipitation and runoff of fresh water and the
melting of glaciers and ice sheets, and thawing of the
extensive permafrost underlying northern Siberia, could

Table 18.6. Projected impacts in the Arctic Ocean and subarctic seas. This table is mainly based on Chapters 9 and |3.

Projected impact

Ocean regime
decrease its salinity.

Increased runoff from major arctic rivers and increased precipitation over the Arctic Ocean are very likely to

Thermohaline
circulation

Sea-ice regime

Marine
ecosystems

UV radiation
effects

Fisheries

Coastal regions

A slow-down of the global thermohaline circulation is likely as a result of increased freshwater input from melting
glaciers and precipitation. This is likely to delay warming for several decades in the Atlantic sector of the Arctic as
a result of reduced ocean heat transport.

All the ACIA-designated models project substantial reductions in sea-ice extent and likely opening of the Northern
Sea Route to shipping during summer. Some of the models project an entirely ice-free Arctic Ocean in summer by
the end of the 21Ist century. Greater expanses of open water will also increase the positive feedback of albedo
change to climate.

Reduced sea-ice extent and more open water are very likely to change the distribution of marine mammals
(particularly polar bears, walrus, ice-inhabiting seals, and narwhals) and some seabirds (particularly ivory gulls),
reducing their populations to vulnerable low levels. It is likely that more open water will be favorable for some
whale species and that the distribution range of these species is very likely to spread northward.

Ultraviolet radiation can act in combination with other stressors, including pollutants, habitat destruction, and
changing predator populations, to adversely affect a number of aquatic species. In optically clear ocean waters,
organisms living near the surface are likely to receive harmful doses of UV radiation. Sustained, increased UV

radiation exposure could also have negative impacts on fisheries.

Changes in the distribution and migration patterns of fish stocks are likely. It is possible that higher primary pro-
ductivity, increases in feeding areas, and higher growth rates could lead to more productive fisheries in some
regions of the Arctic. New species are moving into the Arctic and competing with native species. The extinction
of existing arctic fish species is unlikely.

Serious coastal erosion problems are already evident in some low-lying coastal areas, especially in the Russian Far
East, Alaska, and northwestern Canada, resulting from permafrost thawing and increased wave action and storm
surges due to reduced sea-ice extent and sea-level rise. Ongoing or accelerated coastal-erosion trends are likely
to lead to further relocations of coastal communities in the Arctic.
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freshen arctic waters, causing a reduction in the over-
turning circulation of the global ocean and thus affecting
the global climate system and marine ecosystems. The
IPCC 2001 assessment considers a future reduction of
the Atlantic thermohaline circulation as likely, while a
complete shutdown is considered as less likely, but not
impossible. If half the oceanic heat flux were to disap-
pear with a weakened Atlantic inflow, then the associated
cooling would more than offset the projected heating in
the 21st century. Thus, there is the possibility that some
areas in the Atlantic Arctic will experience significant
regional cooling rather than warming, but the present
models can assess neither its probability, nor its extent
and magnitude.

The most important projected trends for the marine sys-
tems of the Arctic are summarized in Table 18.6.

18.2.2.2. Impacts on people’s lives

Several chapters address the impacts of climate change on
people, including Chapters 10, 11, 12, 14, 15, and 16.
The Arctic is home to a large number of distinct groups
of indigenous peoples and the populations of eight
nations. Between two and four million indigenous and
non-indigenous people live in the Arctic, depending on
how the Arctic is defined. Most live in cities; in Russia
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large urban centers include Vorkuta and Norilsk with
populations listed as exceeding 100000, and Murmansk
with about 500000 people, although the population of
these cities has decreased in recent years. Arctic towns in
Scandinavia and North America are smaller; Reykjavik
has around 110000 inhabitants and Rovaniemi about
65000. In total there are probably around 30 towns in
the Arctic with more than 10000 inhabitants.

Table 18.7 summarizes the projected social impacts of
climate change and UV radiation on the people of the
Arctic. Climate change is only one, and perhaps not the
most important, factor currently affecting people’s lives
and livelihood in the Arctic. For example, the people
living in Russia’s Far North have experienced dramatic
political, social, and economic changes since the col-
lapse of the former Soviet Union; and Europeans,
Canadians, and Alaskans have experienced major
changes resulting from the discovery of minerals, oil
and gas reserves, and the declines or increases of some
of the northern fisheries.

For the indigenous population, and particularly for those
people who depend on hunting, herding, and fishing for
a living, climate change is likely to be a matter of cultur-
al survival, however. Their uniqueness as people with
cultures based on harvesting marine mammals, hunting,

Table 18.7. Projected social impacts on arctic residents. This table is mainly based on Chapters 12, I5,and 16.

Projected impact

Impacts on arctic residents

Permafrost thawing is very likely to threaten buildings, roads, and other infrastructure. This includes increases

in the settling and breaking of underground pipes and other installations used for water supply, heating sys-
tems, and waste disposal, and threats to the integrity of containment structures such as tailing ponds and

While increased river runoff is projected to occur mainly in winter and spring, lower water tables in rivers

and lakes in summer will reduce available water and impede river travel in some areas (e.g., the Mackenzie

Circumpolar health problems such as those associated with changes in diet and UV radiation levels are likely

to become more prominent. Increases in zoonotic diseases and injury rates are likely, due to environmental

Infrastructure
sewage lagoons.
Water
River watershed).
Health
changes and climate variability.
Income

Impacts on the economy are expected as a consequence of climate change in the Arctic and will affect work

opportunities and income of arctic residents. Expected increases in productivity and greater opportunity for
settlement are also likely to benefit people within and beyond the region.

Impacts specific to indigenous communities

Food security

Obtaining and sharing traditional foods, both cultural traditions, are very likely to become more difficult as

the climate changes, because access to some food species will be reduced. The consequences of shifting to a
more Western diet are likely to include increased incidence of diabetes, obesity, and cardiovascular diseases.
Food from other sources may also be more costly.

Hunting Hunter mobility and safety and the ability to move with changing distribution of resources, particularly on
sea ice, are likely to decrease, leading to less hunting success. Similarly, access to caribou by hunters following
changed snow and river-ice conditions is likely to become more difficult. Harvesting the threatened remaining
populations of some marine mammals could accelerate their demise.

Herding Changing snow conditions are very likely to adversely affect reindeer and caribou herding (e.g., ice layers and

premature thawing will make grazing and migration difficult and increase herd die-offs). Shorter duration of
snow cover and a longer plant growth season, on the other hand, are likely to increase forage production
and herd productivity if range lands and stocking levels are adequately managed.

Cultural loss For many Inuit, climate change is very likely to disrupt or even destroy their hunting culture because sea-ice
extent is very likely to be reduced and the animals they now hunt are likely to decline in numbers, making
them less accessible, or they may even disappear from some regions. Cultural adaptation to make use of

newly introduced species may occur in some areas.
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herding caribou and reindeer, or fishing, is at risk
because climate change is likely to deprive them of
access to their traditional food sources, although new
species, as they move north, may become available in
some regions. Indigenous peoples have adapted to
changes in the past through careful observations and
skillful adjustments of their traditional activities and
lifestyles, but the addition of climate and UV radiation
changes and impacts on existing social, political, and
other environmental stresses is already posing serious
challenges. Today, the indigenous peoples live in greatly
circumscribed social and economic situations and their
hunting and herding activities are determined to a large
extent by resource management regimes and local,
regional, and global economic market situations that
reduce their ability to adapt and cope with climate vari-
ability and change. While they experience stress from
other sources that threatens their lifestyles and cultures,
climate change magnifies these threats.
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Improvements in human health are very likely to con-
tinue through advances in technology, but the potential
for emerging diseases (via the introduction of new
insect and animal vectors) in northern communities
makes it difficult to project how climate change is likely
to affect the overall health of arctic residents. Several
types of impacts seem likely. Because it will be more
difficult to access marine animals when hunting, and
because there is greater danger to the hunters when
traveling over thinner sea ice, and in open water in less
predictable weather conditions, direct health effects
through a changing diet and increased accident rates are
likely. Increased UV radiation levels are also likely to
directly affect health, increasing incidences of skin can-
cer, cataracts, and viral infections, owing to effects on
the immune system. Studies by the World Health
Organization estimate that a person receives the
majority of their lifetime UV radiation exposure before
18 years of age. An entire generation of people in the

Table 18.8. Projected impacts on important economic activities in the Arctic. This table is mainly based on Chapters |3, 14,and 16,

but also draws information from other chapters.

Projected impact

Non-renewable resources
Oil and gas

Exploration

Reduced sea ice is likely to facilitate some offshore operations but hamper winter seismic work on

shore-fast ice. Later freeze-up and earlier melting are likely to limit the use of ice and snow roads.

Production

Reduced extent and thinner sea ice are likely to allow construction and operation of more economical

offshore platforms. Storm surges and sea-level rise are likely to increase coastal erosion of shore facilities
and artificial islands. The costs of maintaining infrastructure and minimizing environmental impacts are
likely to increase as a result of thawing permafrost, storm surges, and erosion.

Transportation

Reduced extent and duration of sea and river ice are likely to lengthen the shipping season and shorten

routes (including trans-polar routes). Permafrost thawing is likely to increase pipeline maintenance costs.

Coal and minerals

Production

The costs of maintaining infrastructure and minimizing environmental impacts are likely to increase as a

result of thawing permafrost, storm surges, and erosion.

Transportation

Renewable resources
Fish, shellfish, freshwater fish

Reduced extent and duration of sea ice are likely to lengthen the shipping season. Thawing permafrost is
likely to affect roads and infrastructure.

Temperature, currents, and salinity changes are likely to lead to changes in species availability (positive in

Changes in migration patterns are likely to lead to changes in distances to fishing grounds, and possible

relocation of processing plants. Increased storms, and icing of ship superstructure are likely to increase

Fish stocks
some areas, negative in others).
Harvests
risks and reduce catches.
Timber

Productivity is likely to increase if there is adequate soil moisture but decrease if there are summer

droughts. Fire and insect outbreaks are likely to decrease productivity.

Agricultural products

A warmer climate is likely to lengthen the growing season and extend the northern range of agriculture.

Increased insect problems are likely to decrease productivity.

Energy

Hydropower
sonal water supply.

Power lines
Wildlife

Precipitation changes are likely to affect the water supply. Melting glaciers are likely to reduce future sea-

Icing events, storms, and ground thaw are likely to affect power lines.

Harvests

Conservation

Changes in distribution and migration patterns are likely to affect access to wildlife and change harvests.
Invasive species are likely to compete with existing populations.

Habitat loss, longer seasons, and boat access are likely to lead to over-harvesting in protected areas and
affect conservation.
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Arctic is likely to continue to be exposed to above-
normal UV radiation levels, and a new generation will

row to adulthood under increased UV radiation levels.
Although behavioral adaptations can reduce the expect-
ed impacts, adequate information and education about
these effects must be available.

18.2.2.3. Impacts on the economy

The three most important sectors of the commercial
economy of the Arctic are oil and gas, fish, and minerals,
each of which will be influenced by changes in the cli-
mate. There are also other economic sectors that will be
affected by climate change, including forestry, agricul-
ture, and tourism. Impacts on industry and commerce
are described in greater detail in Chapters 13, 14, and
16. The use of local resources for traditional purposes,
including fish, wildlife, plants, and wood for fuel and
home construction, are also part of the arctic economy
and have been addressed in Chapters 11, 12, and 17.

Oil and gas

The Arctic has large oil and gas reserves. Most are locat-
ed in Russia: oil in the Pechora Basin, gas in the Lower
Ob Basin, and other potential oil and gas fields along the
Siberian coast. In Siberia, oil and gas development has
expanded dramatically over the past few decades, and
this region produces 78% of Russia’s oil and 84% of its
natural gas. Canadian oil and gas fields are concentrated
in two main basins in the Mackenzie Delta/Beaufort Sea
region and in the high Arctic. Oil and gas fields also
occur in other arctic waters, for example the Barents
Sea. The oil fields at Prudhoe Bay, Alaska, are the largest
in North America, and by 2002, around 14 billion bar-
rels had been produced at this site. There are also sub-
stantial reserves of natural gas and coal along the North
Slope of Alaska. The Arctic is an important supplier of
oil and gas to the global economy. Climate change
impacts on the exploration, production, and transporta-
tion activities of this industry could have both positive
and negative market and financial effects. These are sum-
marized in Table 18.8.

Fish

The arctic seas contain some of the world’s oldest and
most productive commercial fishing grounds. In the
Northeast Atlantic and the Bering Sea and Aleutian
region, annual fish harvests in the past have exceeded
two million tonnes in each of the two regions. In the
Bering Sea, overall harvests have remained stable at
about two million tonnes, but while some species like
pollock (Theragra chalcogramma) are doing well, others
like snow crab (Chionoecetes opilio) have declined.
Important fisheries also exist around Iceland, Green-
land, the Faroe Islands, and Canada. Fisheries are
important to many arctic countries, as well as to the
world as a whole. For example, Norway is one of the
world’s biggest fish exporters with exports worth
US$ 4 billion in 2001. In some arctic regions aqua-
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culture is a growing industry, providing local communi-
ties with jobs and income. Freshwater fisheries are also

important in some areas. Changes in climatic conditions
are likely to have both positive and negative financial

impacts (see Table 18.8).

Minerals

The Arctic has large mineral reserves, ranging from gem-
stones to fertilizers. Russia extracts the greatest quanti-
ties of these minerals, including nickel, copper, platinum,
apatite, tin, diamonds, and gold, mostly on the Kola
Peninsula but also in the northern Ural Mountains, the
Taymir region of Siberia, and the Far East. Canadian min-
ing in the Yukon and Northwest Territories and Nunavut
is for lead, zinc, copper, gold, and diamonds. In Alaska,
lead and zinc are extracted at the Red Dog Mine, which
sits atop two-thirds of US zinc resources, and gold min-
ing continues in several areas. Coal mining occurs in sev-
eral areas of the Arctic. Mining activities in the Arctic are
an important contributor of raw materials to the global
economy and are likely to expand with improving trans-
portation conditions to bring products to market, due to

a longer ice-free shipping season (Table 18.8).
Transportation industry

The cost of transporting products and goods into and
out of the Arctic is a major theme of the potential
impacts of climate change on many of the economic
sectors described above. While climate change will
affect many different modes of transport in the Arctic,
the likelihood of reduced extent and duration of sea ice
in the future will have a major impact. The projected
opening of the Northern Sea Route (the opening of the
Northwest Passage is less certain) to longer shipping
seasons (Chapter 16) will provide faster and therefore
cheaper access to the Arctic, as well as the possibility of
trans-arctic shipping. This will provide new economic
opportunities, as well as increased risks of oil and other

ollution along these routes. Other regions of the
Arctic will also benefit from easier shipping access due
to less sea ice.

Projected climate-related impacts on the major eco-
nomic sectors in the Arctic are listed in Table 18.8.

This is a qualitative assessment only, since detailed
financial estimates of economic impacts are not available
at present, except in very few instances. Over the 21st
century, new types of activities could arise (for example
trans-arctic shipping) but there are likely to be others.
This analysis focuses on how future climate change
could affect the present economy, and is not based on
projections of economic and demographic development
in the Arctic over the 21st century.

Forestry, agriculture, and tourism

Forestry is an important economic activity in six of the
eight arctic countries, and agriculture in its various
forms also contributes to local economies in all eight
countries. The basis for agricultural activities varies
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throughout the Arctic. In North America, the limited
agriculture helps to meet the need for local fresh pro-
duce during the short summer. In northern Europe and
across the Russian North, crop production along with
reindeer husbandry and some other domestic livestock
production serve traditional cultural needs and provide
opportunities for income. Tourism is also becoming an
increasingly important economic factor in many arctic
regions. Impacts on these economic sectors in monetary
terms are difficult to project and quantify since factors
other than climate, including future regional economic
development, play a major role.

Wildlife

Arctic wildlife resources support communities through-
out the Arctic, through whaling, fishing, and hunting,
and wildlife contributes to both the monetary and tradi-
tional economies of the Arctic. Climate change threat-
ens the culture and traditional lifestyles of indigenous
communities but is not discussed here. Likely economic
impacts due to climate change are relevant here but are
not easily quantified at present.

18.3. A synthesis of projected impacts in
the four regions

This section examines impacts within a more regional
setting. A spatial division is necessary because the Arctic
is very large and different regions are likely to experi-
ence patterns of climate change in the coming decades
that are significantly different. Different regions of the
Arctic are also distinguished by different social, econom-
ic, and political systems, which will mediate the impacts
of and responses to climate change. These distinctions
are captured broadly by the four regions defined in this
assessment (see Fig. 18.6).

Fig. 18.6. The four regions of the Arctic Climate Impact Assessment.
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Differences in large-scale weather and climate-shaping
factors were primary considerations in selecting the
four regions. Observations also indicate that the climate
is presently changing quite differently in each of these
regions, and even within them, especially where there
are pronounced variations in terrain, such as mountains
versus coastal plains. There are also large north—south
gradients in climate variability within each region.

The scale was thought to be roughly appropriate given
that a larger number of smaller regions would not have
been practical for this assessment, or compatible with a
focus at the circumpolar level.

Region 1 includes East Greenland, northern Scandinavia,
and northwestern Russia, as well as the North Atlantic
with the Norwegian, Greenland, and Barents Seas.

This region is projected to experience similar types of
changes because the entire area is under the influence of
North Atlantic atmospheric and oceanic conditions, par-
ticularly the Icelandic Low.

Region 2 includes Central Siberia, from the Urals to
Chukotka, and the Barents, Laptev, and East Siberian
Seas. This region represents the coldest part of the Arctic
and is under the influence of the Siberian high-pressure
system during winter.

Region 3 includes Chukotka, Alaska, the western
Canadian Arctic to the Mackenzie River, and the Bering,
Chukchi, and Beaufort Seas. This region is largely under
the influence of North Pacific atmospheric and oceanic
processes and the Aleutian Low.

Region 4 includes the central and eastern Canadian
Arctic east of the Mackenzie River, the Queen Elizabeth
Islands south to Hudson Bay, and the Labrador Sea,
Davis Strait, and West Greenland. The region’s weather
systems are connected to large-scale North American
and western North Atlantic weather patterns.

Major impacts due to observed and projected climate
change for each of the four regions are summarized in
sections 18.3.1 to 18.3.4. Details, including relevant
references and publications on earlier impact assess-
ments in the four regions, can be found in the preced-
ing 17 chapters. The previous regional Impact assess-
ments were useful source material and laid a critical
foundation for the ACIA. Some impacts apply to more
than one or to all of the regions; such impacts are
described in section 18.2 and are not necessarily listed
separately for each region.

While the importance of providing information at the
regional level has been emphasized here, the focus of
the ACIA was at the circumpolar scale. The following
sections attempt to synthesize significant findings for
each of the four regions where these have been provid-
ed by the relevant chapters of the assessment. In some
cases, the evaluated literature did not support a very
extensive assessment of the nature of changes in the
four regions.
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Table 18.9. Key consequences of climate change on the environment, the economy, and on people’s lives in the four ACIA regions.
Unless otherwise stated these key consequences are considered likely to occur.

Environment

Economy

People’s lives

Region |
Eastern
Greenland,
North
Atlantic,
northern
Scandinavia,
northwestern
Russia

Region 2
Siberia

Region 3
Chukotka,
Bering Sea,
Alaska, west-
ern Canadian
Arctic

Region 4
Central and
Eastern
Canadian
Acrctic,
Labrador Sea,
Davis Strait,
West
Greenland

* Northward shifts in the distribution
ranges of plant and animal species
(terrestrial, freshwater; and marine)

* Many tundra areas disappear from
the mainland, except in arctic
Russia where bog growth prevents
forest development

* Carbon storage increases and albe-
do decreases, but less so than in
other regions

* Northward shifts in the distribution
ranges of plant and animal species
(terrestrial, freshwater; and marine)

* Changing forest character due to
warmer climate and permafrost
thawing, with possibly greater fire
and pest threats

* Tundra changing to shrub and for-
est, but northern tundra extension
limited by the ocean

* Increased river discharge, affecting
sediment and nutrient fluxes

* Northward shifts in the distribution
ranges of plant and animal species
(terrestrial, freshwater; and marine)

* Forest disruption due to warming
and increased pest outbreaks

* Reduced sea ice and general warm-
ing, disrupting polar bears, marine
mammals, and other wildlife

* Low-lying coastal areas more fre-
quently inundated by storm surges
and sea-level rise

* Thawing of warm permafrost and
reduced river and lake ice, changing
hydrological regimes

* Northward shifts in the distribution
ranges of plant and animal species
(terrestrial, freshwater; and marine)

* High-arctic polar desert replaced
by tundra in some areas, leading to
potential large carbon gains

* Increased melting of the Greenland
Ice Sheet, changing the coastal envi-
ronment

* Decreasing sea-ice extent; threaten-
ing the extinction of polar bears

* Change in the location of North
Atlantic and Arctic fisheries due to
warmer waters and change in
yields of many commercial fish
stocks

Improved access to oil, gas, and
mineral resources in presently
ice-covered waters and adjacent
land areas

Rising sea level and more storm
surges affect coastal facilities

Reopening of the Northern Sea
Route (Northeast Passage), due to
reduced extent and duration of
sea ice, providing new economic
possibilities, and also increased
pollution risks (tankers)
Improved access to oil, gas, and
mineral resources in presently
ice-covered waters and adjacent
land areas

Rising sea level and more storm
surges affect coastal facilities

Damage to infrastructure due to
thawing permafrost

Improved access to oil, gas, and
mineral resources in presently
ice-covered waters and adjacent
land areas

Change in recruitment, growth
rates, abundance, and distribution of
Bering Sea fish due to warmer
waters

Rising sea level and storm surges,
affect coastal facilities

Potential increased shipping in the
Northwest Passage as sea ice
retreats, providing economic
incentives such as cheaper trans-
port of goods, but also increasing
pollution and oil-spill risks
Shorter operating season for ice
and snow roads

Changes in marine and freshwater
fisheries with impacts on tourism
and local economic development
Rising sea level and storm surges
affect coastal facilities

* Reduced and changing snow cover,
affecting reindeer herding and
hunted wildlife

* Traditional harvest of animals is
riskier and less predictable

* Emergence of zoonotic diseases as
a threat to human health

* Increased outdoor leisure and
recreational opportunity, plus
lower heating costs

* Permafrost thawing, causing seri-
ous damage to buildings in Siberian
cities and to houses and facilities
in villages

* Traditional harvest of animals is
riskier and less predictable

* Emergence of zoonotic diseases as
a threat to human health

* Lower heating costs

* Retreating sea ice and earlier
snowmelt, altering traditional
lifestyle patterns and food security,
increasing risks taken by hunters,
further stressing nutritional status

* Coastal erosion and flooding forc-
ing relocation of villages

» Emergence of zoonotic diseases as
a threat to human health

* Increased outdoor leisure and
recreational opportunity, plus
lower heating costs

* Traditional lifestyles and survival of
indigenous hunting culture threat-
ened by retreating sea ice and
changing environment

* Health impacts via stresses on
food security and safety of travel
conditions

» Emergence of zoonotic diseases as
a threat to human health

* Increased outdoor leisure and
recreational opportunity, plus
lower heating costs

Table 18.9 summarizes the key consequences of climate
change on the environment, the economy, and people’s
lives in each of the four regions. The following sections
provide additional information by region. Projections of
climate change for each region are based on output from

the five ACIA-designated climate models.

18.3.1. Region 1

18.3.1.1. Changes in climate

Most of Region 1 experienced a modest increase in
mean annual temperature (about 1 °C) between 1954

and 2003, with slightly higher winter temperature

increases over this period, except for Iceland, the Faroe
Islands, and southern Greenland, where there has been
some cooling (see Fig. 18.2 for regional details). From

1990 to 2000, greater warming was observed in north-
ern Scandinavia, including Iceland, Svalbard, and East

Greenland, but cooling was observed in other areas such

as the Kola Peninsula.

Model projections (see Fig. 18.5 for regional details)
indicate that this region is likely to experience addi-

tional increases in mean annual temperature of 2 to
3 °C in Scandinavia and East Greenland and up to 3 to

5 °C in northwestern Russia by the late 21st century.

Although changes in atmospheric and oceanic circula-
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tion contributed to some cooling of the region during
the 20th century, warming has occurred in recent
decades and is projected to dominate throughout the
21st century. Precipitation has increased slightly and is
projected to increase further by up to about 10% by
the end of the century.

18.3.1.2. Impacts on the environment

The geography and environment of Region 1 are domi-
nated by the North Atlantic Ocean, which has extensive
connections with the Arctic Ocean via the Norwegian,
Greenland, and Barents Seas. The North Atlantic Ocean
separates Greenland in the west from the Fennoscan-
dian, European, and western Russian landmasses in the
east. Relatively isolated islands of Iceland, the Faroe
Islands, and the Svalbard and Franz Josef archipelagos
span the low to high arctic latitudes. The land areas are
characterized by a north—south climatic contrast
between low-arctic environments in the south isolated
by ocean from the high-arctic environments of the high-
latitude islands, and by an east—west climatic contrast
between the Scandinavian landmass, which is uncharac-
teristically warm for its latitude, and East Greenland in
the west of the region, which is heavily glaciated.

The continuous south—north land corridors for move-
ment of terrestrial and freshwater species and people
found in Region 2, for example, are missing.

The Greenland, Iceland, Norwegian, and Barents Seas
constitute a major part of this region. This vast oceanic
area is influenced by the inflow of relatively warm
Atlantic water, which enters along the coast of Norway
and is the most northward branch of the Gulf Stream.
Variability in the volume of this inflow, as experienced
in the past and as projected by models for the future
due to global climate change, is expected to have major
consequences for the physical and biological regimes of
the region. Sea surface temperature is expected to
increase, and the Barents Sea is expected to be totally
ice free in summer by 2080. Changes in the distribution
of important fish stocks are expected to occur. Past
integrative impact assessments of climate change in this
region include publications by Lange et al. (1999, 2003)

for the Barents Sea.

The arctic seas in Region 1 are projected to experience a
temperature increase that will lead to a decrease in sea-
ice cover, especially in summer, as well as earlier ice melt
and later freeze-up. Unless compensated for by an
increase in low-level cloudiness, decreases in sea-ice cover
would reduce the overall planetary albedo of the region
and provide a positive feedback to the global climate. The
reduction in sea ice is likely to enhance primary produc-
tivity, lead to increases in zooplankton production, and
possibly to increased fisheries production. Such changes
would also lead to decreased natural habitat for polar
bears (Ursus maritimus) and ringed seals (Phoca hispida) to
an extent that is likely to threaten the survival of their
populations in this region. Conversely, more open water
is expected to favor some whale and seabird species.
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Biodiversity is high in Region 1: around 6000 marine
and terrestrial species have been recorded for Svalbard
(Prestrud et al., 2004) and around 7200 species have
been recorded for 22705 km? between 68° and 70° N in
northern Finland (Callaghan et al., 2004). The European
Arctic and subarctic are important breeding areas for
many bird species overwintering in more temperate
regions. Excluding the Russian Arctic, over 43% of the
European bird species pool occurs in Region 1.

Observations indicate very variable climate trends and
ecological responses to them in Region 1 (see Chapter
7). Treelines in northern Sweden increased in altitude by
up to 40 m during the first part of the 20th century, and
a further 20 m during the warming of the past 40 years,
giving recent rates of treeline increase of 0.5 m/yr and
40 m/°C (Callaghan et al., 2004). In northern Finland,
the pine treeline is increasing in altitude and density, and
in the Polar Ural Mountains, treeline has advanced.
However, there is little evidence of a northward shift of
the latitudinal treeline west of the Polar Ural Mountains.
Unexpectedly, evidence shows a southward movement
of the treeline in parts of the forest tundra of the
Russian European Arctic, a change that appears to be
associated with localized pollution, deforestation, agri-
culture, and the growth of bogs leading to tree death.

In the Faroe Islands, there has been a lowering of the
alpine altitudinal treeline in response to a cooling of
0.25 °C during the past 50 years. In some areas of
Finland and northern Sweden, there is evidence of an
increase in rapidly changing warm and cold episodes in
winter that lead to increasing bud damage in birch.
Recent warming in northern Sweden and Finland has led
to a reduction in the extent of discontinuous permafrost
in mires and a change in vegetation resulting in increased
CH, flux to the atmosphere (Christensen et al., 2004).

Recent warm winters have resulted in unusual condi-
tions (causing ice layers in the snow) unfavorable for
reindeer and wildlife, and leading to an absence of lem-
ming population peaks, and on Svalbard, a decline in
wild reindeer (Rangifer tarandus platyrhynchus) through
decreases in the availability of food resources. Changes
in animal populations also include reductions in arctic
fox (Alopex lagopus) and snowy owl (Nyctea scandiaca)
(as well as several other bird species) populations on
mainland Fennoscandia but a northward migration of
larger butterflies and moths, the larvae of some being
defoliators of trees and shrubs. Moose (Alces alces), red
fox (Vulpes vulpes), and the invasive species mink
(Mustela vison) are increasing in the east of the region
and muskoxen (Ovibos moschatus), wolves, and pink-
footed (Anser brachyrhynchus) and barnacle geese (Branta
leucopsis) are increasing in northeast Greenland

(Callaghan et al., 2004).

If warming occurs as projected, the deciduous mountain
birch forest that forms much of the present treeline in
the region, the boreal conifer forest and woodland, and
the arctic and alpine tundra are very likely to begin shift-
ing northward and upward in altitude. The potential for
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vegetation change within the region is perhaps greatest
in northern Scandinavia, where large shifts occurred in
the early Holocene in response to warming. Here, pine
forest is projected to invade the lower belt of mountain
birch forest. The birch treeline is projected to move
upward and northward, displacing shrub tundra vegeta-
tion, which in turn is projected to displace alpine tun-
dra. Alpine species in the north are expected to be the
most threatened because there is no suitable geographic
area for them to shift toward in order to avoid being lost
from the Fennoscandian mainland. In Iceland, a warmer
climate is likely to facilitate natural regeneration of the
heavily degraded native birch woodland as well as aid
current and future afforestation efforts (Chapter 14).
Model projections suggest that arctic tundra will be dis-
placed totally from the mainland by the end of the 21st
century (Fig. 18.1), although in practice, the bogs of the
western Russian European Arctic may prevent forests
from reaching the coast. Model projections of change
from tundra to taiga between 1960 and 2080 (5.0%),
and of change from polar desert to tundra (4.2%), are
the lowest of any of the four ACIA regions because of
the lack of tundra areas and the separation of the high
Arctic from the subarctic.

While the climate is changing, local forest damage is
projected to occur as a result of winters that are warmer
than normal. Warmer winters are likely to lead to an
increase in insect damage to forests and decreases in
populations of animals such as lemmings and voles that
depend upon particular snow conditions for survival.
These changes, in turn, are likely to cause decreases in
populations of many existing bird species and other ani-
mals, with the most severe effects on carnivores, such as
Arctic foxes, and raptors, such as snowy owls. Heathland
and wetland areas are likely to be partially invaded by
grasses, shrubs, and trees, and mosses and lichens are
expected to decrease in extent. Unlike other arctic
areas, fire is not likely to play a major role in controlling
vegetation dynamics. Any changes in land-use patterns,
including increased agriculture and domestic stock pro-
duction in a warmer climate, will encroach on wildlife
habitats and further threaten large carnivores.

Some areas in this region, such as East Greenland and
the Faroe Islands, have experienced recent cooling, and
future warming is expected to reverse the present
downward vegetation shifts in the mountains of the
Faroe Islands. The island settings in this region, particu-
larly those of Greenland, Svalbard, Franz Josef Land, and
Novaya Zemlya, are likely to delay the arrival of immi-
grant species and substantial change other than expan-
sion and increased growth of some current species.

Changes in arctic ecosystems will not only have local
consequences but will also have impacts at a global
level because of the many linkages between the Arctic
and other regions further south. For example, several
hundreds of millions of birds migrate to the Arctic each
year and their success in the Arctic determines their
populations at lower latitudes. As previously noted,
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excluding the Russian Arctic, over 43% of the Euro-
pean bird species pool is found in Region 1. Changes in
their wintering areas far south of the Arctic also play an
important part in the ecology of migratory birds and
there are many important stop-over sites and over-
wintering grounds in Europe. Birds that are already
suffering major declines in the region include lesser
white-fronted goose (Anser erythropus) and shore lark
(Eremophila alpestris) that have almost become extinct in
Fennoscandia, and snowy owls. In contrast, some
southern bird species have become established.
Examples include blue tit (Parus caeruleus) and green-

finch (Carduelis chloris) (Callaghan et al., 2004).

Changes in carbon storage and release from ecosystems
also have potential global consequences. Christensen et
al. (2004) estimated that CH, emissions have increased
from between 1.8 and 2.2 mg CH4/rn2/hr to between
2.7 and 3.0 mg CH4/m2/hr over the past 30 years in
northern Sweden, as a result of permafrost thaw and
vegetation change. Terrestrial carbon storage and net
primary production are projected to increase, and albe-
do to decrease, but less than in any other region due to
the ocean barriers and general lack of tundra: there is a
transition from subarctic to high Arctic separated by seas
where the mid-arctic tundra should be.

18.3.1.3. Impacts on the economy

Region 1 has abundant renewable and non-renewable
resources (timber, fish, ore, oil, and natural gas). The
highly productive marine life makes this region one of
the most productive fishing grounds in the circumpolar
North. Higher ocean temperatures are likely to cause
shifts in the distribution of some fish species, as well as
changes in the timing of their migration, possible
extension of their feeding areas, and increased growth
rates. The occurrence of several “warm years” or “cold
years” in a row, which is a sequence that could occur
more frequently as a result of continuing global climate
change, seems likely to lead to repercussions on the
major fish stocks and, ultimately, the lucrative and pro-
ductive fisheries in the region. Provided that the fluc-
tuations in Atlantic inflow to the area are maintained,
along with a general warming of the North Atlantic
waters, it is likely that annual recruitment in herring
(Clupea harengus) and Atlantic cod (Gadus morhua) will
increase from current levels and will be about the same
as the long-term average during the first two to three
decades of the 21st century. This projection is also
based on the assumption that harvest rates are kept at
levels that maintain spawning stocks well above the
level at which recruitment is impaired.

Impacts of climate change on the fisheries sector of the
region’s economy are difficult to assess, however. A sce-
nario of moderate warming could result in quite large
positive changes in the catch of many species. A self-
sustaining cod stock could be established in West
Greenland waters through larval drift from Iceland. Past
catches suggest that this could yield annual catches of
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about 300000 t. Should that happen, it is estimated
that catches of northern shrimp (Pandalus borealis) will
decrease to around 30% of the present level, while
those of snow crab and Greenland halibut (Reinhardtius
hippoglossoides) might remain the same. Such a shift
could approximately double the export earnings of the
Greenlandic fishing industry, which roughly translates
into the same amount as that presently paid by Denmark
to subsidize the Greenland economy. Such dramatic
changes are not expected in the Icelandic marine eco-
system. Nevertheless, there would be an overall gain
through larger catches of demersal species such as cod,
pelagic species like herring, and new fisheries of more
southern species like mackerel (Scomber scombrus). On
the other hand capelin (Mallotus villosus) catches would
dwindle, both through diminished stock size and the
necessity of conserving this very important forage fish
for other species. Effective fisheries management will
continue to play a key role both for Greenland and
Iceland, however. Little can be said about possible
changes under substantial climate warming because
such a situation is outside any recorded experience.

Forestry and agriculture are important in Region 1;
both have been affected by climate change in the past
and impacts are likely to occur in the future. Longer
growing seasons are likely to improve the growth of
agricultural crops. While growth (net carbon assimila-
tion) of forests and woodlands is likely to increase,

this will not necessarily benefit the forestry industry as
forest fires and pests will also increase. Forest pest
outbreaks have been reported for the Russian part of
the region, including the most extensive damage from
the European pine sawfly (Neodiprion sertifer), which
affected a number of areas, each covering more than
5000 ha. The annual number of insect outbreaks
reported between 1989 and 1998 was 3.5 times higher
than between 1956 and 1965. The mean annual intensi-
ty of forest damage increased two-fold between 1989
and 1998. Factors other than climate change are also
important to forest-based economies. For example,
while most of the region has seen modest growth in
forestry, Russia has experienced a decline due to
political and economic factors. These socio-economic
problems are expected to be aggravated by global
climate change, which in the short term will have
negative effects on timber quality owing to fire and
insect damage and on infrastructure and winter trans-
port when permafrost thaws.

18.3.1.4. Impacts on people’s lives

The prospects and opportunities of gaining access to
important natural resources, both renewable and non-
renewable, have attracted a large number of people to
Region 1. The relatively intense industrial activities,
particularly on the Kola Peninsula, have resulted in
population densities that are the highest throughout the
circumpolar North. Impacts of climate change on ter-
restrial and marine ecosystems and implications for the
availability of natural resources may lead to major
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changes in economic conditions and subsequent shifts in
demography, societal structure, and cultural values.

Because they would affect food, fuel, and culture,
changes in arctic ecosystems and their biota are particu-
larly important to the peoples of the Arctic. Reindeer
herding by the Saami and other indigenous peoples is an
important economic and cultural activity and the people
who herd reindeer are concerned about the impacts of
climate change. Observations have shown that during
autumn the weather in recent years has fluctuated
between raining and freezing so that the ground surface
has often been covered with an ice layer and reindeer in
many areas have been unable to access the underlying
lichen. These conditions are quite different from those in
earlier years and have caused massive losses of reindeer
in some years. Changes in snow conditions also pose
problems. Since reindeer herding has become motor-
ized, herders relying on snowmobiles have had to wait
for the first snows to start herding. In some years, this
has led to delays up to the middle of November. Also,
the terrain has often been too difficult to travel over
when the snow cover is light. Future changes in snow
extent and condition have the potential to lead to major
adverse consequences for reindeer herding and those
aspects of health (physical, social, and mental) relating to
the livelihood of reindeer herders.

The beneficial effects of a warmer climate on people’s
recreational and leisure activities (camping, hiking, and
other outdoor activities) should not be overlooked. Even
relatively modest warming will improve people’s mental
and physical health. A warmer climate is also likely to
reduce heating costs.

18.3.2. Region 2

18.3.2.1. Changes in climate

Region 2, which experiences the coldest conditions in
the Arctic, has experienced an increase in mean annual
temperature of about 1 to 3 °C since 1954, and an
increase of up to 3 to 5 °C in winter (see Fig. 18.2 for
regional details).

Models project that the mean annual temperature of
Region 2 is likely to increase by a further 3 to 5 °C by
the late 21st century, and by up to 5 to 7 °C in winter
(see Fig. 18.5 for regional details). In the far north,
winter warming of up to 9 °C over the Arctic Ocean as
a result of reduced sea-ice extent and thickness is pro-
jected. The summer warming over the land areas is pro-
jected to be 2 to 4 °C by the end of the century, but
there is likely to be very little change in summer over
the Arctic Ocean.

18.3.2.2. Impacts on the environment

This region has the largest continuous land mass, which
stretches from the tropical regions to the high Arctic.
It is very likely to experience major changes as the
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boreal forest expands northward, but tundra will per-
sist, although with reduced area. For example, extensive
tundra is likely to remain in the Taymir region but is
likely to be displaced completely from the mainland in
the Sakha region.

The large Siberian rivers draining into the Arctic Ocean
are projected to experience major impacts. Projected
increases in winter precipitation, and more importantly
in precipitation minus evaporation, imply an increase in
water availability for soil infiltration and runoff. The total
projected increase in freshwater supplied to the Arctic
Ocean could approach 15% by the latter decades of the
21st century. An increase in the supply of freshwater has
potentially important implications for the stratification
of the Arctic Ocean, for its sea-ice regime, and for its
freshwater export to the North Atlantic. In addition,
increased freshwater input into the coastal zone is likely
to accelerate the degradation of coastal permafrost.

On land, the projected increase in precipitation is likely
to lead to wetter soils when soils are not frozen, wetter
active layers in summer, and greater ice content in the
upper soil layer during winter. To the extent that the
increase in precipitation occurs as an increase in snow-
fall during the cold season, snow depth and snow water
equivalent will increase, although the seasonal duration
of snow cover may be shorter if, as projected, warming
accompanies the increased snowfall.

The projected changes in terrestrial watersheds will
increase moisture availability in the upper soil layers in
some areas, favoring plant growth in areas that are
presently moisture-limited. The projected increase in
river discharge during winter and spring is likely to
result in enhanced fluxes of nutrients and sediments to
the Arctic Ocean, with corresponding impacts on
coastal marine ecosystems. Higher rates of river and
stream flow are likely to have especially large impacts
on riparian regions and flood plains in the Arctic. One
important consequence is that the vast wetland and bog
ecosystems of this region are very likely to expand,
leading to higher CH, emissions.

18.3.2.3. Impacts on the economy

A potentially major impact on the economy of Region 2
and on the global economy could be the opening of the
Northern Sea Route (Northeast Passage) to commercial
shipping. Model projections of ice cover during the 21st
century show considerable development of ice-free areas
around the entire Arctic Basin. Most coastal waters of
the Eurasian Arctic are projected to become relatively ice
free during September by 2020, with more extensive
melting occurring later in the century. Ships navigating
the Northern Sea Route would clearly benefit from these
ice-free conditions. In addition, if winter multi-year sea
ice in the central Arctic Ocean continues to retreat, it is
very likely that first-year sea ice will dominate the entire
maritime Eurasian Arctic, with a decreasing frequency of
multi-year ice intrusions into the coastal seas and more
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open water during the summer. By 2100, one of the
ACIA-designated models projects that the navigation sea-
son could be as long as 200 days, while the mean of the
five ACIA-designated models projects a navigation-season
length of 120 days (when defined as the period with sea-

ice concentrations below 50%).

Such changes in sea-ice conditions are likely to have
important implications for ship design and construction
and route selection along the Northern Sea Route in
summer and even in winter. The need for navigational
aids, refueling and ship maintenance, and sea-ice moni-
toring will require major financial investment, however,
to assure security and safety for shipping and protection
of the marine environment.

The coal and mineral extraction industries in Region 2
are important parts of the Russian economy, but climate
change is likely to have little effect on the actual extrac-
tion process. On the other hand, transportation of coal
and minerals will be affected in both a positive and neg-
ative sense. Mines in Siberia that export their products
by ship will experience savings resulting from reduced
sea-ice extent and a longer shipping season. However,
mining facilities relying on transport over roads on
permafrost will experience higher maintenance costs as
the permafrost thaws.

Forestry, another important sector of the Siberian econ-
omy, is likely to experience both positive and negative
impacts. A potentially longer growing season and
warmer climate are likely to enhance productivity.
However, more frequent fires and insect outbreaks are
likely as the climate warms and insects invade from
warmer regions. Drying of soils as permafrost thaws is
also likely to affect forest productivity in some areas.

To meet the demands of the global economy, forestry is
likely to become more important and transportation of
wood and wood products to markets will improve as
reduced sea-ice extent facilitates marine transport along
the Siberian coast.

18.3.2.4. Impacts on people’s lives

The change to a wetter climate is likely to lead to
increased water resources for the region’s residents.
In permafrost-free areas, water tables are very likely to
be closer to the surface, and more moisture is projected
to be available for agricultural production. During the
spring when enhanced precipitation and runoff are very
likely to cause higher river levels, the risk of flooding
will increase. Summer soil moisture changes remain an
open question since the models do not give clear sig-
nals. It is possible that lower water levels will occur in
summer, as projected for other regions (for example
the Mackenzie River in Region 3), affecting river navi-
ation in some areas, increasing the risk of forest fires,
and affecting hydropower generation.

Other major environmental impacts projected for
Region 2 are associated with thawing permafrost and
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melting sea ice. Warming during the 20th century pro-
duced noticeable impacts on permafrost, causing deeper
seasonal thawing and changes in the distribution and
temperature of the frozen ground. For example, from
the late 1980s to 1998, temperatures in the upper
permafrost layers increased by 0.1 to 1.0 °C on the
western Yamal Peninsula. Permafrost degradation in the
developed regions of northeast Russia, coupled with
inadequate building design, has led to serious problems.
For example, in 1966 a building affected by thermo-
karst and differential thaw settlement collapsed in
Norilsk, killing 20 people. InYakutsk, a city built over
permafrost in central Siberia, more than 300 structures,
including several large residential buildings, a local
power station, and a runway at the airport, have been
seriously damaged by thaw-induced settlement. Consid-
erable advances in knowledge and technology for build-
ing on permafrost have been made in recent decades.
Nevertheless, as global climate change continues to
intensify changes in arctic climate, detrimental impacts
on infrastructure and therefore on the economy, health,
and well-being of the population throughout the perma-
frost regions are expected to increase.

18.3.3. Region 3

18.3.3.1. Changes in climate

Alaska experienced an increase in mean annual temp-
erature of about 2 to 3 °C between 1954 and 2003.
The temperature increase was similar in the western
Canadian Arctic, but was only about 0.5 °C in the
Bering Sea and Chukotka. Winter temperatures over
the same period increased by up to 3 to 4 °C in Alaska
and the western Canadian Arctic, but Chukotka experi-
enced winter cooling of between 1 and 2 °C (see Fig.
18.2 for regional details).

The five ACIA-designated models project that mean
annual temperatures will increase by 3 to 4 °C by the
late 21st century (see Fig. 18.5 for regional details).
All the models project that the warming is likely to be
greater in the north, reaching up to 7 °C in winter.

In the central Arctic Ocean, winter temperatures are
projected to increase by up to 9 °C as a result of
reduced sea-ice extent and thickness, but there is likely
to be very little change in summer temperature. Trends
in and future projections of ozone and UV radiation
levels follow the Arctic-wide patterns.

18.3.3.2. Impacts on the environment

Two detailed assessments of the potential consequences
of climate variability and change have been conducted in
Region 3: one for the Mackenzie River watershed in
Canada (Cohen, 1997a,b) and the other for Alaska and
the Bering Sea (NAST, 2000, 2001; Weller et al., 1999)
as part of the US Global Change Research Program.
The Canada Country Study (Environment Canada,
1997) described impacts in the Yukon Territory. These
assessments provided background information and input
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for this assessment. No detailed impact studies have
been conducted for Chukotka.

The entire region, but particularly Alaska and the west-
ern Canadian Arctic, has undergone a marked change
over the last three decades, including a sharp reduction in
snow-cover extent and duration, shorter river- and lake-
ice seasons, melting of mountain glaciers, sea-ice retreat
and thinning, permafrost retreat, and increased active-
layer depth. These changes have caused major ecological
and socio-economic impacts, which are likely to continue
or worsen under projected future climate change.
Thawing permafrost and northward movement of the
permafrost boundary are likely to increase slope instabili-
ties, which will lead to costly road replacement and
increased maintenance costs for pipelines and other infra-
structure. The projected shift in climate is likely to con-
vert some forested areas into bogs when ice-rich perma-
frost thaws. Other areas of Alaska, such as the North
Slope, are expected to continue drying. Reduced sea-ice
extent and thickness, rising sea level, and increases in

the length of the open-water season in the region will
increase the frequency and intensity of storm surges and
wave development, which in turn will increase coastal
erosion and flooding,

Warmer temperatures have resulted in some northward
expansion of boreal forest, as well as significant increases
in fire frequency and intensity, unprecedented insect out-
breaks, and a 20% increase in growing-degree days. The
latter has benefited both agriculture and forestry. The
expansion of forests in most areas and their increased
vulnerability to fire and pest disruption are projected to
increase. One simulation projects a three-fold increase in
the total area burned per decade, destroying coniferous
forests and eventually leading to a deciduous forest-
dominated landscape on the Seward Peninsula in Alaska,
after a warmer climate has led to forestation of the pres-
ent tundra areas. Shrubbiness is already increasing in this
area, a trend that is likely to continue.

Observations in the Bering Sea have shown abnormal
conditions during recent years. The changes observed
include significant reductions of seabird and marine
mammal populations, unusual algal blooms, abnormally
warm water temperatures, and low harvests of salmon
on their return to spawning areas. Some of the changes
observed in the 1997 and 1998 summers, such as
warmer ocean temperatures and altered currents and
atmospheric conditions, may have been exacerbated by
the very strong El Nino event, but the area has been
undergoing change for several decades. While the Bering
Sea fishery has become one of the world’s largest, the
abundance of Steller sea lions (Eumetopias jubatus) has
declined by between 50 and 80%. Northern fur seal
(Callorhinus ursinus) pups on the Pribilof Islands — the
major Bering Sea breeding grounds — declined by 50%
between the 1950s and the 1980s. There have been sig-
nificant declines in the populations of some seabird
species, including common murre (Uria aalge), thick-

billed murre (U. lomvia), and red- and blacklegged kitti-



1010

wakes (Rissa brevirostris and R. tridactyla, respectively).
Also, the number of salmon has been far below expected
levels, the fish were smaller than average, and their tra-
ditional migratory patterns seemed to have altered.

Differentiating between the various factors affecting the
Bering Sea ecosystem is a major focus of current and
projected research. Well-documented climatic regime
shifts occurred in the Bering Sea during the 20th century
on roughly decadal time scales, alternating between
warm and cool periods. A climatic regime shift occurred
in the Bering Sea in 1976, changing the marine environ-
ment from a cool to a warm state. Information from the
contrast between the warm and subsequent cool period
forms the basis of projected responses of the Bering Sea
ecosystem to scenarios of future warming. These projec-
tions show increased primary and secondary productivi-
ty with greater carrying capacity, poleward shifts in the
distribution of some cold-water species, and possible
negative effects in ice-associated species.

18.3.3.3. Impacts on the economy

Large oil and gas reserves exist in Alaska along the
Beaufort Sea coast and in the Mackenzie River/Beaufort
Sea area of Canada. To date, climate change impacts on
oil and gas development in Region 3 have been minor
but are likely to result in both financial costs and bene-
fits in future. For example, offshore oil exploration and
production is likely to benefit from less extensive and
thinner sea ice, allowing savings in the construction of
platforms that must withstand ice forces. Conversely, ice
roads, now used widely for access to offshore activities
and facilities, are likely to be less safe and useable for
shorter periods; the same applies for over-snow trans-
port on land given projected reductions in snow depth
and duration. The thawing of permafrost, on which
buildings, pipelines, airfields, and coastal installations
supporting oil development are located, is very likely to
adversely affect these structures and greatly increase the
cost of maintaining or replacing them.

It is difficult to project impacts on the lucrative Bering
Sea fisheries because many factors other than climate
are involved, including fisheries policies, market
demands and prices, harvesting practices, and fisheries
technology. Large northward changes in the distribution
of fish and shellfish are likely with a warmer climate.
Relocating the fisheries infrastructure (fishing vessels,
home ports, processing plants) may be necessary, and
would incur substantial costs. Warmer waters are likely
to lead to increased primary production in some
regions, but a decline in cold-water species such as
salmon and pollock.

Other economic sectors in this region, including
forestry and agriculture, are far less developed and cur-
rently less important than oil and gas and fish and
wildlife. Owing to this, economic impacts on forestry
and agriculture resulting from climate change are unlike-
ly to be significant, except locally. Impacts on tourism,
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which is a large economic sector in this and other
regions, are more difficult to assess, largely due to the
relationship between tourism and economic conditions
and social factors outside the Arctic. It is also unclear
which features of Region 3 are primarily responsible for
attracting tourists — large, undeveloped landscapes will
not be directly affected by climate change, whereas
marine mammal populations and accessible glaciers are
likely to experience major changes. Whether such
changes will reduce tourist interest is difficult to assess
without more information.

18.3.3.4. Impacts on people’s lives

Traditional lifestyles are already being threatened by
multiple climate-related factors, including reduced or
displaced populations of marine mammals, seabirds, and
other wildlife, and reductions in the extent and thick-
ness of sea ice, making hunting more difficult and dan-
gerous. Indigenous communities depend on fish, marine
mammals, and other wildlife, through hunting, trapping,
fishing, and caribou/reindeer herding. These activities
play social and cultural roles that may be far greater than
their contribution to monetary incomes. Also, these
foods from the land and sea make significant contribu-
tions to the daily diet and nutritional status of many
indigenous populations and represent important oppor-
tunities for physical activity among populations that are
increasingly sedentary.

Climate change is likely to have significant impacts

on the availability of key marine and terrestrial species
as food resources. At a minimum, salmon, herring,
char, cod, walrus, seals, whales, caribou, moose, and
various species of seabird are likely to undergo shifts in
range and abundance. This will entail major local
adjustments in harvest strategies and allocations of
labor and equipment.

The following impacts on the lifestyles in indigenous vil-
lages and communities in Alaska and Canada, which
depend heavily on fishing and hunting, have been

observed in recent years:

* access to tundra and offshore food resources has
been impeded by higher temperatures with milder
winters, shorter duration of snow cover and sea
ice, and less (or no) shore-fast ice and snow;

recent decreases in anadromous fish stocks, which
make up 60% of wildlife resources harvested by
local residents, have directly affected their dietary
and economic well-being;

availability of marine mammals for local harvests
has declined in some areas due to population
declines associated with shifts in oceanographic and
sea-ice conditions. Marine mammals are an impor-
tant food source in many coastal communities;

sea-level rise, permafrost thawing, and storm
surges have triggered increased coastal erosion and
threatened several villages along the Bering and
Beaufort Sea coasts. The only long-term option
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available has been to plan for relocation of villages,
which will be very costly;

storm surges have also reduced the protection of
coastal habitats provided by barrier islands and
spits, which are highly vulnerable to erosion and
wave destruction; and

infrastructure in villages constructed in or over
permafrost has been affected by thawing perma-
frost and storm surges breaching coastlines into
water supplies and sewage lagoons.

Changes in diet, nutritional health, and exposure to air-,
water-, and food-borne contaminants are also likely.
Adjustments in the balance between the “two econo-
mies” of rural areas (traditional and wage) will be accel-
erated by climate change. This suite of changes will be
complex and largely indirect because of the mediating
influences of market trends, the regulatory environ-
ment, and the pace and direction of rural development.

Other impacts are likely to occur in the future and have
a substantial impact on people. For example:

* a decrease in the area of pack ice is projected to
have important implications for primary produc-
tivity and the entire food chain. For example,
walrus (Odobenus rosmarus) and bearded seals
(Erignathus barbatus) require sea ice strong enough
to support their weight, and ringed seals require
stable shore-fast ice with adequate snow cover.
Diving from ice over shallow waters allows walrus
to reach the bottom to feed, and reductions in the
extent and thickness of sea ice will adversely affect
this species;

as the boreal forest and associated shrub commu-
nities expand northward at the expense of tun-
dra, changes in habitats, migration routes, ranges,
and distribution and density of a number of
wildlife species, particularly caribou and moose,
are projected;

a change in vegetation and landscape, affecting
wildlife, is likely to change hunting practices,
location of settlements, and local economic
opportunities for people in many arctic regions;

among wildlife species used as food, existing
zoonotic diseases such as brucellosis and echinoc-
cus are likely to become a greater threat to
humans and wildlife. New diseases, such as West
Nile virus, are likely to become established in a
progressively warmer climate;

lower water levels in some river basins, for exam-
ple the Mackenzie River, cause increased erosion
of riverbanks due to thawing permafrost. This ero-
sion is very likely to increase the incidence of
landslides, which have the potential to adversely
affect community infrastructure; and

more vigorous atmospheric and oceanic circula-
tions are likely to increase the transport of con-
taminants from agricultural activities as well as
military and industrial installations to arctic com-
munities, both directly and via the food chain.
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18.3.4. Region 4

A major integrative impact assessment for the region
was published by Maxwell (1997) for the Canadian
Arctic (encompassing the regions of the Northwest
Territories and Nunavut). The Mackenzie River water-
shed assessment, mentioned in the summary for Region
3, also covers Region 4 (Cohen, 1997a,b). A number of
studies of the traditional ecological knowledge of indige-
nous peoples of Region 4 have been conducted and are
cited in earlier chapters. Detailed studies of integrated
climate impacts in Greenland, on the other hand, have
not been conducted prior to the ACIA.

18.3.4.1. Changes in climate

Temperature changes over the past decades have varied
across Region 4. The amount of change depends on the
time period chosen and, as shown in Chapter 2, the
warming has been pronounced since 1966. Between
1954 and 2003, mean annual temperatures across most
of arctic Canada increased by as much as 2 to 3 °C (see
Fig. 18.2a), while temperatures in northeastern Canada,
including Labrador and adjacent waters, showed little
change. The southern part of West Greenland (including
the surrounding ocean) cooled by about 1 °C while
northern Greenland warmed by 1 to 2 °C. Winter tem-
perature trends over the same period were noticeably
warmer in the west and colder in the east than the annual
trends (Fig. 18.2b). The landmass to the west of Hudson
Bay warmed by up to 4 °C in winter while the area
around Labrador, Baffin Island, and southwest Greenland
experienced winter cooling of more than 1 °C.

Annual precipitation in Region 4 has increased over the
past 50 years or so, and while seasonal differences were
evident around the middle of the century, increases in
precipitation have been evident in all seasons over the
past few decades.

The physical complexity of the Queen Elizabeth Islands
and the orography of Greenland create particular chal-
lenges for modeling past, present, and future arctic cli-
mate. Models project warming throughout Region 4
during the 21st century, with no cooling projected in
any season. Figures 18.5a and 18.5b illustrate annual and
winter temperature changes for the period 2071-2090
relative to the 1981-2000 baseline, projected by the five
ACIA-designated models forced with the B2 emissions
scenario. Projected winter warming in the Canadian
areas of Region 4 ranges from about 3 °C up to about

9 °C, with the greatest warming projected to occur
around southern Baffin Island and Hudson Bay, and
substantially less warming projected in other seasons.
Greenland is also projected to warm but the warming is
weaker (up to about 3 °C by 2071-2090) and more

consistent across seasons.

Precipitation increases are projected to be greatest in
autumn and winter, and the areas of greatest increase

(up to 30% by the end of the 21st century) generally
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correspond with the areas of greatest warming,
Almost all areas of Region 4 are projected to experi-
ence some increase in precipitation after the first few
decades of the 21st century.

18.3.4.2. Impacts on the environment

The Canadian part of Region 4 has significant areas of
warm permafrost that are at risk of thawing with rising
regional air temperatures. The boundary between con-
tinuous and discontinuous permafrost is projected to
shift poleward, following, but with a lag in timing, the
several-hundred-kilometer movement of the isotherms
of mean annual temperature over the 21st century.

This is likely to result in the disappearance of a substan-
tial amount of the permafrost in the present discontinu-
ous zone. Areas of warm permafrost are also likely to
experience more widespread thermokarst development
where soils are ice-rich, and increases in slope instabili-
ty. In areas of remaining continuous and cold perma-
frost, increases in active-layer depth can be expected.

The maximum northward retreat of sea ice during sum-
mer is projected to increase from its present range of
150—200 km to 500—800 km. The thickness of fast ice in
the Northwest Passage is likely to decrease substantially
from its current value of 1 to 2 m.

The Greenland Ice Sheet is presently losing mass in its
ablation zone and is likely to contribute substantially to
sea-level rise in the future. While precipitation is pro-
jected to increase, it is possible that increased evapora-
tion rates will lead to lower river and lake levels during
the warm season.

In general terms, and consistent with results for other
regions, the biomes of arctic Canada and Greenland are
expected to change. Reductions in the area covered by
polar deserts in Canada and Greenland are likely to
result from the northward shift of the tundra, while
reductions in the areas covered by arctic tundra are very
likely to result from the northward shift of the treeline.
Polar deserts in the region are extensive, and these areas
could sequester large amounts of carbon dioxide (CO,)
if tundra vegetation displaces polar deserts. A reduction
in polar desert area of about 36% by 2080 is projected,
leading to the greatest projected carbon gain of any
region. In contrast, increases in temperature and precipi-
tation are likely to lead to relatively small increases in
the area of taiga compared with other regions.

Many treelines, such as those in northeast Canada, have
been relatively stable for the last few thousand years.

A widespread and consistent observation from the late
20th century has been the infilling of sparse stands of
trees near the tundra edge into dense stands that no
longer retain the features of the tundra. Movement of the
treeline northward is likely when climatic conditions
become favorable, but the actual movement of trees will
lag the climate warming considerably in time. The forests
of northwestern Canada have recently experienced forest
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health problems driven by insects, fire, and tree growth
stress that are all associated with recent mild winters and
warmer growing seasons. These findings for Region 4
complement those of Region 3 and accord with very
large-scale environmental changes in the western North
America subarctic. It is very likely that such forest health
problems will become increasingly intense and wide-
spread in response to future regional warming,

The Canadian High Arctic is characterized by land frag-
mentation within the archipelago and by large glaciated
areas, leading to constraints on species movement and
establishment. In West Greenland, loss of habitat and dis-
placement of species in combination with time delays in
species immigration from the south will ultimately lead
to loss of the present biodiversity. However, Region 4
contains relatively few rare and endemic vascular plant
species and threatened animal and plant species, com-
pared with the other three regions, so biodiversity losses
are likely to be less significant here.

Changes in timing and abundance of forage availability,
insect harassment, and parasite infestations will increase
stress on caribou, tending to reduce their populations.
The ability of high-arctic Peary caribou and muskoxen to
forage may become increasingly limited as a result of
adverse snow conditions, in which case numbers will
decline, with local extirpation in some areas. Direct
involvement of the users of wildlife in its management at
the local level has the potential for rapid management
response to changes in wildlife populations and their
availability for harvest.

Arctic freshwater systems are particularly sensitive to
climate change because many hydro-ecological process-
es respond to even small changes in climatic regimes.
These processes may change in a gradual way in
response to changes in climate or in an abrupt manner
as environmental or ecosystem thresholds are exceeded.
Pronounced potential warming of freshwater systems in
the autumn is particularly important because this is typ-
ically when these systems along the coastal margins cur-
rently experience freeze-up. Such warming is projected
to delay freeze-up by up to 25 days in parts of Region
4. Also, high-latitude cold-season warming is likely to
lead to less severe ice breakups and flooding as the
spring flood wave pushes northward along arctic rivers.
Hence, future changes in the spring timing of lake- and
river-ice breakup and the export of freshwater to the
Arctic Ocean are likely.

With respect to freshwater ecosystems, significant shifts
in species range, composition, and trophic relations are
also very likely to occur in response to the projected
changes. Salmonids of northern Québec and Labrador,
such as native Atlantic salmon and brook trout (Salvelinus
_fontinalis) and introduced brown trout (Salmo trutta) and
rainbow trout (Oncorhynchus mykiss), are likely to extend
their ranges northward. Because of these range exten-
sions, the abundance of Arctic char (Salvelinus alpinus) is
likely to be reduced throughout much of the southern
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part of Region 4, and brook trout are likely to become a
more important component of native subsistence fish-
eries in rivers now lying within the tundra zone. Lake
trout (Salvelinus namaycush) are also likely to disappear
from rivers and the shallow margins of many northern
lakes, and northern pike (Esox lucius) are expected to
reduce in both numbers and size throughout much of
their current range.

Marine mammal populations are likely to decline as the
sea ice recedes but the populations of beluga and bow-
head whales (Delphinapterus leucas and Balaena mysticetus,
respectively) could increase (depending on the extent to
which these whales become more vulnerable to predation
as sea-ice cover decreases). If the Arctic Ocean becomes
seasonally ice free for several years in a row, it is possible
that polar bears would become extinct. Sea-level rise will
change the location and distribution of coastal habitats for
seabirds and some species of marine mammals (e.g., wal-
rus haul-outs may become inundated).

18.3.4.3. Impacts on the economy

Oil and gas extraction and mining are active industries
in Region 4. Diamond mining is underway in the
Northwest Territories, and the development of a large
nickel deposit in Voisey’s Bay, Labrador, has recently
been announced. Many rivers in the northern parts of
Québec, Ontario, and Manitoba have been dammed for
their hydroelectric potential. Roads, airstrips, and ports
have been constructed and are essential to the economic
infrastructure supporting these activities. Any expansion
of oil and gas activities, mining, agriculture, or forestry
is likely to require expansion of supporting infrastruc-
ture, including air, marine, and land transportation sys-
tems. Ice roads in nearshore areas and over-snow trans-
port on land, systems that are important and are even
now experiencing shorter seasons, are likely to be fur-
ther curtailed in the future because of reduced extent
and duration of sea ice and snow.

With reduced summer sea-ice extent, the shipping sea-
son in Canadian arctic waters is likely to be extended,
although sea-ice conditions are likely to remain very
challenging. Extension of the shipping season will result
in costs and benefits, both of which are speculative.
Benefits are likely to result from increased access to the
natural resources of the region. As sea level rises, this
will also benefit shipping by creating deeper drafts in
harbors and channels. On the other hand, increased
costs would result from greater wave heights, and possi-
ble flooding and erosion threats to coastal facilities.
Increased rates of sediment movement during longer,
more energetic open-water seasons are likely to increase
rates of port and harbor infill and increase dredging
costs. Increased ship traffic in the Northwest Passage
will increase the risks and potential environmental dam-
age from oil and other chemical spills.

Warmer air temperatures would be expected to reduce
the power demand for heating, reduce insulation needs,
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and increase the length of the summer construction sea-
son. Other infrastructure likely to be affected by climate
change includes northern pipeline design (negative); pile
foundations in permafrost (negative but depending on
depth of pile); bridges, pipeline river crossings, dikes,
and erosion protection structures (negative); and open-
pit mine wall stability (negative).

Impacts on marine fisheries in the eastern part of
Region 4, under a moderate gradual warming, are like-
ly to include a return to a cod—capelin system with a
gradual decline in northern shrimp and snow crabs.
Under more modest assumptions of ocean warming,
the range of demersal species (those that tend to live
near the bottom) are expected to expand northward.
If ocean warming is more extreme, it is likely that the
southern limit of the range of the demersal species
would move northward. Many existing capelin-
spawning beaches are likely to disappear as sea levels
rise. If there is an increase in demersal spawning by
capelin in the absence of new spawning beaches,
capelin survival may decline. Seals may experience
higher pup mortality as sea ice thins. Increases in
regional storm intensities may also result in higher pup
mortality. A reduction in the extent and duration of sea
ice is likely to permit fishing further to the north and
is likely to shorten the duration of Greenland halibut
fisheries that are conducted through fast ice.

Impacts on freshwater and anadromous fisheries, and
their economic benefits, such as tourism and local eco-
nomic development, will vary across Region 4 and will
depend on the local present-day and future species
composition. Initially, local productivity associated with
present-day freshwater and anadromous species is likely
to increase, but as critical thresholds are reached (e.g.,
thermal limits) and as new species move in to the area,
arctic-adapted species such as Arctic char are likely to
experience declines in abundance and ultimately
become extirpated. Loss of suitable habitat will result in
decreased individual growth and declines of many popu-
lations, with resulting impacts on sport fisheries and
local tourism.

18.3.4.4. Impacts on people’s lives

The changes in climatic and environmental conditions
projected for Region 4, and already being observed in
some parts, affect people’s lives in many ways. Seasonal
unpredictability throughout Region 4 has already created
dangerous environmental situations. For example, for
the Inuit west of Hudson Bay, changing wind patterns
and snow conditions make it difficult to build igloos as
the snow is packed too hard. As a result, Inuit report
increasing difficulty in building shelters during unex-
pected storms. In areas of Nunavik and Labrador the
snow changes can differ, for example the type of snow
now seen does not pack well enough. Changes in weath-
er and ice conditions, such as earlier spring melt, later
freeze-up, and formation of more cracks, such as those
reported in the Kitikmeot region of Nunavut, result in
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increasingly difficult travel conditions and sometimes
shifts in regular travel and harvesting times.

The changes in local environments experienced by the
people in the Canadian part of Region 4 include thinner
sea ice, early breakup and later freeze-up of sea ice and
lake ice, sudden changes in wind direction and intensity,
carlier and faster spring melt periods, decreasing water
levels in mainland lakes and rivers, and the introduction
of non-native animal and bird species. These changes
affect lifestyles through changes in the timing of animal
migrations as well as in the numbers and health of some
animal populations, and in the quality of animal skins
and pelts. The distribution and quality of animals and
other resources will affect the livelihoods, and ultimately
the health of northern communities in Region 4. For
example, a shorter winter season with increased snow-
fall and less extensive and thinner sea ice is likely to
decrease the opportunity and increase the risks for
indigenous people to hunt and trap.

Other health impacts may arise from the introduction
of new or increasingly present zoonotic and/or vector-
borne diseases (e.g., potential spread of West Nile virus
into warmer regions in the western Arctic), Changes in
exposure to UV radiation and contaminants that already
threaten confidence in and safety of traditional diets,
and the associated social and cultural impacts of this
combination of changes. Relocation of low-lying com-
munities may be forced by rising sea levels, with serious
social impacts. Where these challenges to health already
exist, and where infrastructure and support systems are
stretched, the effects are likely be experienced to a
greater extent and at a faster pace than elsewhere.

Many changes are reported and are currently experi-
enced by Inuit, Dene, Gwitch’in, and other indigenous
peoples in Region 4. These changes represent challenges
to aspects of northern indigenous cultures and lifestyles
that have existed for centuries. The ability of communi-
ties to cope with and adapt to climate-driven changes is
also influenced by a number of other factors and is con-
strained by current social and economic aspects. For
example, moving people to follow shifting resources is
no longer an option with permanent settlements. Other
factors complicating adaptations to change include
regional resource regulations, industrial development,
and global economic pressures. Climate change interacts
with such forces and must be considered in assessing
local risks and responses. As existing adaptation strate-
gies become obsolete, new adaptations to climate
impacts must develop as northern communities adjust to
the many social, institutional, and economic changes
related to land claim settlements, changes in job oppor-
tunities, and the creation of new political and social
structures in the North.

18.4. Cross-cutting issues in the Arctic

This assessment has dealt with individual topics that
reflect traditional academic and practical organization.
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However, a strong thread running through the assess-
ment is the interaction between the various topics and
processes in the Arctic. This includes, for example, the
interactions between physical atmospheric processes and
biological processes in the major ecosystems, and the
strong albedo and other feedback responses; the physi-
cal and biological connections between land, freshwater,
and marine environments; and the integrity of the arc-
tic system as a whole. Three important cross-cutting
issues that illustrate the interactions within the Arctic
and connections with the global system are carbon stor-
age and carbon cycling, biodiversity, and abrupt climate
change and extreme events.

18.4.1. Carbon storage and carbon cycling

18.4.1.1. Global importance of carbon in the
Arctic

The Arctic contains large stores of carbon that have
historically been sequestered from the atmospheric
carbon pool. Estimates of arctic and boreal soil carbon
(C) in the upper meter of soil vary considerably, rang-
ing from 90 to 290 Pg C in upland boreal forest soils,
120 to 460 Pg C in peatland soils, and 60 to 190 Pg C
in arctic tundra soils. There is also a general sparsity of
high-latitude carbon data for aquatic ecosystems rela-
tive to arctic terrestrial systems, but some estimates
from boreal lakes indicate that reserves can be signifi-
cant (120 Pg C). An additional 450 Pg of organic C is
stored as dissolved carbon in the Arctic Ocean (see
Chapter 9). Estimates of carbon stored in the upper
100 meters of permafrost are as high as 10000 Pg C
(Semiletov, 1999). In any case, the carbon stored in
northern boreal forests, lakes, tundra, the Arctic
Ocean, and permafrost is considerably greater than the
global atmospheric pool of carbon, which is estimated
at 730 Pg C (IPCC, 2001). In addition, up to 10000 Pg
C in the form of CH, and CO, is stored as hydrates in
marine permafrost below 100 m (Chapter 9), however,
this figure is a maximum of estimates that span several
orders of magnitude.

18.4.1.2. Spatial patterns of carbon storage

Within the Arctic, carbon storage generally decreases
from south to north. On land, this represents parallel
decreases from boreal forest to tundra to polar desert
and from southern isolated, sporadic, and discontinu-
ous permafrost to continuous permafrost in the north;
in freshwater ecosystems there is a decrease from peat-
lands and lakes with high concentrations of dissolved
organic carbon to tundra and high-arctic ponds with
low dissolved organic carbon; and in the marine envi-
ronment there is a decrease from areas of high organic
matter production and sedimentation in the south and
at the ice margin to relatively clear waters in the Arctic
Ocean. Marine permafrost and gas hydrates show a dif-
ferent pattern in that they are concentrated in the area
of continental shelves, which are particularly extensive
along the northern coastlines of the arctic landmasses.
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18.4.1.3. Processes involved in carbon storage
and release

Over thousands of years, an imbalance between photo-
synthesis and decomposition has led to storage of carbon
in lake and ocean sediments, and in forest and tundra
soils (Chapters 7, 8, 9, and 14). On land, this imbalance
was created because low temperatures, particularly
when combined with high soil moisture, retarded micro-
bial decomposition more than photosynthesis. In the
marine environment, atmospheric carbon is dissolved as
inorganic carbon in surface waters and stored at depth as
a result of the physical pump; death and decomposition
of organisms also lead to carbon storage in the form of
dissolved and particulate organic carbon (Chapter 9).
Low ocean temperatures have resulted in high solubility
of carbon, while extensive sea-ice cover has reduced the
duration and area for carbon exchange between air and
surface waters (and thus photosynthesis).

Because low temperatures have been so important for
the capture and storage of atmospheric carbon in the
Arctic, projected temperature increases have the poten-
tial to lead to the release of old and more recently cap-
tured carbon to the atmosphere, although the older the
stored carbon, the less responsive it will be to projected
climate changes. The release of stored carbon will
increase atmospheric GHG concentrations and provide a
positive feedback to the climate system. However,
increased temperatures are also likely to increase the
photosynthetic capture of atmospheric carbon if other
environmental conditions do not become limiting. On
land, plants will grow faster and more productive vege-
tation will successively replace less productive vegetation
at higher latitudes and altitudes (Chapters 7 and 14).

In freshwater ecosystems, reduced duration of ice cover
over lakes and ponds and increased temperatures are
likely to increase primary production (Chapter 8). In the
marine environment, primary production is expected to
increase as areas where production has been limited by
sea-ice cover become more restricted in extent. Also, it
is likely that more carbon will be buried as deposition
shifts from the continental shelves where primary pro-
duction is currently concentrated to the deeper slope
and basin region as the ice edge retreats (Chapter 9).

The balance between the opposing processes of
increased carbon capture and release will determine
future changes in the carbon feedback from the Arctic to
global climate. However, there are great uncertainties in
calculating this balance across permafrost, terrestrial
soil, ocean, and freshwater systems and no quantitative
integrative assessment has been performed to date.

18.4.1.4. Projected changes in carbon storage
and release to the atmosphere

There is a consensus from the trace-gas measurement
researchers that the terrestrial Arctic is presently a

source of carbon and radiative forcing, but is likely to
become a weak sink of carbon during future warming
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(Chapter 7). Modeling approaches suggest that circum-
polar mean carbon uptake is likely to increase from the
current 12 g C/rnz/yr to22¢g C/rnz/yr by 2100 and that
carbon storage is likely to increase by 12 to 31 Pg C
depending on the ACIA climate scenario used. However,
the uncertainties are great: the projections are limited to
terrestrial ecosystems and do not include carbon stored
in permafrost and gas hydrates. Potential increases in
human and natural disturbances are further uncertain-
ties. The marine environment has been suggested as a
weak sink, but the amount of carbon that the Arctic
Ocean can sequester is likely to increase significantly
under scenarios of decreased sea-ice cover, both through
surface uptake and increased biological production,
although there may be an abrupt release of CO, and
CH, from thawing permafrost in marine sediments.

In the marine environment, there are vast stores of CH,
and CO, (at least 10000 Pg C in the form of gas
hydrates in marine permafrost below 100 m; Semiletov,
1999). As there are currently about 4 Pg C in CH, in the
atmosphere, even the release of a small percentage of
CH, from gas hydrates could result in an abrupt and sig-
nificant climate forcing (Chapter 9). The process of CH,
release from gas hydrates under continental shelves
could already be occurring due to the warming of earlier
coastal landmasses during Holocene flooding. On land,
however, natural gas hydrates are found only at depths of
several hundreds of meters and are relatively inert.

18.4.2. Biodiversity

18.4.2.1. Background

The diversity of species in terrestrial, freshwater, and
marine ecosystems of the Arctic is fundamental to the
life support of the residents of the region and to com-
mercial interests such as fishing at lower latitudes.
Diversity is also important to the functioning of arctic
ecosystems: productivity, carbon emissions, and albedo
are all related to specific characteristics of current arctic
species. While the Arctic contains some specialist species
that are well adapted to the harsh arctic environment, it
also contains species that migrate and contribute to the
biodiversity of more southerly latitudes. Each year,
whales, dolphins, and hundreds of millions of birds
migrate from the Arctic to warmer latitudes. The Arctic
is an area of relatively undisturbed and natural biodiver-
sity because of generally lower human impacts than else-
where on earth. However, at its southern border, human
impacts are greater and particular areas, such as old
growth forests on land, preserve biodiversity that is
endangered in managed areas.

18.4.2.2. Patterns of diversity in the Arctic

The diversity of living organisms at any one time in the
Arctic is a snapshot of complex, dynamic physical and
biological processes that create habitats and opportuni-
ties or constraints for species, and genetically distinct
populations of particular species, to colonize them.
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The current diversity of organisms in the Arctic has been
shaped by major climatic and associated changes in phys-
ical and chemical conditions of the land, wetlands, and
oceans over past glacial and interglacial periods. Changes
are presently occurring that are also driven by direct
human activities such as fishing, hunting, and gathering,
changes in land use, and habitat fragmentation, in addi-
tion to indirect human activities such as anthropogenic
climate change, stratospheric ozone depletion, and trans-
boundary movement of contaminants.

On land, and in freshwater and the marine environ-
ment, the fauna and flora are young in a geological
context. Recent glaciations resulted in major losses of
biodiversity, and recolonization has been slow because
of the extreme environmental conditions and overall
low productivity of the arctic system. On land, of at
least 12 large herbivores and six large carnivores pres-
ent in steppe—tundra areas at the last glacial maximum,
only four and three respectively survive today and of
these, only two herbivores (reindeer and musk ox) and
two carnivores (brown bear, Ursus arctos and wolf, Canis
lupus) presently occur in the arctic tundra biome.
Arctic marine mammals to a large extent escaped the
mass extinctions that affected their terrestrial counter-
parts at the end of the Pleistocene because of their
great mobility. However, hunting in historical times
had severe impacts on several species that were
exterminated (great auk, Pinguinus impennis; Steller sea
cow, Hydrodamalis gigas) or almost harvested to
extinction (walrus; bowhead whale; sea otter, Enhydra
lutris). Polar bears, all the Great Whales, white whales,
and many species of colonially nesting birds were
dramatically reduced.

The youth of arctic flora and fauna, together with the
harsh physical environment of arctic habitats and to
some extent over-harvesting, have resulted in lower
species diversity in the Arctic compared to other
regions. This results in arctic ecosystems, in a global
sense, being “simple”. Some of the species are specialists
that are well adapted to the Arctic’s physical environ-
ment; others were pre-adapted to the arctic environ-
ment and moved north during deglaciation. Overall
however, many arctic species — marine, freshwater, and
terrestrial — possess a suite of characteristics that allows
them to survive in extreme environments. However,
these characteristics, together with low diversity and
simple relationships between species in food webs, ren-
der arctic species and ecosystems vulnerable to the
environmental changes now occurring in the Arctic and
those projected to occur in the future.

Although diversity of arctic species is relatively low, in
absolute terms it can be high: about 6000 marine,
freshwater, and terrestrial species have been catalogued
in and around Svalbard (Prestrud et al., 2004) and
about 7200 terrestrial and freshwater species have been
recorded in a subarctic area of northern Finland
(Callaghan et al., 2004). About 3% (around 5900
species) of the global flora occurs in the Arctic. The
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diversity of arctic terrestrial animals beyond the latitu-
dinal treeline (6000 species) is nearly twice as great as
that of vascular plants and bryophytes. The arctic fauna
accounts for about 2% of the global total. In the arctic
region as defined by CAFF (Conservation of Arctic
Flora and Fauna), which includes forested areas, some
450 species of birds have been recorded breeding, and
around 280 species migrate. The diversity of vertebrate
species in the arctic marine environment is less than on
land. Species diversity differs from group to group:
primitive species of land plants such as mosses and
lichens are well represented in the Arctic whereas
more advanced flowering plants are not; primitive
species of land animals such as springtails are well rep-
resented whereas more advanced beetles and mammals
are not. In contrast, although most taxonomic groups
of freshwater organisms in the Arctic are not diverse,
some groups such as fish have high diversity at and
below the species level. One consequence of the gener-
ally low species diversity is that species will be suscep-
tible to damage by new insect pests, parasites, and dis-
eases. For example, low diversity of boreal trees
together with low diversity of parasites and predators
that control populations of insect pests exaggerates the
impacts of the pests.

The number of species generally decreases with increas-
ing latitude. The steep temperature gradient that has
such a strong influence on species diversity occurs over
much shorter distances in the Arctic than in other bio-
mes. North of the treeline in Siberia, mean July tem-
perature decreases from 12 to 2 °C over 900 km,
whereas a 10 °C decline in July temperature is spread
over 2000 km in the boreal zone, and July temperature
decreases by less than 10 °C from the equator to the
southern boreal zone. Patterns of species diversity in
the Arctic also differ according to geography. With its
complicated relief, geology, and biogeographic history,
there are more species on land in Beringia at a given
temperature than on the Taymir Peninsula. Taymir biodi-
versity values are intermediate between the higher val-
ues for Chukotka and Alaska, which have a more com-
plicated relief, geology, and floristic history, and the
lower values in the eastern Canadian Arctic with its
impoverished flora resulting from relatively recent
glaciation. Within any region, biological hot spots
occur, for example below predictable leads in the sea
ice, polynyas, oceanographic fronts, areas of intense
mixing, and the marginal ice zone in the marine envi-
ronment; in delta areas that lie at the interface between
rivers and lakes or oceans; and at the ecotone between
tundra and taiga on land where elements of both forest
and tundra floras and faunas mix. Such hotspots are
centers from which species with restricted distributions
can expand during climatic warming,

An important consequence of the general decline in
numbers of species with increasing latitude is an increase
in abundance and dominance. For example, on land, one
species of collembolan, Folsomia regularis, may constitute
60% of the total collembolan density in the polar desert.
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In freshwater ecosystems, midge and mosquito larvae
are particularly abundant but species-level diversity is
low. These “super-dominant” species, such as lemmings
in peak years of their population cycles, are generally
highly plastic, occupy a wide range of habitats, and gen-
erally have large effects on ecosystem processes.
Similarly, arctic fish communities of the marine environ-
ment are dominated by a few species, several of which
are commercially important, while the abundance of
fish, marine mammals, and birds attracted hunters and
fishing enterprises in historical times. Loss/reduction of
one or more of these species, particularly fish species,
will have disproportionate impacts on economy and
ecosystem function.

18.4.2.3. Characteristics of arctic species
related to the arctic environment

Several physical factors make arctic marine systems
unique from other oceanic regions including: a very high
proportion of continental shelves and shallow water; a
dramatic seasonality and overall low level of sunlight;
extremely low water temperatures (but not compared
with arctic terrestrial habitats); presence of extensive
permanent and seasonal sea-ice cover; and a strong
freshwater influence from rivers and ice melt. Arctic
freshwater environments are also characterized by
extreme seasonality and low levels of incident radiation,
much of which is reflected due to the high albedo of
snow and ice. In addition, the thermal energy of a sub-
stantive part of this incoming radiation is used to melt
ice, rendering it unavailable to biota. However, large arc-
tic rivers with headwaters south of the Arctic act as con-
duits of heat and biota.

On land, low solar angles, long snow-covered winters,
cold soils with permafrost, and low nutrient availability
in often primitive soils limit survival and productivity of
organisms. Many species of marine and terrestrial envi-
ronments migrate between relatively warm wintering
grounds in the south and the rich, but short-lived, feed-
ing and breeding grounds in the Arctic. In freshwater
ecosystems, some fish are highly migratory, moving in
response to environmental cues. Those species that do
not migrate have a suite of characteristics (behavior,
physiology, reproduction, growth, development) that
allow them to avoid the harshest weather or to persist.
Two characteristics common to marine, freshwater, and
terrestrial arctic organisms are a protracted life span
with slow development over several years to compensate
for the brevity and harshness of each growing/feeding/
breeding season, and low reproductive rates. These char-
acteristics render arctic organisms in general vulnerable
to disturbance and environmental change.

18.4.2.4. Responses of biodiversity to climate
and UV-B radiation change

The past and present patterns of biodiversity in the
Arctic, the characteristics of arctic species, and the
experimental and rnode]ing assessments described in
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Chapters 7, 8, and 9, together make it possible to infer
the following likely changes to arctic biodiversity:

* The total number of species in the Arctic will
increase as new species move northward during
warming. Large, northward-flowing rivers are con-
duits for species to move northward. New com-
munities will form.

Present arctic species will relocate northward, as
in the past, rather than adapt to new climate
envelopes, particularly as the projected rate of cli-
mate change exceeds the ability of most species to
adapt. However, some species, particularly fresh-
water species, may already be pre-adapted to accli-
mate successfully to rapid climate change.

Locally adapted species may be extirpated from
certain areas while arctic specialists and particular
groups of species that are poorly represented in
the Arctic — some through loss of species during
carlier periods of climate warming — will be at risk
of extinction. Examples of arctic specialists at risk
include polar bears, and seals of the ice margins in
the marine environment, and large ungulates and
predators on land.

Presently super-abundant species will be restrict-
ed in range and abundance with severe impacts
on commercial fisheries, indigenous hunting,

and ecosystem function. Examples on land
include lemmings, mosses and lichens, and some
migratory birds.

On land, shifts in major vegetation zones such as
forests and tundra will be accompanied by changes
in the species associated with them. For example,
tree seed-eating birds, and wood-eating insects will
move northward with trees.

Low biodiversity will render ecosystems more
susceptible to disturbance through insect pest
infestations, parasites, pathogens, and disease.

At the small scale, changes will be seen in the rep-
resentation of different genetically separate popu-
lations within species. In cases such as Arctic char,
the species may remain but become geographically
or ecologically marginalized with the potential loss
of particular morphs.

Changes in UV-B radiation levels are likely to have
small effects on biodiversity compared with cli-
mate warming. However, UV-B radiation has
harmful effects on some fish larvae, on those
amphibians that might colonize the Arctic, and on
some microorganisms and fungi. In freshwater
ecosystems, increased UV-B radiation levels could
potentially reduce biodiversity by disadvantaging
sensitive species and changing algal communities.

All the projected changes in biodiversity resulting
from changes in climate and UV-B radiation levels
are likely to be modified by direct human activi-
ties. Protection and management of some areas
have led to the recovery of some previously declin-
ing species while deforestation, extractive indus-
tries, and pollution have prevented forests and
associated species from moving northward during
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recent warming in some areas. Protection of
ecosystems from the impacts of changes in climate
and UV-B radiation in the long term is difficult and
perhaps impossible.

18.4.3. Abrupt climate change and extreme
events

Human activities are causing atrnospheric concentrations
of CO, and other GHGs and aerosols to change slowly
from year to year, thereby causing the radiative forcing
that drives climate change to shift slowly. However, the
resulting changes in climate and associated impacts do
not necessarily have to change slowly and smoothly.
First, the natural interactions of the atmosphere, oceans,
snow and ice, and the land surface, both within and out-
side the Arctic, can cause climatic conditions to fluctu-
ate. These variations can cause months, seasons, years,
and even decades to be warmer or cooler, wetter or
drier, and even more settled or more changeable than
the multi-decadal average conditions. Intermittent vol-
canic eruptions and variations or cycles in the intensity
of solar radiation can also cause such fluctuations. These
types of fluctuations can be larger than the annual or
even decadal increment of long-term anthropogenic
global climate change. Present model simulations project
a slow and relatively steady change in baseline climate
while natural factors create fluctuations on monthly to
decadal scales. As the baseline climate changes, the
ongoing fluctuations are very likely to cause new
extremes to be reached and the occurrence of conditions
that currently create stress (e. g., summer temperatures
greater than 30 °C) are likely to increase significantly.

The climatic history of the earth shows that instead of
climate changing steadily and gradually, change can be
intermittent and abrupt in particular regions — even
very large regions. Reconstructions of climatic variations
over the last glacial cycle and the early part of the cur-
rent interglacial some 8000 to 20000 years ago suggest
that temperature changes of several degrees in the large-
scale, long-term climate occurred over a relatively short
period. For example, ice cores indicate that tempera-
tures over Greenland dropped by as much as 5 °C within
a few years during the period of warming following the
last glacial. These changes were apparently driven by a
sharp change in the thermohaline circulation of the
ocean (also referred to as the Atlantic meridional over-
turning circulation), which probably also prompted
changes in the atmospheric circulation that caused large
climatic changes over land areas surrounding the North
Atlantic and beyond. Over multi-decadal time periods,
persistent shifts in atmospheric circulation patterns, such
as the North Atlantic and Arctic Oscillations, have also
caused changes in the prevailing weather regimes of arc-
tic countries, contributing, for example, to warm
decades, such as the 1930s and 1940s, and cool decades,
such as the 1950s and 1960s.

A recent example of a rapid change in arctic climate was
the so-called regime shift in the Bering Sea in 1976,
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which had serious consequences and impacts on the envi-
ronment. In 1976, mean annual temperatures in Alaska
experienced a step-like increase of 1.5 °C to a lasting
new high level, shown as the average of several measur-
ing stations. Sea-ice extent in the Bering Sea showed a
similar step-like decrease of about 5% (Weller et al.,
1999). An analysis by Ebbesmeyer et al. (1991) gave sta-
tistical measures of deviation from the normal of 40
environmental parameters in the North Pacific region, as
a consequence of this rapid change. The parameters
included air and water temperatures, chlorophyll, geese,
salmon, crabs, glaciers, atmospheric dust, coral, CO,,
winds, ice cover, and Bering Strait transport. The authors
concluded that “apparently one of the Earth’s large
ecosystems occasionally undergo large abrupt shifts”.

As anthropogenic climate change continues, the poten-
tial exists for oceanic and atmospheric circulations to
shift to new or unusual states. Whether such changes,
perhaps brought on when a temperature or precipitation
threshold is crossed, will occur abruptly (i.e., within a
few years) or more gradually (i.e., within several
decades or more) remains to be determined. Such shifts
could cause the relatively rapid onset of various types of
impacts. A warm and wet anomaly might accelerate the
onset of pests or infectious diseases. Warming exceeding
about 3 °C might initiate the long-term deterioration of
the Greenland Ice Sheet as temperatures above freezing
spread across the plateau in summer. The tentative indi-
cation of an initial slowing of the thermohaline circula-
tion could change into a significant slowdown, greatly
reducing the northward transport of tropical warmth
that now moderates European winters. The likelihood of
any such shifts or changes occurring is not yet well
established, but if the future is like the past, the possibil-

ity for abrupt change and new extremes is real.

18.5. Improving future assessments

A critical self-assessment of the ACIA shows achieve-
ments as well as deficiencies. Regional impacts were
only covered in an exploratory manner and are hence a
priority for future assessments. The ACIA did examine
climate and UV radiation impacts in the Arctic on

(1) the environment, (2) economic sectors, and (3) on
people’s lives. Impacts on the environment were cov-
ered very extensively, but the assessment has only quali-
tative information on economic impacts, and this must
be a priority for future assessments. Impacts on peo-
ple’s lives covered indigenous communities but had lit-
tle information concerning other arctic residents.
Integrative vulnerability studies were only covered in an
exploratory manner (in Chapter 17) and need attention
in the future.

Regional impacts

While the ACIA was successful in many respects, it
mostly addressed impacts at the large-scale circumpolar
level. An attempt to differentiate between impacts with-
in the four ACIA regions was exploratory and did not
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cover these regions in depth. There is a need to focus
future assessments on smaller regions (perhaps at the
landscape level) where an assessment of impacts of cli-
mate change has the greatest relevance and use for resi-
dents in the region and their activities.

Economic impacts

There are many important economic sectors in the
Arctic, including oil and gas production, mining, trans-
portation, fisheries, forestry and agriculture, and
tourism. Some will gain from a warmer climate, others
will not. In most cases, only qualitative information about
the economic impacts (in monetary terms) of climate
change is presently available. It is essential to involve a
wide range of experts and stakeholders in future climate
impact assessments to fill this gap and provide relevant
information to users and decision makers.

Assessing vulnerabilities

Vulnerability is the degree to which a system is
susceptible to or unable to cope with adverse effects of
multiple and interacting stresses. Climate change
occurs amidst a number of other interacting social and
environmental changes across scales from local to
regional and even global, and includes industrial
development, contaminant transport and effects, and
changes in social, political, and economic conditions.
In this context it has become important to assess the
vulnerabilities of coupled human—environment systems
in the Arctic.

To undertake improved assessments on these three
research topics a suite of improved observations and
process studies, long-term monitoring, climate model-
ing, and impact analyses on society are necessary. These
require new research efforts and studies funded by the
various arctic countries.

Observations and process studies

To improve future climate Impact assessments, many
arctic processes require further study, both through
scientific investigations and more detailed systematic
documentation of indigenous knowledge. Priorities
include collection of data ranging from satellite, surface,
and paleo data on the climate and physical environment,
to rates and ranges of change in arctic biota, and to the
health status of arctic people.

Long-term monitoring

Long-term time series of climate and climate-related
parameters are available from only a few locations in the
Arctic. The need for continuing long-term acquisition of
data is crucial, including upgrading of the climate
observing system throughout the Arctic and monitoring
snow and ice features, the discharge of major arctic
rivers, ocean parameters, and changes in vegetation,
biodiversity, and ecosystem processes.
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Climate modeling

Improvements in numerical modeling of potential
changes in climate are needed, including the representa-
tion in climate models of key arctic processes such as
ocean processes, perrnafrostfsoilfvegetation inter-
actions, important feedback processes, and extreme
events. The development and use of very high-resolution
coupled regional models that provide useful information
to local experts and decision makers is also required.

Analysis of impacts on society

Critical needs for improving projections of possible
consequences for the environment and society include
development and use of impact models; evaluating
approaches for expressing relative levels of certainty and
uncertainty; developing linkages between traditional and
scientific knowledge; preparing scenarios of arctic popu-
lation and economic development; and identifying and
evaluating potential mitigation and adaptation measures
to meet expected impacts.

18.6. Conclusions

With its almost continuous circle of land surrounding an
ocean, which has a decadal circulation, the Arctic is a
globally unique system and it is no accident that the
Arctic Climate Impact Assessment is the first comprehen-
sive regional assessment conducted to date. The ACIA is
an authoritative synthesis of the consequences of changes
in climate and UV radiation in the Arctic, involving hun-
dreds of arctic experts. The assessment addresses the
large climatic change that is very likely to occur over the
21st century and it concludes that changes in climate and
in ozone and UV radiation levels are likely to affect every
aspect of life in the Arctic.

However, assessment of the projected impacts of changes
in climate and UV radiation is a difficult and long-term
undertaking and the conclusions presented here, while as
complete as present information allows, are only a first
step in what must be a continuing process. There are like-
ly to be future surprises, such as relatively rapid shifts in
the prevailing trends in climatic regimes and in the fre-
quency and intensity of extreme events; such changes,
while likely, are expected to remain very difficult to proj-
ect with high confidence. In future years, however, as
additional data are gathered, a better understanding of
the complex processes, interactions, and feedbacks will
develop, and as model simulations are refined, findings
and projections will be made with increasing confidence.
As understanding of the climate system and its inter-
actions with ozone amounts steadily improves, it will be
possible to increase the usefulness of projections of the
likely impacts in the Arctic, allowing more specificity in
planning how best to adapt and respond.

An especially important task for future impact assess-
ments will be to conduct comprehensive vulnerability
studies of arctic communities, in which impacts modu-
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lated by adaptive capacity are examined in the context of
both environmental and societal changes. The latter
include changes in resource exploitation, human popula-
tion, global trade and economies, introduction of new
species, contamination, and new technologies. Chapter
17 points the way in this direction. It will be important
to consider the interplay between impacts due to climate
change and these other drivers. It is possible that many
of the adverse impacts of variability and change can be
moderated or even offset by implementing strategies for
coping and adaptation, for example via changes in public
policy and new strategies in resource management.

The perspectives and concerns of local people will also
be essential to consider more fully in future vulnerability
analyses. To begin to address these policy-related issues,
a separate process is ongoing to discuss mitigation and
adaptation, as well as research, observation, and model-
ing needs, and communication and education issues per-
taining to the Arctic Climate Impact Assessment.

Finally, it is important to re-emphasize that climate and
UV radiation changes in the Arctic are likely to affect
every aspect of human life in the region and the lives of
many living outside the region. While more studies and
a better understanding of the expected changes are
important, action must begin to be taken to address
current and anticipated changes before the scale of
changes and impacts further reduces the options avail-
able for prevention, mitigation, and adaptation.
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Margarita Magomedova, Institute of Plant and Animal Ecology, Russia

Rosa H. Meehan, U.S. Fish and Wildlife Service, USA

Don E. Russell, Canadian Wildlife Service, Canada

Patrick Valkenburg, Alaska Department of Fish and Game, USA

Chapter 12: Hunting, Herding, Fishing, and
Gathering: Indigenous Peoples and Renewable
Resource Use in the Arctic

Lead Author

Mark Nuttall, University of Aberdeen, Scotland, UK; University of
Alberta, Canada

Contributing Authors

Fikret Berkes, University of Manitoba, Canada

Bruce Forbes, University of Lapland, Finland

Gary Kofinas, University of Alaska Fairbanks, USA

Tatiana Vlassova, Russian Association of Indigenous Peoples of the North
(RAIPON), Russia

George Wenzel, McGill University, Canada

Chapter 13: Fisheries and Aquaculture

Lead Authors

Hjalmar Vilhjalmsson, Marine Research Institute, Iceland

Alf Hakon Hoel, University of Tromso, Norway

Contributing Authors

Sveinn Agnarsson, University of Iceland, Iceland

Ragnar Arnason, University of Iceland, Iceland

James E. Carscadden, Fisheries and Oceans Canada, Canada

Arne Eide, University of Tromse, Norway

David Fluharty, University of Washington, USA

Geir Honneland, Fridtjof Nansen Institute, Norway

Carsten Hvingel, Pinngortitaleriffik, Greenland Institute of Natural
Resources, Greenland

Jakob Jakobsson, Marine Research Institute, Iceland

George Lilly, Fisheries and Oceans Canada, Canada

Odd Nakken, Institute of Marine Research, Norway

Vladimir Radchenko, Sakhalin Research Institute of Fisheries and
Oceanography, Russia

Susanne Ramstad, Norwegian Polar Institute, Norway

William Schrank, Memorial University of Newfoundland, Canada

Niels Vestergaard, University of Southern Denmark, Denmark

Thomas Wilderbuer, NOAA National Marine Fisheries Service, USA

Chapter 14: Forests, Land Management, and
Agriculture

Lead Author

Glenn P. Juday, University of Alaska Fairbanks, USA

Contributing Authors

Valerie Barber, University of Alaska Fairbanks, USA

Paul Duffy, University of Alaska Fairbanks, USA

Hans Linderholm, Goteborg University, Sweden

Scott Rupp, University of Alaska Fairbanks, USA

Steve Sparrow, University of Alaska Fairbanks, USA

Eugene Vaganov, V.N. Sukachev Institute of Forest Research, RAS, Russia
John Yarie, University of Alaska Fairbanks, USA

Consulting Authors

Edward Berg, U.S. Fish and Wildlife Service, USA

Rosanne D’Arrigo, Lamont Doherty Earth Observatory, USA
Olafur Eggertsson, Icelandic Forest Research, Iceland

V.V. Furyaev, V.N. Sukachev Institute of Forest Research, RAS, Russia
Edward H. Hogg, Canadian Forest Service, Canada
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Satu Huttunen, University of Oulu, Finland

Gordon Jacoby, Lamont Doherty Earth Observatory, USA

V.Ya. Kaplunov, V.N. Sukachev Institute of Forest Research, RAS, Russia

Seppo Kellomaki, University of Joensuu, Finland

A.V. Kirdyanov, V.N. Sukachev Institute of Forest Research, RAS, Russia

Carol E. Lewis, University of Alaska Fairbanks, USA

Sune Linder, Swedish University of Agricultural Sciences, Sweden

M.M. Naurzbaeyv, V.N. Sukachev Institute of Forest Research, RAS, USA
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UIf'T. Runesson, Lakehead University, Canada

Yu.V. Savva, V.N. Sukachev Institute of Forest Research, RAS, Russia

O.V. Sidorova, V.N. Sukachev Institute of Forest Research, RAS, Russia

V.D. Stakanov, V.N. Sukachev Institute of Forest Research, RAS, Russia

N.M. Tchebakova, V.N. Sukachev Institute of Forest Research, RAS,
Russia

E.N. Valendik, V.N. Sukachev Institute of Forest Research, RAS, Russia

E.F. Vedrova, V.N. Sukachev Institute of Forest Research, RAS, Russia

Martin Wilmking, Lamont-Doherty Earth Observatory, USA

Chapter 15: Human Health

Lead Authors

Jim Berner, Alaska Native Tribal Health Consortium, USA
Christopher Furgal, Laval University, Canada

Contributing Authors:

Peter Bjerregaard, National Institute of Public Health, Denmark
Mike Bradley, Alaska Native Tribal Health Consortium, USA
Tine Curtis, National Institute of Public Health, Denmark

Ed De Fabo, George Washington University, USA

Juhani Hassi, University of Oulu, Finland

William Keatinge, Queen Mary and Westfield College, UK

Siv Kvernmo, University of Tromse, Norway

Simo Nayha, University of Oulu, Finland

Hannu Rintamaki, Finnish Institute of Occupational Health, Finland
John Warren, Alaska Native Tribal Health Consortium, USA

Chapter 16: Infrastructure: Buildings, Support
Systems, and Industrial Facilities

Lead Author

Arne Instanes, Instanes Consulting Engineers, Norway

Contributing Authors

Oleg Anisimoyv, State Hydrological Institute, Russia

Lawson Brigham, U.S. Arctic Research Commission, USA

Douglas Goering, University of Alaska Fairbanks, USA

Lev N. Khrustaley, Moscow State University, Russia

Branko Ladanyi, Ecole Polytechnique de Montreal, Canada

Jan Otto Larsen, Norwegian University of Science and Technology,
Norway

Consulting Authors

Orson Smith, University of Alaska Anchorage, USA

Amy Stevermer, University of Colorado at Boulder, USA

Betsy Weatherhead, University of Colorado at Boulder, USA

Gunter Weller, University of Alaska Fairbanks, USA

Chapter 17: Climate Change in the Context of
Multiple Stressors and Resilience

Lead Authors

James J. McCarthy, Harvard University, USA

Marybeth Long Martello, Harvard University, USA

Contributing Authors

Robert Corell, American Meteorological Society and Harvard
University, USA

Noclle Eckley Selin, Harvard University, USA

Shari Fox, University of Colorado at Boulder, USA

Grete Hovelsrud-Broda, Centre for International Climate and
Environmental Research, Norway

Svein Disch Mathiesen, Norwegian School of Veterinary Science and
Nordic Sami Institute, Norway

Colin Polsky, Clark University, USA

Henrik Selin, Boston University, USA

Nicholas J.C. Tyler, University of Tromse, Norway

Consulting Authors

Kirsti Strom Bull, University of Oslo and Nordic Sami Institute, Norway

Inger Maria Gaup Eira, Nordic Sami Institute, Norway

Nils Isak Eira, Fossbakken, Norway
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Siri Eriksen, Centre for International Climate and Environmental
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Inger Hanssen-Bauer, Norwegian Meteorological Institute, Norway

Johan Klemet Kalstad, Nordic Sami Institute, Norway

Christian Nellemann, Norwegian Nature Research Institute, Norway

Nils Oskal, Sami University College, Norway

Erik S. Reinert, Hvasser, Tonsberg, Norway

Douglas Siegel-Causey, Harvard University, USA

Paal Vegar Storeheier, University of Tromso, Norway

Johan Mathis Turi, Association of World Reindeer Herders, Norway

Chapter 18: Summary and Synthesis of the ACIA

Lead Author

Gunter Weller, University of Alaska Fairbanks, USA

Contributing Authors

Elizabeth Bush, Environment Canada, Canada

Terry V. Callaghan, Abisko Scientific Research Station, Sweden; Sheffield
Centre for Arctic Ecology, UK

Robert Corell, American Meteorological Society and Harvard
University, USA

Shari Fox, University of Colorado at Boulder, USA

Christopher Furgal, Laval University, Canada

Alf Hakon Hoel, University of Tromso, Norway

Henry Huntington, Huntington Consulting, USA

Erland Killén, Stockholm University, Sweden

Vladimir M. Kattsov, Voeikov Main Geophysical Observatory, Russia

David R. Klein, University of Alaska Fairbanks, USA

Harald Loeng, Institute of Marine Research, Norway

Michael MacCracken, Climate Institute, USA

Marybeth Long Martello, Harvard University, USA

Mark Nuttall, University of Aberdeen, Scotland, UK; University of
Alberta, Canada

Terry D. Prowse, National Water Research Institute, Canada
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Norway

James D. Reist, Fisheries and Oceans Canada, Canada
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Lead authors

Dr. James Berner graduated from Oklahoma University Medical
School in 1968 and spent three years in the U.S. Navy Medical Corps.
He completed residency training and is board certified in Internal
Medicine and Pediatrics. Dr. Berner has practiced medicine in the

Alaska Native health care system since 1974 and has served as Director

of Community Health for the Alaska Native health care system and
part-time clinician since 1984. Dr. Berner currently directs the Alaska
Native Traditional Food Safety Monitoring program, which assesses
contaminant and micronutrient levels in pregnant Alaska Native
women, and evaluates health effects in mothers and newborn infants.
He has been the key national expert for the U.S. in the Human Health
Expert Group of the Arctic Monitoring and Assessment Programme, a
working group of the Arctic Council, since 1999.

Professor Terry V. Callaghan (B.Sc. Manchester University, Ph.D.
Birmingham University, Ph.D. (honorary) Lund University, Ph.D.
(honorary) Oulu University, D.Sc. Manchester University, and mem-
ber of the Royal Swedish Academy of Sciences) has been involved in

arctic ecological research for 37 years, and has worked in all eight arc-

tic countries. He has been Director of the Royal Swedish Academy of
Sciences’ Abisko Scientific Research Station in the Swedish subarctic
since 1996 and is concurrently Professor of Arctic Ecology at the
University of Sheffield, UK, and the University of Lund, Sweden. His
research focuses on the relationships between the arctic environment
and the ecology of arctic plants, animals, and ecosystem processes,
including ecological responses to changes in climate, atmospheric car-
bon dioxide concentrations, and ultraviolet (UV)-B radiation.
Professor Callaghan is a member of the United Nations Environment
Programme’s expert panel on Stratospheric Ozone Depletion Effects,
and was a lead author for the ecosystems chapter in the 1990 IPCC
assessment of climate change, the polar chapter of the fourth IPCC

assessment of climate change, and the polar chapter in the Millennium

Ecosystem Assessment. Dr. Callaghan has initiated and chaired several
international research groups within the International Arctic Science
Committee, and is co-ordinator of SCANNET (Scandinavian and
north European Network of Terrestrial Field Bases).

Dr. Shari Fox (BES, MES University of Waterloo, Canada; Ph.D.

University of Colorado, Boulder) currently holds a post doctoral posi-

tion at Harvard University as part of the U.S. National Oceanic and
Atmospheric Administration Postdoctoral Program in Climate and

Global Change (2003-2005). In 2006, she will join the National Snow

and Ice Data Center at the University of Colorado as a research scien-

tist. Dr. Fox has been working with Inuit in Nunavut, Canada, for over

a decade. Her research focuses on Inuit knowledge of climate and
environmental change and includes work on the documentation of
Inuit observations, collaborative research approaches, finding linkages
between Inuit and scientific knowledge, and experimenting with cre-

ative research products for use in local communities. Dr. Fox has been
a consultant for local communities and the Government of Nunavut in

efforts to develop a climate change strategy for Nunavut. In 2005, she
was appointed to the National Academy of Sciences study committee
on designing an Arctic Observing Network and is part of the Coastal
Working Group for the second International Conference on Arctic
Rescarch Planning (ICARP II). Dr. Fox lives in Clyde River, an Inuit
community on Baffin Island, Nunavut.

Dr. Chris Furgal (B.Sc. University of Western Ontario; M.Sc. and
Ph.D. University of Waterloo) is a senior researcher at the Public
Health Research Unit, Laval University Research Hospital and a
research professor in the Department of Political Science at Laval
University. For the past 13 years, he has been conducting multidisci-
plinary research in the biological, social, and health sciences on envi-
ronmental health issues such as climate change and environmental
contaminants, and their management and communication in the cir-
cumpolar North in cooperation with Inuit and other Indigenous
organizations. He is a lead author for the polar chapter in the fourth
IPCC assessment of climate change. Dr. Furgal is a member of the
Canadian Federal Northern Contaminants Program Management
Committee, the Nunavik Nutrition and Health Committee, and is
Co-Director of the recently established Nasivvik Centre for Inuit
Health and Changing Environments at Laval, one of eight federally
funded centers for aboriginal health research and training in Canada.

Professor Alf Hikon Hoel (cand. polit. University of Oslo) teaches
political science at the University of Tromse, Norway. His research
concerns international ocean governance issues and arctic affairs. He

has published widely on the management of natural resources and the
environment. Current projects include analyses of global change and
fisheries, the experience of various countries with their resource
management regimes, and the relationship between trade regimes
and resource management regimes. He is also involved with the
Arctic Monitoring and Assessment Programme’s assessment on Oil
and Gas in the Arctic. Professor Hoel has served as vice-president of
the International Arctic Science Committee, and is a member of the
Scientific Steering Committee of the Institutional Dimensions of
Global Environmental Change program and the board of the Institute
of Marine Research, Bergen.

Dr. Henry P. Huntington (A.B. Princeton University, M.Phil. and

Ph.D. University of Cambridge) is an independent researcher in
Eagle River, Alaska. His research has documented traditional ecologi-
cal knowledge of beluga whales in Alaska and Russia, examined
Ifupiat Eskimo knowledge and use of sea ice in Alaska, evaluated
U.S. involvement in the Arctic Council, analyzed the co-management
practices of the Alaska Beluga Whale Committee, studied the adapta-
tion of wildlife management to incorporate subsistence hunting prac-
tices, and assessed the interactions of humans and forest fires in inte-
rior Alaska. This work has been funded by the National Science
Foundation (NSF), the Trust for Mutual Understanding, the Exxon
Valdez Oil Spill Trustee Council, the National Marine Fisheries
Service, the Alaska Beluga Whale Committee, the Marine Mammal
Commission, and other agencies and organizations. Dr. Huntington
has also been involved as a researcher and writer in a number of
international research programs, such as the Arctic Monitoring and
Assessment Programme and the Program for the Conservation of
Arctic Flora and Fauna. He was a member of the U.S. Polar Research
Board from 1999 to 2005 and president of the Arctic Research
Consortium of the United States from 2001 to 2003.

Dr. Arne Instanes (M.Sc. and Ph.D. Norwegian Institute of

Technology, University of Trondheim) has worked with cold regions
engineering for the last 15 years. He has work experience from
research institutes and universities in Norway (SINTEF Geotechnical
Engineering, Trondheim; Norwegian Geotechnical Institute, Oslo;
University Centre in Svalbard, Longyearbyen) and Canada (University
of Alberta, Edmonton). Dr. Instanes is currently vice-president of
OPTICONSULT consulting engineers in Bergen, and director of
Instanes Svalbard AS in Longyearbyen. His research on cold regions
engineering includes work on stress-strain relationships in frozen soil,
snow, and ice, thermal analysis of engineering structures, and the
effect of pollution on the physical and mechanical properties of frozen
soils. Dr. Instanes is co-chairman of the International Permafrost
Association’s Working Group on Permafrost Engineering and is a
member of the International Society of Soil Mechanics and
Geotechnical Engineering Technical Committee No. 8 on Frost.

Dr. Glenn Patrick Juday (B.S. Purdue University, Ph.D. Oregon

State University) is currently Professor of Forest Ecology and
Director of the Tree-Ring Laboratory in the Forest Sciences
Department of the School of Natural Resources and Agricultural
Sciences at the University of Alaska Fairbanks, where he has worked
since 1981. His research specialties include climate change, tree-ring
studies, biodiversity and forest management, and forest development
following fire. He is currently a co-principal investigator in the NSF-
supported Bonanza Creek Long-Term Ecological Research site, and
has been on the science steering board of the Center for Global
Change at the University of Alaska since its founding, Dr. Juday con-
tributed to the U.S. National Climate Change regional assessment
regional reports for Alaska and elsewhere. Dr. Juday teaches conser-
vation biology and wilderness ecosystem management. He has served
as science advisor for several television programs and in-depth news
articles on climate warming in the United States, Europe, and Japan.
He conducted research in the office of the vice president for science
of The Nature Conservancy in 1988, and served as president of the
Natural Areas Association for four years. Dr. Juday was recognized
for outstanding accomplishments as the Chair of the Society of
American Foresters Forest Ecology Working Group in 2000.

Professor Erland Killén (B.Sc. and Ph.D. Stockholm University,

Sweden) is a professor of dynamic meteorology at the Department of
Meteorology, Stockholm University and is presently head of depart-
ment. His research areas are numerical weather prediction and cli-
mate modeling. He has contributed to the understanding of long wave
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dynamics in the atmosphere as well as methods for data assimilation in
the field of numerical weather prediction. Dr. Kallén contributed to
the 2001 IPCC assessment of climate change, both as reviewer and
participant in workshops and meetings. Dr. Killén was the first direc-
tor of the Swedish Regional Climate Modelling Programme (SWE-
CLIM) and his present activities include research on climate processes
relevant to the Arctic. His positions on scientific bodies include: presi-
dent of the Swedish Geophysical Society, chairman of the scientific
advisory committee of the European Centre for Medium-Range
Weather Forecasts, chairman of the Swedish committee to the World
Climate Research Programme/ International Geosphere—Biosphere
Programme, editorial board member of the journal Tellus, board
member of the Swedish Meteorological and Hydrological Institute,
member of a mission advisory group for the European Space Agency’s
Earth Explorer Atmospheric Dynamics mission. His main research
interest is the large scale dynamics of the atmosphere and its applica-
tions to climate dynamics and weather prediction.

Dr. Vladimir M. Kattsov (M.Sc. Leningrad Hydrometeorological

Institute; M.Sc. St. Petersburg State University; M.A. Kalinin State
University, Ph.D. Leningrad Hydrometeorological Institute) is in his
17th year as a research scientist at the Voeikov Main Geophysical
Observatory of the Russian Federal Service for Hydrometeorology
and Environmental Monitoring, St. Petersburg. Since 2000, he has
been head of the Department of Dynamic Meteorology. Dr. Kattsov’s
research includes global climate 3D modeling with a focus on polar
climate dynamics. He was a lead author for the 2001 IPCC Working
Group I report, and is currently a lead author for the chapter on
model evaluation in the fourth IPCC assessment of climate change.
Since 2000, Dr. Kattsov has been a member of the World Climate
Research Programme’s Working Group on Numerical Experimen-
tation. He is a member of the Climate Commission of the Russian
National Geophysical Committee, and a member of the Russian
National Council on the WCRP project “Climate and Cryosphere”.

Dr. David R. Klein (B.S. University of Connecticut, M.S. University

of Alaska, Ph.D. University of British Columbia) was employed by
the U.S. Fish and Wildlife Service prior to Alaskan statehood, and by
the Alaska Department of Fish and Game immediately after state-
hood. He was leader of the Alaska Cooperative Wildlife Research
Unit at the University of Alaska from 1962 to 1992 when he was
appointed senior scientist with the Alaska Cooperative Fish and
Wildlife Research Unit until his retirement in 1997. Dr. Klein spent
sabbatical-type leaves undertaking research on roe deer in Denmark,
wild reindeer in Norway (via a Fulbright Grant), and impala and
blesbok in South Africa, and has been involved in other collaborative
research in Canada, Greenland, Scandinavia, Siberia, and Portugal.
Dr. Klein’s research interests have focused on arctic and alpine ecolo-
gy and habitat relationships of caribou, muskoxen, and other herbi-
vores, assessment of impacts of northern development, and sustain-
ability of arctic ecosystems. He serves on the Board of the Arctic
Research Consortium of the United States and is currently Professor
Emeritus with the Institute of Arctic Biology and the Department of
Biology and Wildlife at the University of Alaska Fairbanks.

Professor Harald Loeng is head of the research group Oceanography

and Climate at the Institute of Marine Research in Bergen and is
adjunct professor at the University of Tromso, Norway. He was
responsible for the research program on Fish and Climate at IMR and
has been head of the Norwegian Marine Data Centre. His main
research interest has been climate change and variability and its
impact on the marine ecosystem. His positions on scientific bodies
include: chair of the Hydrography Committee, the Oceanography
Committee, and the Consultative Committee of the International
Council for the Exploration of the Sea (ICES); chair of the
Norwegian National Committee on Polar Research under the
Research Council of Norway; and vice-chair of the Arctic Ocean
Science Board. Dr. Loeng has been the Norwegian member of the
ICES Advisory Committee of Marine Environment. He was a lead
author for the chapter on marine pathways in the 1998 assessment on
Arctic Pollution Issues by the Arctic Monitoring and Assessment
Programme. He has been an editorial board member for the Journal
of Fisheries Oceanography since its beginning,

Dr. Marybeth Long Martello (B.S. and B.A. University of

Connecticut, M.S. and Ph.D. Massachusetts Institute of
Technology) is a research fellow in Harvard University’s Science,
Technology, and Society Program. Her research examines global
change science and governance, and includes projects on scientific
and political dimensions of vulnerability analysis, framing, analysis
and representation of climate change impacts, scientific and inter-
governmental efforts to address dryland degradation, local knowl-
edge and traditional knowledge in the context of environmental
science and policymaking, and corporate approaches to sustainabili-
ty. She was formerly a research associate with the Kennedy School’s
Sustainability Systems Project, a policy fellow with the American
Meteorological Society, a fellow with the Global Environmental
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Assessment Project, and a fellow with an NSF-funded project on
Sustainable Knowledge for the Global Environment. Dr. Martello is
a contributor to the United Nations Environment Programme’s
fourth Global Environmental Outlook Report, and has worked as
an environmental consultant. She has authored a number of journal
articles and book chapters and is co-editor of Earthly Politics:
Local and Global in Environmental Governance.

Professor Gordon McBean (M.Sc., McGill University; Ph.D.,

University of British Columbia) has been active in studies of the atmo-
sphere and weather and climate systems for over 35 years. Dr.
McBean was a scientist in Environment Canada and then moved to the
Institute of Ocean Sciences. In 1988, he became Professor of
Atmospheric and Oceanic Sciences at the University of British
Columbia and chair of the WMO-IOC-ICSU Joint Scientific
Committee for the World Climate Research Program. As chair, he ini-
tiated the Arctic Climate System Study (ACSyS), and other major pro-
grams. In 1994, he was appointed Assistant Deputy Minister for the
Meteorological Service of Environment Canada, with overall responsi-
bility for weather, climate, sea ice, and water sciences and services in
the Canadian government. Since leaving government in 2000, he has
been appointed professor in the Institute for Catastrophic Loss
Reduction at the University of Western Ontario and Chair of the
Board of Trustees for the Canadian Foundation for Climate and
Atmospheric Sciences. Dr. McBean is theme leader for the Canadian
ArcticNet research program, an integrated study of the coastal
Canadian Arctic in the context of climate change. He has been elected
a Fellow of the Royal Society of Canada, the American Meteorological
Society, and the Canadian Meteorological and Oceanographic Society.

Dr. James J. McCarthy (B.S. Gonzaga University, Ph.D Scripps

Institution of Oceanography) is Alexander Agassiz Professor of
Biological Oceanography and Head Tutor for degrees in
Environmental Science and Public Policy at Harvard University. He
recently completed a two-decade term as Director of Harvard
University’s Museum of Comparative Zoology. His research inter-
ests concern the regulation of marine plankton productivity, and in
recent years have focused on regions that are strongly affected by
seasonal and interannual variation in climate. He has written many
scientific papers, and currently teaches courses on biological
oceanography, biogeochemical cycles, marine ecosystems, and
global change and human health. Dr. McCarthy has served on many
national and international planning committees, advisory panels,
and commissions relating to oceanography, polar science, and the
study of climate and global change. From 1986 to 1993, he chaired
the International Geosphere—Biosphere Program. He was the
founding editor for the American Geophysical Union’s Global
Biogeochemical Cycles. He was a convening lead author for the
1990 TPCC Working Group I report, and was co-chair of the 2001
IPCC Working Group II. He has been elected a Fellow of the
American Association for the Advancement of Science, a Fellow of
the American Academy of Arts and Sciences, and a Foreign Member
of the Royal Swedish Academy of Sciences.

Professor Mark Nuttall (MA University of Aberdeen, Ph.D.

University of Cambridge) holds the Henry Marshall Tory Chair of
Anthropology at the University of Alberta and is Honorary Professor of
Sociology at the University of Aberdeen. His work in the Arctic and
North Atlantic is mainly concerned with environmental change and
resource use issues in rural and coastal communities, depopulation and
migration, climate change impacts on indigenous peoples and their
livelihoods, the human dimensions of global environmental and sustain-
ability issues, and historical ecology. He has worked extensively in
Greenland, Alaska, Canada, and Scotland. Dr. Nuttall is author of
Arctic Homeland: Kinship, community and development in northwest
Greenland (University of Toronto Press, 1992), White Settlers: The
impact of rural repopulation in Scotland (Routledge, 1996), and
Protecting the Arctic: Indigenous peoples and cultural survival (Rout-
ledge, 1998); editor of the three-volume Encyclopedia of the Arctic
(Routledge, 2005); and co-editor of The Arctic: Environment, people,
policy (Taylor and Francis, 2000), Cultivating Arctic Landscapes:
Knowing and managing animals in the circumpolar North (Berghahn,

2004), and The Russian North in Circumpolar Context (2003).

Dr.Terry D. Prowse (B.E.S. University of Waterloo, M.Sc. Trent

University, Ph.D. University of Canterbury) holds an Environment
Canada Research Chair and Professorship in Geography at the Water
and Climate Impacts Research Centre, University of Victoria, investi-
gating the impacts of climate on water resources. As a senior scientist
with Environment Canada, he also heads a research program for the
National Water Research Institute investigating the impacts of climate
on hydrology and aquatic ecosystems. He was a lead author (chapters
on the cryosphere, ecosystems, and polar regions) for the 1995 and
2001 IPCC assessments of climate change, and has a similar position for
the 2007 IPCC assessment of the Arctic and Antarctic. His positions on
scientific bodies include: President of the Canadian Geophysical Union,
including the Hydrology Section; Canadian government representative
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for the UNESCO International Hydrologic Programme; Canadian
Member of the International Association for Hydraulic Research-Ice;
editorial board member for the journal Hydrological Processes, and
associate editor for the Journal of Cold Regions Engineering. His main
research interest is the impact of climate change on water resources
and freshwater ecosystems, particularly in cold regions.

Dr. James (Jim) D. Reist (B.Sc. University of Calgary, M.Sc.
University of Alberta, Ph.D. University of Toronto) is in his 22nd
year as a research scientist in the Arctic Research Division at
Fisheries and Oceans Canada, Central and Arctic Region, Winnipeg,
where he has led the Arctic Fish Ecology and Assessment Research
Section since 1989. His research addresses biodiversity of northern
Canadian fishes using genetic, morphological, and ecological
approaches with particular emphasis on chars and whitefishes. In
addition to documenting fish diversity, biogeography, and under-
standing their roles in the structure and function of both arctic fresh-
water and marine ecosystems, his research addresses effects of

anthropogenic activities such as exploitation, industrial development,

and climate change. Dr. Reist has been active in the Conservation of
Arctic Flora and Fauna working group of the Arctic Council, as well
as in national and international programs to assess human impacts on
fish in the Arctic. He has had adjunct status at several Canadian uni-

versities where he has supervised or co-supervised a number of grad-

uate students researching northern fish biology and ecology. He has
authored or co-authored over 80 scientific publications in both the
primary literature and government publication series.

Amy J. Stevermer (M.S. Oregon State University) has been involved
in research related to the transfer of radiation in the earth’s atmo-
sphere for more than a decade. Throughout her employment as an
associate scientist at the University of Colorado at Boulder, she has
contributed to projects focused on understanding the various
parameters, including stratospheric aerosol and ozone, that affect
UV radiation reaching the earth’s surface. She has worked on data
analysis and public outreach issues for the U.S Environmental
Protection Agency’s Ultraviolet Radiation Monitoring Network and
has given talks on UV monitoring and effects studies at faculty
workshops and national conferences.

Aapo Tanskanen (M.Sc. Lic.Tech. Helsinki University of Technology)
is the head of the UV radiation research group at the Finnish
Meteorological Institute. His research includes work on UV meas-
urement techniques, radiative transfer modeling and development of
methods for estimating surface UV irradiance using satellite data. He
is a member of the Ozone Monitoring Instrument science team.

Professor Michael B Usher (B.Sc. and Ph.D. Edinburgh University,
Honorary Doctorate University of Stirling) began his career at the
University of York, with teaching and research interests in soil biodi-
versity and nature conservation. He undertook sabbatical periods to
establish a termite research group in Ghana and to work on the soil

mites and springtails in Antarctica. From 1991 until he retired he was

chief scientist at Scottish Natural Heritage, the government’s coun-
tryside and conservation agency in Scotland. In this role, as well as
leading a large team of scientists, he was actively involved with
advice to government ministers. Dr. Usher is a chartered biologist, a
Fellow of the Institute of Biology, a Fellow of the Royal
Entomological Society, and was elected a Fellow of the Royal Society
of Edinburgh (Scotland’s National Academy of Science & Letters) in
1999. Dr. Usher was awarded an OBE in the 2001 New Year
Honour’s List. Over the last few years he has chaired the U.K’s Soil

Biodiversity Research Programme, and has been active in the Scottish
Biodiversity Forum and the Council of Europe; he is also a Trustee of

the Royal Botanic Garden Edinburgh and the Woodland Trust, and
continues to teach aspects of biodiversity conservation.

Dr. Hjalmar Vilhjalmsson (B.Sc. University of Glasgow, Ph.D.
University of Bergen) has spent much of his career based at the Marine
Research Institute in Reykjavik, initially working on operational fish-
eries research, namely the design and execution of surveys of pelagic
fish migrations, abundance, and catchability, and on the environmental
variables that affect them. The purpose of this work was to locate areas
rich in target species, to predict future migrations and catchability, and
to keep the fishing fleet informed. By necessity, the nature of his work

changed to abundance assessments of these stocks and advising on their

sustainable exploitation. He has been the senior pelagic fisheries biolo-
gist at the Marine Research Institute since 1990. Dr. Vilhjalmsson has
been a member and vice-chairman of the board of the Icelandic

Fisheries Fund, a long-term member of the ICES Northern Pelagic and

Blue Whiting Working Group, and was appointed to serve on a special
committee, organized by the National Research Council of Iceland, for
evaluating existing fisheries science activities in Iceland and advising on
research priorities. He is a member of the Icelandic Science Academy.

Dr. John Walsh (B.A. Dartmouth College, Ph.D. Massachusetts Institute

of Technology) is a President’s Professor of Global Change at the
University of Alaska Fairbanks. He is also the Director of the Coopera-
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tive Institute for Arctic Research and the Center for Global Change at
the University of Alaska. His research has addressed arctic climate
weather variability, with an emphasis on sea ice variability and the role
of sea ice and snow cover in weather and climate. His work has also
included evaluations of global climate model simulations of the Arctic.
Dr. Walsh is a lead author for the polar regions in the fourth IPCC
assessment. He is a member of the Polar Research Board and a panel
chair for the Study of Environmental Arctic Change (SEARCH). Before
joining the University of Alaska, he spent 30 years on the faculty of the
University of Illinois, where he taught courses on weather and climate.
He co-authored the textbook, Severe and Hazardous Weather, and is an
associate editor of the Journal of Climate.

Professor Gunter Weller (Ph.D. University of Melbourne) is Professor

of Geophysics Emeritus of the University of Alaska Fairbanks. His early
research concerned climate change and its impacts in both the Arctic
and the Antarctic. He has been program manager of the NSF’s polar
programs in meteorology, project manager of the NOAA-BLM Outer
Continental Shelf Environmental Assessment Program in the Arctic,
project director of the NASA-University of Alaska SAR Facility, and
deputy director of the UAF Geophysical Institute. Among many scien-
tific committee assignments he was the president of ICSU’s Intern-
ational Commission on Polar Meteorology and chaired the U.S.
National Research Council’s Polar Research Board. He recently retired
as the director of the Center for Global Change and Arctic System
Research and director of the NOAA-UAF Cooperative Institute for
Arctic Research and now lives in Australia. Dr. Weller was Executive
Director of the ACIA for the last four years.

Dr. Frederick Wrona (B.Sc. and Ph.D. University of Calgary) is cur-

rently the Director of the Aquatic Ecosystems Impacts Research
Branch, National Water Research Institute (Environment Canada) and
is a professor in the Department of Geography, University of Victoria.
Dr. Wrona has conducted and managed interdisciplinary aquatic
ccosystem research for over 23 years, focusing on the ecology and
eco-hydrology of cold-regions aquatic ecosystems. His research inter-
ests include understanding and predicting the impacts of climate vari-
ability/change on the structure and function of cold-regions aquatic
ecosystems, identifying mechanisms responsible for the observed pat-
terns of dynamics in aquatic predator-prey systems, assessing the eco-
toxicology of aquatic organisms to contaminant stressors, and assess-
ing the impacts of human developments on the health and sustainabili-
ty of northern aquatic systems. He has served as the Science Director
for the Northern River Basins Study and is currently involved with
numerous national and international scientific and advisory commit-
tees related to the development and implementation of northern
hydrological and ecological research programs (e.g., contributing
author to the 2007 IPCC Working Group II assessment of the polar
regions and the 2nd International Conference on Arctic Research
Planning, Environment Canada’s Northern Working Group). Dr.
Wrona has a strong interest in science-policy linkages and is currently
the Head and Chief Delegate for the Canadian National Committee
for the UNESCO International Hydrological Programme.

Additional Members of the ACIA
Implementation Team®

Dr. Robert W. Corell (B.S., M.S., Ph.D., Case Western Reserve

University and MIT) joined the National Science Foundation (NSF) in
1987 as Assistant Director for Geosciences where for over 12 years he
oversaw the Atmospheric, Earth, and Ocean Sciences and the global
change programs of the NSF. While there, Dr. Corell chaired the
National Science and Technology Council’s committee that oversees
the U.S. Global Change Research Program, and the international
committee of government agencies funding global change research.
He was also chair and principal U.S. delegate to many international
bodies with interests in and responsibilities for climate and global
change research programs. Dr Corell is currently a Senior Fellow at
the Policy Program of the American Meteorological Society and is
actively engaged in research concerned both with the science of global
change and with the interface between science and public policy,
particularly research activities focused on global and regional climate
change and related environmental issues, and science to facilitate
understanding of vulnerability and sustainable development. He co-
chairs an international strategic planning group on harnessing science,
technology, and innovation for sustainable development, and is the
lead for an international partnership to better understand and plan for
a transition to hydrogen for several nations, currently focused on
Iceland, India, and the eight Arctic nations. He is leading a research
project to explore methods, models, and conceptual frameworks for
vulnerability research, analysis, and assessment — the current focus of
which is on vulnerabilities of indigenous communities in the Arctic.
Dr Corell was recently invited to join the Washington Advisory
Group, LLC to work on the industry dimension of the climate issue.

*Entries for Terry Callaghan, Gordon McBean, and Gunter Weller may be found under “Lead authors”
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Dr. Pal Prestrud (Master degree and Ph.D. University of Oslo) has to a Sustainable Future: National Environmental Technology Strategy

been involved for the last 25 years in environmental research and
management in the Arctic, with a special research interest in popula-
tion dynamics of polar mammals and their physiological adaptation to
the harsh polar conditions. Dr. Prestrud is currently Director of the
Centre for Climate Research at the University of Oslo. He has been
Director of Research for a number of years at the Norwegian Polar
Institute, and has served as deputy director general in the Norwegian
Ministry of Environment where he headed the Section on Polar
Affairs and Cooperation with Russia. Dr. Prestrud has been involved
in several environmental impact assessments conducted in the
Norwegian Arctic over the last 20 years.

Lars-Otto Reiersen graduated in marine biology from the University
of Oslo, Norway. He then worked at the University of Oslo for sev-
eral years conducting research on basic processes in marine fish and
the effects of oil and other contaminants. He later worked for the
Norwegian State Pollution Control Authority dealing with the envi-
ronmental regulation of shipping and oil and gas activities (explo-
ration and exploitation) in the seas around Norway and at Svalbard.
He was involved in the work of the Oslo and Paris Commissions and
the London Dumping Commission, especially in relation to the test-
ing of chemicals to be used offshore and chemical and biological
monitoring of the marine environment. He chaired the group that
made the assessment of the Pollution of the North Sea under the
North Sea Task Force and was involved in the establishment and
implementation of the Arctic Environmental Protection Strategy and
the Arctic Council. Since 1992, he has been the Executive Secretary
for the Arctic Monitoring and Assessment Programme.

Jan Idar Solbakken (M.Sc. University of Tromso) has worked at
Saami University College, Norway for the last 13 years as an assistant
professor in biology. From 2000 to 2003 he was Dean at Saami
University College. He has represented the Saami Council, one of
the Permanent Participants in the Arctic Council, within AMAP
working groups since 1994. He also represented the Saami Council
within the AMAP Assessment Steering Group during the first AMAP
assessment of Arctic Pollution Issues.

Dr. Patricia A. Anderson (B.Sc. University of Iowa, M.A. Dalhousie
University, Ph.D. New York University) has 18 years experience
researching polar issues and managing polar science programs at the
NSF and the University of Alaska Fairbanks. She was Executive
Director of the U.S. Antarctic Program Safety Review Panel, an NSF
activity that involved researching the history of U.S. exploration and
science in Antarctica and the safety of these operations, and co-author-
ing the panel’s report. She spent four years coordinating federal intera-
gency programs on global climate change. Dr. Anderson’s 12 years of
experience at the University of Alaska Fairbanks involved the manage-
ment of several arctic research and education activities, including the
establishing of a competitive student research grant program, expand-
ing participation of a wide range of stakeholder groups in assessing the
impacts of climate change on Alaska, and facilitating interdisciplinary
arctic system research through science management of the NSF Arctic
System Science Land-Atmosphere-Ice Interactions program. In her
capacity as Deputy Executive Director of the ACIA Secretariat, she has
been responsible for coordinating all ACIA activities.

Elizabeth Bush (M.Sc. and M.A. University of Toronto) is a member
of the Science Assessment and Integration Branch of Environment
Canada, whose mandate it is to provide science advice and to coordi-
nate science assessment activities on atmospheric issues. She has been
involved in science assessment activities for many years, working first
as an air quality advisor during which time she participated in
Canadian national assessments of particulate matter and ground-level
ozone. She currently works as a climate change science advisor and
was the focal point in Canada for Canadian participation in the ACIA.

Paul Grabhorn is a communications consultant and photographer with
22 years of experience producing publications and campaigns on the
subjects of global change, humanitarian action, and environmental
research. A particular area of expertise is in the visual communica-
tion of complex subjects. His background in human ecology provides
his work with a systems view and a synthesis perspective. Some of
Grabhorn Studio’s productions include: The U.S. National Assess-
ment — Climate Change Impacts on the United States, Global Energy
Technology Strategy: Addressing Climate Change, White House
Conference on Science and Economics related to Global Change,
National Energy Strategy, National Space Council Annual Reports,
Coastal America campaign materials, Global Stewardship Brochure
(White House), Army Corps of Engineers Environmental Steward-
ship Campaign, Defense and the Environment Initiative (US Army),
GLOBE - Global Learning and Observations to Benefit the Environ-
ment (White House) — US Global Change Research Program —
annual reports: Our Changing Planet, CIESIN; Understanding the
Human Dimensions of Global Change, US Army Corps of Engineers
recruitment and outreach materials, Government Buy Recycled
Initiative, Technology for a Sustainable Future (White House), Bridge

(White House), Sustainable America: A New Consensus, Picturing
Climate’s Complexity, People on War campaign (International
Committee of the Red Cross), So Why! Music goes to war campaign
(ICRC). Paul Grabhorn has also undertaken photographic documen-
tary missions for the International Committee of the Red Cross in
many locations: Somalia, Bosnia, Rwanda, Azerbaijan, Georgia,
Abkhazia, Armenia, Ngorni Kharabakh, Chechnya, Cambodia,
Colombia, Philippines, Croatia, Nepal, Burundi, Guatemala, Mali,
Angola, South Africa, Kenya, and Liberia among others.

Susan Joy Hassol is a researcher and writer with 20 years experience
in global change science. Known for her ability to translate science
into English, she synthesizes information from across the spectrum of
scientific disciplines, and makes complex issues accessible to policy-
makers and the public. She was a lead author of Climate Change
Impacts on the United States, the synthesis report of the U.S.
National Assessment of the Consequences of Climate Change. Susan
authored a chapter on energy efficiency in a book entitled Innovative
Energy Strategies for CO, Stabilization (Cambridge University Press,
2002). She wrote a feature article entitled “A Change of Climate,” in
Issues in Science and Technology, a journal of the National Academy of
Sciences, focusing on the actions of U.S. states, localities, and corpo-
rations in mitigating climate change. She has also written and edited
numerous articles, papers, and books for organizations including the
United Nations Environment Programme, the Scientific Committee
on Problems of the Environment, and the Inter-American Institute for
Global Change Research. She has served as Environment Fellow for
the Aspen Institute and as Research Associate and Director of
Communications for the Aspen Global Change Institute.

Dr. Michael C. MacCracken (B.S.E. Princeton University; Ph.D.
University of California Davis) is Senior Scientist for Climate Change
with the Climate Institute in Washington, DC. For 34 years, he was
employed by the Lawrence Livermore National Laboratory, where
his research included numerical modeling of various natural and
anthropogenic causes of climate change and of factors affecting air
quality in the Bay Area and northeastern United States. For the latter
part of this period, Dr. MacCracken was on assignment with the
interagency Office of the U.S. Global Change Research Program,
serving for different periods as executive director of the Office and
of its National Assessment Coordination Office. He also coordinated
the U.S. Government technical review of the IPCC assessments. Dr.
MacCracken is currently president of the International Association of
Meteorology and Atmospheric Sciences and serves on the executive
committees of the International Union of Geodesy and Geophysics
and the Scientific Committee for Oceanic Research.

ACIA Science Editors

Lelani Arris (B.Sc. University of Vermont, M.Sc. Massachusetts
Institute of Technology) has more than 14 years experience writing
and editing technical and popular publications about climate change,
ozone depletion, and other environmental science topics. She was
editor of the bi-weekly newsletter Global Environmental Change
Report for five years, senior editor of the quarterly magazine Global
Change for three years, and has also written or edited publications
for the Canadian Climate Impacts and Adaptation Research Network,
the U.S. Global Change Research Program, and the British Columbia
Ministry of Forests, among others.

Dr. Carolyn Symon (B.Sc. Loughborough University, M.Sc. Kings
College London, Ph.D. Lancaster University and Proudman Ocean-
ographic Laboratory) is a science editor specializing in multi-authored
environmental assessments prepared by intergovernmental bodies. For
the last ten years most of her work has focused on marine-related and
polar-related issues. Dr. Symon has undertaken work for the OSPAR
Commission, the British Antarctic Survey, the Secretariat for the Fifth
North Sea Conference, ICES, CCAMLR, and AMAP.

Professor Bill (O.W.) Heal (BSc., Ph.D. Durham University,
Honorary Professor Edinburgh University, Fellow Hatfield College,
Durham) is now retired. His early research on protozoa expanded
into soil biology and decomposition then into ecosystems. In the
1970s he led the UK International Biological Programme at the
Moor House upland site. This linked naturally into the IBP Tundra
Biome through its sub-Arctic climate and to his involvement in inter-
national co-ordination and synthesis. As Director of the Institute of
Terrestrial Ecology he was responsible for a wide range of pure and
applied national and international research. He led the EU Arctic
Terrestrial Ecosystem Research project which helped to integrate
arctic research and spawned a series of new Arctic—Alpine projects.
He subsequently chaired the Polar Sciences Committee of the
Natural Environment Research Council, helped to initiate the
University of the Arctic, and participated in CAFF and AMAP and in
the US NSF and LTER programs.
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Reviewers

This appendix lists those international experts selected by ACIA that were willing to review one or more chapters of

this assessment. Most of the experts listed below reviewed at least two related chapters and a few reviewed several

chapters. Many additional reviewers, not listed here, were selected through national reviews conducted by the arctic

countries. Reviews were received from about 200 individuals in total.

Hans Alexandersson, Swedish Meteorological and Hydrological Institute

Leif Anderson, Géteborg University, Sweden

Robert Barbault, Institut d'Ecologie Fondamentale et Appliquee, France

Roger Barry, National Snow and Ice Data Center, USA

Esfir G. Bogdanova, Voeikov Main Geophysical Observatory, Russia

Jerry Brown, International Permafrost Association, USA

Margo Burgess, Geological Survey of Canada

John Calder, National Oceanic and Atmospheric Administration, USA

JoLynn Carroll, Akvaplan-niva AS, Norway

Tim Carter, Finnish Environment Institute

Richard Caulfield, University of Alaska Fairbanks

Nataly Ye. Chubarova, Moscow State University, Russia

Stewart Cohen, University of British Columbia, Canada

Andre Corriveau, Government of the Northwest Territories, Dept. of
Health and Social Services, Canada

Robert Crawford, University of St. Andrews (Emeritus), UK

Yvon Csonka, University of Greenland

Jens Dahl, International Work Group for Indigenous Affairs, Denmark

Klaus Dethloff, Alfred Wegener Institute for Polar and Marine Research,
Germany

Mark Dyurgerov, University of Colorado at Boulder, USA

Michael A.D. Ferguson, Dept. of Sustainable Development, Government
of Nunavut, Canada

Craig Fleener, Gwich'in Council International, USA

Sven Haakanson, Jr., Alutiiq Museum, Kodiak, Alaska, USA

Don Hayley, EBA Engineering Consultants Ltd., Canada

Bill Heal, University of Durham, UK

Raino Heino, Finnish Meteorological Institute

Annika Hofgaard, Norwegian Institute for Nature Research, Norway

Ad H.L. Huiskes, Netherlands Institute of Ecology

George Hunt, University of California, Irvine, USA

Ingvar Jarle Huse, Institute of Marine Research, Norway

Satu Huttunen, University of Oulu, Finland

Trond Iversen, University of Oslo, Norway

Robert Jefferies, University of Toronto, Canada

Peter Jones, Bedford Institute of Oceanography, Canada

Eigil Kaas, Danish Meteorological Institute

Anders Karlqvist, Swedish Polar Research Secretariat

Roy Koerner, Geological Survey of Canada

Pirkko Kortelainen, Finnish Environment Institute

Eduard Koster, Utrecht University, Netherlands

Peter Kuhry, Stockholm University, Sweden

Manfred Lange, University of Muenster, Germany

Donald S. Lemmen, Natural Resources Canada

Pentti Malkki, Finnish Institute of Marine Research

Svend Aage Malmberg, Marine Research Institute, Iceland

Michael McGeehin, Centers for Disease Control, USA

Richard McKenzie, National Institute of Water and Atmospheric
Research, New Zealand

Mark Meier, University of Colorado at Boulder, USA

Jamie Morison, University of Washington, USA

Lars Moseholm, National Environmental Research Institute, Denmark

Ted Munn, University of Toronto, Canada

Aynslie Ogden, Northern Climate ExChange, Canada

Erling Ogren, Swedish University of Agricultural Sciences

Mats Olsson, Swedish University of Agricultural Sciences

Olav Orheim, Norsk Polarinstitutt, Norway

Jim Overland, Pacific Marine Environmental Laboratory/NOAA, USA

Chris Paci, Dene Nation, Canada

Gisli Palsson, University of Iceland

Walter Parker, Circumpolar Infrastructure Task Force of the Arctic
Council; the Northern Forum, USA

Geoff Petts, University of Birmingham, UK

Henning Rodhe, Stockholm University, Sweden

Odd Rogne, International Arctic Science Committee, Norway

Ursula Schauer, Alfred Wegener Institute for Polar and Marine Research,
Germany

Frank Sejersen, University of Copenhagen, Denmark

Stepan G. Shiyatov, Institute of Plant and Animal Ecology, Russian
Academy of Sciences

Oddvar Skre, Norwegian Forest Research Institute

Kimberly Strong, University of Toronto, Canada

Thora E. Thorhallsdottir, University of Iceland

Darin Toohey, University of Colorado at Boulder, USA

Reidar Toresen, Institute of Marine Research, Norway

Adrian Tuck, NOAA Aeronomy Laboratory, USA

Jay Van Oostdam, Health Canada

Patrick J. Webber, Michigan State University, USA

Martin Weinstein, 'Namgis First Nation, Canada

Jan Weslawski, Institute of Oceanology, Polish Academy of Sciences

Ed Wiken, Wildlife Habitat Canada

Ming-Ko Woo, McMaster University, Canada

Oran Young, University of California, Santa Barbara, USA

T. Kue Young, University of Toronto, Faculty of Medicine, Canada

Alexander Zhulidov, South Russian Regional Centre for Preparation and
Implementation of International Projects

Francis Zwiers, Meteorological Service of Canada
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Appendix D

Species Names

Latin name
Birds

Aethia cristatella
Aethia psittacula
Aethia pusilla
Alca torda
Alle alle
Anas acuta
Anas americana
Anas crecca
Anas penelope
Anas platyrhynchos
Anser albifrons

A. a. flavirostris
Anser anser
Anser brachyrhynchus
Anser caerulescens

A. c. caerulescens
Anser canagicus
Anser erythropus
Anser fabalis

A. f. fabialis

A. f. rossicus
Arenaria interpres
Asio flammeus
Aythya affinis
Aythya collaris
Aythya marila
Aythya valisineria
Branta bernicla

B. b. bernicla

B. b. hrota
Branta canadensis
Branta leucopsis
Branta ruficollis
Buteo spp.
Buteo lagopus
Calcarius lapponicus
Calidris acuminata
Calidris alba
Calidris alpina
Calidris canutus

C. c. canutus

C. c. islandica
Calidris ferruginea
Calidris fuscicollis
Calidris maritima
Calidris mauri
Calidris melanotos
Calidris minuta
Calidris ruficollis
Calidris tenuirostris
Carduelis chloris
Carduelis hornemanni
Catharacta skua
Cepphus columba
Cepphus grylle
Charadrius semipalmatus
Chen caerulescens
Clangula hyemalis
Corvus corax
Cygnus columbianus
Emberiza pusilla
Eremophila alpestris
Eurynorhynchus pygmaeus
Falco peregrinus
Falco rusticolus
Fratercula arctica
Fratercula cirrhata
Fratercula corniculata

Common name/descriptor

crested auklet

parakeet auklet

least auklet

razorbill

little auk

pintail

widgeon

common teal

Eurasian wigeon

mallard

white-fronted goose or “yellow legs”
Greenland white-fronted goose
greylag goose

pink-footed goose

Snow goose

lesser snow goose
emperor goose

lesser white-fronted goose
bean goose

taiga bean goose

tundra bean goose

ruddy turnstone
short-eared owl

lesser scaup

ring-necked duck

greater scaup

canvasback duck

Brent goose/ black brent
dark-bellied brent goose
light-bellied brent goose
Canada goose

barnacle goose
red-breasted goose
raptors

rough-legged buzzard
Lapland longspur
sharp-tailed sandpiper
sanderling

dunlin

red knot

red knot (Taymir population)
red knot (Nearctic population)
curlew sandpiper
white-rumped sandpiper
purple sandpiper

western sandpiper
pectoral sandpiper

little stint

red-necked stint

great knot

greenfinch

Arctic redpoll

great skua

pigeon guillemot

black guillemot
semipalmated plover
lesser snow goose
long-tailed duck/ oldsquaw
raven/ common raven
tundra swan/ whistling swan
little bunting

shore lark

spoon-billed sandpiper
peregrine falcon

gyrfalcon

Atlantic puffin

tufted puffin

horned puffin

Fulmaris glacialis
Gallinago gallinago
Gavia adamsii
Gavia arctica
Gavia immer
Gavia pacifica
Gavia stellata
Grus americana
Haematopus ostralegus
Hydrobates pelagicus
Lagopus lagopus
Lagopus mutus

L. m. hyperboreus
Larus argentatus
Larus canus
Larus fuscus
Larus glaucescens
Larus hyperboreus
Larus marinus
Larus ridibundus
Limnodromus scolopaceus
Limosa lapponica
Limosa limosa
Loxia spp.
Melanitta fusca
Melanitta nigra
Mergus merganser
Mergus serrator
Morus bassanus
Motacilla alba
Numenius borealis
Nyctea scandiaca
Oceanodroma leucorhoa
Oenanthe oenanthe
Pagophila eburnea
Parus caeruleus
Phalacrocorax aristotelis
Phalacrocorax carbo
Phalacrocorax pelagicus
Phalacrocorax perspicillatus
Phalaropus fulicarius
Phalaropus lobatus
Philomachus pugnax
Phylloscopus borealis
Phylloscopus inornatus
Pinguinus impennis
Plectrophenax nivalis
Pluvialis dominica
Pluvialis fulva
Pluvialis squatarola
Polysticta stelleri
Puffinus gravis
PLi[ﬁnu: griseus
Rhodostethia rosea
Rissa brevirostris
Rissa tridactyla
Somateria fisheri
Somateria mollissima
Somateria spectabilis
Stercorarius longicaudus
Stercorarius parasiticus
Sterna hirundo
Sterna paradisaea
Sula bassanus
Synthliboramphus antiquus
Tetrao urogallus
Tetrastes bonasia

Tringa erythropus

northern fulmar
common snipe
yellow-billed loon
Arctic loon

common loon/ great northern diver
Pacific loon
red-throated loon
whooping crane
Eurasian oystercatcher
European storm petrel
willow grouse
ptarmigan

Svalbard ptarmigan
herring gull

mew gull

lesser black-backed gull
glaucous-winged gull
glaucous gull

great black-backed gull
black-headed gull
Long-billed dowitcher
bar-tailed godwit
black-tailed godwit
crossbills

white-winged scoter/ velvet scoter
black scoter

common merganser
red-breasted merganser
northern gannet

white wagtail

Eskimo curlew

snowy owl

Leach’s storm-petrel
northern wheatear
ivory gull

blue tit

European shag

great cormorant
pelagic cormorant
Pallas’s cormorant

red phalarope/ grey phalarope
northern phalarope/ red-necked phalarope
ruff

Arctic warbler
yellow-browed warbler
great auk

snow bunting

lesser golden plover
Pacific golden plover
black-bellied plover
Steller’s eider

greater shearwater
sooty shearwater

Ross’ gull

red-legged kittiwake
black-legged kittiwake
spectacled eider
common eider

king eider

long-tailed jaeger
Arctic skua/ parasitic jacger
common tern

Arctic tern

northern gannet
ancient murrelet

wood grouse

hazel grouse

spotted redshank
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Tryngites subruficollis
Turdus iliacus

Turdus migratorius
Turdus pilaris

Uria aalge

Uria lomvia

Vanellus vanellus
Xema sabini

Fish

Abramis brama

Alosa spp.

Ammodytes americanus
Ammodytes dubius
Anarhichas lupus lupus
Anguilla anguilla
Arctogadus glacialis
Atheresthes stomias
Berryteuthis magister magister
Boreogadus saida

Brosme brosme
Catostomus spp.
Cetorhinus maximus
Chrosomus eos

Clupea harengus

Clupea pallasi

Coregonus albula
Coregonus artedi
Coregonus autumnalis
Coregonus clupeaformis
Coregonus lavaretus
Coregonus nasus
Coregonus pidschian
Coregonus sardinella
Cottus spp.

Cottus cognatus

Couesius plumbeus

Dallia spp.

Dicentrachus labrax
Eleginus gracilis
Engraulis mordax

Esox lucius

Gadus macrocephalus
Gadus morhua

Gadus ogac

Gasterosteus aculeatus
Glyptocephalus cynoglossus
Gymnocephalus cernuus
Haliotis rufuscens
Hemilepidotus jordani
Hiodon alosoides
Hippoglossoides elassodon
Hippaoglossoides platessoides
Hippaoglossoides robustus
Hippaglossus hippoglossus
Hippaoglossus stenolepis
Hypomesus olidus

Icelus spiniger

Ilex illecebrosus

Lamna ditropis
Lepidopsetta bilineata
Lepomis macrochirus
Leuciscus idus

Leuciscus leuciscus baicalensis
Limanda aspera

Lota lota

Mallotus villosus
Melanogrammus aeglefinus
Microgadus proximus
Micromesistius poutassou
Micropterus dolomieu
Mola mola

Molva molva
Myoxocephalus quadricornis
Noemacheilus barbatulus
Notidanus griseus
Notropis atherinoides
Oncorhynchus gorbuscha
Oncorhynchus keta
Oncorhynchus kisutch

buff-breasted sandpiper

redwing

American robin

fieldfare

common murre

Briinnich’s guillemot/ thick billed murre
northern lapwing

Sabine’s gull

carp bream

alewifes

sand lance

sand lance

wolffish

eel

Arctic cod
arrowtooth flounder
commander squid
Arctic cod/ polar cod
tusk

suckers

basking shark
northern redbelly dace
Atlantic herring
Pacific herring
vendace

lake cisco

Arctic cisco

lake whitefish
whitefish/ powan
broad whitefish
Siberian whitefish
least cisco

sculpins

slimy sculpin

lake chub
blackfishes

sea bass

saffron cod
northern anchovy
northern pike
Pacific cod

Atlantic cod
Greenland cod
threespine stickleback
witch

ruffe

abalone

yellow Irish lord
goldeye

flathead sole

long rough dab/ American plaice
northern flathead sole
halibut

Pacific halibut

pond smelt

thorny sculpin
squid

salmon shark

rock sole

bluegill

ide

common dace
yellowfin sole
burbot

capelin

haddock

Pacific tomcod

blue whiting
smallmouth bass
ocean sunfish

1ing

fourhorn sculpin
stone loach
bluntnose sixgill shark
emerald shiner

pink salmon

chum salmon

coho salmon

Oncorhynchus mykiss
Oncorhynchus nerka
Oncorhynchus tshawytscha
Osmerus mordax

Perca flavescens

Perca fluviatilis
Percopsis omiscomaycus
Petromyzon marinus
Pleurogrammus monoptergius
Pleuronectes asper
Pleuronectes bilineatus
Pleuronectes ferrugineus
Pleuronectes glacialis
Pleuronectes platessa
Pleuronectes quadrituberculatus
Pollachius virens
Prosopium cylindraceum
Psetta maxima
Pungitius pungitius
Reinhardtius hippoglossoides
Rutilus rutilus

Salmo gairdneri

Salmo salar

Salmo trutta

Salvelinus alpinus
Salvelinus confluentus
Salvelinus fontinalis
Salvelinus malma
Salvelinus namaycush
Sander lucioperca
Sander vitreus

Scomber japonicus
Scomber scombrus
Scomberesox saurus
Sebastes marinus
Sebastes mentella
Sebastes viviparus
Squalus acanthias
Stenodus leucichthys
Thaleichthys pacificus
Theragra chalcogramma
Thunnus thynnus
Thymallus arcticus
Trachurus trachurus

Xiphias gladius
Marine mammals

Balaena mysticetus
Balaenoptera acutorostrata
Balaenoptera borealis
Balaenoptera musculus
Balaenoptera physalus
Callorhinus ursinus
Cystophora cristata
Delphinapterus leucas
Enhydra lutris
Erignathus barbatus
Eschrichtius robustus
Eubalaena glacialis
Eubalaena japonica
Eumetopias jubatus
Globicephala melaena
Halichoerus grypus
Hydrodamalis gigas
Lagenorhynchus acutus
Lagenorhynchus albirostris
Megaptera novaeangliae
Monodon monoceros
Odobenus rosmarus

O. r. divergens

O. r. rosmarus
Orcinus orca
Phoca fasciata
Phoca groenlandica
Phoca hispida
Phoca largha
Phoca vitulina
Phocoena phocoena
Phocoenoides dalli
Physeter catodon

Arctic Climate Impact Assessment

rainbow trout
sockeye salmon
chinook salmon
smelt/ rainbow smelt
yellow perch
European perch
trout perch
lamprey

Atka mackerel
yellowfin sole
rock sole
flounder

Arctic flounder
plaice

Alaska plaice

coal fish/ saithe
round whitefish
turbot

ninespine stickleback
Greenland halibut
roach

rainbow trout
Atlantic salmon
brown trout
Arctic char

bull trout

brook trout
Char/ Dolly Varden
lake trout

zander

walleye

Pacific mackerel
Atlantic mackerel
Atlantic saury
redfish

redfish

redfish

spurdog

inconnu

culachon

pollock

northern bluefin tuna
Arctic grayling
horse mackerel
swordfish

Greenland right whale/ bowhead whale
minke whale

sei whale

blue whale

fin whale

northern fur seal

hooded seal

beluga whale/ white whale
sea otter

bearded seal

grey whale

right whales

North Pacific right whale
Steller sea lion

pilot whale

grey seal

Steller sea cow
white-sided dolphin
white-beaked dolphin
humpback whale
narwhal

walrus

Pacific walrus

Atlantic wlarus

killer whale

ribbon seal

harp seal

ringed seal

spotted seal

harbour seal

harbour porpoise

Dall’s porpoise/ Dahl’s porpoise
sperm whale
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Tursiops truncatus
Ursus maritimus

Terrestrial mammals

Alces alces
Alopex lagopus
Bison bison
Canis lupus
Castor canadensis
Cervus elaphus
Cervus nippon
Clethrionomys rufocanus
Clethrionomys rutilus
Coelodonta antiquitatis
Dicrostonyx groenlandicus
Dicrostonyx torquatus
Erethizon dorsatum
Gulo gulo
Lemmus lemmus
Lemmus sibiricus
Lepus americanus
Lepus arcticus
Lepus timidus
Lynx Iynx
Mammuthis primigenius
Martes zibellina
Megaloceros giganteus
Microtus abbreviatus
Microtus gregalis
Microtus middendorffi
Microtus oeconomus
Microtus rossiaemeridionalis
Moschus moschiferus
Mus musculus
Mustela erminea
Mustela vison
Mustela nivalis
Odocoileus hemionus
Ondatra zibethicus
Ovibos moschatus
Ovis canadensis dalli
Puma concolor
Rangifer tarandus

R. t. pearyi
Rattus norvegicus
Sorex spp.
Spermophilus parryii
Tamiasciurus hudsonicus
Ursus arctos
Ursus major

Vulpes vulpes
Lower Animals

Acyrthosiphon spp.
Agrilus anxius
Alopecosa hirtipes
Alvania

Apherusa glacialis
Asplanchna priodonta
Balanus balanoides
Balanus balanus
Bombus balteatus
Bombus cingulatus
Bombus hyperboreus
Bombus polaris
Bosmina Iongirostrix
Calanus finmarchicus
Calanus hyperboreus
Calanus glacialis
Calanus marshallae
Calliopidae

Cancer magister
Carabus truncaticollis
Ceriodaphnia quadrangula
Chaetozone setosa
Chiloxanthus pilosus
Chionoecetes bairdi
Chionoecetes opilio

Chlamys islandica

bottlenose dolphin

polar bear

moose

Arctic fox

buffalo

wolf

beaver

red deer

Sika deer
grey-sided vole
red-backed vole
woolly rhinocerous
collared lemming
Arctic lemming
porcupine
wolverine

Norway lemming
brown lemming
snowshoe hare
Arctic hare

hare/ mountain hare
lynx

mammoth

sable

giant deer/ Irish elk
insular vole
narrow-headed vole
Middendorf's vole
tundra vole

sibling vole

musk deer

house mouse
ermine

mink

least weasel

mule deer

muskrat

muskox

Dall sheep

cougar
caribou/reindeer
Peary caribou
Norway rat

shrews

ground squirrel
red squirrel

grizzly bear/ brown bear
brown bear

red fox

aphids

bronze birch borer
[spider]
[gastropod]
[amphipod]
[zooplankton]
[barnacle]
[barnacle]
[bumblebee]
[bumblebee]
[bumblebee]
[bumblebee]
[zooplankton]
[zooplankton]
[zooplankton]
[zooplankton]
[zooplankton]
[amphipod]
Dungeness crab
[ground beetle]
[water flea]
[polychaete]
[mite]

Tanner crab
snow crab
Iceland scallop

Chone paucibranchiata
Choristoneura fumi erana
Choristoneura pinus pinus
Chrysaora melamaster
Clossiana sp.

Cotesia jucunda
Curtonotus alpinus
Cyclops scutifer

Danaus plexippus
Daphnia longiremis
Daphnia middendorffiana
Daphnia pulex

Daphnia pulicaria
Daphnia umbra
Dendroctonus rufipennis
Dendrolimus sibiricus
Dioryctria reniculelloides
Dreissena polymorpha
Epirrita autumnata
Eucalanus bungii
Euphausia pacifica
Folsomia quadrioculata
Folsomia regularis
Folsomia sexoculata
Gammarus lacustris
Gammarus oceanicus
Gammarus setosus
Gammarus wilkitzkii

Gorgonocephalus caputmedusae

Gynaephora groenlandica
Harpinia spp.
Heterocope spp.
Hiatella arctica
Hormathia nodosa
Hypogastrura tullbergi
Hypogastrura viatica
Ips typographus
Janira maculosa
Lepidurus

Limacina helicina
Lithodes aequispina
Littorina saxatilis
Lymantria dispar
Lymnaea elodes
Macoma spp.
Malacosoma disstria
Maldane sarsi
Metridia longa
Metridia pacifica
Munna

Mya arenaria

Mya truncata

Mysis relicta

Mytilus edulis
Neocalanus spp.
Neodiprion sertifer
Onisimus spp.
Onychiurus arcticus
Onychiurus groenlandicus
Operophtera brumata
Ophiopholis aculeata
Pandalopsis dispar
Pandalus borealis

Pandalus goniurus
Pandalus jordani
Paragorgia arborea
Paralithodes camtschatica
Paralithodes camtschaticus
Parasyrphus tarsatus
Phyllocnistis populiella
Pristiphora erichsonii
Pterostichus costatus
Rana sylvatica

Rana temporaria
Scoloplos armiger

Spio filicornis
Spiochaetopterus typicus
Themisto libellula
Thyasira

Thysannessa inermis

[polychaete]
castern spruce budworm
jack pine budworm
[jellyfish]

fritillary butterfly
[parasitic wasp]
[ground beetle]
[cladoceran]
milkweed butterfly
[cladoceran]
[cladoceran]
[cladoceran]
[cladoceran]
[cladoceran]
spruce bark beetle
Siberian silkworm
spruce coneworm
zebra mussel
autumnal moth
[zooplankton]
[krill]
[collembolan]
[collembolan]
[collembolan]
freshwater shrimp
[amphipod]
[amphipod]
[amphipod]

[brittle star]
[moth]

amphipods
copepods

[bivalve]
[actinarian]
[collembolan]
[collembolan]
spruce engraver beetle
[isopod]

[benthic invertebrate]
[pteropod]

[crab]

[gastropod]

gypsy moth

[snail]

clams

forest tent caterpillar
[polychaete]
[zooplankton]
[zooplankton]
[isopod]

[clam]

[clam]

opossum shrimp
blue mussel
zooplankton
European pine sawﬂy
amphipods
[collembolan]
[collembolan]
winter moth
[isopod]

deepwater prawn

deepwater prawn/ deepwater shrimp/

northern shrimp
humpy shrimp
pandalid shrimp
red gorgonian
red king crab
king crab
[flower-fly]
aspen leaf miner
larch sawfly
[ground beetle]
wood frog
common frog
[polychacte]
[polychaete]
[polychacte]
[amphipod]
[bivalve]

[krill]
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Thysanoessa longicauda
Thysanoessa longipes
Thysanoessa raschii
Tipula carinifrons
Tonicella

Umingmakstrongylus pallikuukensis

Urticina eques
Vertagopus brevicaudus

Higher plants

Abies spp.
Abies sibirica
Allium schoenoprasum
Alnus spp.
Alnus fruticosa
Alopecurus alpinus
Andromeda polifolia
Arctophila fulva
Artemisia spp.
Betula ermanii
Betula exilis
Betula nana
Betula papyrifera
Betula pendula
Betula pubescens

B. p. czerepanovii
Calamagrostis lapponica
Calluna vulgaris
Cardamine pratensis
Carex aquatilis
Carex bigelowii
Carex bigelowii/ arctisibirica
Carex chordorrhiza
Carex duriuscula
Carex ensifolia
Carex lugens
Carex stans
Carex subspathacea
Carpinus spp.
Cassiope tetragona
Cerastium beeringianum
Cerastium regelii

Chrysosplenium alternifolium

Corallorrhiza spp.
Cortusa matthioli
Draba oblongata

Draba subcapitata
Dryas integrifolia
Dryas octopetala/punctata
Dupontia fisheri
Dupontia psilosantha
Empetrum hermaphroditum
Empetrum nigrum
Equisetum spp.
Eriophorum angustifolium
Eriophorum scheuchzeri
Eriophorum vaginatum
Eritrichium nanum
Euphrasia frigida
Fagus sylvatica

Galium densiflorum
Gentiana nivalis

Geum spp.
Helictotrichon krylovii
Juniperus communis
Kobresia spp.

Koenigia islandica
Lagotis minor

Larix cajanderi

Larix dahurica

Larix gmelinii

Larix laricina

Larix sibirica

Larix sukaczewii

Ledum spp.

Lemna spp.

Lupinus spp.

Luzula confusa
Menyanthes spp.
Oxycoccux spp.

muskox lungworm
[actinarian]
[collembolan]

firs

Siberian fir

wild chive
alders

alder

alpine foxtail
bog rosemary
pendant grass
sagebrushes
gold birch
dwarf birch
dwarf birch
paper birch
silver birch
downy birch
mountain birch
Lapland reedgrass
heather

cuckoo flower
water sedge
Bigelow’s sedge
[sedge]

creeping sedge
needleleaf sedge
[sedge]

[sedge]

water sedge
Hoppner’s sedge

hornbeams

white arctic mountain heather

Bering chickweed

Regel’s chickweed

alternate-leaved golden-saxifrage

coralroots
bear’s ear sanicle
Canadian arctic draba

Ellesmereland whitlowgrass

Arctic dryad
mountain avens
Fisher’s tundra grass
Fisher’s tundra grass
mountain crowberry
crowberry
horsetails

tall cottongrass
white cottongrass
cottongrass

alpine cushion plant
cold eyebright
beech

[herb]

snow gentian

avens

[herb]

creeping juniper
bog sedges

Iceland purslane
little weaselsnout
Cajander larch
Dahurian larch
Gmelin larch
tamarack

Siberian larch
Sukachev larch
Labrador teas
duckweeds

lupines

northern woodrush
bogbeans

cranberries

Oxyria digyna
Papaver polare
Pedicularis hirsuta
Phippsia algida
Phleum alpinum
Picea abies

Picea glauca

Picea mariana

Picea obovata

Picea sitchensis

Pinus contorta

Pinus pumila

Pinus sibirica

Pinus sylvestris

Poa abbreviata
Polygonum amphibium
Po])/gonum viviparum
Populus balsamifera
Populus tremula
Populus tremuloides
Populus trichocarpa
Potamageton spp.
Puccinellia phryganodes
Quercus spp.
Ranunculus glacialis
Ranunculus sabinei
Rhododendron spp.
Rubus chamaemorus
Salix arctica

Salix glauca

Salix herbacea

Salix lanata

Salix myrsinifolia
Salix myrsinites
Salix myrtilloides
Salix phylicifolia
Salix polaris

Salix pulchra

Salix reptans
Sanguisorba officinalis
Saxifraga caespitosa
Saxifraga cernua
Saxifraga hyperborea
Saxifraga nivalis
Saxifraga oppositifolia
Silene acaulis

Sorbus aucuparia
Taraxacum officinale
Tilia spp.

Vaccinium myrtillus
Vaccinium uliginosum

Vaccinium vitis-idaea
Lower plants

Achnanthes
Ahnfeltia plicata
Alaria esculenta
Arctocetraria nigricascens
Aulacomnium turgidum
Bryum cyclophyllum
Cetraria islandica
Cetrariella delisei
Cinclidium arcticum
Cladina
Cladina rangiferina
Cladonia
Cladonia arbuscula

C. a. mitis
Cladonia pyxidata
Cladonia uncialis
Climacium dendroides
Cyclotella
Dactylina madreporiformis
Dactylina ramulosa
Dicranoweisia crispula
Drepanocladus intermedius
Fragilaria
Fucus distichus
Hylocomium splendens
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Arctic sorrel
Arctic poppy

hairy lousewort
ice grass

alpine timothy
Norway spruce
white spruce

black spruce
Siberian spruce
Sitka spruce
lodgepole pine
Dwarf Siberian pine
Siberian stone pine
Scots pine
northern bluegrass
water smartweed
alpine bistort
balsam poplar
European aspen
aspen

black cottonwood
pondweeds
creeping alkaligrass
oaks

glacier buttercup
Sardinian buttercup
rhododendrons
cloudberry

arctic willow
glaucous willow
dwarf willow

hairy willow
dark-leaved willow
whortle-leaved willow
[willow]

tea-leaved willow
polar willow
tealeaf willow
[willow]

official burnet
tufted alpine saxifrage
nodding saxifrage
pygmy saxifrage
alpine saxifrage
purple saxifrage
moss campion
rowan

dandelion

lindens

blucberry/ bilberry

bog blueberry/ bog whortleberry/ bog

bilberry
lingonberry

[diatom]
[red algae
[kelp]
[lichen]
[moss]
[moss]
[lichen]
[lichen]
[moss]
[lichen]
[lichen]
[lichen]
[lichen]
[lichen]
[lichen]
[lichen]
[forest moss]
[diatom]
[lichen]
[lichen]
[moss]
[moss]
[diatom]
sea-tangle (seaweed)
[moss]
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Laminaria digitata
Laminaria saccharina
Laminaria solidungula
Orthothecium chryseon
Phacocystis pouchetii
Pleurozium shreberi
Pogonatum alpinum
Polytrichum commune
Polytrichum juniperinum
Psora decipiens

Ptilidium ciliare
Racomitrium Ianuginosum
Rhizoplaca melanophthalma
Rhytidiadelphus triquetrus
Seligeria polaris
Sphagnum fuscum
Stereocaulon paschale
Thamnolia subuliformis
Tomentypnum nitens
Tortula ruralis

Xanthoria candelaria
Xanthoria parietina

Misc. fungi/bacteria etc.

Alternaria
Archaeoglobus
Archaeoglobus fulgidus
Arthrobacter
Aspergillus
Azotobacter

Bacillus

Beijerinckia indica
Botrytis

Clostridium
Cortinarius
Cr)/pmcoccus laurentii
Exobasidium

Fusarium

Inocybe

Metarhizium
Metarhizium anisopliae
Methylocapsa
Methylocella
Microcoleus chthonoplastes
Mucor hiemalis

Nostoc spp.
Penicillium
Pseudomonas
Pyrococcus

Rhizopus
Thermococcus
Truncatella truncata

kelp]

kelp]

kelp]
moss|
flagellate]
forest moss|
bryophyte]
moss|
moss|
lichen]
liverwort]
moss|
lichen]
forest moss|
moss|
moss|
lichen]
lichen]
moss|
moss|
lichen]

[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[lichen]

fungus]
bacterium]
bacterium]
bacterium]
fungus]
bacterium]
bacterium]
bacterium]
fungus]
bacterium]
fungus]
yeast]
fungus]
fungus]
fungus]
fungus]
fungus]
bacterium]
bacterium]
cyanobacteria]
fungus]
cyanobacteria]
fungus]
bacterium]
bacterium]
fungus]
bacterium]
fungus]

[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
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Appendix E

Acronyms

ABL
ACIA
ACD
AEPS
AFI
AGCM
AMAP
AO

AO

AO*
AOGCM
ARCMIP

ATI
AVHRR
B-HCH
BOREAS
BP

C

CAFF
CCSR
cd
CDOM
CDQ

CFC
CGCM2

CH,
Chl-a
CMIP

CTM
D-O
DDT
DEWG
DIC
DMS
DO
DOC
DU

E
ECHAM4/0PYC3

ECMWEF

EEZ
ENSO
FAO

fco,

GCM

GDD

GDP

GEP
GFDL-R30_c

Gg
GHCN
GHG
GPS
GWP
H

H,

Atmospheric boundary layer
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Arctic Coastal Dynamics project

Arctic Environmental Protection Strategy
Air freezing index

Atmospheric general circulation model
Arctic Monitoring and Assessment Programme
Arctic Oscillation

Low AO index

High AO index

Atmosphere—ocean general circulation model
Arctic Regional Climate Model Intercomparison
Project

Air thawing index

Advanced Very High Resolution Radiometer
beta-Hexachlorocyclohexane

Boreal Ecosystem—Atmosphere Study

Before present

Carbon

Conservation of Arctic Flora and Fauna
Center for Climate System Research (Japan)
Cadmium

Colored dissolved organic matter
Community Development Quota program
(Alaska)

Chlorofluorocarbon

An AOGCM developed by the Canadian Centre
for Climate Modelling and Analysis

Methane

Chlorophyll-a

Coupled Model Intercomparison Project
Carbon monoxide

Carbon dioxide

Circumpolar Protected Area Network
Catch-Per-Unit-Effort

Climatic Research Unit (University of East Anglia,
UK)

An AOGCM developed by the National Center for
Atmospheric Research (USA)

Chemical transport model
Dansgaard-Oeschger
Dichlorodiphenyltrichloroethane

Denendeh Environmental Working Group
Dissolved inorganic carbon

Dimethyl sulfide

Dissolved oxygen

Dissolved organic carbon

Dobson unit

Evapotranspiration

An AOGCM developed by the Max Planck
Institute for Meteorology (Germany)
European Centre for Medium-range Weather
Forecasts

Exclusive economic zone

El Nifio—Southern Oscillation

United Nations Food and Agriculture
Organization

Fugacity of CO,

General circulation model

Growing degree-day

Gross domestic product

Gross ecosystem production

An AOGCM developed by the Geophysical Fluid
Dynamics Laboratory (USA)

Gigagram (10° grams)

Global Historical Climatology Network
Greenhouse gas

Global Positioning System

Global warming potential

Hydrogen

Molecular hydrogen

H,S
ha
HadCM3

HCB
HCH
H
!
Hg2+
IABP
IASC
IBA
IBP
ICC
ICES

IGBP
IPA
IPCC
ITEX
ITQ
IUCN
IWC
J

K

Kg
LGM
LIA
LP]

MDE
MeHg
MIP
MPI
mwe
MWP
My

N,0
NADW
NAFO
NAMMCO
NAO
NASA

NCAR
NCARP

NCEP

NDVI
NEAFC
NEP
NH

4
NIES

nm
NO,
NOAA

NPP
NRL
NSF
NWT

OUML

PAH
PAR

Hydrogen sulfide

Hectare

An AOGCM developed by the Hadley Centre for
Climate Prediction and Research (UK)
Hexachlorobenzene

Hexachlorocyclohexane

Mercury

Elemental mercury

Divalent mercury

International Arctic Buoy Programme
International Arctic Science Committee
Important Bird Area

International Biological Programme

Inuit Circumpolar Conference

International Council for the Exploration of the
Sea

International Geosphere—Biosphere Programme
International Permafrost Association
Intergovernmental Panel on Climate Change
International Tundra Experiment

Individual Transferable Quota system

World Conservation Union

International Whaling Commission

Joule

Potassium

Kilogram (10° grams)

Last glacial maximum

Little Ice Age

Lund-Potsdam-Jena dynamic global vegetation
model

Mercury depletion event

Methyl mercury

Model intercomparison project

Max Planck Institute for Meteorology (Germany)
Meter water equivalent

Medieval Warm Period

Million years

Nitrogen

Nitrous oxide

North Atlantic Deep Water

Northwest Atlantic Fisheries Organization
North Atlantic Marine Mammal Commission
North Atlantic Oscillation

National Aeronautics and Space Administration
(us)

National Center for Atmospheric Research (US)
Northern Cod Adjustment and Recovery Program
(Canada)

National Centers for Environmental Prediction of
NOAA

Normalized Difference Vegetation Index

North East Atlantic Fisheries Commission

Net ecosystem production

Ammonia

Ammonium

National Institute for Environmental Studies
(Japan)

Nautical mile

Nitrate

National Oceanic and Atmospheric Administration
(us)

Net primary production

Sami Reindeer Herders Association of Norway
National Science Foundation (US)

Northwest Territories (Canada)

Oxygen

Ocean upper mixed layer

Phosphorus

Precipitation

Polycyclic aromatic hydrocarbon
Photosynthetically active radiation
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Pb
PBDE
PCB
PCN

RH
RAF
RAIPON

RCM
RCS
RIMS
RIVM

THC

TOMS

TOPEX/
POSEIDON

uruc

ULAQ

UNCED

UNEP
uv
Uuv-A
uv-B
W
WMO
WWF
Zn
2DDT
2PCBs

Lead

Polybrominated diphenyl ether
Polychlorinated biphenyl
Polychlorinated naphthalene

Difference in partial pressure of CO, (e.g., across
the air—sea interface)

Pacific Decadal Oscillation

Precipitation minus evapotranspiration
Petagrams (10'° grams)

Particulate organic carbon

Persistent organic pollutant

Parts per million by volume

Polar stratospheric cloud
Polyunsaturated fatty acid

Runoff

Respiration, autotrophic

Respiration, ecosystem

Respiration, heterotrophic

Radiation amplification factor

Russian Association of Indigenous Peoples of the
North

Regional climate model

Regional (age) curve standardization
Rapid Integrated Monitoring System
National Institute for Public Health and the
Environment model

Remote underwater vehicle

Salinity

Solar backscatter ultraviolet

Surface Heat Budget of the Arctic Ocean
Sea-level pressure

Sulfur monoxide

Sulfur dioxide

Sulfur oxide

Special Report on Emissions Scenarios (by the
IPCC)

Sea surface temperature

Sverdrup (unit = 10° m*/s)

Solar zenith angle

Tonne

Total allowable catch

Traditional ecological knowledge
Teragrams (10'” grams)

Thermohaline circulation

Total Ozone Mapping Spectrometer
joint French/US altimeter satellite

University of Illinois at Urbana-Champaign (US)
Universita degli studi dell’ Aquila (Italy)

United Nations Conference on Environment and
Development

United Nations Environment Programme
Ultraviolet

Ultraviolet-A radiation (315400 nm)
Ultraviolet-B radiation (280—315 nm)

Watt

World Meteorological Organization

World Wide Fund for Nature

Zinc

Sum of DDT, DDD, and DDE (concentrations)
Sum of a number of individual polychlorinated
(PCB) congeners
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Glossary

Actinic flux
Radiation incident at a point, determined by integrating the spectral
irradiance over all directions of incident light (units = W/m?’/nm).

Action spectrum
A sensitivity function that describes the relative effectiveness of
energy at different wavelengths in determining a biological
response.

Active layer
The layer of ground that is subject to annual thawing and freezing in
areas underlain by permafrost.

Adaptive ability or capacity
The ability of an organism, an ecosystem, or a human system (com-
munity, culture, enterprise) to adapt to environmental change.

Albedo
The fraction of solar radiation reflected by a surface or object, often
expressed as a percentage. Snow covered surfaces have a high albe-
do; the albedo of soils ranges from high to low; vegetation covered
surfaces and oceans have a low albedo. The earth’s albedo varies
mainly through varying cloudiness, snow, ice, leaf area, and land
cover changes.

Allochthonous
Exogenous; originating outside and transported into a given system
or area.

Anadromous
An adjective describing fish that exhibit migratory behavior between
fresh and marine waters characterized by spawning (and in ice-cov-
ered arctic seas also by overwintering) in freshwater and summer
feeding in marine water.

Aquaculture
Breeding and rearing fish and shellfish, etc.

Aquifer
A stratum of permeable rock that bears water. An unconfined
aquifer is recharged directly by local rainfall, rivers, and lakes, and
the rate of recharge will be influenced by the permeability of the
overlying rocks and soils. A confined aquifer is characterized by an
overlying bed that is impermeable and the local rainfall does not
influence the aquifer.

Arctic
[See chapter 1, section 1.1, paragraph 4]

Athalassic
Used of waters or water bodies that have not had any connection to
the sea in geologically recent times, all ions in solution are thus
derived from the substratum or atmosphere.

Atmospheric boundary layer
The bottom layer of the troposphere that is in contact with the sur-
face of the earth. It is often turbulent and is capped by a statically
stable layer of air or temperature inversion. The atmospheric bound-
ary layer depth (i.e., the inversion height) is variable in time and
space, ranging from tens of meters in strongly statically stable situa-
tions, to several kilometers in convective conditions over deserts.

Benthic
Pertaining to the sea bed, river bed, or lake floor.

Biodiversity
The numbers and relative abundances of different genes (genetic
diversity), species, and ecosystems (communities) in a particular
area.

Biogeochemical cycle
The cyclical system through which a given chemical element is
transferred between biotic and abiotic parts of the biosphere.

Biota
All living organisms of an area; the flora and fauna considered as a
unit.

Bloom
A reproductive explosion of microscopic organisms in a lake, river,
or ocean.

Catadromous
An adjective describing fish which exhibit migratory behavior
between fresh and marine waters that is characterized by spawning
in marine waters and feeding and early rearing in freshwaters.

Climate
Climate in a narrow sense is usually defined as the “average weather”

or more rigorously as the statistical description in terms of the mean
and variability of relevant quantities over a period of time ranging
from months to thousands or millions of years. The classical period
is 30 years as defined by the WMO. These relevant quantities are
most often surface variables such as temperature, precipitation and
wind. Climate in a wider sense is the state, including a statistical
description, of the climate system.

Climate change
Climate change refers to a statistically significant variation in either
the mean state of the climate, or in its variability, persisting for an
extended period (typically decades or longer).

Climate feedback
An interaction between processes in the climate system, where the
result of an initial process triggers a second process that in turn
influences the initial one. A positive feedback intensifies the original
process, and a negative feedback reduces it.

Climatological baseline
A period of years representing the current climate, the latter being
understood as a statistical description in terms of the mean and vari-
ability over the period. A baseline period should: be representative
of the present-day or recent average climate in the region consid-
ered; be of sufficient duration to encompass a range of climatic vari-
ations; cover a period for which data on all major climatological
variables are abundant, adequately distributed in space, and readily
available; include data of sufficiently high quality for use in evaluat-
ing impacts; and be consistent or readily comparable with baseline
climatologies used in other impact assessments.

Co-management
A system for management of wildlife populations in which responsi-
bility is shared between the users of the resource and government
entities with legal authority for management of wildlife.

Conservation
The protection of environmental values associated with natural sys-
tems through planned management of natural resources to assure
their continued viability and availability for human appreciation and
use by preventing overexploitation, and protection from destruction
or neglect.

Conspecific
Belonging to the same species.

Contaminant
A substance that is not naturally present in the environment or is
present in unnatural concentrations that can, in sufficient concentra-
tion, result in potential negative effects on the health of humans,
other organisms, and ecosystems.

Continental shelf
A shallow submarine plain of varying width forming a border to a
continent and typically ending in a steep slope to the ocean abyss.

Cryosphere
The component of the climate system consisting of all snow, ice, and
permafrost on and beneath the surface of the earth and ocean.

Demersal
Living at or near the bottom of a sea or lake but
having the capacity for active swimming,

Diadromous
Migrating between fresh water and seawater.

Dose
Dose rate integrated over a time period of exposure (units = J/m?
(effective)).

Dose rate
Spectral irradiance weighted by a biological action spectrum
(units = W/m? (effective)).

Ecosystem
A system of interacting living organisms together with their physical
environment. The boundaries of what could be called an ecosystem
are somewhat arbitrary, depending on the focus of interest or study.
Thus the extent of an ecosystem could range from very small spatial
scales to, ultimately, the entire earth.

Ecosystem function
Ecosystem function includes carbon and nutrient cycling, soil
processes, controls of trace gas exchange processes, primary and
secondary productivity, and water and energy balance.
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Ecosystem services
Ecological processes or functions that have value to individuals or
society.

ECOSyStem structure
The spatial structure of an ecosystem, trophic interactions, and
community composition in terms of biodiversity.

Ecotone
A zone of transition from one major plant community to another.
For example, the forest—tundra ecotone in high northern latitudes is
a zone of patchy and often stunted tree growth intermixed with areas
of tundra.

Emissions scenario
A plausible representation of the future development of emissions of
substances that are potentially radiatively active (e.g., greenhouse
gases and aerosols), based on a coherent and internally consistent set
of assumptions about driving forces (such as demographic and socio-
economic development, technological change) and their key rela-
tionships.

ENSO
El Nifio in its original sense is a warm water current that periodical-
ly flows along the coast of Ecuador and Peru, disrupting the local
fishery. This oceanic event is associated with a fluctuation in the
intertropical surface pressure pattern and circulation in the Indian
and Pacific Oceans, called the Southern Oscillation. This coupled
atmospheric—oceanic phenomenon is collectively known as El Nifio—
Southern Oscillation, or ENSO.

Environment
The complex of climatic, edaphic, and biotic factors that act upon
an organism or an ecological community and ultimately determine
its form and survival. From the human perspective, also inclusive of
the aggregate of social and cultural conditions that influence the life
of an individual or community.

Erythema
Reddening of the skin. Commonly called sunburn, it is most effec-
tively caused by UV-B radiation.

Evapotranspiration
The combined process of evaporation (the process by which a liquid
becomes a gas) and transpiration (loss of water vapor from an
organism through a membrane or through pores).

Extant
Existing or living at the present time.

Extinction
The complete disappearance of an entire species.

Extirpation
The disappearance of a species from part of its range; local extinc-
tion.

Fast ice (or land-fast ice)
Fast ice (or land-fast ice) is immobilized for up to 10 months cach
year by coastal geometry or by grounded ice ridges (stamukhi).

Finite-difference model
A model based on finite-difference approximations — the differences
between the values of a function at two discrete points are used to
approximate the derivatives of the function. Same as grid-point
model.

Flux adjustment
To avoid the problem of coupled atmosphere—ocean general circula-
tion models drifting into some unrealistic climate state, adjustment
terms can be applied to the atmosphere—ocean fluxes of heat and
moisture (and sometimes the surface stresses resulting from the
effect of the wind on the ocean surface) before these fluxes are
imposed on the model ocean and atmosphere.

Food chain
A sequence of organisms on successive trophic levels within a com-
munity, through which energy is transferred by feeding; energy
enters the food chain during fixation by primary producers (mainly
green plants) and passes to herbivores (primary consumers) and
then to carnivores (secondary and tertiary consumers).

Food web
The network of interconnected food chains of a community.

Freshet
A rush of freshwater from rain or melted snow.

Gas hydrates or methane hydrates
In the presence of high concentrations of certain gases in the water,
at low temperatures and high pressures, gas hydrates can form (i.e.,
open-structured water ice hosting gases such as methane, carbon
dioxide or hydrogen sulphide). When the gas trapped in the icy
compound is methane, this is known as methane hydrate. Methane
hydrate is by far the most common naturally occurring gas hydrate.
Other gases, including larger hydrocarbons and carbon dioxide, also
form hydrate compounds.

Giardiasis
An infection caused by the parasite Giardia lamblia.

Arctic Climate Impact Assessment

Greenhouse gases
Greenhouse gases are those gaseous constituents of the atmosphere,
both natural and anthropogenic, that absorb and emit radiation at
specific wavelengths within the spectrum of infrared radiation emit-
ted by the earth’s surface, atmosphere, and clouds. This property
causes the greenhouse effect. Water vapor, carbon dioxide, nitrous
oxide, methane, and ozone are the primary greenhouse gases in the
carth’s atmosphere. A major proportion of these gases derive from
past and present life processes on the earth, including decomposi-
tion of organic matter, respiration of plants and animals, burning of
forests and other plant material, and burning of coal, oil,
and other fossil fuels.

Halocline
A zone of marked salinity gradient.

Indigenous people
People whose ancestors inhabited a place or a country when persons
from another culture or ethnic background arrived on the scene and
dominated them through conquest, settlement, or other means and
who today live in more conformity with their own social, economic,
and cultural customs and traditions than those of the country of
which they now form a part. Such people are often referred to in
the Arctic as “aboriginal”, “Native”, “first nations”, or “tribal”.

Irradiance
Radiant power per unit area (units = W/m?).

Native
Official legal term used in Alaska for indigenous people as a result of
wording in the Alaska Native Claims Settlement Act of 1971.

Net ecosystem production
Net gain or loss of carbon from an ecosystem. Net ecosystem pro-
duction is equal to the gross primary production (carbon fixed by
plants through the process of photosynthesis) minus the carbon lost
through heterotrophic respiration.

Net primary production
The increase in plant biomass or carbon of a unit of a landscape.
Net primary production is equal to the gross primary production
(carbon fixed by plants through the process of photosynthesis)
minus carbon lost through autotrophic respiration.

Nival
Pertaining to snow.

North Atlantic Oscillation
The North Atlantic Oscillation consists of opposing variations of baro-
metric pressure near Iceland and near the Azores. On average, a west-
erly current between the Icelandic low pressure area and the Azores
high pressure area carries cyclones and their associated frontal sys-
tems towards Europe. However, the pressure difference between
Iceland and the Azores fluctuates on timescales of days to decades,
and can be reversed at times. It is the dominant mode of winter cli-
mate variability in the North Atlantic region, ranging from central
North America to Europe.

Northeast Passage (Northern Sea Route)
The route of potential ship transit through the Arctic Ocean north
of Eurasia between the Barents and Bering Seas.

Northwest Passage
The route of potential ship transit north of North America between
the Labrador and Bering Seas.

Nunatak
A mountain peak or rocky outcrop projecting above an ice cap.

Ocean outfall
A discharge pipe used for the final disposal of wastewater extending
from a wastewater treatment works to the point of discharge in
marine waters.

Ontogenetic migration
The occupation by an animal of different habitats at different stages
of development.

Ozone layer
The stratosphere contains a layer in which the concentration of
ozone is greatest, the so-called ozone layer. The layer extends from
about 12 to 40 km. The ozone concentration reaches a maximum
between 20 and 25 km. This layer is being depleted by human emis-
sions of chlorine and bromine compounds. These compounds inter-
act photochemically with the ozone to allow increased ultraviolet-B
radiation to reach the earth’s surface.

Pack ice
Ice formed on oceanic surfaces in polar regions, often encompassing
ice bergs derived from calving of glaciers as glaciers enter the sea
from land.

Paludification
The process of bog expansion.

Parameterization
In climate models, this term refers to the technique of representing
processes that cannot be explicitly resolved at the spatial or tempo-
ral resolution of the model (sub-grid scale processes) by relation-
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ships between the area- or time-averaged effect of such sub-grid-
scale processes and the larger scale flow.

Pathogen
A microbiological agent capable of causing disease.

Pelagic
Pertaining to the water column of the sea or lake; used of organisms
inhabiting the open waters of an ocean or lake.

Permafrost
Ground (soil or rock and included ice and organic material) that
remains at or below 0 °C for at least two consecutive years.

Phenology
The study of seasonal changes in plant and animal life and the rela-
tionships of these changes to weather and climate.

Phenotypic responses
Changes in the physical expression of a characteristic of an organism
when experiencing a change in the environment and without genetic
change.

Photokeratitis
Sunburn of the cornea resulting from overexposure to UV-B radia-
tion that is usually reversible. It can occur after long periods on the
snow, especially on bright, clear, sunny days, without adequate eye
protection. It can be very painful for a couple of days and can result
in transitory loss of vision.

Photoperiod
The relative lengths of seasonally alternating periods of lightness and
darkness in the 24 hour day that affect the growth, activity, and
reproductive timing in organisms.

Phytoplankton
The plant forms of plankton. Phytoplankton are the dominant plants
in the sea, and are the basis of the entire marine food web. These
single-celled organisms are the principal agents for photosynthetic
carbon fixation in the ocean.

Piscivorous
Feeding on fish.

Pit privy (outhouse)
A structure that receives urine and excrement that is not water-
borne; and is the final disposal site and not a temporary storage
facility.

Planktivorous
Feeding on planktonic organisms.

Polar stratospheric clouds
Clouds that form at extremely low temperatures (below 195 K) in
the stratosphere, mostly in the polar regions, and play a role in
ozone depletion chemistry.

Polynya
A Russian term meaning an area of open water, possibly containing
some thin ice, within the ice pack. A polynya is distinguished from a
lead by being a broad opening rather than a long, narrow fracture.

Post and pad foundation
A building foundation system constructed with posts for vertical
support and pads on the ground to distribute the load of each verti-
cal support.

Prognostic variable
A variable that is described by an equation that contains a time
derivative of this variable (a differential equation), and therefore its
value can be determined at a later time when the other terms in the
equation are known.

Proxy climate data
A proxy climate indicator is a local record that is interpreted, using
physical and biophysical principles, to represent some combination
of climate-related variations back in time. Climate-related data
derived in this way are referred to as proxy data. Examples of prox-
ies are tree ring records and various data derived from ice cores.

Quasi-biennial oscillation
An oscillation in the zonal winds of the equatorial stratosphere hav-
ing a period that fluctuates between about 24 and 30 months. This
oscillation is a manifestation of a downward propagation of winds
with alternating sign. This phenomenon is sometimes referred to as
the stratospheric quasi-biennial oscillation to distinguish it from
other atmospheric features that also have spectral peaks near two
years.

Refugium
An area that has escaped major climatic changes typical of a region
as a whole and acts as a refuge for biota previously more widely dis-
tributed; an isolated habitat that retains the environmental condi-
tions that were once widespread.

Regime shift
A rapid change in regional climate.

Resilience
Synonymous with “adaptive ability”, or the ability of a system to
undergo change without changing its state or identity.

1041

Ruderal
Inhabiting disturbed sites.

Runoff
The water from rain or melted snow that travels over the ground
surface.

Saline wedge
A salt-water layer flowing below a lower density freshwater layer
that tends to form the shape of a wedge as it intrudes into a river
system.

Species adaptation
Characteristics of an organism that have been selected by specific
selection pressures exerted by other organisms or the physical envi-
ronment and that have lead to a new genetic constitution.

Spectral irradiance
Radiant power per unit area (units = W/m?/nm).

Spectral model
A model in which the prognostic field variables are represented as
sums of a finite set of spectral modes rather than being given at grid
points. The spectral modes may be Fourier modes in the one-dimen-
sional case or double Fourier modes or spherical harmonics in the
two-dimensional case. One advantage of a spectral model is that
horizontal derivatives can be calculated exactly for the spectral
modes represented in the model. Spectral models are, in general,
computationally more efficient than a grid-point model with an
equivalent resolution.

Stamukhi zone
The zone of heavily broken ice which marks the contact between
land-fast ice and the moving pack-ice zones.

Stenothermal
A tolerance of a narrow range of environmental temperatures.

Storm surge
A temporary increase, at a particular locality, in the height of the sea
due to extreme meteorological conditions (low atmospheric pres-
sure and/or strong winds). The storm surge is defined as being the
excess above the level expected from the tidal variation alone at that
time and place.

Subpermafrost
Located beneath the permafrost.

Subsistence activity
An aspect of human existence involving derivation of food and other
needs directly from the locally available natural resources.

Sustainability
The ability of a natural system (e.g., ecosystem, plant community,
population of organisms) or a human-generated system (e.g., com-
munity, economy, culture) to maintain itself over time. Often used
in reference to the ability of a renewable natural resource to yield a
stable annual harvest over time.

Taiga
Russian term for the boreal or northern coniferous forest biome;
the ecosystem adjacent to the arctic tundra.

Talik
A layer or body of unfrozen ground occurring in a permafrost area
due to a local anomaly in thermal, hydrological, hydrogeological, or
hydrochemical conditions.

Thermocline
A boundary region in water bodies (lakes or oceans) between two
layers of water of different temperature, in which temperature
changes sharply with depth.

Thermohaline circulation
Large-scale density-driven circulation in the ocean, caused by differ-
ences in temperature and salinity. In the north Atlantic, the thermo-
haline circulation consists of warm surface water flowing northward
and cold deepwater flowing southward, resulting in a net poleward
transport of heat. The surface water sinks in highly restricted sinking
regions located in high latitudes.

Thermokarst
Irregular, hummocky topography in frozen ground caused by melt-
ing of ice.

Traditional knowledge
The accumulated knowledge of indigenous peoples about the envi-
ronment in which they live that has been passed on via the elders of
a community.

Trophic levels
The sequence of steps in a food chain; from producer to primary,
secondary, or tertiary consumer.

Tundra
A type of ecosystem dominated by lichens, mosses, grasses, and
dwarf woody plants. Tundra is found at high latitudes (arctic tundra)
and high altitudes (alpine tundra). Arctic tundra is underlain by per-
mafrost and is usually saturated.

Urocanic acid
A photoreceptor for the induction of UV immune suppression.
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Uuv-A
The longest UV wavelengths (315400 nm). Atmospheric gases
absorb little UV-A radiation, so most reaches the earth’s surface.

uv-B
Solar radiation within a wavelength range of 280—315 nm, the
greater part of which is absorbed by stratospheric ozone. Enhanced
UV-B radiation suppresses the immune system and can have other
adverse effects on living organisms.

uv-C
The shortest UV wavelengths (100-280 nm). UV-C radiation is
almost entirely absorbed by atmospheric oxygen and ozone.

UV index
A number reflecting the daily risk of overexposure (sunburning) to
sunlight. Measured on a scale of 0 to >10, where 0 indicates mini-
mal exposure and >10 indicates high to very high risk.

UV-induced immune suppression
A change in cell-mediated immunity induced by UV-B radiation. The
result of UV-induced immune suppression is the production of regu-
latory T-cells (suppressor cells) as opposed to effector (antigen-
attacking) T-cells.

Varve
A layer of sediment deposited in a lake during the course of a single
year.

Vernal
Pertaining to the spring.

Wastewater
Waterborne human wastes or graywater derived from dwellings,
commercial buildings, institutions, or similar structures; “waste-
water” includes the contents of individual removable containers used
to collect and temporarily store human wastes.

Weather
State of the atmosphere with regard to temperature, precipitation,
wind, and degree of cloud cover.

Zooplankton
The animal forms of plankton. They consume phytoplankton or
other zooplankton.

8180
An expression for the ratio of the 'O to '°O atoms (stable isotopes
of oxygen) in a sample relative to a standard, used as an indicator of
temperature change over time, and defined as: 3180 = (80/'°0
sample - *O/130 standard)/('¥0/'°O standard).
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