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Preface

This book addresses the significant environmental changes experienced by
high latitude and high altitude ecosystems at the beginning of the 21st cen-
tury. Increased temperatures and precipitation, reduction in sea ice and
glacier ice, the increased levels of UV-radiation and the long-range trans-
ported contaminants in arctic and alpine regions are stress factors that
challenge terrestrial and aquatic ecosystems. The large natural variation in
the physical parameters of these extreme environments is a key factor in
structuring the biodiversity and biotic productivity, and the effect of the
new stress factors can be critical for the population structures and the in-
teraction between species. These changes may also have socio-economic
effects if the changes affect the bio-production, which form the basis for
the marine and terrestrial food chains.

The book is uniquely multidisciplinary and provides examples of vari-
ous aspects of contemporary environmental change in arctic and alpine re-
gions. The 21 chapters of the book are organised under the fields of
*Climate change and ecosystem response, sLong range transport of pollut-
ants and ecological impacts, and «UV radiation and biological effects, each
also including aspects of the Socio-economic effects of environmental
change. The introductory chapter presents and explains the internal con-
nection and integration of all chapters. The added value of these reviews
and review-like manuscripts from different disciplines hopefully yields
new information about the integrated aspects of environmental change.

The chapters are written on the basis of manuscripts presented at the in-
ternational conference on “Arctic Alpine Ecosystems and People in a
Changing Environment”, organized in Tromsg, Norway in February 2003.
The conference was multidisciplinary in scope, aiming at creating new
links and understandings across disciplinary boundaries and among re-
searchers and research infrastructures, inviting the international marine,
terrestrial and atmospheric environmental change research communities to
meet and exchange recent research and monitoring results. The emphasis
was on the European arctic and alpine environments. The conference was
organized as a EURO-CONFERENCE supported by the European Com-
mission. It also served as the final conference of the European Network for
Arctic-Alpine Multidisciplinary Environmental Research (ENVINET), the
final conference of the Nordic Arctic Research Programme (NARP), the
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last user meeting of the Ny-Alesund Large Scale Facility, the first confer-
ence of the Arctic Seas Consortium and the final workshop of the EU-
project UVAC (The influence of UV-radiation and climate conditions on
fish stocks).

The following organizations are acknowledged for their financial sup-
port of the conference and the preparation of this book:
*EUROCONFERENCE: High Level Scientific Conferences, European
Commission IHP-programme, Contract HPCF-CT-2002-00238,
*ENVINET: European Network for Arctic-Alpine Multidisciplinary Envi-
ronmental Research, European Commission IHP-programme, Contract
HPRI-CT-1999-40009. +NARP: Nordic Arctic Research Programme, Nor-
dic Council of Ministers, sNy-Alesund LSF: Ny-Alesund Large Scale Fa-
cility for Arctic Environmental Research, European Commission IHP-
programme, Contract HPRI-CT-1999-00057, *UVAC: The influence of
UV-radiation and climate conditions on fish stocks: A case study of the
north-east Arctic cod, European Commission Environment-programme,
Contract EVK3-CT-1999-00012, *Norwegian Ministry of Environment,
*The University of Tromsg, including the Department of Political Science
and the Norwegian College of Fishery Science, eInstitute of Marine Re-
search, Tromsg and the <Polar Environmental Centre, Tromsg, including
the Norwegian Polar Institute, Norwegian Institute for Nature Research
and Norwegian Institute of Air Research.

The editors wish to thank all authors and co-authors for their valuable
set of complementary and multidisciplinary chapters, which together hope-
fully will add value to the reflection of the integrated scientific questions
and environmental challenges faced by arctic-alpine environments. We
would also like to thank the many reviewers that have provided valuable
comments and advice to all manuscripts, as well as Mrs. Ingrid Storhaug
for her very competent assistance in editing this volume.

Tromsg 2005, on behalf of the editors
Jon Barre @rbak, Norwegian Polar Institute
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1 Integrated aspects of environmental change:
Climate change, UV radiation and long range
transport of pollutants

J.B. @rbak?, R. Kallenborn?, I. Tombre®, E.N. Hegseth®, S. Falk-Petersen®
and A.H. Hoel®

'Norwegian Polar Institute, Polar Environmental Centre, N-9296 Tromsg,
Norway, 2Norwegian Institute for Air Research, Polar Environmental Cen-
tre, N-9296 Tromsg, Norway, 3Norwegian Institute for Nature Research,
Polar Environmental Centre, N-9296 Tromsg, Norway, “Norwegian Col-
lege for Fishery Science, University of Tromsg, Breivika, N-9037 Tromsg,
Norway, *Department of Political Science, University of Tromsg, N-9037
Tromsg, Norway, e-mail: jonbo@npolar.no

1.1 Introduction

Global warming, changes in climate variability, long-range transport of
pollutants, and reduced stratospheric ozone, represent increasing
challenges to the arctic and alpine ecosystems. Forced by natural and an-
thropogenic variability, these key environmental factors are amplified in
polar (high latitude) and alpine (high altitude) environments. Climate
change and ecosystem impact studies involve a number of different and re-
lated forcing factors and interaction processes in the atmospheric, terres-
trial and marine environments. They represent multiple stress factors that
add to harsh environments with large natural variability, and the changes
are also connected through natural links and feedback processes.

The integrated physical and biological effects and interactions on ma-
rine and terrestrial ecosystems are complex to understand. UV radiation
and its ecosystem effects are shaped by a number of physical parameters in
the atmospheric, terrestrial and marine environments which contribute to
its total biological impact. And so is true also for the long range trans-
ported pollutants. Their transport into the physical and biological environ-
ments, involve a number of pathways as well as physical, chemical and
biochemical transformation processes. Their impact on ecosystems and
humans are complex and cannot be treated in isolation. This introductory
chapter provides a framework for the integration of the individual chapters
of this book.
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1.2 Climate change and ecosystem response

The arctic and alpine areas of Northwest Europe are especially sensitive to
climate perturbations, due to the strong influence by the North Atlantic
oceanic and atmospheric heat advection processes. As discussed by Fure-
vik et al. (Chap. 8), abrupt climate changes with ~10°C temperature varia-
tions over just a few decades occurred during the period of the last glacial
maximum, with the termination of the Younger Dryas 11 600 years ago
(Dansgaard et al., 1989) representing the last major climate perturbation in
the region. They argue that observational evidence suggests that such
abrupt changes in climate may be explained by sudden switches in the
strength or positioning of the warm and saline Atlantic waters (AW) flow-
ing into the Nordic Seas, forced by increased freshwater discharges mak-
ing the surface waters fresh enough to inhibit the deepwater formation
(Clark et al., 2001). It is therefore not unlikely that the current global
warming trends, with enhanced melting of glacier ice and a general inten-
sified hydrological cycle, may in a similar way influence the thermohaline
circulation in the North Atlantic and contribute to a destabilization of the
stable climate experienced since the last glacial period.

Scientific scenarios suggest that the Arctic temperatures increase almost
twice as fast as average global warming (ACIA 2004). Increased summer
temperatures leads to more effective ablation. While European alpine gla-
ciers are receding quickly (Beniston et al. 2003), the mass balance of Arc-
tic glaciers show a larger regional variation and variable response (Arendt
et al., 2002; Lefeauconnier et al., 1999). The extent of summer melt of the
Greenland ice sheet has significantly increased during the past 20 years or
so (Steffen et al., 2002). Seasonal snow cover is reduced with increasing
length of growing seasons (Hggda et al., Chap. 5), and the continued melt
may induce large regional shifts in animal and plant distribution (Crawford
and Jeffree, Chap. 6). According to Nuttall (Chap. 2), the results of scien-
tific research and the observations from indigenous peoples suggest that
the current climate changes are more pronounced in the Arctic than in any
other region of the world (ACIA 2004).

Hansen-Bauer (Chap. 3) provides a review of the climate trends in the
European Arctic during the 20™ century and provides scenarios of future
change. Large changes are seen in the climate records, of which the annual
mean precipitation is the most pronounced with significant increase in
large parts of the European Arctic. A positive warming trend in tempera-
ture is also evident but less significant, due to the large natural variability
in this region. According to Hansen-Bauer (Chap. 3), the recent warming
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Fig. 1.1. North Atlantic Oscillation (NAO) Winter Index 1864-2003. Data pro-
vided by the Climate Analysis Section, NCAR, Boulder, USA, Hurrell (1995).

trend is associated with a positive North Atlantic Oscillation index

(NAO, Hurrell 1995) and is evident during the last decades of the 20™ cen-
tury (see Fig. 1.1). This is especially emphasised in central and especially
in eastern parts of the European Arctic, probably at least partly triggered
by antropogenic forcing of the climate system.

According to Hansen-Bauer (Chap. 3), the Global Climate Models
(AOGCMs) show rather different results for the projected changes in at-
mospheric circulation patterns and do not in general show the observed
positive trend in the NAO. However, they project larger warming and pre-
cipitation increase in the Arctic than for the global average, with large pro-
jected reduction in summer sea-ice during for the 21% century. These pro-
jected changes are mainly in conformity with observed changes in
temperature and sea-ice concentration during the last decades (Johannes-
sen et al. 2004).

Arctic and alpine lake communities are well suited for studying ecologi-
cal impacts of climate change, due to their simple structure, sensitivity to
variation in ice and snow cover, and the availability of paleolimnological
records. According to Primicerio et al. (Chap. 4), the ice phenology is an
important driver of a number of ecological parameters for lake biota.
Longer ice-free productive periods, induced by climate warming
(Magnuson et al. 2000), prolong the seasonal activity of community mem-
bers with expected increase in production. They claim that the seasonal
dynamics of plankton and benthos is likely to change, leading to composi-
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tional and structural changes in plankton and benthos as well as the popu-
lation and community structure of fish.

As for ice and aquatic environments, regional climate change impacts
on snow melt and its distribution also significantly affects the length of the
growing season. Hggda et al. (Chap. 5) have used the NOAA AVHRR
GIMMS NDVI satellite dataset for the last two decades, producing maps
for Fennoscandia that define the start and end of the growing season. Their
results show that the estimated onset of spring is closely correlation with
ground data on the onset of leafing of birch, with high regional differences.
In the southern part of Fennoscandia, and on the oceanic west coast of
Norway, the earlier spring fits with the pattern for western and central
Europe. However, for the mountaineous areas in southern Norway and in
the continental parts of northern Fennoscandia, the results indicate a stable
or even a slightly delayed trend. Combined with the autumn trends, they
find that the growing season is prolonged for the whole area, except the
northern continental parts of Fennoscandia.

The tolerance of Arctic and alpine ecosystems to such climate changes
can be studied by looking at the geographical limits of plant survival.
Crawford et al. (Chap. 6) combine a map-modelling system that is sensi-
tive to changing meteorological data, with comprehensive knowledge of
the many interactions between physiology and environment, in their inter-
pretation of plant distribution maps and the relating changing climates to
species occurrence. They demonstrate that many species of woody plants
of northern distribution have not only northern and southern limits to their
distribution, but are restricted also in their east-west dispersal. Their prob-
ability models suggest that for some species, the migration patterns are
also sensitive to existing temperature seasonality, and that the seasonality
gradients may present barriers to the migration notwithstanding overall
warming.

As plant distribution maps may connect large scale climate variability
trends with ecosystem effects, similar variability can also be found on
much smaller scales. Topography and the potentially large variability in
the physical environmental parameters create a mosaic of microclimatic
conditions at landscape scales. According to Armbruster et al. (Chap. 7),
the variability in physical conditions, surface inhomogenities and radiation
loads are important because all terrestrial biotic response to climate change
is mediated by the local microclimate experienced by the organism. They
argue that on the scale of meters, the spatial variability in temperature can
be of the same order (>2°C) as the estimate of the global warming ex-
pected to result from a future doubling of atmospheric CO2 (Houghton et
al., 2001), or comparable to moving more than 400 m in elevation or 450
km in latitude. Classical physical climate parameters may therefore not be
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representative in topographically complex areas and in the high Arctic,
where spatial rearrangements of indigenous species with different thermal
requirements may in fact be a more prominent biotic response to climate
warming than immigration of new species from other regions.

Marine related climate processes significantly force what happens in the
atmosphere. Furevik et al. (Chap. 8) focus on the inflow of Atlantic Water
(AW) to the Nordic Seas, its pathways and transformation within the Nor-
dic Seas and the Arctic Ocean. These waters are of vital importance for the
marine climate, water mass transformation and biomass production in the
Nordic Seas. Together with the north-eastward heat flow transport with the
numerous North Atlantic cyclones, this heat flow associated with the AW
is responsible for the mild and favourable climate of northwest Europe.

The Nordic Seas are also a key area for the conversion of light surface
water to dense deep waters, representing the Atlantic meridional overturn-
ing circulation (AMOC), or the Atlantic part of the “great conveyor belt”
(Broecker, 1991). According to Furevik et al. (Chap. 8), most AOGCMs
participating in the third assessment report of the Intergovernmental Panel
of Climate Change suggested a 30-40% reduction in the strength of the
AMOC during this century (Houghton et al., 2001).

Such dynamical patterns in the inflow of AW to the Arctic are of fun-
damental importance for Arctic primary production. Falk-Petersen et al.
(Chap. 9) postulate that a warmer climate with reduced ice cover will shift
zooplankton community structures towards a smaller size spectrum and
with lower energy content per individual. This will also lower the potential
for seasonal accumulation of lipid stores in their predators such as special-
ised seabirds. They claim that these effects are based on the very special-
ized process where carbon fixed photosynthetically in algal blooms is con-
verted into high-energy lipid (oil) reserves by the major Arctic herbivores,
a process which varies on all time scales during the Arctic summer, from
days to decades and longer due to the variability in sea ice conditions. This
lipid-based energy flux, increasing the lipid level from 10-20% of dry
mass in phytoplankton to 50 to 70% in herbivorous zooplankton and ice-
associated fauna, is probably one of the most fundamental specialisations
in Arctic bioproduction (Falk-Petersen et al., 1990). It is therefore also the
primary reason for the large stocks of fish and mammals in Polar waters
and a key factor in the structuring the biodiversity of Arctic ecosystems.

Such changes in the marine environment and its exploitable resources
can have a large impact on social systems. Drawing on recent research
from the Arctic Climate Impact Assessment (ACIA 2004) in particular,
Nuttall (Chap. 2) provides a brief assessment of climate change impacts on
the local livelihoods and traditional resource use practices of arctic indige-
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nous peoples. Rasmussen et al. (Chap. 10) discuss how social changes in
Greenland have been heavily influenced by the environmental conditions,
and how the social transformations reflect the interaction between different
responses to the variations in the natural resource base. Such studies are
important for our total understanding of living conditions for people and
ecosystems in a changing environment.

1.3 UV radiation and biological effects

Atmospheric UV radiation has potential harmful effects on humans and
ecosystems. The depletion of stratospheric ozone observed over the last
two decades in the Arctic (Muller et al. 1997; Rex et al. 1997), as well as
over parts of Europe (WMO 2003), is of serious concern, since this may
lead to an increase in ambient UV radiation. Surface UVB radiation (280-
315nm) may induce a wide range of harmful effects on humans (skin can-
cer, cataracts, suppression of the immune system) and on ecosystems by
decreasing biomass and crop yields, growth conditions and algal distribu-
tion patterns in unique marine ecosystems ((UNEP 1999, Wiencke et al.
2000). The Vienna Convention (1985) and the Montreal protocol (1987)
have successfully led to reduced production and emissions of ozone de-
pleting substances, leading to an expected slow recovery of the ozone layer
over the next century (UNEP 2003).

The link between atmospheric ozone and UV radiation is often referred
to by Radiation Amplification Factors (Blumthaler et al., 1995), showing
that the erythemally weighted UV radiation increases by about 1.1% when
ozone decrease by 1%. However, due to its major dependence on other at-
mospheric and surface related parameters that are also highly variable,
trends and future UV levels are difficult to identify. According to Blum-
thaler (Chap. 11), long term measurements of UVB radiation show a slight
increase of a few percent per decade in the 80's and early 90's, most pro-
nounced at high northern latitudes during spring. However, from their 20
years of measurements at a high alpine station, where the variability of UV
irradiance under cloudless conditions is dominated by ozone and albedo
variations, no significant increase was found.

Surface UV radiation is determined mainly by cloud cover, solar zenith
angle, ozone and aerosols. In arctic and alpine environments, altitude and
surface albedo are also significant. Blumthaler (Chap. 11) has derived
guantitative relations between these parameters and the levels of UV radia-
tion, showing that cloud cover, solar zenith angle, aerosols, altitude, and
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surface albedo significantly alter the surface UV radiation by the same or-
der of magnitudes as can be the result of ozone variations.

These complex interaction patterns between atmospheric and surface pa-
rameters responsible for shaping the surface UV spectrum are important
when assessing its ecosystem effects. Plants are expected to be vulnerable
to UVB radiation, and according to Nybakken (Chap. 12), a large number
of studies has been carried out at all levels of effects, from cellular investi-
gations to large projects concerning the effects on entire ecosystems. Fo-
cussing on the possible negative effects of increased UVB radiation and
the UV absorbing pigments of plants of both arctic and alpine origin, she
contributes to this under-investigated field with only a few previous UVB
response studies carried out on plants from arctic and alpine areas, as well
as studies conducted in the field or with plants growing in their natural
ecosystems (Caldwell et al. 1998). The analysis of screening pigments in a
number of arctic and alpine plants agrees well with numerous field and
growth chamber studies that show that the increased concentration of phe-
nolic compounds in higher plants is a common response to UVB radiation
(Searles et al. 2001).

The arctic and alpine environments also contain a range of waterbodies.
In addition to the atmospheric parameters, a number of physiochemical
and biological parameters are responsible for shaping the underwater UV
spectrum (Drbaek et al., 2002). Hessen (Chap. 13) focuses on observed and
potential effects of UV radiation for the inhabitants of arctic and alpine
freshwater ecosystems, as well as the various abiotic challenges that may
be superimposed on the UV stress. He claims that the numerous small,
shallow and transparent tundra ponds in high arctic localities may support
a substantial benthic production, despite a scarcity or absence of benthic
macrophytes and fish, with often dense populations of large-sized species
of crustaceans. On the other hand, the few deeper (>3m) and larger lakes
in the Arctic, which resembles the typically deep and oligotrophic alpine
lakes, do not freeze to the bottom and may house populations of fish. In
these ecosystems, short wave solar radiation may negatively affect both
primary and secondary production. Whereas UV radiation is considered
the most harmful part of the spectrum, visible photosynthetic active radia-
tion (PAR) may also cause a suite of cellular damages (Hessen Chap. 13).

Vincent et al. (Chap. 14) show that arctic, antarctic and alpine aquatic
ecosystems are particularly vulnerable to climate-induced shifts in under-
water UV radiation, and that the controlling effect of snow, ice cover and
coloured dissolved organic matter (CDOM) on the biological UV exposure
under water, may be larger than those caused by moderate ozone deple-
tion. Although UV radiation may be strongly attenuated in coastal waters
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by CDOM released from terrestrial ecosystems, the importance of snow
and ice cover and the sparse catchment vegetation zones in the arctic typi-
cally result in low CDOM concentrations. Based on their paleo-ecological
studies of fossil diatoms and UV-screening pigments preserved in lake
sediments, a strong landscape influence on the underwater spectral light
regime of high latitude and alpine lakes is indicated, in the past and pre-
sent.

Hanelt et al. (Chap. 15) give a well documented presentation of the re-
cent investigations on biological effects of UV radiation on marine ecosys-
tems in the Arctic. In recent years they have carried out several studies on
the distribution, physiology and UV radiation effects on several algal spe-
cies like seaweeds growing in the Arctic environment (Hanelt et al. 1997a;
Bischof et al. 1998). They point out that although the UV radiation is more
intense in temperate zones, the polar algae are more sensitive to UV as
compared to their temperate relatives. Potential negative effects on pri-
mary plant productivity may occur especially in spring, low temperatures
and clear water conditions allowing harmful UV wavelengths to penetrate
several meters into the marine water column. Hanelt et al. (Chap. 15) also
point out that the summer discharge of turbid fresh water into the coastal
waters overlays the more dense sea water, causing a stratification in the
optical features, salinity and temperature of the water body that strongly
attenuate solar radiation in the first meter of the water column. This effect
is increased during warm summers with rainfall and intensified runoff
from melting snow and ice covers. Organisms in deeper waters are thus
more protected against harmful UVB radiation.

Ozone depletion and the induced increased UV radiation levels also
have consequences in terms of health risks such as for example skin can-
cer. In their Assessment Model for UV Radiation and Risks (AMOUR),
Slaper et al. (Chap. 16) evaluate the full source-risk chain from production
and emission of halocarbons, the resulting stratospheric ozone depletion
with changes in ambient effective UV doses, and the corresponding skin
cancer risks. Updating his previous analysis of the kind (Slaper et al.
1996), the new model also takes into account the role of climate and ozone
interactions in the arctic region on the future risks at mid-latitudes in
densely populated areas in Europe. Their analysis predicts that a slow re-
covery of the ozone layer will occur with a return to ‘normal’ (1980) levels
around 2050, and that skin cancer risks are expected to rise until 2050-
2070.
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1.4 Ecological impacts of long range pollutants transport

Contaminants are transported from industrialized source areas by ocean
currents, sea ice and large scale wind patterns (Fig. 1.2). After entering
these transport pathways, the contaminants reach the soils, snow and ice,
biota and water of the remote environments in a number of different forms
and phases. The soluble and particulate phases as well as the precipitation
and scavenging processes involved are highly influenced by changing cir-
culation patterns and other forms of climate change (AMAP 2003). As an
example, arctic and alpine regions are especially vulnerable to temperature
rise due to potential increased melting of snow and ice, and this phase
change to water influence the redistribution and transfer of contaminants
from the physical environment to the biota.

MacDonald (Chap. 17) describes thoroughly the processes involved in
the long range transport of contaminants as well as the environmental sys-
tems that control the further metamorphosis of the pollutants after being
deposited and brought into the biological systems. Climate change and
variability strongly affect both pathways and the stationary phases (Mac-
Donald et al. 2005), involving complex interaction with temperature,
winds, precipitation, runoff patterns, snow and ice, organic carbon cycling,
ocean circulation, and human activities.
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Fig. 1.2. Contamination pathways. UNEP-Grid-Arendal, Vital Arctic Graphics
Source: AMAP (2002), ACIA (2004)
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Sea ice and water currents in the Polar Ocean is also an important me-
dium for pollutants transport (Korsnes 2002). These pathways undergo
significant changes in the Arctic (AMAP 2003). Pavlov et al. (Chap. 18)
have made several numerical experiments elucidating the spatial structure
of contaminant spreading by water from potential sources in different parts
of the coastal zone of the Arctic seas. The experiments have been carried
out to estimate the transport of passive tracers by water and ice from po-
tential sources of contaminants in the Arctic Ocean, especially from poten-
tial pollutant sources in the vicinity of river-mouths of major rivers flow-
ing into the Arctic Ocean (Pavlov and Pavliov 1999). The numerical
experiments, earmarking zones with maximum and minimum contamina-
tion, show that some regions, such as for example the northern and western
parts of the Laptev Sea and Fram Strait, would be contaminated for all
possible source locations in the coastal zone of the Arctic seas.

Kallenborn et al. (Chap. 19) argue that the global pathways of long-
range contaminant transport and the principal atmospheric transport of in-
organic and organic contaminants, nutrients, aerosols and particulate mat-
ter into the polar regions, can only be revealed by the concerted efforts
from multinational atmospheric long-term pollution monitoring programs.
Their empirically derived monitoring data, involving rapid and effective
adaptation for the identification and implementation of priority contami-
nants, common sampling and analytical protocols etc., is at present the
only way to evaluate the accuracy of the predictions calculated by modern
models of future contamination scenarios.

As these monitoring programmes give important documentation on pol-
lutant levels in the physical environment, they are a prerequisite to explain
the levels of contaminants stored and bio-accumulated in the ecosystems.
Gabrielsen et al. (Chap. 20) summarizes recent studies on the levels of
heavy metals (HM) and persistent organic pollutants (POPSs) in arctic ani-
mals, using data on biological effects related to POPs in polar bears (Ursus
maritimus) and glaucous gulls (Larus hyperboreus) from the Svalbard
archipelago. According to them, mercury, lead and calsium are the HM of
most concern in the arctic environment. The monitoring programmes show
that while the global emissions of cadmium and lead have decreased, the
emission of mercury is increasing. For POPs, the levels are generally lower
in the arctic environment than in more temperate regions. However, high
levels of POPs exceeding the critical effect thresholds for effects on behav-
ioural-, biochemical-, physiological- and immunological parameters, as
found by laboratory and field studies, have been found in the marine food
chain in glaucous gulls from Bjgrngya and in polar bears from Svalbard,
Franz Josef Land and Kara Sea (Borga et al. 2004).
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The effective bio-accumulation of POPs in Arctic ecosystems are partly
due to their lipid-rich food-chains, and pollutants are therefore also accu-
mulate where Arctic people is at the top of these food chains. According to
Gabrielsen et al. (Chap. 20), the levels of cadmium in arctic biota has been
stable or is decreasing during the past 5-10 years, while the mercury level is
increasing in most marine arctic species. In some arctic areas the levels of
mercury and cadmium are high enough to cause health effects in animals
and humans. Based on studies of the Greenland Inuit population, Mulvad
(Chap. 21) explains that the traditional diet in Greenland to a large extend
is based upon marine animals and fish, rich in fat. The partly isolated
population with ethnic background provides good conditions for genetic
and health impact studies under unique social circumstances, light and ex-
treme cold weather.

1.5 Integrated aspects

Arctic and alpine areas are experiencing significant environmental change
related to climate change, pollutant levels, changing pathways, strato-
spheric ozone depletion and surface UV radiation (AMAP 2003,2004;
WMO 2003; ACIA 2004). The environmental changes and effects are in
many cases amplified in these areas and closely coupled to the global cli-
mate change processes as documented in previous IPCC assessments
(Houghton 2001). The Arctic biodiversity and indigenous peoples are vul-
nerable and constantly under pressure from these changes as well as from
the effects of globalization (Nuttall Chap. 2). The decreasing sea-ice in the
arctic ocean is one of the most pronounced features of climate change,
with a decrease in spring and summer sea ice of the order 10-15% during
the last 4 decades (Hougthton et al. 2001). According to Hansen-Bauer
(Chap. 3), the variations in sea-ice concentration and air temperature dur-
ing the last decades are partly accounted for by variations in atmospheric
circulation indices such as the Arctic Oscillation (AO). The AO, which de-
scribes the general modes of large scale atmospheric circulation over the
Northern Hemisphere, has gradually been more positive since the 1970s,
with lower than normal surface air pressure anomalies over the Arctic
(Thompson et al. 2000).

There is a close relationship between the atmospheric circulation pat-
terns and the different global pathways bringing pollutants into the arctic
and alpine environments. According to McDonald (Chap. 17), there is a
general agreement that these changing pathways are caused by a combina-
tion of natural variability and anthropogenic forcing factors, and that the
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interdependence between contaminant pathways and climate change pat-
terns, as manifested in anomalies of temperature, winds, precipitation,
river flow and ocean circulation, ice and snow cover etc., involves a com-
plex distribution of transport mechanisms, source regions, chemical trans-
formation and magnifying processes.

The bio-accumulation of POPs in the arctic environment is high espe-
cially for the marine food chains, due to the fundamental specialisation of
the lipid-based energy flux in Arctic bio-production, as discussed by Falk-
Petersen et al. (Chap. 9). According to Gabrielsen (Chap. 20), the con-
taminant levels found in polar bears and glaucous gulls on Svalbard and
Bjgrngya exceed critical effect thresholds and affect their health. Sea-ice
both directly and indirectly challenge the polar bear population by reduc-
ing their habitat along with the forecasted future dramatic reduction of
Arctic summer ice during this century (ACIA 2004), as well as by modify-
ing the primary sea-ice related bio-production.

Indigenous peoples of the circumpolar North fundamentally depend on
the health of arctic marine and terrestrial ecosystems. As discussed by Nut-
tall (Chap. 2), changes in climate, weather patterns, migration of animals
and human actions all influence their traditional resource use, making e
everyday life uncertain and unpredictable. Thus, the integrated effects of
pollution, climate change and industrial development have consequences
for the ecosystems, food security and human health that seriously may
constrain their abilities to achieve sustainable livelihoods.

Atmospheric UV radiation is both physically, politically and biologi-
cally closely integrated with the problems of anthropogenic contaminant
transport and climate change. The Vienna Convention (1985) with the
Montreal protocol (1987) is a successful example of political countermea-
sures aimed at mitigating anthropogenic environmental change. This
framework for reduction of both production and emission of ozone deplet-
ing substances are expected to lead to a slow recovery of the ozone layer
over the next century (Madronich et al., 1999). However, more evidence of
climate related interaction processes at stratospheric altitudes now suggests
that ozone depletion is not purely chemically driven. Conditions with
stronger and colder than normal polar stratospheric vortices, related to the
persistent positive phase of the AO, have lead to an increased abundance
of polar stratospheric clouds (PSCs) in the Arctic. And PSCs are effective
catalysts in ozone depletion (Shindell et al., 1998). As pointed out by Sla-
per et al. (Chap. 16), it is therefore assumed that the ozone layer will need
longer time to return to the “normal” 1980-levels, even with reduced active
chlorine levels in the stratosphere.
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This situation will certainly modify future UV levels especially in the
Arctic. At the same time a number of atmospheric and surface physical pa-
rameters closely modified by climate change processes, significantly influ-
ence the surface UV radiation, as described by Blumthaler (Chap. 11). The
surface albedo, as determined by the abundance of snow and ice, atmos-
pheric aerosols and the amount and type of clouds represent parameters
that are of almost equal importance in shaping the surface UV spectrum, as
compared to the influence of ozone. In a similar way, ice cover, sediment
particles and coloured dissolved organic matter (CDOM) are the primary
controls of UV radiation under water, and these main controlling factors
are highly responsive to climate warming or cooling trends. Vincent et al.
(Chap. 14) argue that the climate induced shifts in underwater UV radia-
tion can be of much greater magnitude than those caused by moderate
ozone depletion. Arctic, antarctic and alpine aquatic ecosystems are par-
ticularly vulnerable to such effects because of the importance of snow and
ice cover and the typically low CDOM concentrations in these regions.
Hessen (Chap. 13) argue that the widespread small, shallow and highly
transparent tundra ponds situated on permfrost in the circumpolar Arctic
represent distinct ecosystems and unique biota that may be especially vul-
nerable to changes in UV-radiation, climate warming and changes in the
hydrological cycle. Climate change interactions also affect the UV radia-
tion conditions and primary production of seaweeds. According to Hanelt
et al. (Chap. 15), organisms in the eulittoral and upper sublittoral zone are
affected by UV radiation throughout the polar day. However, during the
warm summer seasons with intense runoff, turbid melt water from glaciers
and rivers significantly reduce the underwater UV transparency.

1.6 Conclusions

Obviously, the many challenges involving climate and stratospheric
change, pollutant transport and social changes are related. A number of
other significant dependencies also naturally exist between the various as-
pects of environmental change parameters and human activities in arctic
and alpine areas. The scope here is not to give a complete review of all
single processes but to outline the level of interaction between the main
contemporary challenges in environmental change, on the basis of the
studies presented in the book. Both with respect to the physical processes
as well as dealing with their biological impacts and the anthropogenic
forcing factors, the changes related to the climate change processes, long
range transported pollutants and UV radiation, can not be treated alone or
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independently but need to be analysed as multiple pressures of the high
latitude and high altitude, arctic and alpine environments.
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2.1 Introduction

Over the last two decades the Arctic has emerged as a region of dramatic
environmental change. This vast part of the planet, once seen as pristine
and remote, is now represented increasingly as a vulnerable and fragile
place, its biodiversity and peoples at risk from climate change, contami-
nants and globalization. These drivers of far-reaching change have a dif-
fuse distribution around the globe, their origins often difficult to identify
and almost impossible to allocate specific moral and legal responsibility to.
They are also subject to a contested political debate over whether mitiga-
tion or adaptation are the most feasible or possible strategies for protecting
Arctic ecosystems and human well-being.

Arctic marine and terrestrial ecosystems provide a variety of ecosystem
services which are of fundamental importance to the livelihoods of indige-
nous peoples (Chapin et al., in press). Yet, the indigenous peoples of the
circumpolar North increasingly perceive the Arctic as both an environment
of risk and an environment at risk (Nuttall 1998: 170). It is an environment
of risk in that climate variability and local weather events, changes in the
movement and behaviour of animals, and human actions all influence tra-
ditional resource use activities and make everyday life uncertain and un-
predictable. It is also an environment at risk from pollution, global climate
change and industrial development. Such threats continue to influence the
climate, have an impact on ecosystems, animal habitats and movement,
and also have consequences for food security and human health, thus seri-
ously constraining the abilities of indigenous peoples to achieve sustain-
able livelihoods.

Scientific scenarios suggest that the scale and nature of Arctic climate
change in the coming decades may not only be greater than previous
changes in the region’s history, but within the context of global climate
change northern regions will experience a greater degree of change than
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countries in the tropics (e.g. ACIA 2005, Weller 2000). Indeed, the results
of scientific research and the compelling observations from indigenous
peoples are documenting current climate changes that are more pro-
nounced in the Arctic than in any other region of the world (ACIA 2005,
Huntington et al.2005, Krupnik and Jolly 2002). The significance of these
studies goes far beyond the northern reaches of the Earth and enriches our
understanding of living on a planet undergoing constant change.

This chapter provides a brief assessment of climate change impacts on the
local livelihoods and traditional resource use practices of the Arctic’s in-
digenous peoples. It draws on, and summarizes, recent research on climate
change impacts on indigenous livelihoods as well as some of the key work
undertaken for the human dimensions chapters of the Arctic Climate Im-
pact Assessment (ACIA 2005).

2.2 Indigenous Peoples and Traditional Livelihoods

The indigenous peoples of the Arctic include the Inupiat, Yup’iit, Alutiit,
Aleuts and Athapaskans of Alaska; the Inuit, Inuvialuit, Athapaskans and
Dene of northern Canada; the Kalaallit and Inughuit of Greenland; the
Saami of Fennoscandia and Russia’s Kola peninsula; and the Chukchi,
Even, Evenk, Nenets, Nivkhi and Yukaghir of the Russian Far North and
Siberia. Arctic peoples have depended for thousands of years on the living
resources of land and sea, as hunters, fishers and reindeer herders. Today,
many indigenous communities across the Arctic continue to depend largely
on harvesting and using living terrestrial, marine and freshwater resources.
The most commonly harvested species are marine mammals such as seals,
walrus, narwhals, beluga, fin and minke whales, and polar bear and land
mammals such as caribou, reindeer and musk-ox; and fish such as salmon,
Arctic char, northern pike and other species, such as coregonids (white-
fishes). Many of these species are used as food, for clothing and other
products, but they also figure prominently in the cash-economy of local
households and communities (Caulfield 2000, Dahl 2000, Huntington
1992, Nuttall 1992).

Indigenous peoples maintain a strong connection to the Arctic environment
through these activities, which provide the basis for food production, in a
way that marks them off from non-indigenous communities. Indeed, one of
the defining attributes of being indigenous is that it refers to the quality of
a specific people relating their identity to a particular area and to their tra-
ditional cultural and economic dependence on local resources, thus distin-
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guishing them culturally from other peoples who came to the territory sub-
sequently (Gray 1995).

Historically, cultural adaptations and the ability of the Arctic’s indigenous
peoples to utilize their local resources have often been associated with or
affected by seasonal variation and changing ecological conditions. Cli-
matic variability and weather events often greatly affect the abundance and
availability of animals and therefore the abilities and opportunities to har-
vest and process animals for food, clothing and other uses. Many species
are only available seasonally and in localized areas and indigenous cul-
tures have developed the capacity and flexibility to harvest a diversity of
animal and plant species. Indigenous cultures have, in many cases, also
shown resilience in the face of severe social, cultural, and economic
change, particularly in the last 100 years.

The longstanding dependence of present indigenous societies on hunting,
herding, fishing, and gathering continues for several critically important
reasons. One is the economic and dietary importance of being able to ac-
cess customary, local foods. Many of these local foods — fish, and meat
from marine mammals or caribou and birds, for instance, as well as berries
and edible plants — are nutritionally superior to the foodstuffs which are
presently imported (and which are often expensive to buy). Another reason
is the cultural and social importance of hunting, herding, and gathering
animals, fish, and plants, as well as processing, distributing, consuming,
and celebrating them (Freeman, 2000).

The Arctic’s living resources, therefore, not only provide indigenous peo-
ples with the economic and nutritional bases for survival, they remain im-
portant for social identity, cultural survival and spiritual life, and so are as
much important cultural resources as they are economic ones. This de-
pendence on animals for food and social, cultural and economic well-being
is reflected in community hunting regulations, in herding practices and in
patterns of sharing and gift-giving based on family ties and other forms of
kinship and close social relatedness (Nuttall 1992). However, Arctic com-
munities have experienced, and are experiencing, stress from a number of
different forces that threaten to restrict harvesting activities and sever these
relationships. The Arctic regions are tightly tied politically, economically
and socially to the national mainstream and are inextricably linked to the
global economy. Rapid social, economic and demographic change, re-
source development, resource management and quota systems, trade barri-
ers and animal-rights campaigns have all had their impacts on hunting,
herding, fishing and gathering activities (Caulfield 2000, Nuttall 1998,
Wenzel 1991). By and large, hunting, herding, fishing and gathering
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Fig. 2.1. Small-scale hunting and fishing continues to be the primary occupation
in many Arctic coastal communities. llulissat, Greenland, Spring 2005. Photo-
graph by Niels Einarsson.

are also being challenged by environmental changes such as climate vari-
ability and change.

As the Arctic Climate Impact Assessment shows (ACIA 2005), scientific
projections and scenarios suggest there will be significant changes in the
climate of the Arctic, the character of the environment and its resources.
Human activities, industrial development, resource use regulations and
global economic processes have far-reaching consequences for the envi-
ronment and therefore magnify the likely impacts on indigenous liveli-
hoods due to variations in weather and climate. Indigenous economies are
not self-reliant closed systems and although their involvement in global
networks of production and consumption may provide avenues to
strengthen and extend the possibilities for Arctic communities, it also in-
troduces greater elements of risk and perhaps makes people and their live-
lihoods less resilient to coping with and adapting to climate impacts.
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2.3 Renewable Resource Use and Climate Change: Risk
and Access to Food Resources

Renewable resources and the harvesting of renewable resources by indige-
nous peoples in the Arctic could be affected by global climate change and
increased ultraviolet radiation caused by ozone depletion. Climate change
scenarios suggest that climate change will have impacts on marine and ter-
restrial animal populations, affecting population size, structure, reproduc-
tion rates and migration routes (ACIA 2005, IPCC 2001). Arctic residents,
particularly indigenous peoples, will feel these climate change impacts
first and most intensely.

However, because of the interdependence between Arctic economies and
global markets, indigenous peoples are multiply exposed -- to climate
change, to changes caused by the global processes affecting markets, tech-
nologies and public policies and to local and regional political and eco-
nomic situations. It is important to contextualise climate change impacts
with reference to other changes experienced by Arctic residents. Being
able to access traditional food resources and ensuring food security will be
one major challenge in an Arctic affected increasingly by climate change
and global processes.

The Arctic Climate Impact Assessment (ACIA 2005) shows that the re-
sults of scientific research and evidence from indigenous peoples are in-
creasingly documenting climatic changes that are more pronounced in the
Arctic than in any other region of the world. Although this indicates that
the physical environment, as well as the flora and fauna, has been undergo-
ing noticeable change, the impacts felt throughout the Arctic will be
unique and will vary from region to region. Different climatic trends have
been observed in different parts of the Arctic — while average temperatures
in the North American western Arctic and Siberia have been increasing in
the last 30 years (e.g. annual temperatures in the Canadian western Arctic
have climbed by 1.5°C and those over the central Arctic have warmed by
0.5°C), temperatures in Canada’s Hudson Bay and in Greenland, particu-
larly in the Davis Strait area have decreased (Chapman and Walsh 1993),
suggesting that climate change involves regional cooling as well as global
warming.

If the scientific predictions and scenarios are realised, climate change
could have a potentially devastating impact on the Arctic environment and
on the peoples who live there, particularly those indigenous peoples whose
livelihoods and cultures are inextricably linked to the Arctic environment
and its wildlife. Some scenarios suggest that the most direct changes will
be noticeable in the reduction of the extent of sea ice and permafrost, less
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ice in lakes and rivers, pronounced reductions in seasonal snow, and the
disappearance of the existing glacier mass, leading to a corresponding shift
in landscape processes (Lange, 2000, Siegert and Dowdeswell 2000,
Weller 2000).

Scientific research shows that over the last 100 years there has already
been a significant reduction in Arctic ice cover extent and thickness. Since
1979 alone, the extent of sea ice throughout the Arctic has decreased by
0.35%, and record reductions of sea ice coverage were observed in the
Beaufort and Chukchi seas in 1998 (Johannessen et al., 1999, Maslanik et
al., 1999). Sea ice is highly dependent on the temperature gradient be-
tween ocean and atmosphere and on near-surface oceanic heat flow and
will react swiftly to changes in atmospheric conditions (Lange 2000). At-
mosphere-ocean climate models project a reduction in sea ice of around
60% in the next 50-100 years under a scenario in which CO, is doubled.
Permafrost will thaw more quickly in spring, but take longer to refreeze in
autumn, and permafrost boundaries will gradually move poleward, with
most of the ice-rich discontinuous permafrost disappearing by the end of
the 21 century.

Climate variability appears to have caused relatively rapid shifts in the or-
ganisation of Arctic marine ecosystems. In the Bering Sea ecosystem and
the Barents Sea ecosystem climate-driven variability is significant (Sak-
shaug and Slagstad 1992). There are difficulties, however, in determining
what biological changes in marine ecosystems are due to natural environ-
mental fluctuations or human activities. In the eastern Bering Sea upper
trophic levels have undergone significant changes in the past 100-150
years, largely due in part to commercial exploitation of mammals, fish and
invertebrates (ACIA 2005). Climatic changes may have contributed in part
to the changes in animal populations. Higher ocean temperatures and
lower salinities, changes in seasonal sea ice extent, rising sea levels and
many other (as yet undefined) effects are certain to have significant im-
pacts on marine species, with implications for Arctic coastal communities
dependent on hunting and fishing (Weller and Lange 1999).

Most Arctic marine species depend upon the presence of sea ice and many
indigenous coastal communities depend on harvesting marine species (ma-
rine mammals and fish). The ice-edge is unique among the world's ecosys-
tems in that it moves thousands of kilometres each year, north in spring
and south in autumn. Walrus, numerous species of seals and cetaceans
such as beluga and narwhals all follow the ice-edge as it moves, taking ad-
vantage of the ready access to food and (for the walrus and seals) the
availability of ice to haul-out on for sunning, mating and raising pups in
late winter and spring (an important time for Inuit hunting communities).
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The almost complete elimination of multi-year ice in the Arctic Ocean is
also likely to be immensely disruptive to ice-dependent micro-organisms,
which will lack a permanent habitat. Preliminary results from research in
the Beaufort Sea suggest that ice algae and other micro-organisms may
have already been significantly affected by warming over the last 20 years.
Research indicates that most of the larger marine algae have died out, and
have been replaced with a much less productive community of microor-
ganisms more usually associated with freshwater ecosystems.

It is anticipated that marine mammals such as walrus, seals and whales are
likely to undergo shifts in range and abundance, while the migration routes
of caribou will be disrupted (Nuttall et al. 2005). Such changes could im-
pact upon the hunting, trapping and fishing economies of many small, re-
mote Arctic settlements. Although warming may increase biological pro-
duction in some wildlife species, the distribution of many species crucial
to the livelihoods and well-being of indigenous peoples could change. Im-
portant wetlands may disappear, or drainage patterns and tundra land-
scapes will be altered significantly, which could affect ducks and other wa-
terfowl. Changes in terrestrial vegetation will have consequences for
reindeer herding and subsistence lifestyles.

Terrestrial wildlife such as caribou and reindeer, two major species impor-
tant for indigenous communities throughout the Arctic, would be affected
by climate change directly through changes in thermal stress in animals,
and indirectly by significant difficulties gaining access to food and water
(Nuttall et al. 2005). Arctic communities located on coastlines may be af-
fected by rising sea levels, increased coastal erosion, and severe storms.
The fortunes of subsistence fisheries will depend on marine fish stocks and
their climate related variations (Lange 2000). As the amount of sea ice
decreases, seals, walrus, polar bears and other species that depend on it
would suffer drastically.

Recent observations have demonstrated that there has been a distinct
warming trend in lowland permafrost of 2-4°C over the last 100 hundred
years (Fitzharris et al. 1996, Lange 2000), leading to disturbances of ani-
mal and human activities due to thawing, thermokarst formation and se-
vere erosion. Further warming is likely to continue this trend and increase
the likelihood of natural hazards for people (particularly affecting hunting
and herding), buildings, communication links and pipelines. The documen-
tation of widespread thawing of discontinuous permafrost in Alaska illus-
trates some of these hazards and the implications for habitat change and
the physical infrastructure of communities. In western Alaska several
communities in low-lying areas, including Shishmaref, Kivalina and Little
Diomede are affected by recent climate changes and face severe problems
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as a result of erosion and thawing of the discontinuous permafrost (Calla-
way et al. 1999).

Unstable sea ice could make ice-edge hunting more difficult and danger-
ous. Temperature and precipitation changes could affect migration patterns
of terrestrial mammals like caribou and alter breeding and moulting areas
for birds. Salmon, herring, walrus, seals whales, caribou, moose and vari-
ous species of waterfowl are expected to undergo shifts in range and abun-
dance (ACIA 2005). Changes in snow cover could affect the growth and
distribution of plants essential for survival of caribou and reindeer.
Changes in snow cover could also make accessing hunting, fishing and
herding areas more difficult by dogsled, snow-machine or other vehicles,
making local adjustments in hunting practices and harvesting strategies
necessary.

In many parts of the Arctic indigenous peoples are reporting that they are
already experiencing the effects of climate change. In Canada’s Nunavut
Territory, Inuit hunters have noticed the thinning of sea ice and the appear-
ance of birds not usually found in their region; Inupiat hunters in Alaska
report that ice cellars are too warm to keep food frozen; Inuvialuit in the
western Canadian Arctic report thunderstorms and lightning (a rare occur-
rence in the region); Gwich'in in Alaska have witnessed dramatic changes
in weather, vegetation, and animal distribution patterns over the last 50
years or so; Saami reindeer herders in Norway have observed that prevail-
ing winds relied on for navigation have shifted or that snow cannot be re-
lied on to travel over on trails that people have always used and considered
safe (Nuttall et al. 2005).

In the Kitikmeot region of Nunavut, Inuit observations of climate change
have been recently documented (Thorpe et al. 2002). People have spoken
of a changed climate in the 1990s compared with previous decades: in-
creasing temperatures with earlier spring melts and later freeze-ups in au-
tumn have meant periods of longer summer-like conditions, while weather
has become variable and unpredictable. This change and variability has
had many significant impacts on caribou. Migration routes and the location
of calving grounds have shifted and food sources have sometimes become
inaccessible. Inuit have recently noticed more frequent short-term changes
in temperature, especially in freeze-thaw cycles, which, because these cy-
cles help form an icy layer on the top of snow or tundra, prevent access to
vegetation (Thorpe et al. 2002).
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2.4 Concerns Over Irreversible Impacts

Indigenous peoples live with fluctuations in weather and climatic condi-
tions. Experiencing year-to-year changes in weather, ice and snow pat-
terns, animal behaviour and movement, and in hunting and fishing condi-
tions is part of life in the Arctic. Yet the trends currently being observed
give concern over major, irreversible impacts on indigenous communities
and livelihoods. For example, since the late 1970s Alaska Natives in com-
munities along the coast of the northern Bering and Chukchi Seas have no-
ticed substantial changes in the ocean and the animals that live there, par-
ticularly in the patterns of wind, temperature, ice, and currents (Nuttall et
al. 2005).

A significant collection of indigenous environmental observations was re-
corded during a study of environment changes in Canada’s Hudson Bay
region. The results are published in Voices from the Bay by the Canadian
Arctic Resources Committee and the Municipality of Sanikiluag, a small
Inuit community on the Belcher Islands in the midst of Hudson Bay. Com-
pleted in 1996 and published in 1997 (McDonald et al. 1997), the study
brought together 78 Inuit and Cree hunters and elders from 28 communi-
ties on the shores of Hudson and James bays in a series of workshops over
three years to describe, record and verify ecological changes in the region,
including but not limited to climate change. Observations include whole-
sale changes in location, number and duration of polynas—open water ar-
eas in winter—in eastern Hudson Bay, and changing routes of Canada and
snow geese, but the study indicates that alterations in weather and climate
are by no means uniform within the bioregion. Voices from the Bay and
other recently reported observations from indigenous peoples (e.g. Krup-
nik and Jolly 2002, Nunavut Tunngavik 2001) illustrates an important and
inescapable fact: much of the impact of climate change on northern in-
digenous peoples will be channelled through ecological changes to which
they will have to respond, cope with and adapt to.

As indigenous peoples perceive and experience it, the Arctic is becoming
an environment of risk and an environment at risk (Nuttall 1998) in the
sense that sea ice is now unstable where hunters previously knew it to be
safe, more dramatic weather patterns such as floods are occurring, vegeta-
tion cover is changing, and particular animals are no longer found in tradi-
tional hunting areas during specific seasons. The weather is becoming in-
creasingly unpredictable and local landscapes, seascapes and icescapes are
becoming unfamiliar.
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2.5 Responding to Climate Change: Flexibility,
Adaptation, Barriers and Opportunities

The archaeological record, ethnohistorical accounts and the memories of
elders provide detailed accounts of how human life in the Arctic has al-
ways been dominated and influenced by periodic, irregular and often dra-
matic ecosystem changes, triggered by periods of warming and cooling,
extreme weather events and fluctuations in animal populations (Krupnik
2000). The successful long-term occupation of the Arctic by indigenous
peoples has been possible, in part, because of their adaptive capacity (in
social, economic and cultural practices) to adjust to climate variation and
change. Hundreds and even thousands of years ago, Arctic populations
adapted to gradual or even rapid environmental change by settling amid
favourable climate conditions and along the paths of animal migration
routes. Many of these adaptations bore the hallmark of what is the essence
of successful indigenous resource use systems throughout the Arctic --
flexibility in technology and social organisation and an ability to cope with
climate change, responding both to its associated risks and seizing its op-
portunities. Cultural and ecological diversity required flexibility and resil-
ient coping strategies during periods of extreme change. Subsistence diver-
sity was the outcome of a successful cultural and social response to
climatic variation and the resource instability of the Arctic environment
(Krupnik 1993).

Today, Arctic peoples are not in a position to adapt, relocate or change re-
source use activities in the same ways as in the past, because most now
live in permanent communities and have to negotiate greatly circumscribed
social and economic situations. The majority of indigenous peoples live in
planned settlements with elaborate infrastructures, and their hunting and
herding activities are determined to a large extent by resource management
regimes, land use and land ownership regulations and local and global
markets. The mobility that indigenous peoples once possessed to move in
response to shifts in the pattern and state of their resource base is no longer
possible.

Changes to settlement patterns and the ecological relations between hu-
mans and animals often arise from government attempts to introduce new
economic activities or to sedentarize indigenous peoples. In northern Rus-
sia and Siberia, for example, the Soviet authorities ‘industrialised’ reindeer
herding as a way of facilitating the development of the Soviet North. The
new settlements and industries in Siberia came to depend on reindeer herd-
ers to supply them with meat. Today, in post-Soviet Russia, privatisation
and the transition to a market economy bring new challenges
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Fig. 2.2. Greenlandic seal hunter. llulissat, Greenland, Spring 2005. Photograph
by Niels Einarsson.

to reindeer herding peoples in Siberia and the Russian Far East, highlight-
ing the dependence of Arctic reindeer systems on the complex interlink-
ages between local, regional and global economies.

Strict regulatory regimes, management practices and quota systems im-
posed by states and federal and provincial agencies increasingly affect
hunting, fishing and herding (Anderson and Nuttall 2004). Some, while
aiming, in principle, to protect and conserve wildlife also restrict access to
resources. In Alaska, for example, state and federal policies make subsis-
tence issues extremely complex. State and federal law define subsistence
as the customary and traditional non-commercial use of wild resources and
regulations limit the prospects of finding markets for caribou meat. Earn-
ing money through more commercial channels is not an option for Alaskan
subsistence hunters. In northern Fennoscandia, Saami reindeer herders
have traditionally ranged far and wide, crossing national borders as they
follow their reindeer herds between winter and summer pastures. In mod-
ern times, political developments have restricted migration routes over the
last one hundred years or so. Economic development in the nineteenth and
twentieth centuries, such as mining, forestry, railways, roads, hydro-
electric power and tourism have all had their impact on traditional Saami
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livelihoods. In Greenland, threats to the cultural and economic viability of
hunting livelihoods in small communities come from transformations in
resource management regimes and Home Rule government regulations,
which conflict with local customary practices and knowledge systems
(Dahl 2000; Nuttall 1992). Caribou, whales, seals, and fish, which have
traditionally been subject to common use rights vested in members of a lo-
cal community, are becoming national and privately-owned divisible
commodities subject to rational management regimes defined by the state
and the interest groups of hunters and fishers, rather than to locally under-
stood and worked out rights, obligations, and practices.

Hunters and herders are increasingly constrained by institutional frame-
works and management structures, as well as the legal recognition to re-
source use rights. They are commonly experiencing a transition from
herding and hunting from what we may call a ‘way of life’ to an occupa-
tion and industry (Anderson and Nuttall 2004). The contemporary reality
for many hunters and herders is that they are placed in very inflexible
situations. Faced with climate change they are not necessarily in a position
to respond appropriately. How indigenous peoples are in a position to take
advantage of the opportunities that may arise, as well as being able to
modify or change their mode of production in response to climatic vari-
ability, for example by switching hunting and fishing activities, is a critical
research need.

For some peoples of the Arctic, the political and management systems are
already in place that could assess the impacts of climate change, allow lo-
cal and regional governments to act on policy recommendations to deal
with the consequences, and improve the chances for indigenous peoples to
deal successfully with climate change. Although complex, solutions to en-
vironmental problems are potentially realistic

Significant political changes since the 1970s have included land claims in
Alaska and Canada and the formation of regional governments in
Greenland and Nunavut. Settlements include the Alaska Native Claims
Settlement Act (1971), Greenland Home Rule (1979), the James Bay and
Northern Quebec Agreement (1975-77), the Inuvialuit Final Agreement
(1984) and the Nunavut Agreement of 1992 (the Territory of Nunavut was
inaugurated in 1999). These political changes often include changes in the
ways that living and non-living resources are managed. A greater degree of
local involvement in resource use management decisions has been intro-
duced, including in some cases the actual transfer of decision-making au-
thority to the local or regional level (AHDR 2004, CAFF 2001).

In addition, significant steps have been taken with innovative co-
management regimes that allow for the sharing of responsibility for re-
source management between indigenous and other uses and the state
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(Caulfield 2004, Huntington 1992). Examples include the Alaska Eskimo
Whaling Commission, the Kola Saami Reindeer Breeding Project, the Inu-
vialuit Game Council and the North Atlantic Marine Mammal Commission
(NAMMCO). Self-government is about being able to practise autonomy.
The devolution of authority and the introduction of co-management allow
indigenous peoples opportunities to improve the degree to which manage-
ment and the regulation of resource use considers and incorporates indige-
nous views and traditional resource use systems (Huntington 1992).
Co-management projects involve greater recognition of indigenous rights
to resource use and emphasise the importance of decentralised, non-
hierarchical institutions and consensus decision-making. This presents
tremendous opportunities for collaboration between indigenous peoples,
scientists and policy-makers concerned with the sustainable use of living
resources (Caulfield 2000, 2004). And it is within this new political and
scientific environment of power sharing and dialogue that indigenous
communities, scientists and policy-makers can work together to find solu-
tions (such as building flexibility into otherwise constraining wildlife man-
agement regimes) to the pressing problems climate change may bring to
the Arctic.

2.6 Conclusions

Indigenous communities across the Arctic are culturally and economically
diverse and are affected by environmental change in different ways. Such
diversity also means that local experiences of climate impacts and re-
sponses to climate variability and change may not be universal. As Scher-
aga and Grambsch (1998: 87) put it, there ‘is a regional texture to changes
in climate, and therefore to the effects of climate change,” as well as a re-
gional texture to the risks and opportunities that climate change presents.
For the Arctic, the Arctic Climate Impact Assessment points to significant
regional variation in climate changes. This raises a question, therefore,
about how communities differ in the ways they perceive risk, how they dif-
fer in the ways they utilise strategies for mitigating negative change and in
the effectiveness of local adaptive capacity. This points to the importance
for research on localised, regional and circumpolar studies of socio-
economic impacts of recent climate change. Such work is necessary for a
thorough understanding of how potential impacts of climate change are
distributed across different regions and populations (e.g. see Scheraga and
Grambsch 1998).
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The emphasis of scientific research on climate change is to assess the im-
pacts on the environment, ecosystem processes and wildlife. One gap in
knowledge is how climate change affects social relations in indigenous
communities. Nuttall et al.(2005) highlight this as a critical aspect of cli-
mate change research, arguing that a change in the ability of indigenous
peoples to access traditional food resources can have a corresponding im-
pact on the social fabric of their communities. In a very real sense, there-
fore, the discussion of climate impacts on traditional resource use activities
by indigenous peoples is about sustaining human/food resource relation-
ships and activities in indigenous societies, as well as being aware that
climate change impacts pose a threat of severe and irreversible social
changes. Arguing that research should place emphasis on understanding
climate change impacts within the broader context of rapid social and eco-
nomic change, Nuttall et al. (2005) illustrate the complexity of problems
faced by indigenous peoples today and underscore the reality that climate
change is but one of several problems affecting their livelihoods.

Is an ability to respond and cope with climate change, mainly by adjusting
subsistence activities, a reliable indication of an ability to adapt in the fu-
ture? Research is needed on understanding how much change can be ac-
commodated by the existing ways of life of indigenous peoples. Case stud-
ies in the human dimensions chapters of the Arctic Climate Impact
Assessment have pointed to the resilience, or the amount of perturbation
that the resource use systems of indigenous peoples can absorb, and how
they can adapt by learning and self-organization. The question of resil-
ience (both social and ecological) is important, as it is a crucial aspect of
the sustainability of local livelihoods and resource utilization (Adger
2000), and further research is needed in the Arctic because little is known
about building adaptive capacity in the face of climate change.

As resilience not only depends on ecosystem diversity, but on the institu-
tional rules which govern social and economic systems (Adger 2000), fur-
ther research is also needed on co-management and the effectiveness of
governance institutions and whether they can create additional opportuni-
ties to increase resilience, flexibility and the ability to deal with change
(Nuttall et al. 2005, Young and Einarsson 2004). How can, for example,
new governance mechanisms help indigenous peoples negotiate and man-
age the impacts of climate change? The answer to this will depend on a
range of factors, including the importance of understanding the nature of
the relationships between people, communities and institutions if effective
policy responses are to be developed (O’Riordan and Jordan 1999). With a
capacity-building strategy now being a key objective for the Arctic Coun-
cil, tremendous opportunities exist for co-operation and constructive dia-
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logue on dealing with climate change between communities, organisations,
institutions and governments at circumpolar and wider international levels.
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3.1 Introduction

Global climate models typically indicate that increased concentrations of
atmospheric greenhouse gases will lead to a larger temperature increase at
high northern latitudes than anywhere else in the world (Cubasch et al.
2001, Réisénen 2003). On the other hand, a majority of the models indicate
an area of minimum temperature response around southern Greenland.
Large gradients in warming rates are thus projected in the Arctic.

The mean temperature in the Arctic did increase during the 20" century
(e.g. Polyakov et al. 2003), but there are regional differences within the
area. This paper is focused on the observed and modeled atmospheric cli-
mate in the European sector of the Arctic from 1900 to 2100. Are the ob-
served changes in accordance with results from climate models? And what
are the prospects for the future climate?

3.2 Observed climate variability in the European Arctic

The following climatic description is based upon observations from the
European Arctic (Figure 3.1). Temperature and precipitation series from
the NARP-dataset (http://projects.met.no/~narp/data) are analysed and re-
lated to sea-ice cover and atmospheric circulation indices. The climate in
the European Arctic is also discussed in an Arctic and a global context.

3.2.1 Temperature

There are large spatial differences in surface air temperature (SAT) in the
European sector of the Arctic. Annual mean temperature measured at the
weather stations in Figure 3.1 span from -12.3 °C in Danmarkshavn
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Fig. 3.1. Map showing the climate stations applied in the present analysis. The let-
ter codes give the first letters in names applied in the text.

to +6.5 °C in Torshavn (Ferland et al. 2002). Nevertheless, when the tem-
perature series are standardised (by subtracting the 1961-1990 average and
dividing by the standard deviation), they show similar long-term variabil-
ity during the 20™ century (Figure 3.2). Two periods with mainly positive
temperature trends, the so-called “early 20™ century warming” and a pe-
riod towards the end of the century, are separated by a period with cooling.
At most stations in the area, the thermal optimum of the century was ex-
perienced in the 1930s. In the north-eastern part of the area, the following
period of cooling culminated in thel960s, followed by three decades with
a warming trend. In Iceland and the Faroe Islands, there was a more grad-
ual cooling to a minimum around 1980. At the westernmost stations in
Greenland, the cooling continued even to around 1990. According to
Mann-Kendalls non-parametric test, only series from northern Iceland and
from Fennoscandia show a statistically significant warming (5 % level or
better) from 1900 to 2002.

The multi-decadal temperature variation in the European Arctic during
the 20" century is generally in accordance with the SAT series averaged
over the whole Arctic north of 62°N (Polyakov et al. 2003). Also this time
series shows a cold period around 1900, a period of warming up to about
1940, a cold spell in the 1960s and warming during the latest decades. The
Arctic SAT series, however, shows a statistically significant long-term
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Fig. 3.2. Decadal scale variability in standardised series of annual mean tempera-
ture from climate stations in the European sector of the Arctic.

trend of +0.094 °C per decade from 1875 to 2000 (Polyakov et al. 2003).

The global SAT curve also shows one early and one recent period of
warming during the 20" century, but there is no statistically significant
cooling in the period between them (Folland et al. 2001). Johannessen et
al. (2004) show that the early 20™ century warming and the following cool-
ing mainly are restricted to high northern latitudes. The recent warming is
of more globally homogeneous character, though also this is enhanced in
the Arctic (Serreze et al. 2000), and especially over the continents (Moritz
et al. 2002). Whether or not the long-term positive temperature trend
shows an Arctic amplification depend critically on the exact choice of pe-
riod and dataset. Polyakov et al. (2003) conclude that there is no signifi-
cant difference between the Arctic and global SAT trends during the 20"
century. From 1875 to 2000 on the other hand, the temperature increase
was larger in the Arctic.

3.2.2 Precipitation

The measured annual precipitation in the European Arctic spans from
about 200 mm at some of the northernmost stations to more than 1500 mm
at some stations in Iceland and the Faroe Islands (Ferland et al. 2002). The
decadal scale variability is less spatially consistent for precipitation than
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Fig. 3.3. Decadal scale variability in annual precipitation (in %) from climate sta-
tions in the European sector of the Arctic.

for temperature (Figure 3.3). However, Fgrland et al. (2002) conclude that
none of the reliable series in the area show negative precipitation trends
during the 20th century. According to Mann-Kendall non-parametric test,
there are statistically significant positive trends in a belt from eastern parts
north in the area to central parts in the south, while there tend to be no sig-
nificant trend in eastern parts of Fennoscandia and at the westernmost sta-
tions. Positive trends of more than 2.0 % per decade were found in Sval-
bard, Bjerngya and Tromsg, while trends from 1.5 to 2.0 % per decade
were found at Jan Mayen, and parts of Iceland and the Faroe Islands.

The relative precipitation increase in northeastern and central parts of
the area is considerably higher than the increase of 0.8 % per decade over
the 20" century reported by New et al. (2001) for the 60-80°N land area.

3.2.3 Sea-ice

According to an estimate of Vinje (2001), the April sea-ice extent in the
Arctic sector from 30°W to 70°E was reduced by 33 % of its 1864 value
from 1864 to 1998. Vinje analysed the ice extent in sub-sectors west and
east of 10°E, and found that the larger reduction (40 %) took place in the
western sector. The reduction was not linear in time, and according to
Vinje (2001) it was larger in the last decades of the 19" century than dur-
ing the 20" century. Trend studies in the periods 1900-30, 1930-70 and
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1970-2000 show that the April sea-ice extent tend to decrease in both sub-
sectors during the first and the last decades of the 20™ century (periods of
warming), while they tend to increase slightly in the period around the
middle of the century (period of cooling). All trends are stronger in the
western area. In the eastern area, only the long-term trend is statistically
significant.

Vinnikov et al. (1999) analysed in situ sea-ice data from the 20" century
for the entire Arctic. The dataset is incomplete during the earlier decades,
but shows a negative trend since about 1950, mainly caused by a 15 % de-
crease in summer sea-ice extent. Satellite-based sea-ice observations con-
firm a noticeable decrease during the last two decades of the 20" century,
especially during summer (Johannessen et al. 1999; Cavalieri et al. 1997).
However, Parkinson (2000) found that the trends vary by region. Deser et
al. (2000) showed that the dominant mode of Northern Hemisphere winter
sea-ice variability in the period 1958-1997 is an anti-phase decadal-scale
fluctuation between the Labrador Sea and the Greenland/Barents Seas,
which may be linked to atmospheric circulation.

3.2.4 Atmospheric circulation vs. temperature and sea-ice

Regional climate varies not only directly in response to variation in local
radiative forcing, but also because of variations in the dominating atmos-
pheric (and ocean) circulation patterns, which again may or may not be
triggered by external forcing. The North Atlantic Oscillation (NAO, Hur-
rell 1995, 1996) and the Arctic Oscillation (AO, Thomson & Wallace
1998) winter indices are two correlated indicators of the mode of the
northern hemisphere atmospheric circulation. Positive (negative) values of
the AO index indicate increased (reduced) advection of cold Arctic air into
western Greenland, and of warm humid air towards north-western Europe
and the eastern Arctic. Thompson et al. (2000) conclude that a positive AO
trend can account for half the observed winter warming over Eurasia from
1968-1997, while Rigor et al. (2000) show that more than half the warm-
ing over the eastern Arctic Ocean and the cooling over the Labrador Sea
from the 1970s to the 1990s is accounted for by the AO. Also trends in ex-
treme temperatures in western Greenland and Fennoscandia during the last
five decades are in accordance with the positive NAO/AO trend (Tuomen-
virta et al. 2000), and so is the antiphase fluctuation between the sea-ice
conditions in the Labrador and Greenland/Barents Seas during the latest 4
decades (Deser et al. 2000).

Correlation analysis of the present dataset confirms that temperatures in
the eastern part of the European Arctic are positively correlated with the
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Fig. 3.4. Correlation coefficients between the annual mean temperature at differ-
ent stations (Fig. 3.1) and the AO-index (black bars) and NAO-index (white bars).

NAO/AOQ indices, while the tendency is opposite at the westerly stations
(Figure 3.4). Still, the AQ’s ability to account for decadal and multi-
decadal variability, is definitely not stationary. While a positive trend in
AO is consistent with the warming in Vardg and cooling in Nuuk from the
1960s to the 1990s, there is no positive AO trend which can account for
the early 20" century warming (e.g. Moritz et al. 2002).

The early 20™ century warming might still be connected to atmospheric
circulation variability, as AO explains only a fraction of this variability.
Further, the hemispheric circulation variability is highly nonlinear, and the
AO index is only a linear approximation (Fyfe 2002).

3.2.5 Possible causes for the observed climate variation

Local and regional climate may change in response to variation in external
forcing (natural or antropogenic), or because of internal variations in the
climate system. The Arctic warming during the later decades is part of a
global warming which is seen also in lower latitudes (Jones et al. 1999, Jo-
hannessen et al. 2002). Its signature agrees well with results from climate
model runs where increasing concentrations of greenhouse gases and aero-
sols are included, but not with control simulations (Stott et al. 2000, Jo-
hannessen et al. 2002). It is thus concluded that the warming during the
later decades most likely are induced mainly by antropogenic forcing. A
matter of debate is still that, though several climate models produce a cer-
tain positive AO trend in response to increased greenhouse forcing, only
one model produce an increase of the magnitude we have seen lately
(Moritz et al. 2002).

Climate model experiments including historic variations in natural forc-
ings (solar radiation and volcano activity) show realistic temperature varia-
tion during the early 20" century warming (Stott et al. 2000). It may thus
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be argued that this warming was caused by natural external forcing. Recent
modelling studies (Delworth and Knutson 2000, Johannessen et al. 2004)
showed, however, that climate models can produce similar features, just as
a result of internal variability in the climate system. Bengtsson et al.
(2003) argue that the early 20" century warming and the following cooling
is an internal low frequency fluctuation involving atmospheric and ocean
circulation and their effect on sea-ice extent. There are thus at least 2 dif-
ferent hypotheses concerning the early 20" century warming, but none of
them include antropogenic forcing as a main factor.

3.3 Climate scenarios for the European Arctic

Atmosphere-ocean general circulation models (AOGCMs) are used to pro-
duce scenarios for future climate variation caused by increased atmos-
pheric concentrations of “greenhouse-gases” and aerosols. Scenarios for
future climate in the Arctic produced by different AOGCMs show substan-
tial differences on local and regional scales. Still, climate scenarios at dou-
bled CO, concentration from 19 AOGCMSs run with the same emission
scenario (“CMIP2 runs”) show similarities (Raisdnen 2003). Sections 3.1
and 3.2 are mainly based upon results from Réisénen (2003). The projected
climate changes in these scenarios are defined as the differences between a
20-year period centred when the atmospheric CO, concentration is doubled
and a 20-year period in the control simulation.

3.3.1 Temperature

Of the 19 CMIP2 models, 18 project a temperature increase in the Arctic
area (north of 60°N) which exceeds the global mean warming. While the
projected average global warming at doubled CO, is 1.75 °C, the Arctic
area mean change is 3.4 °C (Raisanen 2003). The largest warming is pro-
jected in autumn and winter; the smallest warming in summer. A majority
of the models show an area of reduced warming in the northern North At-
lantic, which is also reflected in the average of the 19 scenarios (Figure
3.5, left panel). The reduced warming (which is qualitatively in accordance
with observations during the latest decades) is mainly due to a projected
reduction in the Atlantic meridional overturning circulation (Cubasch et al.
2001). The gradient in projected warming rates from 60 to 90°N is larger in
the European sector of the Arctic than in any other sector. The inter-model
variability is also considerable in the area, and has a
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Fig. 3.5. Average from the 19 CMIP2 models of projected climate change at dou-
bled CO, concentration north of 60°N (after Raisanen 2003). Left panel: Increased
annual mean temperature (°C). Right panel: Increased precipitation (%).

maximum east of Svalbard. Some models show maximum warming and
large sea-ice retreat in this area, while others indicate that the area of re-
duced warming includes the whole Barents Sea.

The global climate models have too coarse spatial resolution to give
good regional climate scenarios. Downscaling is required to produce more
detailed regional and local climate scenarios. Few such studies have been
performed in the Arctic. However, Benestad et al. (2002) showed that local
temperature scenarios in the Svalbard area are closely related to the pro-
jected changes in the regional sea-ice cover in the AOGCM. If the present
sea-ice extent or the future melting in the region is unrealistic, the local
temperature scenarios will thus be dubious. Downscaling studies from
Fennoscandia (Christensen et al. 2001, Hanssen-Bauer et al. 2003) confirm
that we can expect local spatial variation which is not resolved by the
global models. The projected warming is larger in the inland than along the
coast, especially during winter. Further, at high latitudes larger winter
warming rates are projected in valleys than in mountain areas. This differs
from projections from the Alps (Beniston et al. 2003) where projected
warming rates tend to increase with altitude.

3.3.2 Precipitation

The ratio between projected increase in precipitation (in %) and tempera-
ture (in °C) in the Arctic is between 2 and 4 in all the 19 CMIP2 models
(Raisanen 2003). On local scale, the scatter between the models concern-
ing precipitation changes is larger than for temperature. A general feature



3 Climate variation in the European sector of the Arctic 47

is still that the projected precipitation increase averaged over the area north
of 60°N is larger than the global average. Further, the Arctic is one of the
few regions in the world where the 19 model average projected precipita-
tion increase exceeds the inter-model standard deviation (Rdisanen 2003).
Figure 3.5 (right panel) illustrates that the average projected increase in
annual precipitation at doubled CO, is smaller in the northern North Atlan-
tic (5-10 %) than in other parts of the Arctic (10-20 %). This differs some-
what from the patterns of observed change during the 20™ century. The
projected increase in precipitation is largest in autumn and winter, and
smallest in summer.

3.3.3 Other climate variables

With one exception, the 19 CMIP2 models project substantial reduction in
the sea-ice extent. The spatial pattern varies a lot, partly because the simu-
lations of the present-day sea-ice extent vary (e.g. Benestad et al. 2002).
Sea-ice simulations from the ECHAM4 climate model reproduce the vari-
ability of the 20" century satisfactorily (Johannessen et al. 2004). For the
21% century, under the “old” emission scenario 1S92a (IPCC 2001, p 14),
the model projects a modest reduction during winter, but a radical (~80%)
reduction in the summer ice extent. These results agree well with results
from the HadCM3 model (Gregory et al. 2002), under the “new” B2 emis-
sion scenario (IPCC 2001, p 14).

Concerning changes in sea level pressure and atmospheric circulation,
the models show a large spread in projections. Several (but not all) models
project a modest positive trend in the NAO/AO indices. Several models
also tend to show an eastward relocation of the Icelandic low. This would
affect the southward transportation of cold air in western parts of the
European sector as well as the advection of mild humid air into the eastern
Arctic in a way that is not necessarily captured by the NAO/AO indices.

3.4 Summary and conclusions

The annual mean precipitation increased significantly in large parts of the
European Arctic sector during the 20™ century. Statistically significant
warming is found in parts of Iceland and in Fennoscandia, while tempera-
ture series from other parts of the European Arctic show no significant
long-term trend. “The early 20" century warming”, which culminated
around the 1930s and was followed by a period with cooling, is a dominat-
ing feature in all temperature series from the area. This feature may have
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been triggered by variation in solar radiation and volcano activity, or it
may result from internal variability in the climate system. Positive tem-
perature trends during the last decades of the 20" century are found in cen-
tral and especially in eastern parts of the European Arctic. This recent
warming, which is associated with a positive trend in the NAO index, is
probably at least partly triggered by antropogenic forcing of the climate
system. The sea-ice extent in the European sector of the Arctic has de-
creased during the 20™ century. The April sea-ice extent shows negative
trends during the first and last 30-year periods of the century, but a small
(insignificant) increase in the period 1930-1970.

Though the global climate models (AOGCMs) certainly have their limi-
tations, they are the best tools we have for projecting future climate. Com-
parison of results from several models may indicate the level of uncer-
tainty. Projected changes in temperature, sea-ice extent and large-scale
precipitation seem to be qualitatively robust. Generally, the AOGCMs pro-
ject larger warming in the Arctic than the global average. However, a ma-
jority of the AOGCMs project an area of minimum warming near southern
Greenland. In the European sector of the Arctic, there is thus a consider-
able gradient in the projected warming rates from 60°N to the high Arctic.
As for temperature, the projected increase in precipitation is generally lar-
ger in the Arctic than globally averaged. Likewise for precipitation, most
models project a smaller response in southwestern parts of the European
sector than elsewhere in the Arctic. Projected changes in sea-ice extent for
the 21* century show moderate reduction during winter, but large reduc-
tion during summer.
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4.1 Introduction

The ecology of Arctic and Alpine lake communities is heavily influenced
by ice and snow, two factors governed by climatic conditions (Rouse et al.
1997). Climate change generates variation in ice and snow cover phenol-
ogy, thickness and texture that triggers a broad spectrum of physical,
chemical and biotic responses (Quayle et al. 2002). Changes in community
structure and dynamics caused by these environmental responses are early
symptoms of an ecological impact of climate change. The simple character
of Arctic and Alpine lake communities, with a small number of species ar-
ranged along few trophic levels, facilitates detection of such structural
changes and permits detailed studies of dynamics. The sharp influence of
climate and simple community structure, combined with the opportunity of
tracking past ecological change using paleoecological records (Smol et al.
2005), make Arctic and Alpine lakes suitable ecosystems for an early, reli-
able assessment of ecological impacts of global climate change.

Global climate change is expected to modify the range and phenology of
many terrestrial and aquatic species (Parmesan and Yohe 2003). Projec-
tions of the future impact of climate change on biodiversity, based on spe-
cies-area relationships (Rosenzweig 1995) and the assumption that climate
determines present distributions, stress how climate induced range altera-
tion will greatly enhance the risk of extinction for many species (Thomas
et al. 2004). Meanwhile, range expansion and changes in phenology con-
sistent with global warming scenarios are being documented for an in-
creasing number of taxa (Root et al. 2003). The above assessments of eco-
logical impact of climate change are mainly based on comparative studies
from tropical and temperate regions, the focus of past research efforts.
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Evaluation of an impact of recent climate change on Arctic and Alpine
communities must rely on evidence that is more sparse or indirect. Infor-
mation needed for the extrapolation of climate impact scenarios in Arctic
and Alpine systems is richer, for it includes data from lower latitudes and
altitudes that may be assumed to reproduce relevant aspects of future envi-
ronmental conditions.

Arctic and Alpine lakes are characterized by an extended period of ice
cover, cold water and low production. Warming results in anticipated ice
melt and delayed ice formation (Magnuson et al. 2000), and in increased
water temperature (Schindler 1997). The resulting prolonged ice-free sea-
son, stronger thermal stratification and enhanced nutrient resuspension are
expected to increase lake production (Rouse et al. 1997). Further increases
in production may derive from indirect effects of warming on external in-
puts of nutrients and organic carbon (Quayle et al. 2002). The above
changes in environmental conditions may also shift the main contribution
to lake production from benthic to pelagic (Korhola et al. 2002). Increased
temperature and production will facilitate successful invasion and intro-
duction of species adapted to warmer and more productive waters. The
ecological implications of the above environmental changes, however,
reach beyond range alteration driven by physiological limitations. Within a
lake, a longer productive season protracts the active period of community
members increasing the scope for ecological interactions and ecosystem
engineering. By relaxing the physical and energetic limitations on demo-
graphic and interaction parameters, and by modifying the nature and struc-
ture of interactions, warming resets the internal machinery that drives
community dynamics (Harrington et al. 1999, Schmitz et al. 2003).

The above qualitative generalization is intended as a reference scenario
for the following discussion of climatic impact on phenology and commu-
nity dynamics of plankton, benthos and fish. The scenario invites some
general considerations about impact on biodiversity. Medium term projec-
tions (year 2100) rank climate change as a main driver of future biodiver-
sity loss in Arctic and Alpine freshwaters (Sala et al. 2000). Many of the
cold stenothermal species populating these regions are relictual endemics
that are forced into deep, cool waters of lakes in order to survive. Under
warming, the deep refuges would gradually become unbearable due to the
higher temperatures and lower oxygen concentrations. Loss of even a few
endemic species will have a strong impact on regional diversity, consider-
ing that high altitudes and latitudes have relatively few species to begin
with (Lomolino 2001, Willig et al. 2003). Empirical, hump shaped rela-
tions between productivity and species richness in lakes suggest that the
expected increase in productivity will be followed by increased species
richness (Rosenzweig 1995, Dodson et al. 2000). This does not contradict
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the expectation of higher exctinction rates given that recipient communi-
ties will experience substitutions by exotic species that are expanding their
range. The rates of change in species composition and richness may also
increase, due to higher propagule pressure. The latter effect is most likely
in low latitude Alpine lakes, where the distance between different ecocli-
matic regions is short and the species pool at lower altitudes is large.

The scenario of a warmer, wetter climate that will increase ice-free sea-
son duration, water temperature and productivity of Alpine and Arctic
lakes must be treated with caution. The magnitude and even direction of
ecological response to climate change will depend on a variety of envi-
ronmental conditions that were not addressed. Basin morphometry, hy-
drology, catchment and geographic position are all likely to affect the
character of climatic impact and will be considered in more detail below.
The literature reviewed includes assessment and prognostic studies of cli-
matic impact on Arctic and Alpine lakes. As mentioned earlier, the evi-
dence of recent ecological changes reported in these studies is seldom di-
rect. Reviews of assessment studies dealing with climatic impact on lakes
mainly refer to data collected in temperate regions (Schindler 1997, Straile
et al. 2003). In the absence of direct observations, microfossil accumula-
tions in lake sediments provide compelling indication of climate driven
ecological change (Smol et al. 2005). Paleolimnological records may even
allow the detection of changes in the intensity of ecological interactions, as
in the case of fish predation on the planktonic prey Daphnia (Jeppesen et
al. 2002).

4.2 Plankton

A comparable environment leads to similarities in the structure and dy-
namics of plankton inhabiting Arctic and Alpine lakes. In these lakes, light
and nutrients are available in measures adequate to support life for only a
short period of the year. This productive, ice-free period has a limited tem-
perature excursion, and summer thermal stratification, when present, lasts
only a few weeks (Fig. 4.1, upper panels). The result is a relatively brief
and environmentally homogeneous productive season with low food pro-
duction sufficient to sustain only a small number of trophic levels. The
limited scope for differentiation along resource and safety axes constrains
the diversity of consumers. Accordingly, zooplankton species richness rap-
idly declines along the upper interval of latitudinal and altitudinal gradi-
ents (Patalas 1990, Rautio 1998). The species richness of algae is higher,
but there is lower equitability, with a dominance of chrysophyceans and



54  R. Primicerio, G. Rossetti, P.A. Amundsen and A. Klemetsen

a) b)

JFMAMJJ ASOND JFMAMJJ ASOND

Fig. 4.1. Climate change affects both a) light, and b) temperature regimes in Arc-
tic and Alpine lakes (darker shades depict low light and high temperature, respec-
tively). A warmer climate (lower panels) anticipates ice melt increasing the
amount of light available for photosynthesis during spring. The long photoperiod
of high latitudes strengthens this effect. The growing season of algae (solid line)
and herbivores (dotted lines) is anticipated and prolonged, increasing the scope for
temporal segregation of competing species. Increased temperature promotes ther-
mal stratification, boosting productivity in the epilimnion and producing an addi-
tional mixing event at the end of summer when temperature drops (bottom ar-
rows). Mixing increases nutrients availability via sediment resuspension.

diatoms, typical of cool, unproductive waters. More surprising are the
similarities in taxonomic composition. Some of the dominant planktonic
species found in Alpine lakes are also present across the Arctic. The broad
biogeographic distributions are obtained via passive dispersal powered by
winds and animals (Kristiansen 1996, Bilton et al. 2001, Bohnak and Jen-
kins 2003). Migratory birds play an important role in this respect (San-
tamaria and Klaassen 2002), and the observed migration range expansions
associated with warming will intensify plankton propagule pressure at the
higher latitudes. The planktonic propagules that tolerate long-range disper-
sal are adaptive, dormant stages that have evolved to survive harsh condi-
tions within lakes (Hairston 1998).
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4.2.1 Phenology

Many planktonic species overwinter in a dormant state (Rengefors et al.
1998, Williams-Howze 1997, Brendonck and DeMeester 2003). The
phenology of the onset and end of dormancy is bound to the timing of ice
formation and melt by environmental changes that function as triggering
cues for the planktonic organism. The environmental cues include physical
stimuli connected with light and temperature regime shifts, and chemical
stimuli related to biotic conditions (Rengefors et al. 1998, Brendonck and
DeMeester 2003). Ice melt is accompanied by changes in light and tem-
perature conditions that operate in concert to terminate winter dormancy.
Earlier ice-melt, as brought about by warming (Fig. 4.1, lower panels), an-
ticipates hatching and activation of dormant stages. The temporal relation
between ice melt and the emergence of plankton is documented by varia-
tion in the timing of algal blooms and zooplankton outbursts in long-term
series under variable interannual weather (Straile et al. 2003), and along al-
titudinal and latitudinal gradients (Reynolds 1989). The phenology of
dormancy expected on the basis of the abiotic regime shifts can be modi-
fied by chemical cues associated with predation risk and crowding that in-
hibit emergence or induce dormancy (Hansson 2000, Lass and Spaak
2003). Control mechanisms triggered by chemicals, documented for both
winter and summer dormancy (Rengefors et al. 1998, Williams-Howze
1997), imply that indirect effects of climate on timing and magnitude of
predation risk and population peaks, discussed below, will contribute to
further modify the phenology of dormancy.

Warming will also affect breeding phenology and the timing of ontoge-
netic stage shifts, with implications for population growth rates and stage-
structured interactions. The dramatic impact of climate on breeding
phenology and growth is best illustrated by copepods, which have complex
and relatively long life cycles (Santer 1998). Copepods time reproduction
with specific seasonal events to minimize the risk of predation and off-
spring starvation (DeMott 1989). In cyclopoids, hatching typically occurs
during the algal bloom, minimizing the risk of starvation of the herbivo-
rous larvae. But life cycles are flexible, as shown by Cyclops scutifer, a
species that can vary life cycle duration from three years to one year de-
pending on temperature and food conditions (Williams-Howze 1997). In-
creased temperature and food availability accelerate growth and reduce the
need for summer dormancy, promoting short generation time (Maier 1989,
Williams-Howze 1997). Calanoids often breed before the spring algal
bloom, and their earliest larval stages rely on the rich egg reserves to sur-
vive and grow under the ice. The widespread genus Eudiaptomus
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Fig. 4.2. The calanoid Eudiaptomus intermedius has typically a yearly life cycle in
the subalpine lake Scuro (1527 m a.s.l., Italy), with nauplii being born in spring,
under the ice (upper panel - 1992). But an early ice-free season, with relatively
high water temperature, shortens the life cycle of the calanoid, allowing it to an-
ticipate reproduction, and to double the number of generations per year (lower
panel - 1993).

illustrates how such life history strategies may be drastically modified in
response to warming (Fig. 4.2).

4.2.2 Community dynamics

Plankton communities are particularly sensitive to spring warming because
the main dynamic events take place during the productive, ice-free season,
when light is readily available (Sommer et al. 1986, Straile et al. 2003).
After ice melt, egg banks and dormant stages seed the population and
community dynamics in the pelagic (Rengefors 1998, Hairston et al. 2000,
Brendonck and DeMeester 2003). Spring recruitment from dormant stages
is particularly important in Arctic and Alpine lakes, as shown by demo-
graphic (Edmondson 1955, DeStasio 1990) and genetic studies of natural
populations (Rossi et al. 1998). This is due to a limited scope for direct re-
cruitment given the low density of individuals actively overwintering. Af-
ter activation, population growth is constrained by long generation time
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Fig. 4.3. Seasonal dynamics of the rotifer predator Asplanchna priodonta (top
panels) and of its competing prey (middle panels), Keratella cochlearis and Cono-
chilus unicornis (gray bars), in the subalpine lake Scuro (left panels) and subarctic
lake Takvatn (right panels). Lower panels, stippled line, temperature (°C) at 1 m
depth, bars, algae biovolume (mm3 I-1). The longer ice-free season of lake Scuro
allows a greater temporal segregation among competing prey. In lake Takvatn, the
high temporal overlap of competitors is permitted by their segregation along the
water column, with the vulnerable, but competitively superior Keratella hiding in
deep water layers.

and, in zooplankton, by relatively small clutch sizes. Even slight increases
in temperature and production early in the ice-free season can burst popu-
lation growth reducing the time from activation to peak density. The tim-
ing, duration and magnitude of the spring phytoplankton bloom are subject
to climate forcing mediated by ice phenology, mixing, water temperature,
and thermal stratification, which affect the light, nutrient and temperature
environment experienced by the algae (Reynolds 1989). Climatic events
also affect zooplankton grazing on algae (Scheffer et al. 2001). An early,
warm productive season favours the early build up of zooplankton num-
bers resulting in a rapid decline of algae abundance (Straile et al. 2003).
Prolonged and intensified herbivory, and sharper epipelagic gradients of
nutrient availability due to increased thermal stratification, generate clearer
patterns of succession in phytoplankton, with seasonal shifts to species
with lower nutrient requirements or greater resistance to grazing (Sterner
1989, Reynolds 1997). Zooplankton may also experience new opportuni-
ties for temporal segregation under climate warming, as illustrated by the
seasonal dynamics of rotifers (Fig. 4.3). In size structured populations (e.g.
Daphnia), the number of synchronized generations between activation and
dormancy, limited by ice phenology and water temperature, determines the
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seasonal change in size distribution and, consequently, in size dependent
interactions (Primicerio 2003).

4.3 Benthos

Benthos is a key component of Arctic and Alpine lake food webs being re-
sponsible for a large portion of total production (Korhola et al. 2002). The
composition and structure of benthic communities is affected by structural
characteristics of the substrate on, or in, which they live (Moss 1998). This
condition distinguishes the ecology of plankton and benthos and adds new
sources of heterogeneity in the environment experienced by benthic organ-
isms. In particular, variation in substrate steadiness and texture, two prop-
erties that affect the opportunity for attachment and hiding, promotes di-
versity. Stones, pebbles, sand, and lime establish a gradient of stability and
interstitial grain often associated with increasing depth (Moss 1998). In the
littoral zone, the character and heterogeneity of substrate depends also on
the presence and composition of macrovegetation, used by other organisms
to attach, hide and feed. The abundance and diversity of macrophytes de-
creases with increasing altitude and latitude; warming is expected to fa-
vour their expansion. Several benthic organisms have dispersal stages,
such as adults of chironomids or resting propagules of algae and crusta-
ceans (Kristiansen 1996, Bilton et al. 2001), that will ensure their rapid
range expansion under favourable conditions promoted by warming.

4.3.1 Phenology

Timing of emergence of dormant benthic organisms is associated with
physico-chemical regime shifts following ice melt. Data on the relation be-
tween phenology of emergence and interannual variation in ice phenology
and water temperature are less rich for benthos than for plankton (Straile et
al. 2003), but the available information suggests similar conclusions.
Warming will anticipate emergence, prolonging the active season of ben-
thic organisms. Breeding phenology, and seasonality and duration of life
cycles will also change as a consequence of increased temperature and
production. Long-term studies of aquatic insects illustrate how climatic
events can modify the phenology of stage transition, as shown by Elliott
(1996) for adult emergence of alder-flies living in the littoral zone of lake
Windermere. Another example of climate driven change in timing of stage
transition is provided by larvae of chironomids, which are often the nu-
merically dominant component of benthic macroinvertebrates. Larvae of
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chironomids are likely to pupate earlier in warmer waters. Pupation is as-
sociated with a massive migration towards surface during summer, an
event with important energetic implications for fish predators.

4.3.2 Community dynamics

In the recent past (~150 years), compositional shifts of algae in Arctic and
Alpine lakes have occurred concomitantly with warming events (Douglas
et al. 1994, Lotter and Bigler 2000). These taxonomic changes, traced in
the paleolimnological record, can be explained by climate change impact
(Sorvari et al. 2002). Similar changes in benthic algae are expected to oc-
cur in the near future as a consequence of temperature increases of similar
magnitude (about 2 °C — Sorvari et al. 2002). In particular, diatoms, which
play a central ecological role via their strong contribution to lake primary
production, are sensitive to climate forcing and are likely to switch from a
dominance of benthic species (e.g. members of Fragilaria) to mainly pe-
lagic forms (e.g. species of Cyclotella). The change is expected due to the
prolonged ice-free period and increased thermal stratification favouring
small, lightly silicified planktonic diatoms that shade deep dwelling, ben-
thic forms. Such changes from benthic to pelagic primary production may
affect benthic consumers, although increased sedimentation may provide
alternative food sources. The expected changes in phenology discussed
above will influence demography and interactions among benthic species,
but may also reverberate across the entire lake food web, as exemplified by
the effects of chironomid larvae pupation. By diverting the attention of
fish, chironomid pupation temporarily releases from predation other vul-
nerable prey, indirectly influencing their population dynamics. In turn, fish
affect the structure of chironomid communities via predation (Mousavi et
al. 2002).

4.4 Fish

Freshwater fish need water corridors to colonize new aquatic environ-
ments. They have therefore greater dispersal limitations than many plank-
tonic and benthic species. As a result, the geographical range of a fish spe-
cies maintains the historical pattern of colonization (Rosenfield 2002),
unless this has been altered by human introductions. Introductions are
common for recreational fish like salmonids, the dominant taxon in Arctic
and Alpine lakes. Fish species dominance and composition changes with
latitude and altitude, suggesting an influence of climate on the outcome of
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ecological interactions. Trophic interactions vary with season and fish on-
togeny, although different fish species are not equally flexible in their
habitat and diet use (Persson et al 1997). High flexibility characterizes
Arctic charr, Salvelinus alpinus, the freshwater fish with the northernmost
range limits, common in Arctic and Alpine lakes (Maitland 1995, Klemet-
sen et al. 2003). A distribution restricted to cool waters, as observed in
Acrctic charr, suggests vulnerability to global warming due to physiological
stress (Lehtonen 1998). However, thermal stress need not be the driving
factor behind cool water distributions. In Arctic charr, for example, the
upper critical limits and optimum temperatures are relatively high (Ly-
ytikdinen et al. 1997, Thyrel et al. 1999), and vary little with latitude (Elli-
ott and Klemetsen 2002). Also, cold stenothermal species may be able to
adapt to warmer temperatures, as suggested for lake trout, Salvelinus na-
maycush (Sellers et al. 1998). Thus, thermal stress may pose serious
threats only under rapid change and extreme water temperatures, as could
be experienced in shallow lakes. Changes in timing of life history events
and seasonal resource availability, and new regimes of biotic interactions
are likely to play a more decisive role in mediating the impact of climate
change on fish (Davis et al. 1998).

4.4.1 Phenology

Seasonal changes in prey availability modify diet and habitat choice by
fish (Persson et al 1997). After ice melt, higher zooplankton abundance in-
creases the degree of planktivory and use of the pelagic habitat. In sal-
monids, this seasonal dietary shift is sharp (Klemetsen et al. 2003). Earlier
zooplankton availability anticipates and prolongs the period of planktivory,
as seen along latitudinal and elevational gradients (Fig. 4.4). Seasonal
shifts in diet are not restricted to increased planktivory after ice melt, but
include changes to insectivory, benthivory, and piscivory at different times
of the year (Klemetsen et al. 2003). The timing of such foraging events is
subject to indirect climatic influences via regulation of prey phenology. In
addition to prey availability, the seasonal succession in diet composition
depends on fish size and taxonomic identity. Higher specialization of given
fish stages or taxa reduces the number and extent of their seasonal changes
in diet. Because of the strong seasonality and low levels of prey availabil-
ity, high latitude and altitude lakes are unfavourable environments for spe-
cialists, whereas flexible species like Arctic charr are well adapted to such
conditions.

Warming will favour specialists, such as planktivorous coregonids, by
prolonging and increasing the availability of their preferred prey group. In
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Fig. 4.4. Duration of planktivory in Arctic charr populations decreases with in-
creasing latitude and altitude (left panel — labels within gray band mark altitude in
m a.s.l. for lakes along elevation gradient) and is positively related to the duration
of the ice-free season (right panel). The threshold for planktivory is set at 20 % in
frequency of occurrence or stomach contents volume. Data are from lakes located
in Western Europe, Bear Island and Spitzbergen. See Table 4.1 for a summary of
lakes physiography. Data obtained from: Klemetsen & Grotnes (1975, 1980);
Frost (1977); Hindar & Jonsson (1982); Klemetsen et al. (1985); Amundsen
(1989); Christensen (1994); Forseth et al. (1994); and Elliott & Baroudy (1995).

most fish species, newly born individuals are specialist planktivores,
highly vulnerable to seasonal changes in prey availability (Wootton 1999).
Emergence must therefore be timed with zooplankton peak availability to
avoid starvation after exhaustion of yolk reserves. Fish that are not able to
synchronize emergence with earlier zooplankton outbursts driven by cli-
mate warming will risk extinction (McDonald et al. 1996). Fish that antici-
pate emergence will experience a prolonged, warmer and more productive
growth season. Prolonged and accelerated growth allows earlier access to
alternative prey not readily available to small juveniles due to size con-
straints.

4.4.2 Community dynamics

Indirect effects of warming, such as increased plankton production, gener-
ate new opportunities for resource specialization and growth of fish. The
effects of increased plankton production on fish diet and growth are illus-
trated by nutrient enrichment studies at high latitudes. One such study
from Norway (69°N) registered an increase in plankton contribution to
Arctic charr stomach contents from less than 40% to more than 80% of the
bio-volume, with Daphnia becoming the most important prey. Increased
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Table 4.1. Physiography of lakes used to compare seasonal duration of
planktivory in Arctic charr along gradients of latitude and altitude (Fig. 4.4). Area
is lake area in km? Zmax is maximum depth in m, Lat is latitude in °N, Alt is
altitude in m a.s.l., Open is the duration of the ice-free period in weeks, Tmax is
maximum temperature in °C. Data obtained from: Klemetsen & Grotnes (1975,
1980); Frost (1977); Bgyum & Kjensmo (1978); Hindar & Jonsson (1982);
Klemetsen et al. (1985); Amundsen (1989); Christensen (1994); and Elliott &
Baroudy (1995).

Lake Area Zmax Lat Alt Open Tmax

Windermere 15 64 54 39 52 24
(UK)

Vangsvatn 8 60 60 46 32 20
(Norway)

Haysjgen 1 27 63 222 23 na
(Norway)

Takvatn 15 80 69 214 26 14
(Norway)

Ellasjgen 1 43 73 21 12 7
(Bear Island)

Linnévatn 5 37 78 4 10 3
(Spitsbergen)

Gautelisvatn 6 40 68 852 15 12
(Norway)

Skogsfjord- 14 80 70 19 30 15

vatn (Norway)

availability of large, easy to catch zooplankton produced a dramatic accel-
eration in fish somatic growth within three years since the beginning of the
nutrient enrichment program (Dahl-Hansen et al. 2001). Enhanced growth
rates influence the size distribution of the whole fish population, affecting
size dependent interactions. Similar effects driven by climate change are
expected to modify the outcome of interactions among fish species. Com-
petition between Arctic charr and whitefish (Coregonus lavaretus) illus-
trates the mechanisms involved. The whitefish is often regarded as the
competitively superior species (Svardson 1976, Lehtonen 1998), but rank-
ing seems to depend on environmental conditions influenced by climate. A
recurrent pattern is Arctic charr substituting whitefish, and other species,
as latitude and elevation increase (Svardson 1976, Heino 2001). These
changes in composition and dominance are likely to be mediated by cli-
matic effects on duration and productivity of the ice-free season. Greater
availability of zooplanktonic prey, experienced at lower altitude and lati-
tude, and promoted by warming, favours the coregonids, which are more
efficient planktivores. Intensive, long-term studies of succesfull invasions
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of subarctic freshwaters by planktivorous fish species (e.g. Bghn and
Amundsen 2001) document the ecological mechanisms that may promote
colonization of Arctic and Alpine lakes by exotics under warming (Shuter
and Post 1990). The accelerated spread of non-native aquatic organisms
(Lodge 1993), boosted by global warming, will result in a drastic change
in the diversity and structure of Arctic and Alpine fish communities.

4.5 Higher-order effects of climate change and lake
communities

Increased plankton production exemplifies a higher order effect of climate
change that may reach the top of the lake food web altering fish assem-
blages. In turn, changes in fish composition, relative abundance, and size
distribution will have top-down effects on plankton and benthos. These
top-down, higher order effects of climate change are likely to generate
some of the main structural alterations in lake communities (Schmitz et al.
2003). General predictions concerning the direction of such higher order
effects are not easy due to the variation generated by the interplay between
taxonomic composition, adaptation, and degree of environmental hetero-
geneity. This is illustrated by how size-structured interactions, anti-
predator adaptation, and lake morphometry may modulate climate impact.
The effect of predation by fish has a strong size-dependent component
(Persson et al. 1997). In the absence of fish, invertebrates become the main
top predators in Arctic and Alpine lakes. The top-down influence of inver-
tebrates also depends on prey size, but the character of size dependence
differs from that of fish (Hall et al 1976). Different configurations of size-
structured interactions in absence vs. presence of fish will produce differ-
ent ecological responses to climate change.

The indirect influence of top-predators on abundance and composition
of planktonic and benthic species is mediated by changes in prey density
and phenotypic traits. Inducible anti-predator adaptations responsible for
trait-mediated interactions in plankton and benthos are predator specific
(Tollrian and Harvell 1999). The importance of indirect interactions medi-
ated by adaptive traits, such as risk sensitive foraging behaviour, is likely
to increase with increasing productivity brought about by warming
(Luttbeg et al. 2003). In lakes, a common anti-predator response that struc-
tures prey communities is the adaptive use of deep habitat refuges (Fig. 4.3
- Primicerio 2005). Shallow lakes lack deep habitat refuges, a simple con-
sideration that stresses the influence of lake morphometry, and associated
degree of environmental heterogeneity, on the effects of climatic variation.
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Clearly the mechanisms by which climate change may affect lake commu-
nities, either directly or via an interplay with other sources of environ-
mental stress (Schindler 2001), are sufficiently complicated to beg for a
carefully designed, experimental research program with regional imple-
mentation (Harrington 1999). For Arctic and Alpine lakes, this research
program is presently under way and will soon provide the information
needed for more quantitative prediction.

4.6 Conclusions

Available data from extensive surveys, paleolimnological records, and
long-term studies of natural and whole lake experiments confirm the sensi-
tivity to climate change of these vulnerable ecosystems. Under the warm-
ing scenario, production is expected to increase and the seasonal dynamics
of plankton and benthos should change, in accordance with observed al-
terations associated with temporal variation in temperature regimes. Plank-
ton and benthos may also face compositional and structural changes result-
ing from range expansion of exotic species and local changes in nature and
intensity of ecological interactions. When present, fish can play a central
role in driving such structural changes by modifying the phenology and
ontogeny of habitat and dietary shifts, and the character of resource spe-
cialization. In turn, the above phenotypic responses will affect fish popula-
tion and community structure. Phenology of emergence and other fre-
guency-dependent adaptations affected by climate generate nonlinear
relations among interacting populations that amplify the effects of small
change and influence the impact of environmental variation on population
and community dynamics (Chesson 2003). The complex causal structure
leading to higher order effects of climate change challenges assessments
and predictions of ecological impact and has prompted carefully planned
experimental investigations that will soon allow more quantitative projec-
tions.
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5.1 Introduction

Phenology is the science dealing with the influence of climate on the re-
currence of annual phenomena of animal and plant life such as budburst
and leaf fall etc. Changes in the phenological events are early indications
of effects of changes in the climate. The distribution of plant species and
vegetation types tends to be controlled by the climate (Moen 1999,
Woodward 1987). Changes in the timing of phenological events are often
the first indications of transitions of ecosystems, as e.g. the rise of the tree
line and transitions from tundra to boreal forest. Accordingly, it is of inter-
est to monitor the timing of important phenological events like the start of
spring and autumn.

There is now ample evidence of the ecological impacts of recent climate
change, from polar terrestrial to tropical marine environments (Walther et
al. 2002). The responses of both flora and fauna span an array of ecosys-
tems and organizational hierarchies, from the species to the community
levels. Although we are only at an early stage in the projected trends of
global warming, ecological responses to recent climate change are already
clearly visible.

Traditional phenological studies in Europe indicate that the average an-
nual growing season has lengthened during the past decades in western and
central Europe (Menzel & Fabian 1999, Chmielewski and Rétzer 2002,
Sparks and Menzel 2002, Ahas et al. 2002). Most of this lengthening of the
growing season is due to an earlier start of spring, while the effect of a
later end of the growing season is less. The earlier onset of spring is most
likely due to increased winter/spring temperature. However, there are indi-
cations of regional differences in Europe (Ahas et al. 2002). A delay trend
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in onset of birch-pollen seasons in northern Finland for the last two dec-
ades has been reported (Emberlin et al. 2002). From Kola Peninsula in
north-western Russia, Kozlov and Berlina (2002) showed a decline in
length of growing season for the last 70-years. However, we should be
aware that a delay in spring is not necessarily a result of colder climate in
northern areas, it could be the result of more snow in the winter, and
thereby later snowmelt. We should also be aware of that the phenological
response to changes in climate would change with the altitude, latitude and
longitude gradients.

Use of satellite data is a way to examine these geographical differences
in climatic change and corresponding phenological responses. Several
studies show the possibilities to combine Normalized Difference Vegeta-
tion Index images (NDVI) derived form satellite images with phenological
ground registrations (i.e. Reed et al. 1994, Schwartz and Reed 1999, Chen
et al. 2001). Reed et al. (1994) estimated twelve metrics linked to
phenological events based on NDVI data from National Oceanic and At-
mospheric Administration Advanced Very High Resolution Radiometer
(NOAA AVHRR) data. These were compared to certain agricultural crops,
grasslands, shrub-lands and forests for the United States. Chen et al.
(2001) used phenological data from the Chinese Yearbooks of Animal and
Plant Phenological Observations from the period 1982-1993 and compared
these with NDVI data estimated form NOAA AVHRR images. Using
threshold NDVI values, they found a high correlation between the end of
the growing season, but a low correlation for the beginning of the growing
season. Schwartz and Reed (1999) found a good agreement between
NOAA AVHRR NDVI data and modelled phenology based on phenologi-
cal registrations across eastern United States. However, in Europe, and in
particular in Fennoscandia, these types of comparative studies have not
been published.

On a global scale, the use of satellite data support the general trend
against earlier onset of spring and prolonged growing season in most of
Eurasia towards the end of the 20" century (Myneni et al. 1997, Zhou et al.
2001, Tucker et al. 2001, Bogaert et al. 2002, Shabanov et al. 2002). Tuck-
er et al. (2001) analyzed a time series from 1982 to 1999 of NDVI data
from the NOAA AVHRR series of satellites. They found that there where
significant variations in photosynthetic activity and growing season length
at northern latitudes above 35°N. They especially noticed that two distinct
periods of increasing plant growth where apparent, 1982 to 1991 and 1992
to 1999. The decline from 1991 to 1992 where explained by global cooling
caused by the eruption of Mt. Pinatubo in 1991. Tucker et al. (2001) found
that average May to September NDVI1 values from 45°N to 75°N increased
by 9% from 1982 to 1991, decreased 5% from 1991 to 1992 and again in-
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creased 8% from 1992 to 1999. In the same time periods, the start of the
growing season varied with -5.6, +3.9 and —1.7 days, respectively.

Zhou et al. (2001) estimated that about 61% of the total vegetated area
between 40°N and 70°N in Eurasia shows a persistent increase in the grow-
ing season from central Europe through Siberia to the Aldan plateau. The
increase in the length of the growing season in the period 1981-1999 was
estimated to be in the range 18-24 days, depending on a NDVI threshold
value set to define the growing season. In Zhou et al. (2002), the coastal
and northern Fennoscandia was determined too sparsely vegetated to be
included. In North America they found a fragmented pattern of change in
smaller areas, mostly in the forests of southeast and grasslands of the upper
Midwest. They also found a larger increase in growing season NDVI mag-
nitude (12% versus 8%) and a longer active growing season (18 versus 12
days) caused by an earlier spring and delayed autumn in Eurasia relative to
North America. They observed NDVI decrease in parts of Alaska, boreal
Canada and northeastern Asia. They explained this decrease by tempera-
ture-induced drought caused by pronounced warming without a concurrent
increase in rainfall.

We used the NOAA AVHRR NDVI satellite dataset, produced by the
Global Inventory Modeling and Mapping Studies (GIMMS) group, to in-
vestigate regional climate change impact on the length of the growing sea-
son in Fennoscandia during the last two decades. The study area is charac-
terized by large regional climatic differences from south to north, from
west to east, and from lowland to mountains. The aim of this study is to
reveal the regional pattern of changes in start of spring and autumn. In or-
der to achieve our aim, we developed a method using individual threshold
NDVI values for each pixel for defining the start and end of the growing
season. The individual pixel specific threshold value is tuned to give the
highest correlation with selected phenological, climate and pollen in-situ
data for the period 1982-1999.

The estimated onset of spring is shown to be well correlated with
ground data on onset of leafing of birch. The results show high regional
differences in trends in the onset of spring. In the southern part of Fenno-
scandia, and on the oceanic west coast of Norway, the spring starts consid-
erably earlier in the late nineties compared to the early eighties. This ear-
lier trend fits with the pattern from western and central Europe, and is
likely to be related to increased spring temperature. On the other hand, the
results indicate no or even a slightly delayed trend in onset of spring in the
mountain areas in southern Norway and in the continental parts of northern
Fennoscandia. At the same time the autumn is delayed in the whole area
except an area in the continental part of northern Fennoscandia. This also
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means that the growing season is prolonged for the whole area, except the
northern continental parts of Fennoscandia.

5.2 Data and Methods

5.2.1 Satellite Data

We have used the NOAA AVHRR NDVI satellite dataset produced by the
Global Inventory Monitoring and Modelling Studies (GIMMS) group for
the period January 1982 to December 1999, with 8x8 km? spatial resolu-
tion (Tucker et al. 2001, Zhou et al. 2001, Bogart et al. 2002). The
GIMMS dataset is composed of the maximum value NDVI for 15-day pe-
riods. The highest NDVI value for each composite is chosen as the NDVI
for the compositing period as it corresponds to lower aerosol and cloud
contamination. This procedure ensures the highest possible degree of data
coverage. It is also sufficiently accurate for detecting phenology change, as
absolute NDVI values throughout the growing season can be compared,
and not only the date for specific events.

The processing for the particular dataset used in this work include im-
proved navigation (Rosborough, 1994), calibration of the four different
sensors by the method of Vermote and Kaufman (1995), and corrections
for sensor degradation and partial atmospheric correction of the data (Los
1998). The GIMMS data from April 1982 to December 1984 and from
June 1991 to December 1993 are corrected to remove the effects of strato-
spheric aerosols from EI Chichon and Mt. Pinatubo eruptions applying the
method of Vermote and El Saleous (1994). No explicit atmospheric correc-
tion except for stratospheric aerosols is applied to this GIMMS NDVI
dataset (Zhou et al. 2001). However, the 15-days maximum value NDVI
composition minimizes residual atmospheric and bidirectional effects.

5.2.2 Ground Data

In this study phenological data on birch (Betula spp.) collected at four sta-
tions are used (see Table 5.1). Due to the lack of phenological stations in
southern parts of Scandinavia, the dataset is supplemented by pollen data
from birch in this area. Birch has a strong correlation between budburst
and appearance of first pollen. However, the Scandinavian countries have
different methods for defining the onset of the pollen season. In Sweden
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(Stockholm) the first of five continuous days with pollen are used as the
onset criteria. In Denmark (Copenhagen) the start of the pollen season is
defined when the accumulated level reaches 2.5% of the seasonal level. In
Norway (Tromsg, Trondheim, and Oslo) the criteria is equal to Denmark,
but the accumulation level is defined at 5%. In this study we use the first
day of recorded pollen as a start of the onset period in Norway. However,
this date could be influenced by long-distance pollen transport, and in
Tromsg in 1984 and 1995 the second day of recorded pollen is used due to
obvious long-distance pollen transport at the first recorded pollen. In addi-
tion to the biological data, air temperature and snow cover data from Kare-
suando in northern Sweden and Karlstad in southern Sweden are used as
reference data in this study. The time of a 21 days moving average mean
temperature 0°C and 5°C crossing at spring and autumn, and snow melt at
spring is compared with the NDVI value.

5.2.3 Growing Season Analysis

A common method is to define e.g. the start of the growing-season as the
point in time when the NDVI value exceeds a certain threshold (Zhou et al.
2001). This method works well in areas with a rich and homogenous vege-
tation cover. However, in areas, like the cost of Norway where each pixel
most likely will represent a mixture of water, farmland, forest, and alpine
vegetation, this method does not work. We have therefore used a method
to set the threshold individually for each pixel. Approaches where the
thresholds are estimated individually for each pixel, a geographic cell, or
land cover types can be found in Reed et al. (1994), Chen et al. (2001), and
Tucker et al. (2001). This is an objective method that works well over
Fennoscandia.

For each pixel an 18 years mean NDVI value (NDVI > 0) for the period
from 1982 to 1999 was computed. The timing for the 15 days composite
NDVI value upward and downward passing of this mean value was used
as a threshold for determining the start and end of the growing season at
each pixel for each year. This threshold value was found to best correlate
with ground data. The procedure ensures sensitivity for changes in timing
during the 18 years period, independent of the actual ground cover present
at each pixel. A standard linear regression model was applied to the timing
data. The difference of the start and the end of the model was used as an
estimate of changes in timing of the growing season. Correlation analysis
was carried out between NDVI based events and in-situ observed dates for
metrics such as “leaf onset” and start of pollen season.
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5.3 Results

5.3.1 Onset of Growing Season

Table 5.1 shows the relationship between the timing of spring measured
from the NDVI images and the ground based data. Difference is the mean
difference in number of days from the ground based and the NDVI based
onset/end of growing season, meaning that negative values indicate that
the ground measurements were before the NDVI based date. The 0 °C and
5 °C are crossing upward (spring) and downward (autumn), and is based
on 21 days moving average. Positions of the stations are shown in Fig. 5.2.

For the onset of spring, data from the four phenological stations and the
five pollen stations show a correlation with the NDVI based measurements
in the range of r=0.58 to r=0.86, with a mean correlation of r=0.68. The
correlations were significant (< 0.05) or highly significant (< 0.01) (Table
5.1) for the two of the phenological stations and all the pollen stations.
While the timing of onset of leafing of birch is tuned to have almost ex-
actly the same date as onset of spring measured from NDVI, the onset of
birch pollen season is about 10 days earlier (Fig 5.1a).

Table 5.1. Correlation between onset of growing season measured from NDVI
and as defined from birch-pollen, phenology on birch, or climatic data.
*Correlation significant (< 0.05), **correlation highly significant (< 0.01). Trend
measured in (day year-1) and difference measured in (days).

Station Type of data Period r Trend Diff. ground- sat.
Svanhovd Onset of leafing 1994-99 0.63 1.9 -1
Abisko Onset of leafing 1982-99 0.58* 0.7 1
Kevo Onset of leafing 1982-99 0.86** 0.1 0
Kilpisjarvi Onset of leafing 1989-99 0.60 1.0 1
Tromsg Pollen 1984-99 0.72** 0.9 -14
Trondheim Pollen 1982-99 0.59* -0.4 -15
Oslo Pollen 1984-99 0.85**  -0.6 -10
Stockholm Pollen 1982-99 0.61**  -0.5 -10
Copenhagen Pollen 1982-99 0.64**  -0.7 -12
Karesuando Last day snow  1982-98 0.39 0.2 -4
Karesuando 0°C 1982-98 0.48 0.2 -29
Karesuando 5°C 1982-98 0.36 0.3 -2
Karlstad Last day snow  1982-97 -0.19 -0.8 -54
Karlstad 5°C 1982-98 0.24 -0.1 -40
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Fig. 5.1ab. a) Data from Oslo. Date of first recorded birch pollen and onset of
spring measured from NDVI. b) Data from Karesuando in northern Sweden. Onset
of spring measured from temperature data and from NDVI. Temperature data are
21 days smoothed average.

According to climatic data at spring, in Karesuando (Fig. 5.1b) the
NDVI values show good fit with the temperature passing 5 °C and staying
above (2 days mean difference). However, in southern Sweden (Karlstad),
the mean difference is 40 days.

In Fig. 5.2 the changes in time of onset of spring are illustrated. In gen-
eral, the results show a pattern according to the north-south, the oceanic-
continental, and the altitude gradient. In the southern part of Fennoscandia
the spring starts considerably earlier. The most significant change is within
southern Sweden, with changes up to one month. In the most oceanic parts
of Fennoscandia, the coastline of western Norway, the spring starts 2-3
weeks earlier. A slightly delay trend is observed in the alpine and in the
northern continental parts.

In general the ground data support the trends in onset of spring as meas-
ured from NDVI. All the data from the southern ground stations in this
study have a trend of earlier onset of spring, and all the corresponding
NDVI values have a similar trend. On the other hand, ground data from the
northern parts show a delayed trend. Using linear regression, the onset of
birch pollen season in Tromsg in northern Norway, show a delay trend on
0.9 day year™, and the corresponding NDVI values show a delay trend of
0.8 day year™. In the year 1990 in Tromsg the onset of birch-pollen season
was fourteen days later than the normal for the period 1984 to 1999.

When we relate the different trends in north and south to changes in
climate, the climatic station in southern Sweden has a trend of considera-
bly earlier disappearing of the snow cover. In 1998 there was no show
cover at all. During the period 1982 to 1998 annual mean temperature has
increased 1.8 °C, March mean temperature has increased 1.8 °C
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Fig. 5.2. Change in onset of spring durlng the period 1982 to 1999. Position of the
pollen stations (star), phenological observation points (circle), and climatic sta-
tions (cross) used in this study.

(from -0.6 to 1.2 °C), and April mean temperature has increased 0.9 °C
(from 3.7 t0 4.6 °C).

Concerning the climatic station in Karesuando in northern Sweden, this
station has a trend towards warmer yearly average, but colder springs. We
estimate that during the period 1982 to 1998 annual mean temperature has
increased with 1.5 °C. April mean temperature has decreased with 1.4 °C
(from -2.5 to —3.9 °C) and May mean temperature has decreased with 2.4
°C (from 4.9to0 2.5 °C).

5.3.2 End of Growing Season

As in-situ data from autumn, data from two phenological stations and one
climatic station were used, all located in the northern part of Fennoscandia
(Fig. 5.2 and Table 5.2). The six-year series of data on more than 50 %
yellowing of birch leaves from Svanhovd in north-easternmost Norway
show a correlation on 0.50 with the NDVI based measurements. However,
a 12 years series from Kilpisjérvi, in northernmost Finland, of similar
ground data show low correlation with NDVI values. Concerning climatic
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Table 5.2. Correlation between end of growing season measured from NDVI and
as defined from phenology on birch. *Correlation significant (< 0.05),
**correlation higly significant (< 0.01). Trend measured in (day year') and
difference measured in (days).

Station Type of data Period r Trend Diff. ground- sat.
Svanhovd Yellowing >50 % 1994-99 0.50 -2.9 -11
Kilpisjarvi ~ Yellowing >50 % 1988-99 0.15 -0.2 3
Karesuando 5°C 1982-98 0.60 0.1 -32
Karesuando 0°C 1982-98 -0.03 0.1 -8

data, there is a correlation of 0.60 between passing 5 °C at autumn and
NDVI values. However, the climatic event happens more than a month be-
fore in mean.

The map of changes in onset of autumn (Fig. 5.3) indicates that the au-
tumn is delayed 1-3 weeks in the whole area. There is no clear pattern, but
in the continental parts in the north, in the border area between Norway,
Sweden, and Finland, the situation is stable. This area partly overlaps with
the area that has a delay trend in onset of spring (Fig. 5.2).
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Fig. 5.3. Change in onset of autumn during the period 1982 to 1999.
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5.4 Discussion

Due to the high relationship between NDVI and photosynthesis activity,
and the method with a threshold value for each individual pixel, it is likely
we measure real variations in nature. At spring, the correlation between
phenological data on birch (bud burst and pollen) and NDVI values (inter-
preted as start of growing) are high and significant. Birch (Betula pubes-
cens) is common in most of Fennoscandia and dominating in large parts of
the oceanic north (Hulten 1971, Pahlsson 1998). In areas where birch is
frequent but do not dominate, it is reasonable that the NDVI based meas-
urements shows the timing of the phenophases of the photosynthetic
dominating species that correspond with the timing of the nearby onset of
leafing of birch. However, in mountain areas and farming land, where
birch not even occurs, a calibration of the NDVI images with surface ob-
servations remains to be investigated.

In this study, less attention was given the autumn phenophases, and the
correlations with the few observation points are weak and not significant.
A botanical description of the changes on the ground in relation to the
measured NDVI values at autumn remain to be investigated. For autumn,
and for spring in areas where birch not occur, the nearest biological de-
scription of the phenological events is a threshold passing of the mean
photosynthesis activity from all the plants in a 8x8 km? large area, upward
passing in spring and downward in autumn.

There are several possible error sources in the measurements. Extended
changes in forestry management, in the grazing pressure by reindeer and
sheep, in long-transported air pollution (e.g. nitrogen in precipitation), in
agricultural practice, or other activities that causes large changes in land
cover, would affect the results. Due to an ending of subsidies in 1994 ex-
tended reduction in cleaning of birch and willows on the clear cut areas has
occurred in Sweden (Anonymous 2003). This may affect the proportion of
deciduous forest and the thereby the NDVI value and the timing of the
growing season. Denmark and large parts of southwestern Sweden are to-
tally dominated by agriculture. Extended changes in crop type, for instance
from spring wheat to autumn wheat, with earlier green up in spring would
be misinterpret as measurements of earlier spring. Possible influence of
changing land cover remains to be investigated. However, due to the large
pixel size of 8x8 km?, and since in most cases the agricultural areas shows
the same trend as the nearby natural vegetation not heavily influenced by
human impact, we believe the main pattern is due to real changes in onset
of spring and autumn. This is even believed to be the case in southernmost
Fennoscandia much more influenced of human impact than in the north.
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The NDVI based spring trend observed in southern Sweden is statisti-
cally significant on the 5% level. More than two weeks earlier onset of
spring occurs in Denmark, southern Sweden, southernmost Norway, and
south-westernmost Finland. These areas belong to the Nemoral and Bo-
reonemoral zone, and are characterized by broad-leaved deciduous wood-
land that requires warm summers (Moen 1999). The oceanic coast of west
and central Norway also have considerably earlier onset of spring. Cli-
matically the oceanic area is characterized by having few frosty days, high
frequency of precipitation, and long growing season (Moen 1999). In both
these areas, warmer winters and warmer spring often leads to precipitation
as rain, and the snow cover is disappearing either totally or earlier in the
spring. The climatic station in Karlstad is situated in the middle of south-
ern Fennoscandia with indications of one-month earlier onset of spring.
The climate station has an increase of mean May and April temperature
and significant earlier disappearing of the snow cover consistent with an
earlier spring/end of winter. The pattern of earlier onset of spring in south-
ern parts during the last decades fits with phenological studies in western
and central Europe, and has been linked to increased early spring tempera-
ture (Chmielewski and Rotzer 2002, Menzel and Fabian 1999, Ahas et al.
2002, Menzel 2002).

In the continental part of northern Fennoscandia and mountains areas in
southern Norway, the spring is stable or there are indications of a slightly
delayed trend (Fig. 5.2). However, the delay trend in Fig. 5.2 is not statisti-
cally significant. On the other hand the phenological observation data (bud
burst and pollen) showed a significant correlation with the NDVI-based
phenological metrics. Climatically the continental north is characterized
by short growing season and very cold winters with mean January tem-
perature of less than -15 °C (Moen 1999, Tuhkanen 1980, Tveito et al.
2000). In such areas increased precipitation at winter will lead to thicker
snow cover, and could result in delay in snow melt, even if the temperature
increase. The delayed onset of spring in Karesuando in northernmost Swe-
den is correlated with colder April and May and delayed temperature pass-
ing of 0 °C and 5 °C and more snow in May. The few studies in the north
within the stable/slightly delayed areas somewhat support our results. Dur-
ing the period 1930 to 1998, at one phenological station on Kola Penin-
sula, Kozlov and Berlina (2002) show a slightly delayed trend in snow
melt, and a stable situation for onset of leafing on birch. The leaf unrolling
showed highest correlation with temperature sum from March to May
(r=0.52, p< 0.001). In Kevo in northern Finland (Fig. 5.2), Emberline et al.
(2002) have shown distinct trends towards later onset of birch pollen sea-
sons during 1982-1999, and in the same period the March temperature has
increased and May temperature decreased. However, the delayed trend in
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the continental north could be a result of a more complicated pattern of
changes in both temperature and precipitation, and the full explanation re-
mains unknown.

For autumn, there is much less information available. The phenological
gardens throughout Europe indicate that the beginning of autumn is gradu-
ally delayed (Menzel and Fabian 1999, Menzel 2000). Our results indicate
a delay in most areas. Kozlov and Berlina (2002) found indications of ear-
lier onset of autumn phases, however, they investigated the last 70 years,
and in this study we only investigate 18 years. On the other hand they used
the metric “beginning of leaf fall in mountain birch”, which is not a good
phenological metric to detect using earth observation. The “beginning of
leaf fall” metric is very dependent of the wind regime and a little local gale
can wipe out the leaves on the observation site leaving the surrounding ar-
eas untouched. By using GIMMS data with a spatial resolution of 8x8 km?,
it is very difficult to detect such local events. We applied the metric, “yel-
lowing of leaves more than 50 %”, which fit better with NDVI measure-
ments done at Svanhovd, although we will consider other metrics or a
combination of several metrics to detect and monitor the autumn in the fu-
ture. Experimentation with several different threshold values applied on
each individual pixel for the autumn season is also necessary to perform in
order to obtain a better fit between earth observations and ground data.

5.5 Conclusion

This study has shown large regional differences in the changes of the
length of the growing season, during the period 1982-1999 in Fennoscan-
dia. It clearly indicates that the impact on length of growing season of
global warming will be different depending on the regional climate.
Whether the measured changes in spring and autumn events are caused by
climate change or are of a temporal and stochastic nature remains to be
seen. This study also demonstrates that NOAA AVHRR data, with a
method using a different threshold value applied on each individual pixel,
are well suited for studying the regional impact of a changing climate even
in heterogeneous and sparsely vegetated areas.
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6.1 Introduction

Northern regions have always engendered enquiry in relation to how far
temperate plants can migrate north or arctic plants migrate south before
they reach some climatic limitation either from a failure to grow or from
an inability to reproduce. Consequently, any attempt to predict the conse-
guences of current climatic change for northern plant species has to give
particular attention to marginal regions and consider the biological causes
for the failure of plants to survive outside any given area. Limits to plant
distribution in the Arctic invite investigation as they represent the ultimate
peripheral locations for high-latitude survival. Biologically, plants are ide-
ally suited for the study of peripheral situations as their sedentary nature
facilitates mapping. Many atlases record limits to plant distribution both
past and present at high latitudes (Hultén and Fries 1986b; Huntley and
Birks 1983; Loéve and Ldove 1975; Meusel and Jager 1992). These circum-
polar plant distribution maps are unique, for in no other area of the World
is it possible to examine across adjacent continents both the north-south
and east-west extensions of species ranges. The ease with which tempera-
ture records can now be collated and compared with past and present plant
distribution maps can create an impression that cartographic representation
combined with mathematical modeling is all that is needed to relate cli-
matic limits with plant distribution. Unfortunately, as pointed by the pio-
neering Norwegian eco-physiologist Eilif Dahl “the many indices that
have been used for correlation between the northern and alpine limits of
plants and meteorological factors are rarely based on any eco-
physiological foundation” (Dahl 1998). As he expressed the problem “the
question is in which way does temperature affect plant performance?”
Despite the attractive convenience of the concept of a generalised tem-
perature limit for plant growth it is important to take note of the fact that
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mean temperatures do not exist in nature and therefore should be consid-
ered only as indicators and not causal factors (Holtmeier 2003). Maps
which make some accommodation for seasonality and the differences be-
tween oceanic and continental climates can begin to answer some of the
problems raised by Dahl in relation to matching climatic data with plant
performance.

6.2 Interpreting distribution maps

Presenting data in the form of maps is intellectually satisfying. Maps cre-
ate a global perception of distribution that permits comparisons to be made
readily with physical factors such as climate and soils. Unfortunately, this
simplicity of representation may be misleading in relating cause to effect
as the factors which control distribution along any particular temperature
boundary may differ from one region to another. The southern limit of the
Tundra is generally determined by the northern limits of the boreal forest.
However, the northern limit of the boreal forest may be controlled by dif-
fering ecological circumstances in diverse regions (Callaghan et al. 2002).
Temperature, as it affects the length of the growing season, can be related
to the position of the boreal treeline over large land-masses in regions with
marked continental climates. However, over extensive regions of western
Siberia the northern limit of the boreal forest is displaced southwards by
the development of vast bogs. It follows therefore that although the boreal
treeline (the tundra-taiga interface) is a global phenomenon that can be
mapped and even observed by remote sensing (Fig. 6.1a-b), the reasons for
its position from one area to another may differ (Crawford et al. 2003).
Consequently, if the factors controlling distribution are not understood
then information that may be derived from maps is open to misinterpreta-
tion.

Given these uncertainties about the physiological impact of temperature
change it is relevant to examine in closer detail the natural distribution of
plants in relation to seasonal variations in temperature. Predicting plant
migration in terms of temperature change demands correlative observa-
tions from a range of variables. Iversen’s classical studies pioneered the
matching of plant distribution to summer and winter isotherms (lversen
1944). In such studies the choice of isotherm is often arbitrary and the co-
incidence of a species boundary and an isotherm is not necessarily causal
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Fig. 6.1. Transition zone between Forest and Tundra as seen at the northern limits
of (a) Western Siberian Lowlands and (b) the eastern section of the North Ameri-
can Boreal Forest boundary in normalised vegetation index (NDVI) images re-
corded in May 1999. Colour scale; blue = 0 as the Tundra is still covered by snow
and ice. Other colours from green towards yellow represent increasing positive
values in the NDVI index denoting the presence of photosynthetically active
woody evergreen species emerging above the snow cover (images by courtesy of
Goddard Space Flight Center).
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Fig. 6.2. Photograph taken at the southernmost occurrence of lichen—spruce (Picea
mariana) forest in Québec at 47°N (photo R.M.M. Crawford).

(Crawford 1989; Hengeveld 1990) and may over-estimate the geographical
area occupied by species (Jeffree and Jeffree, 1994, 1996). There are many
situations where a demographic or probability approach provides a better
assessment of plant distribution, as can be seen below in the positions of
the northern boreal treeline which cannot always be delineated by a simple
line on a map.

Satellite NDVI images can be used with care to detect various vegeta-
tion zones including the boreal treeline (Rees et al., 2002). The problems
of distinguishing between vegetation zones in relation to the evergreen
treeline is greatly simplified when images are collected before the tundra
ice and snow have melted as the woody evergreen species emerging above
the snow cover stand out against the photosynthetically inert tundra sur-
face. Images taken in the month of May in western Siberia reveal in many
areas a marked transition zones between continuous tree cover and total
absence of emergent evergreen vegetation.

Examination of Figs. 6.1a-b shows that in some regions the treeline is
not a distinct boundary but a mosaic. This condition is found particularly
in areas where bog formation occurs as in the West Siberian Lowlands
where the transition extends North-South for approximately 600 km from
the South-eastern shore of Obskaya Guba to the east-west flowing section
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of the River Ob’. This mosaic is considered by Russian ecologists to be a
self-renewing cyclic process taking place over hundreds of years. Cryoper-
turbation causes the soil surface in localised areas to rise above the general
level of the bog (Chernov and Matveyeva 1997). In some areas this per-
mits the active layer to dry out sufficiently to allow the re-establishment of
trees for a period until they shade the ground and cause the permafrost to
rise and favour once again the growth of mosses as opposed to trees
(Crawford et al. 2003). In Northern Quebec, a similar situation occurs un-
der different circumstances. Here, the impact of combined insect and fire
disturbances translates into a dramatic decrease in post-fire tree regenera-
tion of the forest inducing the shift to lichen woodland (Payette et al.
2000). The result is a transition zone which begins at 47°N (Fig. 6.2) and
extends over several hundred kilometers in a north-south direction (Fig.
6.1b).

6.3 Mapping species occurrence probability in relation
to temperature

In terms of relating temperature conditions to the presence or absence of
particular species it would appear more realistic to use a method that re-
lated probability of occurrence to geographical distribution rather than any
supposed absolute temperate limit. Attention therefore has to be given to
the nature of isotherms and what they represent. In essence, winter (x) and
summer (y) isotherms are equivalent to straight lines in X, y cartesian
space. Therefore, sets of 4 isotherms (upper and lower, x and y tempera-
ture limits) map out rectangles of temperature space. Species however, oc-
cupy scatters which have the form of inclined ellipses. Consequently, the
fit of an isotherm to an ellipse is good only locally, and any isotherm-box
overestimates species distributions in environmental space by adding un-
occupied corners (Jeffree and Jeffree 1994).

A more objective manner of comparing species distribution to the inter-
action of winter and summer temperatures has been described and exam-
ined for a number of European species (Jeffree and Jeffree 1994, 1996), in
which climatic temperature preferences of species are described in terms of
the temperatures of the coldest (tx) and warmest (ty) months of the year

recorded at locations within a species’ geographical distribution. Plotted
on Cartesian co-ordinates for ty and ty, the temperature data for locations

occupied by a species form a bell-shaped probability density distribution
described about the bivariate mean ty bar, ty bar. Elliptical contours on this

surface, representing defined limits on the continuously diminishing scale



90 R. M. M. Crawford and C. E. Jeffree

of probability at which a species may occur with increasing distance from
the bivariate mean, may be calculated using the equations given by Jeffree
& Jeffree (1994) for any desired level of probability. Consequently, ellip-
ses calculated from temperatures within species distributions may be used
to define and map those parts of the world's surface in which temperatures
are potentially suitable for the species at a specified level of probability.
Thus, a temperature ellipsoid calculated for a species distribution under
current climatic conditions may be used as a template for identifying those
geographical areas which may fall within the temperature range suitable
for the species in any scenario of past or future climate change (Jeffree and
Jeffree 1996). The use of ellipsoids derived from t, and t, for a number of
woody species (Figs 6.3-6) allows a probability approach to relating tem-
perature to the presence or absence of species. This approach enables the
preparation of maps which not only show the probability of occurrence of
the species in relation to temperature, but also where the species are absent
even although the temperature regime is suitable for their occurrence. Such
areas of non-occurrence may indicate that the absence of the species may
be due to some factor other than temperature and deserve careful study,
especially if they are contiguous with the main area of distribution.

Two types of map can be produced. The first, which are referred to as
the normal (N maps), record the areas actually occupied by the species
and compare this with the potential distribution as represented by the cal-
culated ellipse. Logically, any location on Earth could be either inside or
outside the species distribution and the temperatures associated with that
location could be either inside or outside the calculated species tempera-
ture ellipse. Consequently, any one site can have one of four possible
states;

1. Inside the ellipse with the species present (IESP - shown in maps as
green) - here the species distribution agrees with the prediction based on
the calculated ellipse.

2. Inside ellipse with the species absent (IESA — shown in maps as blue) -
indicating an unoccupied potential environmental space for the species in
question.

3. Outside the ellipse with the species present, (OESP — shown in maps as
red) indicating that the temperature conditions may be marginal for the
species.

4. Outside the ellipse with the species absent - indicating an unoccupied
space probably with unsuitable temperatures for survival (OESA - shown
in maps as grey).
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In the second type of map, probability or (P maps), the colours repre-
sent bands of increasing probability that specified winter and summer tem-
perature combinations are suitable for the species with the most favourable
zones being shown in red, and the least favorable as purple and grey.

6.4 Woody shrub case histories

The following case studies are based on distribution maps specifically pre-
pared for Northern Europe (Hultén and Fries 1986). The data representing
the baseline temperature regime are taken from the University of East An-
glia 0.5°gridded monthly temperature data for the years 1961 to 1990
(New et al. 1999; New et al. 2000). Hypothetical changes of +/- 1C° or +/-
4C° are imposed on each species as separate and opposing changes to both
summer and winter temperatures in order to model the potential impact of
mean annual temperature changes of + or — 2,5C° with contrasting season-
ality on the species distributions. An important aspect of these maps is that
they also represent areas where the thermal regime is suitable for the spe-
cies in question but where the species is nevertheless absent.

6.4.1 Possible migration anomalies and case histories

From the results of these models it can be deduced that the following phe-

nomena occur in relation to the effects of temperature on species distribu-

tion.

1. Species migration is sensitive to existing temperature seasonality and the
superimposed seasonality of temperature change.

2. Migration cannot be predicted from annual mean temperature alone.

3. For the same patterns of change, in different parts of their ranges, species
could migrate in opposite directions.

4. Seasonality gradients may present barriers to migration notwithstanding
overall warming, particularly near coastal or continental margins.

(a) Cassiope hypnoides The Dwarf Arctic Heath (Cassiope hypnoides) is a
species of transatlantic distribution which under the present climatic re-
gime extends from Eastern Canada northwards to 75°N in Labrador. It is
widespread latitudinaly in Greenland to 75°N on the west coast and 80°N
on the east coast. The species also occurs in central and northern Iceland
and the more northern montane regions of Scandinavia, the Kola Penin-
sula, and N. Siberia extending to the Southern part of Novaya Zemlya. The
most northerly currently known location is on the West Coast of Svalbard
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Fig. 6.3. Probability density plots of the possible ranges of Cassiope hypnoides in
relation to temperature. (a) Distribution based on the temperature data from the
CRU 1961-1990 Global Climate Dataset (New et al., 1999, 2000) relative to an el-
lipse enclosing 75 per cent of the observations. Green sites are within this “opti-
mum” ellipse with the species present (IESP). Red sites (OESP) are outside the el-
lipse, but with the species present. These red sites can be regarded as current
locations in which the species is at the low-probability margins of its temperature
range. The blue sites (IESA) are inside the ellipse but where the species is cur-
rently absent and may be seen as representing potentially-suitable locations, where
temperatures in summer and winter are suitable for the species. In plots (b-f) the
colours represent bands of increasing probability of the (x), winter and (y) summer
temperatures being suitable for the species. Red is most suitable (see inserted
scale); (b) P map zones of increasing probability for winter and summer tempera-
tures being suitable for the species at 1961-1990 temperatures; (c) 1961-1990
temperatures + 4C° in summer and + 1C° | winter; (d) 1961-1990 temperatures +
1C° in summer and + 4C° in winter; (e) 1961-1990 temperature - 4C° in summer
and - 1C° in winter; (f) 1961-1990 temperature - 1C° in summer and —4 C in win-
ter.
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Fig. 6.4. Probability density plots of the possible ranges of Vaccinium myrtillus in
relation to temperature. See legend Fig. 6.3 for details of images (a-f).



94 R. M. M. Crawford and C. E. Jeffree

at 79°N in Kongsfjord (Renning 1996). The present temperature conditions
appear suitable for a wider extension in the region to the East of the Hud-
son Bay and in Western Greenland. When examined as a probability of oc-
currence (P maps) it is possible to compare the effects of winter versus
summer warming or cooling on its distribution. Increased summer warm-
ing would result in an increased presence in Greenland, Svalbard and No-
vaya Zemlya, but would reduce the occurrence of the species in Scandina-
via and Northern Siberia. The converse conditions with warmer winters
would appear to favour an expansion westwards in N. America and east-
wards in Siberia. Winter cooling would be likely to favour a southern ex-
tension of the species in Europe and a retreat in Eastern Siberia.

(b) Vaccinium myrtillus The bilberry (Vaccinium myrtillus) is a plant of
northern Europe but with a much wider distribution southwards and east-
wards than Cassiope hypnoides. The probability map for its present distri-
bution based on temperature classifies its western extension in the British
Isles Western France and Northern Spain as marginal. Summer warming
would appear to lead to a major decline in this species while winter warm-
ing would result in a western retreat and an eastward expansion. However,
climatic cooling, if it took place largely through a reduction in summer
temperatures, would have a different effect and would be likely to increase
the presence of the species in western Europe. Colder summer tempera-
tures, would cause a retreat from the northernmost habitats and an expan-
sion southwards and eastwards. Winter cooling would be likely to favour a
southern extension of the species in Europe and a retreat in Eastern Sibe-
ria.

(c) Calluna vulgaris Heather (Calluna vulgaris) under present conditions
is more oceanic in its distribution than V. myrtillus even although the tem-
perature—based probability distribution suggests that its presence in Scot-
land is marginal. It has been proposed that optimal conditions for heather
establishment exist in those regions bordering the North Sea from the east-
ern side of the British Isles through North Germany to Denmark (Gim-
mingham, 1972). It has also been found that heather suffers a decline in
seed-setting ability with increasing oceanicity and altitude (Miller, 2001).
Further west, increasing oceanicity and winter-saturated soil saturation fa-
vours Erica tetralix rather than Calluna vulgaris. Here it should be recog-
nized that the current prevalence of heather in Scotland and Ireland has
been accentuated by the late Holocene deforestation that has taken place in
these regions (Fossitt 1996). Summer warmth appears from these predic-
tions to be a limiting factor as summer warming would expand the range
while winter warming would cause a further retreat from the west an and
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advance eastwards. As might therefore be expected, summer cooling by 4
C° below the present temperature levels would cause a south-western mi-
gration which would not take place if it were the winter temperatures that
had been reduced.

(d) Salix polaris The polar willow (Salix polaris) is at present mainly re-
stricted to the Arctic. These maps suggest that summer warming would
probably lead to a retreat from its present Scandinavian occurrences, which
agrees with a physiological study of this species carried out in Spitsbergen
(Muraoka, et al., 2002), where a large increase in respiration with rising
temperatures during the growing season is predicted as likely to cause a
marked decrease in net primary productivity. However, in contrast to the
other species examined in the maps presented here i.e., Vaccinium myrtil-
lus, Calluna vulgaris and Pinus sylvestris (see below), it is probable that
winter-warming, would result in a less marked retreat from oceanic areas
in the distribution of S. polaris than that which is predicted for these other
species.

6.5 Ecological limitations for the survival of woody plants

The most thoroughly examined aspects of the ecology of woody plants in
relation to temperature are the altitudinal and latitudinal limits for the sur-
vival of trees. Many studies have sought to determine whether or not the
low temperature regimes of high latitudes and altitudes cause trees to come
into a carbon balance deficit. Intuitively, this would appear a simple and
logical explanation. It might be expected that woody plants which devote a
considerable part of their resources into the formation of non-productive
trunks and stems may be unable to support such a growth strategy when
growing seasons are cool and short. However, an extensive world-wide
study of the carbon balance in trees at their upper altitudinal boundaries
has shown the converse, namely, that tree growth near the timberline is not
limited by carbon supply and that is more probable that it is sink activity
and its direct control by the environment that restricts biomass production
of trees under current ambient carbon dioxide concentrations (Kdrner
2003). Although carbon limitation is not a feature of woody plants at their
upper limits of distribution it is nevertheless possible that certain organs
can be seriously carbon-deficient under specific conditions. Over-
wintering tree roots in oceanic climates, if not fully dormant when flooded
can through anaerobic respiration rapidly deplete their carbohydrate sup-
plies and thus become vulnerable to post-anoxic injury when aeration is
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Fig. 6.5. Probability density plots of the possible ranges of Calluna vulgaris in re-
lation to temperature. See legend Fig. 6.3 for details of images (a-f).

restored in spring (Crawford et al. 2003). Similarly, intermittent mild win-
ter periods can deplete carbohydrate levels and render over-wintering
shoots sensitive to frost injury (see below).

Oceanic conditions have long been known to reduce both the altitudinal
and latitudinal position of the treeline (Fig. 6.1a-b). It would appear (see
above) that this is also the case for a number of shrubby woody species.
The blanket bogs of Scotland and Ireland stand out among the habitats that
are significantly correlated with regions of high oceanicity. The basis on
which this community is distinguished from less oceanic associations is
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Fig. 6.6. Probability density plots of the possible ranges of Salix polaris in relation

to temperature. See legend Fig. 6.3 for details of images (a-f).
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determined in the British National Vegetation Classification not so much
by the plants that are in this community, but more in negative terms by the
species that are absent. In particular it is marked by the absence of woody
shrub species such as Vaccinium vitis-idaea, V. uliginosum and Empetrum
nigrum ssp. hermaphroditum, although there is a high frequency of Myrica
gale. In these blanket bogs, although bryophytes flourish, oceanicity exerts
a predominantly negative influence on many higher plants in that it gives
rise to communities that are species poor, particularly in woody species,
with the ericoid species being represented mainly by the flood-tolerant Er-
ica tetralix with a relative paucity of Calluna vulgaris. This latter case
agrees with the increasingly marginal position that is predicted for Vaccin-
ium myrtillus and C. vulgaris should winters become warmer (Fig. 6.4-5).

6.6 Physiological disadvantages of warm winters

Some physiological explanation is required to explain why milder oceanic
conditions should be disadvantageous for woody species. The Norwegian
plant ecologist Eilif Dahl was one of the first to distinguish between the
positive and negative effects of oceanic conditions on mountains. The rela-
tively species-poor mountain floras of the Scottish Highlands and south-
west Norway, were considered by Dahl to be due to mild periods of winter
weather that encouraged premature spring growth causing severe die-
back of non-hardy shoots. He described Norwegian montane species such
as the woody Rhododendron lapponicum and the herbaceous Aconitum
septentrionale that are absent from more oceanic mountains as “south-west
coast avoiders” (Dahl 1951; Dahl 1990).

Vaccinium myrtillus has been observed in north-eastern Sweden to show
a significant loss in frost hardiness leading to lethal injuries after a warmer
than usual winter (Ogren 1996). This loss of frost tolerance was accompa-
nied by a decrease in the solute content of the shoots, suggesting a pro-
gressive respiratory loss of cryoprotective sugars. Gas exchange measure-
ments estimated that the initial carbohydrate reserves would have lasted
for only four months if tissue water content remained high. When thin
snow cover was coupled with clear skies then shoot dehydration could im-
prove cold tolerance by 5-10 C°. However, in mild winters, with recurrent
periods of mist and rain, increased metabolic activity resulted in shoot
damage that was twice as frequent as a result of long-term de-hardening.
It has also been demonstrated in Finland that a small elevation in air tem-
perature can accelerate de-hardening in V. myrtillus (Taulavuori, et al.,
1997).
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Depending on habitat type the impact of oceanicity on woody species is
likely to vary. On the sides of Norwegian fjords and Scottish sea-lochs, the
steep inclination of the terrain encourages the survival of trees. However,
in level areas there is frequently a tendency for bog formation to replace
forest. In many northern maritime regions, with large areas of level
ground, bog may be the climax vegetation and not forest (Klinger 1996).
Once bog vegetation becomes established forest regeneration becomes
problematic. Palynological studies show that the paludification of north-
west Europe has a long history. A marked climatic deterioration (Klit-
gaard-Kristensen et al. 1998), commonly termed ‘the 8200 BP event’
(probably due to freshwater fluxes in the final de-glaciation of the Lauren-
tide ice sheet), appears to have been accompanied by a temporary reduc-
tion in tree cover throughout western Europe, which in the oceanic condi-
tions of Scotland set in train the development of blanket peat. In the Outer
Hebrides blanket peat began its appearance between 9000 and 8000 BP,
most probably as a consequence of this climatic episode, before there was
any significant human settlement (Fossitt 1996).

It may seem counter intuitive, but there is even an argument for suggest-
ing that in oceanic areas climatic warming may lead to a retreat rather than
an advance of the treeline. Examination of temperature variations over the
past century for Europe and the Arctic from Northern Norway to Siberia
suggests that variations in the North Atlantic Oscillation are associated
with an increase in oceanicity in certain maritime regions. A southward
depression of the treeline in favour of wet heaths, bogs and wetland tundra
communities is also observed in several northern oceanic environments.
The heightened values currently detected in the North Atlantic Oscillation
Index, together with rising winter temperatures, and increased rainfall in
many areas in Northern Europe, present an increasing risk of paludification
with adverse consequences for forest regeneration, particularly in areas
with oceanic climates. Climatic warming in oceanic areas may increase the
area covered by bogs and thus, contrary to general expectations, may lead
to a retreat rather than an advance in the northern limit of the boreal forest
(Crawford et al. 2003).

It is also to be expected at high latitudes, as woody plants approach their
most northerly limits, that the distinction between oceanic and continental
climates will become more critical for plant survival. A detailed dendro-
climatological study of Scots Pine (Pinus sylvestris) in northern Norway
(69°N) has shown that high winter temperatures represent a stress factor at
the limit of pine in oceanic habitats. Consequently, a period around 1920,
with low winter temperatures, co-coincided with a marked rise in growth
(Kirchhefer, 2001). As with the studies on Vaccinium myrtillus discussed
above (Ogren, 1996) mild periods in winter, causing bud dormancy to
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(b)

Fig. 6.7. Comparison of possible contrasting changes in distribution of Pinus syl-
vestris with varying climate conditions as compared with 1961-1990. (a) Winter
4C° colder, summer 4C°warmer; (b) winter 4C° warmer, summer 4C° colder. Note
the retreat from western Europe with the imposition of warmer winters.

break and increasing subsequent frost damage may be implicated, as may
also heavy needle loss after mild winters (Kirchhefer, 1999). Fig. 6.7(a-b)
shows the contrasting effects that might be produced on the distribution of
Pinus sylvestris should there be significant climatic warming. In the event
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of warm winters prevailing there could be a marked retreat of Scots pine
from western Europe.

There may be many reasons as to why oceanic conditions are detrimen-
tal for the survival of Scots Pine and other woody species. Among these is
the effect of mild winters combined with wet soil conditions. Warm
weather in autumn and early winter delays the onset of dormancy in tree
roots which if followed by soil saturation or flooding can induce anaerobic
conditions which result in a rapid winter consumption of winter carbohy-
drate reserves Crawford, 2003).

Studies which seek to match species range against changing environ-
mental conditions may be geographically illuminating, but are nevertheless
only a first step in understanding ecological limitations. Just as there are
many causes of damage to plants, so there are many variations in local
populations which have evolved to withstand particular local situations.
Further mapping studies are needed at the sub-species level to determine if
intra-specific differences exist between populations in their responses to
oceanic and continental climates.

6.7 Conclusions

Climatic warming in northern latitudes will undoubtedly create new eco-
logical opportunities for vegetation advance as ice sheets retreat and per-
manent snow cover is reduced. Depending on proximity to the oceans, and
this includes the Arctic Ocean, the degree of winter versus summer warm-
ing is likely to differ. In northern regions the influence of oceanicity on
plant distribution is very marked. The models described in this paper show
that among some of the commonest woody species winter warming may in
some cases cause a significant retreat in areas that where the climate is in-
fluenced by the ocean, while in other areas the species may make signifi-
cant advances. Due to seasonal differentiation in responses to temperature
the nature of the migration of species into these vacated areas or changing
communities is unlikely to be a mere latitudinal shift northwards of exist-
ing species assemblages. It appears therefore highly probable that species
migration will be strongly influenced by seasonality of temperature
change, and for any one species similar patterns of climatic change in dif-
ferent parts of its range, could result in migration in opposite directions.
Consequently, changing thermal conditions will be likely to alter species
composition of existing northern plant communities. Attention will there-
fore have to be given to the roles of seasonality gradients as potential bar-
riers to migration notwithstanding overall warming.
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7.1 Introduction

Climate changes that occur as a result of the increased greenhouse effect
are expected to be greatest at high latitudes (Cattle and Crossley 1995;
Watson et al. 2001), and resultant earth-system responses are likely to be
dramatic (Weller 1998). For example, even the small increase in tempera-
ture witnessed over the past few decades has melted permafrost in many
places, causing major changes in soil drainage, chemistry, and biology, as
well as damage to roads, buildings, airports, and pipelines (Williams 1995;
Weller 1998; Osterkamp and Romanovsky 1999). The expectation of
dramatic environmental change has stimulated numerous empirical and
model-based studies addressing both ecosystem responses to predicted
changes in temperature and CO, concentration and how these responses
feed back to the climate system (e.g. Sellers et al 1997; Kane and Ree-
burgh 1998; Arft et al. 1999; Chapin et al. 2000; Eugster et al. 2000; Rupp
et al. 2001; Levis et al. 1999, 2000; Friedlingstein et al 2003; Ichii et al.
2003; Jones et al. 2003; Kaplan et al. 2003; McGuire et al. 2002, 2003).
Nearly all studies of environmental change are based on modelling and
scaling-up activities that use mean values or properties as input. Yet it is
well known that the values of climatic parameters vary locally due to to-
pographic influences (e.g. Hungerford et al. 1989; Young et al. 1997).
Elevation has well documented effects on temperature and precipitation.
Microclimate is also influenced by the radiation load, which varies in re-
sponse to variation in aspect of slopes (“aspect”) and steepness of slopes
(“slope™). Hence, rough (mountainous or hilly) landscapes generate a mo-
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saic of diverse microclimates, with direct effects on organism physiology
and ecology and biotic community structure and function (Knapp 1985;
Young et al. 1997, Porter et al. 2002). Implicit in this variation is variation
in ecosystem processes. For example, an increase in temperature will
probably lead to a release of CO, from many high-latitude soils, at least
transiently, generating a positive feedback and further warming (Chapin et
al. 2000; Jones et al. 2003; Knorr et al. 2005). However, carbon sources
and sinks are finely balanced, and the sign of the projected change may be
sensitive to scaling-up procedures (Chapin et al. 2000).

While analysis of means is practical and necessary in current modelling,
ignoring variation about the mean may leave out complexity of potentially
great ecological importance. Most studies of biotic response to climate de-
pend on the mean environmental parameters because these are the only
data that are widely available. However, all terrestrial biotic response to
climate change is mediated by the local microclimate actually experienced
by the organism. Some of the ecological complexity that exists on the
landscape due to small-scale variation in topographic setting has been
studied using dense arrays of micro-loggers; results indicate the potential
importance of local microclimate variation for both modelling and empiri-
cal studies of terrestrial biotic responses to environmental change (Ed-
wards and Armbruster 1989; Wesser and Armbruster 1991; Lloyd et al
1995; Rae 2003). Large-scale patterns in elevation-generated microcli-
mate variation are determined by the location of mountain ranges. In con-
trast, patterns in the amount of variation induced by aspect and slope ap-
pear to have a latitudinal trend. For reasons explained below, aspect/slope-
induced variation in microclimate appears to peak near the Arctic and Ant-
arctic Circles. Thus, the sensitivities of vegetation and ecological proc-
esses to small-scale climate variation may be especially great in the Arctic
and Antarctic.

7.2 Variation and climate models

Models that simulate global- and continental-scale patterns of interactions
between climate, vegetation, and biogeochemical processes, e.g. VEMAP
(Vegetation/Ecosystem Modeling and Analysis Project; Pan et al. 1998)
and LPJC (Lund-Potsdam-Jena dynamic global vegetation model; Sitch et
al. 2003), have focused on large-scale patterns and processes. The signifi-
cance of small-scale heterogeneity to such large-scale modelling efforts
lies in the need to scale down to, and up from, landscape-level processes
when estimating the potential feedbacks inherent in the climate system
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(Bonan et al. 1995). Error may result from non-additive and non-linear re-
sponses to variation, which may generate values that depart significantly
from response to mean values (“aggregation error”).

It is well known that microclimates vary significantly at high latitudes,
because the angle of the sun is low during the growing season, and north-
and south-facing slopes experience very different radiation loads. Theo-
retical micro- and regional-scale climate models can help assess potential
microclimate variation (e.g. MTCLIM; Hungerford et al. 1989) and its ef-
fects on the distribution of species, communities, and ecosystem processes,
but the sensitivity of microclimate to cloudiness and wind (e.g., Porter et
al. 2002) argues for direct estimation and testing with empirical observa-
tions. There is surprisingly little detailed empirical information on the na-
ture of microclimatic variation and its effects, perhaps because, until re-
cently, it has been prohibitively expensive to install dense grids of weather
stations (or other climatic instruments) on rough landscapes.

7.3 Biotic response to microclimatic variation

Organisms generally respond to the local climate and not regional means.
This has many direct implications for the ecology and population biology
of most organisms, especially those that are sedentary or disperse locally
(see Porter et al. 2002). For example, the extinction of a plant species may
be predicted from models of mean temperature change, whereas in reality
the species may persist locally in favourable microsites, such as on cool,
moist, north-facing slopes in scenarios of climate warming (e.g. Coker and
Coker 1973; Sydes 1997), or on warm south-facing slopes in scenarios of
climate cooling (another kind of aggregation error).

The biological importance of micro- and regional-scale climatic hetero-
geneity is implicit in the current shift in paleoecological thinking about the
post-glacial re-colonization of landscapes adjacent to retreating ice-sheets.
There is increasing recognition that many local refugia probably existed
and played important roles in the recolonisation of post-glacial landscapes,
rather than recolonisation occurring through waves of long-distance migra-
tion from lower latitudes (Stewart and Lister 2001, Schauffler & Jacobson
2002, Clark et al. 2003, Brubaker et al. 2005). With respect to biotic re-
sponse to ongoing climate change, it is therefore important to focus on the
local reorganisation of communities in addition to major latitudinal shifts
in distribution (Rupp et al. 2001).

The possible scale of biotic response to past and ongoing climate change
(by genes, populations, or species) has received insufficient attention (but
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see Davis and Shaw 2001). Increases and decreases in local abundances of
species with different climatic tolerances are likely, with the extreme case
being local extinction and replacement of species. This may come about
through processes of long-distance migration or may result from the re-
shuffling of co-occurring (parapatric) species with diverse climatic toler-
ances, as a result of, in part, the local heterogeneity in microclimate (e.g.
Brockway 1998; Goldblatt and Manning 2002; but also see Chapin et al.
1995; Chapin and Shaver 1996). In addition, a change in climate may in-
duce a plastic response by genetic individuals (within genotypes; Crawford
and Abbott 1994, Bret-Harte et al. 2001, Edwards et al. 2005), or there
may be changes in the relative frequencies of genotypes and alleles as a re-
sult of natural selection and/or gene flow (i.e. evolution; Davis and Shaw
2001).

In this context it becomes important to know the degree to which micro-
climate varies on the local landscape and the degree to which organisms
respond to this variation. Research challenges include assessing i) whether
local spatial variation in microclimate is large or small relative to the kinds
of regional temperature changes expected from the anthropogenically en-
hanced greenhouse effect over the next century, ii) how local variation
compares with larger-scale temperature variation with altitude and latitude,
iii) the extent of associated shifts in species composition of communities,
if any. With respect to this last question, little species-composition change
associated with significant microclimate variation suggests that plasticity
and/or local evolution (ecotypic differentiation) are the biotic responses to
climate changes of this scale. Alternatively, strong changes in species
composition in response to microclimate variation suggest that replace-
ment of some species by others will occur with climate change of this
scale. Thus, additional work on biotic response to spatial variation in mi-
croclimate would have value for understanding biotic response to temporal
climate change.

7.4 Latitudinal Trends in Variation in Radiation Load

Well established theory and empirical data show that radiation loads strik-
ing the earth’s surface vary with latitude and season (Strahler and Strahler
1989). Furthermore, incident radiation varies with the slope angle of the
surface, with a surface perpendicular to the incident radiation receiving the
greatest load. Combining these two analytical results into a simple spread-
sheet model (see Weiss et al. 1993) allows us to explore latitudinal patterns
of variation in radiation environments experienced by rough landscapes.
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For heuristic purposes, consider the difference in radiation loads between
north- and south-facing surfaces at 35° inclination. On the summer solstice
at 30° and ~90° latitude (N. Hemisphere), south-facing surfaces receive
about the same radiation as north-facing surfaces, but between 30° and
~90° they receive up to 50% more radiation. On 1 September, south-
facing surfaces at ~90° latitude receive the same radiation load as north-
facing surfaces. Between 30° and 80° they receive 60-400% more radia-
tion.

Integrating this over the high-latitude growing season results in minimal
differences between south- and north-facing surfaces at 30° and 90° but
about a doubling of radiation sums on south-facing surfaces relative to
north-facing in the subarctic and low Arctic (60° -70°). Thus the contrast
between radiation budgets on south- versus north-facing slopes reaches its
theoretical maximum near the Arctic Circle, remains high throughout the
subarctic and low-Arctic regions and declines sharply in the low temperate
and extreme high-Arctic latitudes (Fig. 7.1).
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Fig. 7.1. Growing-season radiation sums on north-facing and south-facing sur-

faces (at 35° inclination) across a range of latitudes. Atmospheric transmissivity
was assumed to be 83%.
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7.5 Measuring Microclimate and Biotic Response to
Variation in Slope and Aspect

The above arguments demonstrate the importance of obtaining better in-
formation on small- to medium-scale variation in climate, and the potential
effects of this variation on the distribution of species, communities, and
ecosystem processes in Arctic and Antarctic regions.

7.5.1 Effect of Topography on Seasonal Radiation Sums and
Microclimate

Very few empirical studies of local variation in microclimate have been
conducted, so we review here one conducted recently in Svalbard. The
approach is to place in the field three thermal microloggers at each of a se-
ries of plots of different slope and/or aspect. The three microloggers are
in: 1) silver film canisters, shielded from sun (measuring air temperature,
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Fig. 7.2. Relative growing-season radiation sums measured on plots located on
slopes across a range of aspects, from south facing (180°) to north facing (0°).
Plots were located in Adventdalen, Spitsbergen and measurements made July-
August 2000. Aspect explained 53% of the variance in radiation sum (P < 0.001).
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T.); 2) black film canisters, shielded from wind, but not the sun (= radia-
tion load); and 3) black film canisters, exposed to sun and wind (operative
environmental temperature, T.; Bakken 1992; Bishop and Armbruster
1999).

Using these three measures of thermal parameters it is possible to esti-
mate directly, or by calculation: air temperature (T,), operative environ-
mental temperature (T.), radiation load, and wind speed (Moe 2000; Rae
2002; Armbruster et al. submitted). To check the accuracy of these esti-
mates, we compared estimated values of radiation load and wind speed
with directly measured values of radiation and wind at a subset of plots.
We found reasonably close correspondence in both cases (R = 0.97, P <
0.001; R = 0.64, P < 0.001; respectively). Three thermal microloggers, as
described above, were placed in each of 45 plots an area of complex mi-
cro-relief in Todalen, a side valley of Adventdalen, near Longyearbyen,
Spitsbergen, Svalbard (78° N) in July-August 1999 and 2000.

The seasonal radiation sums at 45 micro-sites on Spitsbergen were esti-
mated from the data recorded by the three loggers at each sites using the
formula derived in Rae (2003). These radiation values were strongly in-
fluenced by the aspect of the slopes on which the loggers were placed (Fig.
7.2). South-facing slopes experienced about 50% higher radiation loads
than
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Fig. 7.3. Estimated influences of various measured or calculated microclimate
variables on operative environmental temperature, Adventdalen, Spitsbergen, July
2001.
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north-facing slopes during the study period. South-facing slopes also ex-
perienced up to 5.0° C higher maximum air temperatures and 1.0° C higher
mean air temperatures than north-facing slopes during the study period.
The overall thermal environment experienced by small surface-dwelling
organisms (“operative environmental temperature™) on south-facing slopes
was up to 6.6° C higher (maximum T), and the mean was up to 2.6° C
higher, than on north-facing slopes. This approach also allows one to es-
timate the relative contributions of variation in radiation load, wind, and
air temperature to the variation in operative environmental temperature
across plots. While aspect had a major influence on radiation load, radia-
tion load positively affected thermal environment, both directly and indi-
rectly via air temperature. Wind had a significant negative effect on opera-
tive environmental temperature (Fig. 7.3). A surprising 96% of the
variance in operative environmental temperature was explained by the es-
timated wind speed, radiation load, and air temperature (Moe, 2000; Rae
2003).

7.5.2 Effects of Topography and Microclimate on Composition
of the Biotic Communities and Soil Environment

We estimated the percent cover of each vascular plant species in each plot
and sampled ground-dwelling insects with a small pitfall trap (150 ml plas-
tic cup) in each plot. We then ordinated the plant (see Table 7.1) and in-
vertebrate community-composition data using detrended correspondence
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Fig. 7.4. Estimated influences of topography on microclimate, and microclimate
on the composition of biotic communities, Adventdalen, Spitsbergen.
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Table 7.1. Species and species scores on first axis of the detrended correspon-
dence analysis (DCA) run on the plants recorded in each plot at the study site in
Todalen, Adventdalen, Spitsbergen.

Species DCA Score  Species DCA Score
Ranunculus nivalis 432 Cerastium arcticum 169
Sphagnum spp. 413 Equisetum scirpoides 138
Trisetum spicatum 402 Salix polaris 126
Minuartia biflora 386 Poa arctica 118
Ranunculus pygmaeus 381 Alopecurus borealis 102
Arnica angustifolia 380 Luzula confusa 94
Equisetum arvense 379 Rhacomitrium spp. 77
Dicranum spp. 369 Papaver dahlianum 62
Oxyria digyna 331 Stellaria crassipes 61
Betula nana 311 Crustose lichens 60
Selene uralensis 305 Draba subcapitata 52
Saxifraga cernua 297 Draba micropetala 44
Festuca cryophila 293 Pedicularis hirsuta 27
Selene acaulis 283 Saxifraga cespitosa 25
Cardamine bellidifolia 245 Cassiope tetragona -2
Saxifraga hieracifolia 224 Carex rupestris -2
Polytrichum spp. 218 Saxifraga nivalis -12
Taraxacum arcticum 204 Hierochloe alpina -12
Polygonum viviparum 170 Dryas octopetala -14

Potentilla rubricaulis 177 Saxifraga oppositifolia -27
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analysis (DCA), implemented on the PC-Ord 4.0 package (McCune and
Mefford 1999) to reduce dimensionality and create a linear variable (Table
7.1). We related variation in community composition among plots to
variation in measured or calculated microclimate variables using path
analysis (Li 1975; Shipley 2000).

Microclimate and, indirectly, topography had profound effects on the
composition of the plant community and to a lesser extent, the invertebrate
community. Radiation load appeared to have the biggest “direct” influ-
ence on the composition of the plant community, while all measured envi-
ronmental variables appeared to influence the invertebrate community di-
rectly and almost equally (Fig. 7.4). (Note that “direct” in this context
must be qualified by the caveat that radiation and other effects could influ-
ence the communities indirectly via environmental variables not included
in the model, e.g., soil temperature, snow accumulation and persistence,
etc.) Aspect, slope, and microclimate also induced variation in soil tem-
perature, (not shown in the figure). Although other soil-environment fac-
tors were not measured in this study, similar studies in Alaska showed that
radiation loads and environmental temperatures also influence soil mois-
ture, soil pH, soil-nutrient availability, and soil carbon storage (Wesser and
Armbruster 1991; Lloyd et al. 1994).

7.5.3 Complex Indirect Effects of Microclimate

In addition to the direct (or apparently direct) effects of microclimate on
the structure of the invertebrate community, indirect effects of microcli-
mate were mediated via changes in the plant community (Fig. 7.4). At
low-arctic and subarctic latitudes, grazing animals such as sheep (both
wild and domestic) utilize south-facing slopes more intensively, because 1)
they are snow-free for more of the year, 2) they offer more and/or better
forage, and/or 3) the microclimate is more favourable and vertebrates ex-
perience reduced thermoregulatory costs (Pearson et al. 1995; Mysterud et
al. 2001; Porter et al. 2002). Herbivore behaviour, in turn, can have major
effects on the amount of disturbed and open ground, the species composi-
tion of the plant community, and hence —by extension— factors such as
soil temperature, nutrient availability, and carbon storage in the soil. For
example, at an alpine site near the Arctic Circle in Norway (Loftan), mi-
croclimate appeared to influence the grazing intensity of sheep, and hence
the former indirectly affected plant community composition (Svengard
Barre 2000).
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7.6 Scaling Micro-scale Patterns up to “Real Space”
Landscape Models of Ecosystem Response to Climate
Change

Incorporating microclimatic variation, and the community and ecosystem
variation it generates, into large-scale models requires scaling up from the
micro-landscape to the regional landscape. One approach involves the use
of high-resolution digital elevation models (DEM’s). Modelling on the
scale of real landscapes allows investigation of the consequences of mak-
ing aggregation assumptions. Landscape-based outcomes can be com-
pared to grid-cell means over a modest area to see just how much the two
deviate for a variety of functions and conditions. In this way it is possible
to assess the risk involved in running standard large-scale models, whether
they are species-distribution models or ecosystem-function models.

Such an exercise was attempted by Wesser et al. (1994) for a small region
(Kathul Mountain; 65° 21° N, 142° 17 W) in Yukon-Charley National
Preserve, in subarctic Alaska. They explored the potential effects of in-
creases and decreases in regional temperature on the response of vegeta-
tion on the actual mountainous landscape. The goal was to simulate the ef-
fects of past colder conditions (-2° C) and future climate warming (+2° C)
on the distribution of plants on the slopes of Kathul Mountain. There were
clear and dramatic rearrangements of communities on the landscape, with
major increases and decreases in the abundance of extreme community
types (Fig. 7.5). Notably, a decrease by 2° C caused warm steppe (red) to
almost disappear from the landscape, and an increase by 2° C caused it to
dominate the south-facing slopes of Kathul Mountain.

It thus seems probable that the climatic and biotic variation as docu-
mented by this and similar studies is indicative of similar magnitudes of
variation in ecosystem properties and processes. Ecosystem responses to
climate variation are likely non-linear, in which case ecological complex-
ity generated by topography could pose difficulties in scaling from topog-
raphically complex local landscapes up to coarse grid-scale means. The
latitudinal variation in patterns of radiation across diverse topographic set-
tings suggests that such aggregation problems may be especially large at
high latitudes. It is here that the modelling of ecosystem response to cli-
mate change may be the most vulnerable to aggregation errors, and further
assessment of the potential magnitude and consequences of such errors is
desirable.
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Fig. 7.5. Model outputs under scenarios of climate cooling (e.g. past climates)
and warming (e.g. future climate). Codes for vegetation reconstruction: red =
steppe, green = forest (low elevation) or tundra (high elevation). Figure modified
from Wesser et al. 1994, with permission of S. D. Wesser.

7.7 Topographically induced variation in UV stress

Ongoing thinning of the ozone layer is causing significant increases in ul-
traviolet (UV) radiation in Polar regions, and this and projected changes
may pose serious threats to terrestrial as well as aquatic/marine life (see
chapters by Blumthaler; Vincent; Hanelt et al.; Hessen; and Nybakken; this
volume). The variation in UV radiation loads on the terrestrial landscape
and its consequences have received less attention than in the marine envi-
ronment. UV radiation loads are distributed on rough landscapes in fun-
damentally the same way as are other radiation wavelengths. This sug-
gests similar excesses in UV radiation load on south-facing slopes,
potentially leading to significantly higher UV stress at these sites. Corre-
spondingly, north-facing slopes could act as refugia from UV-stress, even
with ozone thinning.

There is likely to be a genotype-environment correlation, however, in
that organisms already living on south-facing slopes may have adaptations
allowing them to cope with higher radiation loads (see Feder and Hofmann
1999). Thus, they may be pre-adapted to dealing with higher UV loads as-
sociated with ozone thinning (e.g. more phenolics, anthocyanins, or heat-
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shock proteins in leaves), perhaps in combination with migrating off the
most stressful sites. This line of investigation deserves considerably more
attention from researchers using UV-specific instrumentation, as well as
those studying the genetics of UV tolerance.

7.8 Conclusions

Rough landscapes experience a mosaic of radiation budgets and micro-
climates, even when that roughness occurs at a small spatial scale. In our
study area, growing-season means of environmental temperatures on
slopes of different aspect separated by only a few tens of meters differed
by up to 2.6 °C; this is near the middle of the range of projected tempera-
ture increases for CO,-enhanced warming over the next 100 years (Watson
et al. 2001). Microclimatic variation of this magnitude affects local com-
munity composition of both plants and animals. For plants in the study
area, nearly 100% species replacement occurs between north-facing and
south-facing slopes (Moe 2000). This suggests that the main biological re-
sponse to future climate change may occur by species replacement through
shifts in local distribution, rather than by phenotypic plasticity or ecotypic
differentiation within taxa. Observations of dramatic variation in species
composition in response to microclimatic variation suggest that landscapes
have significant capacity to respond to large changes in temperature by lo-
cal rearrangement of species already present. This is likely to occur more
rapidly than long-distance migration of extra-limital species.
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8.1 Introduction

The Nordic Seas, encompassing the Greenland, Iceland, Norwegian and
Barents Seas, act as a buffer zone between the warm and saline waters of
the North Atlantic Ocean, and the cold and fresh waters of the Arctic
Ocean. The region, with its area of 4.1x10° km? and a water volume of
4.5x10° km?®, covers 1% and 0.3% of the World Ocean area and volume re-
spectively (Jakobsson, 2002). Despite these modest numbers, the Nordic
Seas with their complex topography, water mass distribution and flow re-
gimes, is recognized as a key area for the conversion from light surface
water to dense deep waters, having climatic impacts over large parts of the
globe.

The most important factor for the Nordic Seas marine climate is the
amount of warm and saline Atlantic Water (AW) entering over the
Greenland-Scotland Ridge, and flowing north in the eastern part of the
Norwegian Sea eventually reaching the Arctic Ocean via the Barents Sea
or through the Fram Strait between Greenland and Svalbard (Fig. 8.1). Its
vital importance for the marine climate, water mass transformation and
biomass production was recognized almost a century ago (Helland-Hansen
and Nansen, 1909). Despite this, there is still no consensus on what is ac-
tually driving the inflow of AW to the Nordic Seas, or what are the main
mechanisms for transforming the AW into the dense overflow water that is
returning south over the Greenland-Scotland Ridge. This overflow water
ventilates the world oceans as the deepest part of the Atlantic meridional
overturning circulation (AMOC), the Atlantic part of what is commonly
referred to as the “great conveyor belt” (Broecker, 1991).

Besides the heat transported by the ocean currents, the Nordic Seas and
northwest Europe owe a very mild and favourable climate to the heat
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Fig. 8.1. Schematic flow map of the Nordic Seas showing the northward flow of
Atlantic Water (light arrows), the southward flow of Polar Water (dark arrows),
the coastal currents (dashed arrows), and finally the intermediate and deep circula-
tion (black arrows). The thin straight lines show from south to north the position
of the Svingy, Gimsgy and Sarkapp sections (Fig. 8.2), and M marks the position
of the OWSM. Depths are shaded at 500m intervals. Abbreviations are explained
in the main text.

associated with the North Atlantic storm track. As a consequence of the
dependency on heat transported into the region, the North Atlantic region
has been particularly sensitive to climate changes in the past. Abrupt cli-
mate changes with ~10°C temperature jumps over just a few decades oc-
curred in the wake of the last glacial maximum. The last major climate
perturbation in the region was the Younger Dryas termination some 11 600
years ago (Dansgaard et al., 1989). Observational evidence suggests that
the abrupt changes in climate have been driven by sudden switches in the
strength or positioning of the Gulf Stream and its extension into the Nordic
Seas. These switches may have been caused by large ice discharges from
inland glaciers or fresh water flushing from dammed lakes that have made
the surface waters fresh enough to inhibit the deepwater formation (Clark
etal., 2001).

The findings in paleo records and early results based on relatively sim-
ple numerical climate models, have generated much debate on what may
happen to the inflow of AW in a global warming scenario, and in particu-
lar if unpleasant surprises are laying ahead of us (Broecker, 1997,
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Rahmstorf, 1995). Despite the fact that our climate has been very stable for
more than 10 000 years, and abrupt climate changes therefore may seem
unlikely in present day climate, the release of greenhouse gases and the as-
sociated global warming may perturb the balance. Since the late ‘60s there
has been no deep-reaching convection in the Greenland Sea (Dickson et
al., 1996), the deep waters of the Nordic Seas have become warmer
(QDsterhus and Gammelsrgd, 1999), the intermediate waters have become
fresher (Blindheim et al., 2000), and there are indications of a reduced
southward flow of cold, dense water over the Greenland-Scotland Ridge
(Hansen et al., 2001). Most state-of-the-art climate models participating in
the third assessment report of the Intergovernmental Panel of Climate
Change (IPCC-TAR) suggested a 30-40% reduction in the strength of the
AMOC during this century (Houghton et al., 2001). It is therefore tempting
to ask if the recent observations in the Nordic Seas are indicating that such
a reduction has already started.

In this review we will focus on the inflow of AW to the Nordic Seas, the
pathways and transformation of the AW within the Nordic Seas and Arctic
Ocean, and the expected consequences of global warming. In section 2, we
outline the main bathymetric features, the circulation patterns and the hy-
drographical distribution. In section 3, some of the large-scale changes that
have taken place in the Nordic Seas climate during the last couple of dec-
ades will be reviewed. In section 4, different forcing mechanisms for in-
flow and conversion of water masses are discussed in the context of the
changes that have taken place. Finally the review is concluded and summa-
rized in section 5.

8.2 Nordic Seas bathymetry, circulation, and water mass
transformation

8.2.1 Bathymetry

The Nordic Seas are characterized by a complex topography, with deep
basins, generally shallow shelves and steep continental slopes (Fig. 8.1).
The deepest areas are found in the Greenland, Norwegian and Lofoten ba-
sins. They have depths exceeding 3000 m, and are separated by the Jan
Mayen fracture zone and the Mohn Ridge. In the east, the continental shelf
extends from west of Ireland to the Fram Strait, with the North Sea and the
Barents Sea regions being part of the shelf. Off the western coast of Nor-
way, and in particular off Lofoten, the continental shelf becomes narrow,
having a sharp shelf break and a very steep slope towards the deep basins.
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In the west, the continental shelf becomes more narrow towards south,
from approximately ~300 km in the north to only ~100 km in the Den-
mark Strait. The Greenland-Scotland Ridge, which separates the Nordic
Seas from the Atlantic Ocean, is shallow. The sill depths of the three main
passages are, from west to east, 620 m, 480 m, and 840 m, where the deep-
est sill is found in the narrow Faroe-Bank Channel. Thus waters at depths
between 620 m and 840 m can only escape through the Faroese Channels,
while waters below 840 m cannot directly cross the ridge. The exchange
with the Arctic Ocean is much less restricted; the sill depth of the Fram
Strait is ~ 2600 meters.

8.2.2 Circulation

The AW that eventually enters the Nordic Seas originates in the tropical
Atlantic from where it is transported north by the Gulf Stream and its
northward extension known as the North Atlantic Current (NAC). By the
time the AW reaches the Nordic Seas it has been significantly cooled and
freshened compared to its tropical origin.

The AW enters the Nordic Seas along three relatively distinct paths;
west of Shetland, west of the Faroes and west of Iceland (Fig. 8.1). Given
the heat losses over the Nordic Seas and Arctic Ocean, simple heat and
volume budget calculations demand that the exchange between those seas
and the Atlantic Ocean ought to be around 8-9 Sv (Worthington 1970).
Systematic measurements during the last decade confirm this estimate:

The eastern branch of the NAC enters the Nordic Seas at the eastern
slope of the Faroe-Shetland Channel. The mean volume and heat transports
(relative to 0°C) based on direct measurements from summer 1998 through
2002 are 3.2 Sv (1 Sv=10° m*s™) and 123 TW (1 TW=10" W) respectively
(Turrell et al., 2003). The annual cycle is found to be only 0.2 Sv.

The middle branch of the NAC enters the Nordic Seas between Iceland
and the Faroe Islands. This branch veers to the right upon crossing the
ridge, and can be seen as a sharply defined warm current north of the Faroe
Islands. East of the Faroes some of this water flows south and partly mixes
with the eastern branch of the NAC. From summer 1997 to summer 2001
the mean volume and heat transports north of the Faroes were 3.5 Sv and
124 TW respectively (Hansen et al., 2003), with insignificant annual or in-
terannual variability. The average volume flux is thus slightly higher than
the volume flux of the eastern branch, while the heat flux remains the same
due to lower temperatures of the inflowing water.

The third and westernmost branch of the NAC enters the Nordic Seas
along the eastern rim of the Denmark Strait, where it is known as the North
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Icelandic Irminger Current. The flow continues to the east and southeast
around the periphery of the Iceland shelf, where it looses most of its heat
through atmospheric forcing and mixing with local water masses. Based on
measurements from summer 1997 to summer 2000 the amount of water
and heat carried by this current are roughly 1 Sv and 25 TW respectively
(Jonsson and Briem, 2003).

The former two branches constitute the Norwegian Atlantic Current
(NwWAC), which flows towards the Barents Sea and the Fram Strait (Fig.
8.1). Both branches follow topography; the inner branch follows roughly
the 500-meter isobath whereas the outer branch follows roughly the 2000-
meter isobath. The warm waters of the current are found not only in the
high-velocity cores but also in the broad region between the cores. This
gives the current a broad, sluggish river-like appearance in hydrography
data.

During the 2000 km long transit northwards from the southern Norwe-
gian Sea the warm current continues to loose heat and gain freshwater. It
has also lost some volume to the surrounding water masses; of the roughly
6.5 Sv entering the southern Norwegian Sea an estimated 1.5 Sv exits to
the Barents Sea (Ingvaldsen et al., 2004) and 3-5 Sv exits through the Fram
Strait (Schauer et al., 2004). Assuming that the changes in heat and sa-
linity only require entrainment of small volumes of the surrounding water
masses, there can only be of the order of 1 Sv (between 0 and 2) of AW
that can be lost to the surroundings within the Nordic Seas.

There are however large uncertainties in both entrainment and transport
rates that make this a rather crude estimate.

8.2.3 Water mass transformation

Fresher and mostly colder waters surround the NWAC during the transit
through the Norwegian Sea; inshore is the fresh water in the Norwegian
Coastal Current (NWCC), and offshore is the Polar Water (often called
Arctic Water). The NwCC originates as a roughly 1 Sv branch (Furnes et
al., 1986) of the Faroe-Shetland inflow of warm AW takes a detour into
the North Sea and gains freshwater through runoff from the continents, ex-
port of brackish water from the Baltic Sea, and mixing with ambient water
masses. The low-salinity current continues from the North Sea towards the
Barents Sea along the coast of Norway. Offshore, the Polar Water is
brought south with the East Greenland Current (EGC in fig. 8.1) and into
the interior basin with the Jan Mayen and East Icelandic Currents.
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Fig. 8.2. Distribution of potential temperature (left fig.) and salinity (right fig.) in
the Svingy and Gimsgy sections (locations shown in fig. 8.1). The data are based
on respectively 17 and 19 regular CTD-stations taken by the R/V Johan Hjort in
the period 2-18 March 2001. The numbers over each plot indicate the standard sta-
tions (Courtesy of Kjell Arne Mork, Institute of Marine Research, Bergen, Nor-
way).

The NwWAC interacts with the surrounding waters; satellite images show
vigorous eddy activity on both sides of the warm current (not shown). This
results in mixing of water masses and a lowering of temperature and salin-
ity of the AW as it flows northwards. The other main agent of transforma-
tion is air-sea heat loss (the freshwater fluxes here do not make a large di-
rect impact on density). Near the inflow region the AW typically has
temperature and salinity (TS) values in the range 7-9°C and 35.10-35.40
(Blindheim and @sterhus, 2004), with TS values close to 8°C and 35.3
when averaged over the 50-200 m depth interval (Furevik et al., 2002). At
the Svingy section located at approximately 63°N, typical TS values are 7-
8°C and 35.2, decreasing to 6-7°C and 35.15 at the Gimsgy section cross-
ing the Lofoten Basin some 400 km further to the north (Fig. 8.2). From
Svingy to Gimsgy a significant deepening of the Atlantic layer is seen both
in the temperature and salinity structures, recently described to be a result
of the AW meeting a southward flowing deep current in this region (Orvik,
2004). This feature is also seen in fig. 8.3, where climatological mean
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Fig. 8.3: Mean temperature and salinity profiles along the pathway of the AW in-
flow (defined by the positions of the salinity maximum) from the Faroe-Shetland
inflow to the Fram Strait. The plots are based on a climatology compiled from
~100 000 hydrographical station (Furevik et al., 2002).

temperature and salinities are plotted for a section following the core of the
maximum salinity through the Nordic Seas.

Further to the north, where the Barents Sea and the West Spitsbergen
branches separate, the Atlantic layer shallows, and typical TS values are 3-
5°C and 34.90-35.15 (Fig. 8.3). By the time the AW reaches the 79°N lati-
tude off northwest Spitsbergen, the TS values have dropped below 2°C and
35 respectively. North of Spitsbergen the AW continues east as a subsur-
face current insulated from the atmospheric forcing by fresh Polar Water
above. In the Arctic Ocean maximum temperature of the Atlantic layer
decreases from 2°C near the inflowing region in the Nansen Basin, to 0°C
in the Canadian Basin (Carmack, 2000), while the mean depth descends
from about 200 m to about 400 m along this path.

In the Barents Sea the AW completely looses its TS characteristics dur-
ing its passage to the Arctic Ocean due to a very strong cooling by the at-
mosphere. When the water eventually leaves the Barents Sea between No-
vaja Zemlja and Frantz Josef Land, the TS characteristics are close to 0°C
and 34.85 respectively (Schauer et al., 2002). Thus the AW flowing into
the Arctic Ocean through the Barents Sea is much colder than the water
entering through the Fram Strait, and is not contributing to the warmest
parts of the AW layer in the Arctic Ocean.
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Fig. 8.4: Schematic changes in AW density from Grand Banks (east of New
Foundland, Canada) via Rockall (west of Ireland) to the Svingy section and even-
tually into the Fram Strait. The shading represents the spread of the measurements
within the core of the AW at each location. The numbers on the y-axis are in o
units, thus 28.0 equals 1028 kgm™. The plot is based on the World Ocean Atlas
1998 data provided by the NOAA-CIRES Climate Diagnostics Center, Boulder,
Colorado, USA, from their Web site at http://www.cdc.noaa.gov/.

The buoyancy evolution along the path of the NAC and the NwAC is
visualized in fig. 8.4. The largest buoyancy losses of the AW are experi-
enced in the Nordic Seas, and the region from the Lofoten Basin to Spits-
bergen and the Barents Sea is an area of particularly large change in den-
sity. This is also the region that experiences the highest mean annual heat
losses of the Nordic Seas (Fig. 8.5a), so a large change in density is not a
surprising result. According to the NCEP-NCAR reanalysis data, winter
mean heat loss reaches close to 300 Wm-2 in the northern Fram Strait and
Barents Sea (Fig. 8.5b). The sensible heat flux is found to be the dominant
flux component (Furevik and Nilsen, 2004).

The return flow to the North Atlantic, which also adds up to between 6
and 8 Sv (the Bering Strait inflow to the Arctic is roughly balanced by the
outflow through the Canadian Archipelago), is still colder and fresher than
the transformed AW at 75-80°N. Some of it exits the Denmark Strait with
the East Greenland Current as relatively light water; this is the very fresh
Polar Water, which does not sink upon entering the North Atlantic. But the
bulk of the return flow (roughly 5 Sv, see Dickson and Brown, 1994) is
dense and thus constitutes “overflow water”. Many processes have been
mentioned as contributing to that final transformation; the most classical
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Fig. 8.5: Annual and winter (Dec-Mar) mean total heat flux calculated from the
NCEP/NCAR re-analysis data 1948-2003, provided by the NOAA-CIRES Cli-
mate Diagnostic Center, Boulder, Colorado, USA from their Web site at
http://www.cdc.noaa.gov/. Contour intervals are 20Wm-2. The fluxes are every-
where directed out of the ocean.

explanation, going back to Helland-Hansen and Nansen (1909), is that of
open-ocean convection in the Greenland Sea, where cooling of warm, sa-
line AW makes the upper waters dense enough to sink. Another process
discussed is dense water formation, by cooling and/or brine rejection, on
the Arctic shelves (see e.g. Aagaard et al., 1985; Schauer, 1995).

Mauritzen (1996a,b) aims to quantify the various processes of transfor-
mation, and finds that 1) it is unrealistic that the production rate through
open-ocean convection is larger than 1 Sv (consistent with the recent
transport estimates discussed in the previous section, where the implicit
volume loss to the Nordic Seas interior is 0 — 2 Sv); 2) the main product,
by volume, of the Greenland and Iceland Seas open-ocean gyres is Arctic
Intermediate Water (the water discussed e.g. in Blindheim, 1990); 3) trans-
formation to dense water within the NwAC itself actually is the most im-
portant process for the overturning (roughly 7 Sv of water is made denser
by roughly 0.5 kgm™ from Rockall, and 0.7 kgm™ from the Grand Banks:;
see fig. 8.4). Finally, Mauritzen (1996a,b) finds that since the branch that
enters the Barents Sea (which has a strength of roughly 1.5 Sv, see above)
is transformed to truly dense water by the time it reaches the Arctic Ocean
(as discussed above), shelf production in that sea is of first-order impor-
tance for the transformation process.

To summarize, many steps are involved in completing the overturn. The
largest steps are taken within the NAC and NwAC where the warm water
is being made cooler and fresher. Our best quantitative estimates suggest
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that the most important final steps are open-ocean convection in the
Greenland and Iceland Seas, shelf production in the Barents Sea and inte-
rior mixing within the Atlantic layer under the ice and the halocline in the
Arctic Ocean, each of which contribute roughly equally.

Note that the overturn does not take the shape of a vertical overturn until
the return flow sinks to depth in the North Atlantic Ocean; within the Nor-
dic Seas light northward-flowing and dense southward-flowing waters are
both found at shallow depths (and above sill levels), above the densest wa-
ters. Note also that the main product of the Greenland and Iceland Sea
convection, the Arctic Intermediate Water, exits primarily through the
Faroese Channels (the Denmark Strait being too shallow). As we shall see
in the next section, it is this water that has undergone the largest changes in
recent decades.

8.3 Observed changes in the Nordic Seas marine climate

8.3.1 North Atlantic Oscillation

The leading mode of atmospheric variability in the Atlantic sector is the
well-known North Atlantic Oscillation (NAO), representing a shift of at-
mospheric mass between the Icelandic low and the Azores high, directly
influencing the strength of the westerlies (Hurrell, 1995). Several indices
in use are based on the pressure difference across the westerlies. Meas-
urements from Gibraltar and Iceland going back to 1824 show strong year-
to-year variability in the strength of the westerlies, and also indications of
more decadal-scale variability (Fig. 8.6a). A pronounces shift occurred
from the relatively weak westerlies in the ‘60s to the strong westerlies in
the “90s. During positive NAO winters (high index years), a strong Azores
high and a deep Icelandic low make the meridional pressure gradient and
thus the westerlies stronger than normal (Fig. 8.6b). This results in higher
temperatures and more precipitation over northern Europe, and corre-
spondingly colder and dryer conditions over southern Europe (see Mar-
shall et al., 2001, Hurrell et al., 2003 for reviews on the NAO and its many
impacts on several physical, ecological, and biological parameters).

While the NAO is the dominant mode for the North Atlantic region as a
whole, it should be noted that for more regional studies the NAO index has
often proved insufficient in describing the main climatic variations. A rea-
son for this is that the spatial pattern of the NAO has shifted throughout
the years, as more low pressure systems have gone further northeast into
the Nordic Seas. As a consequence sea-level pressure (SLP) variability in



8 The flow of Atlantic water to the Nordic Seas and Arctic Ocean 133

@

NAQ index
=]

L L L . L . -baiod | L Eerod Il
1840 1860 1880 1900 1520 1940 1960 1880 2000
Time (year)

Reg SLP
1949-2003
Cl=0.5hPa

Fig. 8.6: a) The NAO index based on sea-level pressure at Gibraltar and Stykkis-
holmur, Iceland (updated from Jones et al., 1997). Thin line shows the winter
(Dec-Mar) means, thick line shows the data filtered with a 5 years moving aver-
age. Periods used for making the regression maps in fig. 8.7, are marked on the
time axis. b) The winter-mean sea-level pressure regressed on the NAO index in
(a). Contour intervals are 0.5 hPa, with negative values dashed. The plotted values
correspond to changes in the sea-level pressure associated with a unit increase in
the index. Data are from the NCEP/NCAR reanalysis product.

the Barents Sea and Fram Strait not captured by the NAO index in the ‘50s
and ‘60s, show a strong correlation with the NAO index during the ‘80s
and “90s. The regression plots between SLP and NAO index in fig. 8.7
demonstrate this.

The NAO can influence the ocean circulation by a variety of mecha-
nisms and on a wide range of time scales. The fastest responses are due to
anomalous momentum forcing (wind), where divergences in the Ekman
transports change the surface elevation and accelerate the flows due to
horizontal pressure gradients. Time scales are here on the order of days.
Slower responses involve changes of the internal density structures that
can be due to anomalous momentum forcing, heat fluxes, or fresh water
fluxes. These mechanisms can work locally in the Nordic Seas, or they can



134  Tore Furevik, Cecilie Mauritzen and Randi Ingvaldsen

Reg SLP
1976-2003
Cl=0.5hPa

Fig. 8.7: Winter-mean sea-level pressure regressed on the NAO index shown in
fig. 8.6a for the periods 1949-1975 (a) and 1976-2003 (b). Contour intervals are
0.5 hPa, with negative values dashed. The plotted values correspond to changes in
the sea-level pressure associated with a unit increase in the index. Data are from
the NCEP/NCAR reanalysis product.

invoke signals in the ocean that are either advected with the mean flow
into the region, or propagating as slow baroclinic waves. Time scales can
here be from weeks to years (see papers by Marshall et al., 2001; Visbeck
et al., 2003; Furevik and Nilsen, 2004 for reviews).

8.3.2 Atlantic inflow

Due to the baroclinic structure of the Gulf Stream and its NAC extension,
it is not surprising that the flow seems to be susceptible to atmospheric
forcing on a variety of time scales. Drifter data from the ‘90s combined
with sea surface temperature and sea level height data suggest that during
positive NAO years, the branch going towards the Irish-Scottish Shelf is
strengthened, and there is also a stronger cyclonic circulation in the Ice-
land and Irminger Basins (Flatau et al., 2003). The latter is in concordance
with estimates based on changes in hydrography (Bersch, 2002), and from
advection rates for various salinity anomalies observed during the last
three decades (Belkin, 2004). Also observations at the Svingy section indi-
cate that the eastward branch of the NwWAC is stronger during winter than
during summer, and that there is a positive correlation between the NAO
and the flow (Orvik et al., 2001). Similar results are indicated by altimeter
data (Furevik and Nilsen, 2004; Skagseth et al., 2004), and also model
simulations by Karcher et al. (2003) showed an increased inflow of AW
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through the Faroe-Shetland Channel during the strongly positive NAO
years of the early ‘90s.

In contrast, direct measurements from the three branches of AW inflow
to the Nordic Seas, fail to show any significant seasonal signal in the total
inflow, nor do they show any correlation with the strength of the NAO
(Hansen et al., 2003). A way to explain the seasonality and NAO correla-
tion downstream at the Svingy section, is that with enhanced cyclonic
wind forcing (more lows), a larger fraction of the waters that originally en-
ter the Nordic Seas over the Iceland-Faroe Ridge, recirculates and mixes
with the Faroe-Shetland branch east of the Faroes before eventually flow-
ing north in the eastern branch of the NWAC (Hansen et al., 2003). Thus
the eastern branch of the NWAC is strengthened and the western branch
weakened during strong cyclonic wind forcing (positive NAO years). It
should nonetheless be noted that there are still discrepancies between this
explanation and the altimeter and drifter data.

Considering the variability in the Fram Strait and the Barents Sea
branches, direct measurements show that both branches have strong vari-
ability on a variety of time scales, including interannual. The AW transport
in the West Spitsbergen Current in the Fram Strait increased between 1997
and 2000 from about 3 to 4 Sv (Schauer et al., 2004). The stronger flow, in
combination with higher temperatures, resulted in a more than a doubling
of the annual mean net heat transport into the Arctic Ocean (Schauer et al.,
2004). A similar increase could explain the warming of the intermediate
layers of the Eurasian Basin in the early ‘90s. During the same period as
the Fram Strait branch increased (1997 to 2000), the Barents Sea branch
decreased from about 2 to 1.5 Sv (Ingvaldsen et al., 2002; 2004). Consid-
ering that the AW flowing into the Arctic Ocean from the Barents Sea is
much colder than the water entering through the Fram Strait, a reduction in
the Barents Sea branch may enhance an eventual warming signal in the
Acrctic Ocean.

While direct evidence for long-term changes in the flow regimes are
sparse due to lack of long-term homogeneous measurements, indirect evi-
dence in the form of changes in hydrography may be found. Blindheim et
al. (2000) reported a 2-3 year time lag between the phase of the NAO and
the western extension of the AW in the Nordic Seas (defined as the 35 sa-
linity contour), where positive NAO years were associated with a more
eastern position of the front. Furevik et al. (2002) showed that the Iceland-
Faroe Front migrated further south during positive NAO years, and finally
geostrophic calculations from the Svingy Section since 1955 have indi-
cated an out-of-phase relation between the inner and outer branch of the
NwAC (Mork and Blindheim, 2000). Without being conclusive, it is likely
that the effect of strengthened westerlies over the North Atlantic is to in-
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crease the AW inflow through the Faroe-Shetland Channel, and corre-
spondingly reduce the inflow over the Iceland-Faroe Ridge. Less is known
about the total inflow, although Dickson et al., (2000) suggested that the
total inflow of AW increases during high-NAO years, and Nilsen et al.,
(2003) find a slight increase in their model simulations of the total inflow.

During the generally positive NAO period of the last 40 years, the vol-
ume and temperature flux of the NwAC that eventually flows into the Arc-
tic Ocean is thus likely to have increased.

8.3.3 Atlantic Water temperatures

Thanks to traditions going back to the latter part of the 19th century (see
Blindheim and @sterhus, 2004, for a review), the NwWAC is among the
best-sampled ocean currents in the world. The many repeated hydro-
graphical sections with multi-decadal long temperature and salinity records
provide us with a well of information to be used to study natural climate
variability. Among the well-known sections are the Scotland-Faroe section
conducted by the Marine Laboratory in Aberdeen, Scotland, the Svingy,
Gimsgy, Bjerngya-Fuglgya, and Sgrkapp sections conducted by the Insti-
tute of Marine Research in Bergen, Norway, and the 78°N and 79°N Fram
Strait sections conducted by the Norwegian Polar Institute in Tromsg,
Norway and the Alfred Wegener Institute for Polar and Marine Research
in Bremerhaven, Germany.

The temperature measurements show high year-to-year correlations, as
anomalous high or low temperatures have a tendency to persist for some
years. Furevik (2000, 2001) combined satellite measurements of sea-
surface temperature with in situ observations to look at the temperature
anomalies that propagated through the system in the ‘80s and “90s. In con-
trast to a warm anomaly that propagated from the Faroe-Shetland Channel
to the Barents Sea and Fram Strait in the first half of the ‘80s, the warm
period of the early ‘90s was much larger in magnitude, lasted for a longer
period, and was generated inside the Nordic Seas rather than being ad-
vected with the flow of AW from the south. The main reason for the
warming was higher air temperatures over the Nordic Seas, possibly a
more narrow flow of AW, and possibly an increased inflow of AW
through the Faroe-Shetland Channel as discussed above. Together these
forcing factors, all probably related to the extreme positive phase of the
NAO from the 1989 to 1995, contributed to very high AW temperatures in
the Barents Sea and Fram Strait, and subsequently in the Arctic Ocean.
And numerous observations from icebreaker and submarine cruises in the
Arctic Ocean during the early “90s, revealed that the Atlantic layer in the
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Fig. 8.8: Temperature and salinity in the core of the Atlantic Water in the Svingy,
Gimsgy and Sgrkapp sections, averaged between 50 and 200 m depth. Updated
from Mork and Blindheim (2003).

Arctic was warmer than ever before (Carmack et al., 1995; Grotefendt et
al., 1998). In addition, the front between the waters of Atlantic and Pacific
origins, shifted from the Lomonosov Ridge to the Mendeleyev Ridge
(McLaughlin et al., 1996; Morison et al., 1998), implying that also the total
volume of the Atlantic layer had increased. A new warm anomaly was ob-
served in the Barents Sea (Ingvaldsen et al., 2003) and the Fram Strait
(Schauer et al., 2004) in the late ‘90s, and it is likely that this water has
later spread into the central Arctic (Karcher et al., 2003; Schauer et al.,
2004).

The warm and cold episodes are clearly shown in fig. 8.8, where tem-
peratures and salinities in the core of the AW are shown. The plots reveal
that the signals generally propagate from south (Svingy) to north
(Serkapp), and also the strong amplification of the warm signal of the “90s.
The cold and fresh episodes occurring at the Svingy section in 1978, 1987,
and 1994 are known as the great salinity anomalies of the “70s, ‘80s, and
‘90s. They have been shown to originate in the northwestern North Atlan-
tic, probably as a result of strong outflow of Polar Water. From here they
have propagated south with the sub-polar gyre, and east and north with the
North Atlantic Current before entering the Nordic Seas after 5-7 years (see
Belkin, 2004, and the references therein). A new strong warm and saline
anomaly is seen in the southernmost section in the last year. This can be
traced back to the Faroe-Shetland inflowing region, which in 2003 had the
warmest and most saline AW inflow since the measurements started in
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1902 (Mork, 2004). It is probable that the warm and saline water will be
advected downstream into the other sections and into the Fram Strait and
Barents Sea in the years to come.

8.3.4 Intermediate Waters and Overflows

As discussed above, the overflows do not originate from the deepest parts
of the Nordic Seas, but rather from intermediate levels. At least one of
these intermediate water masses (Arctic Intermediate Water) has seen ex-
treme changes in salinity since the late ‘60s or early ‘70s (Turrell et al.,
1999, Blindheim et al., 2000, Dickson et al., 2002). As readily seen in fig.
8.93, there has been a pronounced freshening during the last 30 years. Fur-
ther on, the signal can be followed south through the gaps in the
Greenland-Scotland Ridge, from where the Labrador Sea and the rest of
the North Atlantic Ocean are being diluted (see Dickson et al. 2002, Vis-
beck et al., 2003). The freshening signal has continued equatorward in the
Deep Western Boundary Current, the deepest part of the AMOC, and can
now be found even south of the Equator (Dickson et al., 2002).

Different sources for this extra fresh water, which correspond to mixing
several meters of fresh water into the ocean, have been proposed; in-
creased fresh water and ice export from the Arctic, more precipitation over
the region, or internal redistribution of the water masses. In a recent study,
Curry et al. (2003) suggest that global warming is the cause. In an analysis
of salinity data from the entire Atlantic Ocean, they found clear in-
dications of a freshening at depth also in the southernmost part of the At-
lantic, showing that the freshening was not only a North Atlantic feature.
In addition, the upper water of the tropical Atlantic was found to become
more saline, which as they state clearly suggest a spin-up of the global hy-
drological cycle. Warmer air can contain more moisture, and a global
warming should therefore be accompanied by increased atmospheric fresh
water transport from the tropical oceans towards the high latitudes. If they
are right the Nordic Seas freshening is a strong indication of global warm-
ing.

At the same time there is indirect evidence that the dense overflows may
be decreasing in strength: Hansen et al. (2001) combined density meas-
urements at ocean weather station M (OWSM) in the Norwegian Sea (Fig.
8.1) with direct measurements of volume transports through the Faroe-
Shetland Channel, and suggest a 20% reduction in that transport since the

‘50s. Their simple argument is that less deep-water formation in the
Nordic Seas has made the intermediate and deep waters less dense, result-
ing in a less north-south pressure gradient to drive the flow. In Hansen et
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Fig. 8.9: Observed salinity (a) and temperature (b) at 1000, 1200, 1500, and 2000
m depths at OWSM. The position is shown on map in fig. 8.1 (courtesy of Svein
@sterhus, Bjerknes Centre for Climate Research, Norway).

al. (2003), they draw the same conclusion for the cold component of the
overflow across the southern part of the Iceland-Faroe Ridge and for the
cold component of the overflow across the Wyville-Thomson Ridge.

8.3.5 Deep Waters

The densest waters of the Nordic Seas consist of Greenland Sea Deep Wa-
ter (the product of convection reaching below ~ 2000 m in the Greenland
Sea) and Arctic Ocean Deep Water (which enters the Nordic Seas in the
western Fram Strait). The open ocean convection in the Greenland Sea was
at its maximum depth in the ‘60s, resulting in very cold and dense deep
waters in the region (Dickson et al., 1996). Since then, convection has in
general not reached as deep, due to mild winters and fresher surface wa-
ters, and the warmer Arctic Ocean Deep Water influence has increased
(Meincke et al., 1997). With a few years time lag, the warming signal con-
tinued into the Nordic Seas, where the long deep-water record from the
OWSM provides an excellent historical record of the change (dsterhus and
Gammelsrgd, 1999), as seen in fig. 8.9b. In the Norwegian Sea, below the
AW and the Intermediate Waters, a mixture of these two deep-water
masses is found.
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8.4 Expected impacts of anthropogenic climate change

Substantial changes in the Nordic Seas climate have been observed during
the last decades. The increased hydrological cycle and increased melting of
Acrctic land ice under global warming is of particular concern because both
fresher surface waters and milder winters will act to reduce the upper wa-
ter density and thus stabilise the water column. Based on simple model ex-
periments (e.g. Rahmstorf, 1995) and paleo data (Alley et al., 1993), a
worst-case scenario has been proposed. That is that a consequence of
global warming may be a total shutdown of the AMOC with a substantial
cooling of the North Atlantic region.

There are several reasons for why we believe that is a highly unlikely
scenario: The northward flow of AW does not depend on a single factor
that easily can be switched on or off. The large-scale oceanic circulation
in the North Atlantic is mainly wind driven. Prolonged wind forcing re-
sults in enhanced horizontal gradients of surface elevation and internal
pressure fields that maintain a relatively steady circulation. The driving
forces for the inflow to the Nordic Seas are subtler. They probably consist
of wind forcing that pushes the waters against the northwest European
coasts, buoyancy forcing that produces dense southward flowing water
which has to be compensated by an equal inflow, and the estuarine forcing
which is simply that water entrained by the southward flowing light waters
from the Arctic, also requires a compensating inflow.

Global warming will likely affect these forcing mechanisms in different
ways. While the response in wind differs between the climate models,
there is a general tendency for most models to respond to increased green-
house gas concentrations by producing stronger westerlies and more cyc-
lonic circulations over the Nordic Seas (see Furevik and Nilsen, 2004, for
a review). Stronger or more persistent westerlies are likely to enhance the
general oceanic circulation in the Atlantic, and also to increase the inflow
to the Nordic Seas, in particular through the Faro-Shetland Channel.

Another response to global warming is a warming and freshening of the
surface waters in the high-latitude convection regions in the ocean, both
acting to reduce the surface density and stabilise the water column. While
the latter is usually blamed to be responsible for the rapid (abrupt) climate
changes in previous climate, reduction in the rate of deep-water formation
in present day climate models seem to be a combined result of warming
and freshening, and there is no consensus on what is the most important of
the two. While there has been a substantial reduction in the production of
deep waters by open-ocean convection in the Nordic Seas, less is known
about the shelf convection that is mainly driven by brine release during
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ice-freezing. As ice freezing and thus the rate of salt release are negatively
correlated with the ice thickness (thick ice insulates the waters below and
prohibits the freezing), a thinner ice cover is likely to enhance the ice pro-
duction. Shelf processes and down slope sinking of waters is generally
poorly described in climate models, and there is therefore little knowledge
on how this will change in a future climate. It may nevertheless happen to
be of increasing importance in a future climate. Thus, despite the fact that
most of the climate models participating in the third assessment report of
the IPCC show a modest decline in the strength of the AMOC, unresolved
processes may modify these results.

Finally, we have strong reasons to believe that global warming will also
affect the third driving force for the Atlantic Water inflow to the Nordic
Seas, the estuarine forcing. An enhanced atmospheric fresh water flux to
the Arctic, with more precipitation and river runoff, will likely increase the
sea-level difference between the Arctic and the Atlantic Ocean, and thus
the southward transport of freshwater through the Nordic Seas. In addition,
a thinner sea-ice cover will reduce the fraction of the freshwater that is ex-
ported in solid form. The net result of this will probably be more entrain-
ment and a stronger estuarine forcing, again a factor that will work to
maintain the inflow of AW to the Nordic Seas. In a recent paper, de Boer
and Nof (2004) argued that the present day stable AMOC conditions
started when sea-level rise opened the Bering Strait 10 400 years ago, and
fresh-water anomalies in the convection regions could be flushed south
and replaced by denser AW. With their interpretation, a substantial or
complete shutdown of the AMOC is unlikely to appear in present day cli-
mate, and global warming will not change this.

8.5 Summary and conclusion

In this paper we have discussed the flow of AW through the Nordic Seas,
an important factor for ocean climate and biomass production in the area.
The average volume and heat transports from the North Atlantic to the
Nordic Seas are slightly below 8x10°m®s™ and 300x10™W respectively,
with the main passages being the Faroe-Shetland Channel and the Iceland-
Faroe Ridge. Observations suggest that more than % of this water is car-
ried into the Arctic through the Fram Strait and Barents Sea. Due to at-
mospheric forcing and mixing with ambient fresh water masses, a substan-
tial cooling and freshening of the water masses occurs within the Nordic
Seas and Arctic Ocean. Most of the heat is released in the Nordic Seas,
mainly in the Lofoten Basin, Fram Strait and Barents Sea, where the an-
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nual mean heat loss exceeds 100 Wm™. Within the Nordic Seas and Arctic
Ocean the AW is transformed into a denser water mass that is known as
the over-flow water. This water spills over the ridges to the south, and
forms the deepest parts of the AMOC.

During the last decades, substantial changes in the Nordic Seas ocean
climate have been observed. The primary forcing mechanism seems to
have been the low-frequency change from weak westerlies in the ‘60s to
record strong westerlies in the ‘90s. The result of the changed atmospheric
forcing seems to have been a stronger flow of AW through the Faroe-
Shetland Channel, and possibly a weaker inflow over the Iceland-Faroe
Ridge. Less is known about the total inflow. Other, better-documented
changes have been that the AW has become much warmer and also more
saline during the last decades, the intermediate waters that end up as over-
flow water has freshened, and the deep waters of the Nordic Seas have be-
come warmer.

Paleo-records have shown that the North Atlantic region has undergone
periods characterised by rapid changes in climate, probably linked to
abrupt changes in the AMOC. Furthermore, most climate models indicate
a significant reduction in the strength of the AMOC in a global warming
scenario. We here review the mechanisms responsible for producing dense
water and maintaining the AW inflow to the Nordic Seas. Observations
and model runs indicate a reduction in the open-ocean convections of the
north. The result may be a weaker AMOC and a reduced inflow of AW to
the Nordic Seas. We believe, however, that other forcing mechanisms at
least partly will compensate this: stronger wind forcing, increased shelf
convections, or strengthened estuarine forcing. The effect of global warm-
ing will likely affect all forcing mechanisms in various ways. We therefore
believe that a total shutdown of the AMOC under global warming is
unlikely, and that the inflow of AW to a large degree will be maintained.
We may nevertheless expect that the trends we have seen in AW tempera-
tures and salinity can be sustained in the decades to come, and that this can
have significant physical and ecological impacts in various parts of the re-
gion.
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9.1 Introduction

The large oscillations of abiotic factors in the Arctic is critical in structur-
ing its marine biota and the biodiversity of its indigenous populations and
communities. The seasonal light cycle is modified by the sea ice cover,
creating a situation dominated by phytoplankton blooms, that follow the
receding ice edge, and in leads as the sea ice opens during the Arctic sum-
mer (Sakshaug 1997, 2003; Hegseth 1998; Falk-Petersen et al. 2000a;
Engelsen et al. 2002). Blooms of phytoplankton propagate through Arctic
waters (Zenkevich 1963) and carbon fixed through photosynthesis is rap-
idly converted into large, specialised lipid (marine fat) stores by the her-
bivorous Calanus species (Lee 1975; Sargent and Henderson 1986). These
high-energy lipids are then rapidly transferred upwards through the food
chain in large amounts (Falk-Petersen et al. 1990). The increase in lipid
level from 10-20% of dry mass in phytoplankton to 50 - 70% in herbivo-
rous zooplankton is probably one of the most fundamental specialisations
in polar bioproduction. The lipid — based energy flux is one of the primary
reasons for the large stocks of fish and mammals in Arctic waters.

The importance of the diatom => Calanus food chain in the Arctic pe-
lagic food has been demonstrated by Falk-Petersen et al. (1986; 2002) and
Scott et al. (2002). A wide spectrum of predators from zooplankton to fish
and sea birds has also been analysed by using fatty acid trophic markers in
Arctic waters. In all of these studies the Calanus C20 and C22 lipid trophic
markers were strikingly dominant, demonstrating the importance of the
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Calanus species in the Arctic pelagic ecosystem (Falk-Petersen et al. 2001,
2002, 2004; Dahl et al. 2003.

The population size spectrum and energy content of the key Calanus
species, being potential prey for zooplankton-eating fish and sea birds, is
therefore instrumental in structuring the biodiversity of Arctic ecosystems.
We believe that understanding the climate variability is a key to under-
stand the biology of Arctic animals and the biodiversity of Arctic systems.
In this paper we discuss how different climate regimes in the Nordic Seas
can influence Calanus- based Arctic food chains.

9.2 Climate variability and species distribution

9.2.1 The distribution of the Calanus species and the current
system.

The circulation of water in the Nordic Seas, the modification of water
masses and changes of ice conditions are important for a) the local climate
and b) the larger-scale systems of oceanic and atmospheric circulation af-
fecting the climate of northern Europe and c¢) the marine food resources.

The distribution of the three main Calanus species in the Nordic Seas
and the Eurasian Basin of the Arctic Ocean is strongly influenced by two
large, interconnected current systems (Fig. 9.1). The current system is
mainly governed by the topography (Rudels et al. 1999; Hansen and
@sterhus 2000). In the south the North Atlantic Current enters the Norwe-
gian Sea on both sides of the Faroe Islands and flows northwards parallel
to the Norwegian Coast (Hansen and @sterhus 2000). North of the Lofoten
Islands at approx. 72 °N one branch turns northwest and flows along the
Barents Sea margin as the West Spitsbergen Current. Northwest of Spits-
bergen, a part of the current branch westward and southwards and meets
the East Greenland Currents flowing southwards before part of the current
turns eastwards first into the Iceland Sea and then into the Norwegian Sea
north of Iceland.

In the north the Atlantic water enters the Arctic north of Spitsbergen,
Svalbard where it submerges under the Arctic water masses (Nansen
1902). It then circulates the Eurasian basin and returns into the Fram Strait
on the Greenland side as Arctic Intermediate Waters at depths of 500-900
m. This deep and cold-water mass turns east north of Jan Mayen, and fol-
lows the same circulation system as surface water along the Spitsbergen
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Fig. 9.1. The current system in the European Arctic. The red arrow showing the
North Atlantic current entering the Arctic and the blue indicating gradually cool-
ing and sinking (modified after Hansen and @sterhus 2000, Jones et al. 1995).

Shelf slope. In the Fram Strait, therefore, there is an exchange of the wa-
ters between the Polar Ocean and the Nordic Seas, with a southward flow
on the western side and a northward flow on the eastern side (Jones et al.
1995). The North Cape Branch of the North Atlantic Current enters Bar-
ents Sea through the Bear Island Trough (The Barents sea opening) before
it flows into the eastern Barents Sea. It then flows northwards along No-
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vaya Zemla before it enters the Arctic Ocean between Franz Josef Land
and Novaya Zemlya, flowing parallel to the northern branch around the
Eurasian basin (Rudels et al. 1999).

The two interconnected current systems in the Atlantic and Arctic (Fig.
9.1) transports Calanus finmarchicus, C. glacialis and C. hyperboreus long
distances and they are found distributed all over the Arctic, including the
Norwegian Sea, the Barents Sea, the White Sea, the Arctic Ocean, the
Greenland Sea and coastal waters bordering Siberia, East Canada and
Alaska. The different species do, however, originate from different centres
of distribution and are used as indicator species for the different water
masses (Van Aken et al. 1991). The three Calanus species also have dif-
ferent core areas for over-wintering, the Norwegian Sea being central for
Calanus finmarchicus, the Arctic shelf area for C. glacialis and the
Greenland Sea and the Arctic Ocean for C. hyperboreus (Jaschnov 1970;
Runge et al. 1986; Conover 1988; Tande 1991; Hirche and Mumm 1992;
Hirche and Kwasniewski 1997; Hirche 1997).

9.2.2 Climate variability.

Arctic systems are characterised by pronounced seasonal oscillations in in-
cident solar radiation such that the light regime changes dramatically dur-
ing the year, from a period of darkness lasting approximately 4.5 month at
80°N to a period of midnight sun during summer. The ice cover and sea
water temperature also changes dramatically, both on very short time
scales from hours to days and on long time scales from years to decades
(Polyakov 1999, Falk-Petersen et al. 2000a; Vinje 2001; Engelsen et al.
2002). The extent to which ice cover can vary is emphasised by the fact
that the North Pole can be largely ice - free during summer in some years
while it is totally ice covered in others (Polyakov et al. 1999) and phyto-
plankton blooms are regularly registered in North Pole waters (Zenkevich
1963). Starting and continuation of the bloom in the different parts of the
Arctic Ocean corresponds to features of the annual cycle of the ice concen-
tration (Fig. 9.2).

Analysis of the inter-annual water temperature variations along a section
across the Atlantic water inflow in the Norwegian, Barents and Greenland
seas (Tereshchenko 1997; Furevik 2001) have shown several cold and
warm periods during last five decades, varying in periods of 2 to 7 years.
Inter-annual and decadal variability of the summer water temperature (Fig.
9.3) was studied between 1950 and 2000 in the core Atlantic inflow in the
West Spitsbergen Current (data extracted from a box delineated by 78-
79N, 8-10E) and the Barents Sea Opening (box delineated by 72.5-73.5N,
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Fig. 9.2. Time related plankton blooms in the Arctic Oceans (modified after Zen-
kevitch 1963).

19.5-21.5E). For this study all available data from the National Oceano-
graphic Data Center archive (NODC-02, period 1900-1990), Greenland
Sea Project dataset (period 1987-1993), ESOP project | and Il dataset (pe-
riod 1993-1998), VEINS project dataset (period 1997-2000), NPI dataset
(period 1959-2003), Russian data collected at the NP1 (period 1959-1992)
and Climatic atlas of the Barents Sea (Matishov et al. 1998) were used.
The temperature decrease in the 50’s, 60’s and 70’s and increased in the
80’s and 90’s in both areas. The regime shift, between the two periods took
place between 1978 and 1979. The surface water of the West Spitsbergen
Current had a maximum values at the start of the 50s and the end of the
90s of 4 to 6.5°C and a minimum at the end of the 70s of 1.5 to 3 °C. The
Barents Sea Opening had higher temperatures with a maximum at the start
of the 50ties and the end of the 90s of 6 to 7 °C and a minimum at the end
of the 80s of 4.5 to 5.5°C at 50 m. Periods with warming is related to high
North Atlantic Oscillation (NAO) modus and increased Atlantic water in-
flow (Furevik et al. 2005).

Analysis of historical data of sea ice (Vinje 2001) shows that the ice ex-
tent has been reduced monotonically over a period 135 years (Fig. 9.4).
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April ice extent has decreased by ~33% over the past 135 years and
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Fig. 9.3. The time series of the summer (July-September) water temperature (solid
line and points) along the path of Atlantic water in the West Spitsbergen current
for box: 78-79N, 8-10E (left panels) and in the Barents Sea Opening for box: 72.5-
73.5N, 19.5-21.5E (right panels) at the depths 5 and 50 m. Linear trends (dashed
lines) are shown for two periods 1953-1978 and 1978 — 2003 in West Spitsbergen
current and 1950-1978 and 1978-1995 in the Barents Sea Opening.

minima in the 1990s. A strong negative correlation is found between NAO
winter index and the Nordic Seas April ice extent (Fig. 9.4, Vinje 2001).
For example most of the Barents Sea, parts of the Greenland Sea and the
Norwegian Sea were ice covered in the spring of 1966 when NAO index
was low while in 1995 (high NAO) most of the same areas were ice free.
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9.2.3 Phytoplankton bloom.
The large and spatial changes in ice concentration directly influence the

light available for primary production. Blooms of phytoplankton develop
as the ice opens (Engelsen et al. 2002) and Zenkevich (1963) described the
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Fig. 9.4. 5-yr running means April ice extent in the Nordic Seas (solid line) and
NAO winter index (dashed line). Modified after Vinje (2001).

propagation of the algal bloom along a latitudinal gradient from the south-
ern Barents Sea to the North Pole (Fig. 9.2). The algal bloom is often
found in the southern Barents Sea as early as March — April, during the
summer in the northern Barents Sea and in August — September in the
Fram Strait and in the Arctic Ocean. Thus, herbivorous zooplankton in
high latitude, ice-covered seas is exposed to large variations in food avail-
ability, not only between seasons (Lee and Hirota 1973; Falk-Petersen et
al. 2000b) but also between years, decades and longer periods. The pelagic
Calanus species being one of the major components of the Arctic marine
ecosystem must, therefore, be adapted to an environment changing mark-
edly on different time scales. This readily accounts for the biodiversity of
the Calanus complex in terms of the species’ different life strategies, dif-
ferent ecological niches and different centres of distribution.
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9.3 The Calanus species

Table 9.1 shows the impressive plasticity of the Arctic Calanus species. In
the North Sea, C. finmarchicus can have a life span of less than a year
(Wiborg 1954; Marshall and Orr 1955) while in the Norwegian Sea, along
the coasts of north Norway, Greenland and east Canada and the Nordic
Seas, the life span is mainly one year (MacLellan 1967, Lie 1968, Sekerak
et al. 1976, Tande 1991, Falk-Petersen et al. 1999). C. glacialis has a life
span of 1 to 3 years but for most areas a life span of 2 years is reported
(Conover and Huntly 1991, Kosobokova 1999). C. hyperboreus shows the
most impressive plasticity, with a life span from two to five years (Dawsen
1978, Conover and Huntly 1991, Hirche 1997, Falk-Petersen et al. 1999).
Such plasticity in the different species reflects differences in their envi-
ronments. The central Arctic Ocean has the highest variability in sea cli-
mate and, therefore, the lowest predictability of food available for herbivo-
rous zooplankton. The ability of the different developmental stages of
calanoids to over-winter depends on their abilities to store energy. Itis in-
teresting to note that all three species have similar energy content (dry
weight 0.14, lipid 0.05 mg pr individual), at their first main over-wintering
stage (Fig. 9.5). The similarity of the energy content of the first over -
wintering copepodite stages, V, IV and Il for C. finmarchicus, C. glacialis
and C. hyperboreus, respectively, is consistent with the energy demand of
the first over - wintering being the same for the three species.

Table 9.1. The Arctic Calanus complex. Life span (years), maximum size (mm),
lipid weight (LW) as mg « ind-1, and % total lipid (TL) of DW, % wax ester (WE)
of TL. IV and V = copepodite stages, F = females.

Species Life Stage Max. LW %TL % WE
span size
C.finmarchicus. 1 v 2.2 0.02 53 63
\% 3.0 0.04 34 68
F 3.2 0.08 31 62
C. glacialis 2-3 v 2.8 0.05 56 68
\% 4.0 0.38 61 72
F 4.6 0.45 70 68
C.hyperboreus. 2-5 v 4.0 0.28 54 72
\% 6.0 1.03 65 75

F 7.0 1.81 62 75
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Fig. 9.5. Growth in terms of dry weights of the different copepodite stages (I to
VI) of Calanus finmarchicus, Calanus glacialis and Calanus hyperboreus. Data
from Mauchline 1998.

9.3.1 Calanus hyperboreus

C. hyperboreus, the most polar species, has its centre of distribution in the
current system connecting the deep-sea areas such as the Greenland Sea,
the Fram Strait and the Arctic Ocean (Fig. 9.1). These are areas with
marked annual and inter-annual variations in ice conditions. In favourable
seasons, when the ice cover opens up for longer periods, food is plenty,
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while in years with permanent ice cover food is scarce. C. hyperboreus has
adapted to this condition by developing a large plasticity in its life strategy
(Table 9.1). It is a large copepod and can over - winter, as early as stage
111, after accumulating large energy reserves in the form of high - energy
wax esters (Hirche 1997; Scott et al. 2000). Under favourable conditions
when primary production is high, the animal has a life span of 2 years,
while under extensive ice cover it has a life span from 3 to 5 years. C. hy-
perboreus females store large quantities of wax esters which are consumed
in the spawning process during winter. Spawning takes place independent
of the algal bloom and the fertilised eggs will normally develop rapidly via
the naupliar stages to stage Il or IV copepodites during the short bloom in
the following summer/ autumn. When C. hyperboreus has accumulated
sufficient lipid reserves it migrates down to deep waters (500-2000 m) and
enters diapause (Vinogradov 1997). Under these conditions it has suffi-
cient high-energy reserves to meet its minimal metabolic requirements for
long periods, exceeding a single season if need be. It is logical that the
greater the variation in ice cover and especially the greater the likelihood
of prolonged ice cover, the greater the advantage for an herbivorous cope-
pod to arrest development at any stage. This is more likely to occur in
large copepods with large reserves of high-energy lipids in early as well as
late developmental stages.

9.3.2 Calanus glacialis

C. glacialis is a typical shelf species which spawns in waters all around the
Arctic shelf and in the White Sea. Although the shelf areas experience
large variations in ice cover, the ice nearly always opens up for shorter or
longer periods during the summer or autumn allowing an annual algal
bloom to occur. C. glacialis has a life span of 1-3 years. It spawns before
or during the yearly spring bloom (Niehoff et al. 2002) and it grows rap-
idly in the same year to reach its over-wintering stage IV, with large en-
ergy-rich wax ester reserves (Table 9.1). It then descends to deep areas on
the shelf (200 to 300 m) to enter diapause and over-winter. Scott et al.
(2000) suggested that this species is well capable of developing from eggs
via the naupliar stages to wax ester-rich stage Il and stage 1V copepodites
within a single year. However, the large increment in body mass and lipid
reserves as it develops further from stage IV to stage V copepodites is
unlikely to be achieved in a single year, except under very favourable con-
ditions. Thus, development from stage IV to stage V probably occurs in
two year-old C. glacialis. The resulting large, wax ester-rich stage V cope-
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podites then over-winter and spawn immediately prior to or during the
spring bloom in their subsequent third year of life.

9.3.3 Calanus finmarchicus

C. finmarchicus, the smallest of the three Calanus species, is an Atlantic
boreal deep-water species. It has two main centres of distribution, one
connected to the large gyre in the Norwegian Sea (Fig. 9.1) and the other
in the Subarctic Gyre south of the Labrador Sea and east of Newfoundland.
In addition there is a small sub-population south of Newfoundland (Mat-
thews 1969; Aksnes and Blindheim 1996; Planque et al. 1997; Bucklin et
al 2000). Breeding populations are also found along the Norwegian coast
and in the southern Barents Sea. These are areas where a predictable an-
nual spring bloom occurs between March and May. North of the Arctic
Circle, C. finmarchicus develops from eggs, via 6 naupliar and several co-
pepodite stages to their major over-wintering stage V within 6 to 10 weeks
in favourable years (Sargent and Falk-Petersen 1988). They also accumu-
lated high-energy wax esters as reserves and over-winter in diapause at
depths of 500 to more than 2000m (Gislason and Astthorson 2000). The
onset of reproductive maturity and egg production occur before the onset
of the phytoplankton bloom and are mainly fuelled by internal reserves of
wax esters (Ohman and Hirche 2001). The per capita egg production rate
increases at the time of the bloom (Niehoff et al. 1999) and final gonad
maturation followed by successful spawning depends on timing of the
spring bloom (Niehoff et al. 2002).

9.4 Ecosystem effects of Arctic warming

According to our present understanding there are two possible scenarios of
climate change in the region. The first is based on the hypotheses that the
Acrctic climate varies in cycles (Proshutinsky et al. 1999) and that we now
are at the beginning of a cold period, leading to heavy ice conditions in the
Barents, Greenland and parts of the Norwegian Seas (Vinje 2001). The
second scenario is based on a hypothesis of a continuation of the present
trend, resulting in a permanent warming of the Arctic climate (IPPC 2001)
and a decrease of the ice extent of the Barents Sea and the Southern Arctic
Ocean. The extent of the ice cover in the Nordic Seas in spring has de-
creased since 1860 due to the net thermal effect of the north-bound cur-
rents in the area (Vinje 2001). A warming of the water masses in the cen-
tral Arctic Ocean has been observed in the 1990s, explained by increased
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Fig. 9.6. The transfer of lipid from the spring bloom via Calanus and krill to cap-
elin within six months (modified after Falk-Petersen et al. 1990).

Atlantic water influx in periods with high NAO modus (Furevik et al.
2005). Should Arctic warming be a long-term trend, as suggested by IPPC,
and much of the southern part of the Arctic Ocean become ice - free during
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spring and summer, a yearly spring algal bloom will occur in this area, re-
sulting in a large increase in “new” primary production. This will probably
create an environment favourable to C. finmarchicus and detrimental to C.
glacialis and especially to C. hyperboreus.

Polar pelagic systems are notoriously instable (Sakshaug 1997) and her-
bivorous zooplankton exposed to marked variations in food available has
adapted by storing lipids as energy reserves. The lipid accumulated in large
amounts by calanoid copepods is exploited as an energy source by large-
stocks of fishes like herring (Clupea harengus) and the capelin (Mallotus
villosus), which themselves can store large quantities of oil derived from
zooplankton (Fig. 9.6). These energy rich fishes, together with Calanus,
krill and amphipods species, occurring in dense schools and swarms, con-
stitute large energy-packed food items for sea birds and marine mammals
enabling them to sustain over-wintering populations (Welch et al. 1992).
This lipid-based energy flux, from algae to marine mammals (Fig. 9.6), is
likely to be a key determinant of the biodiversity and productivity of this
environment.

The size spectrum and energy content of the major zooplankton species
in Arctic ecosystems determine their value as food sources for the upper
trophic levels. Both vary substantially among the three Calanus species.
For example, C. glacialis and C. hyperboreus are considerably larger and
adults contain approx. 10 and 25 times more energy (lipids), respectively,
than C. finmarchicus. Fig. 9.5 and Table 9.1 summarise the important
characteristics of the individual Calanus CV. Taken together this tells us
that in the Arctic basin C. hyperboreus is the most highly adapted of the
three species in accumulating large, energy-rich lipid reserves, followed by
the Arctic shelf C. glacialis and the north Atlantic C. finmarchicus (Sar-
gent & Falk-Petersen 1988; Scott et al. 2000). Perhaps more important for
a zooplankton predator, is the difference in the food size spectrum between
the three Calanus species, decreasing from the large energy-rich quanta
provided by C. hyperboreus to the smaller less energy-rich quanta pro-
vided by C. finmarchicus.

9.5 Conclusions

From the above we conclude that Calanus finmarchicus is a deep-water
species adapted to an environment with a regular yearly spring bloom, as
occurs in the Norwegian Sea. Calanus glacialis is a shelf species adapted
to an environment subjected to large variations in the timing and length of
the annual bloom, as found in the northern Barents Sea and the Arctic
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shelves. Calanus hyperboreus is a deep-water species adapted to an envi-
ronment with large inter-annual variations in ice cover and algal blooms,
as found in the central Arctic Ocean and the Fram Strait.

We postulate that a warmer climate with reduced ice cover and new
phytoplankton bloom regimes will shift zooplankton community structure
towards a smaller zooplankton size spectrum (C. finmarchicus), with lower
energy content per individual. The changes in zooplankton communities
will be reflected in the diet composition and affect the general ecology of
specialised seabirds. The little auk (Alle alle) requires access large energy-
rich zooplankton (C. glacialis and C. hyperboreus) to successfully raise
their chicks (Fig. 9.7a, Weslawski et al. 1994; Pedersen and Falk 2001). In
Iceland, colonies of this high - arctic seabird were heavily reduced during
the first half of the last century associated with the rapid warming in the
Icelandic climate during the same period (Gudmundsson 1952). The rise in
temperature probably triggered a shift in the zooplankton distribution fa-
vouring C. finmarchicus instead of C. hyperboreus, a situation having fatal
impact on the little auk. It is more difficult to deduce consequences for
generalised sea birds and sea mammals. However, Kitaysky and Golubova
(2000) concluded, after 8 years of observation in the Okhotsk Sea, that in-
ternal oceanographic change impacted alcid reproduction performances by
affecting food accessibility to planktivorous auklets and piscivorous puf-
fins in opposite ways. A northward expansion of C. finmarchicus to the
northern Barents Sea and into the Arctic Ocean north of Svalbard, due to a
continuous warming of the water masses and new phytoplankton bloom
regime, will create a prey base in the area that will favour the development
of herring stocks. From this we postulate that Arctic warming will cause a
ecosystem shift, from today’s C. glacialis / C. hyperboreus based energy
transfer favouring little auk (Fig. 9.7a) to a C. finmarchicus based food
chain leading to minke whale (Balaenoptera acutorostata) via herring
(Fig. 9.5b).
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