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Abstract: The focus of this chapter is on climate-change impacts on the environment,
the structure and functioning of forests, on their biodiversity,and on the services and
goods provided by forests in order to identify key vulnerabilities. Based on the findings
of the IPCC Fourth Assessment Report (IPCC 2007d), we first introduce four clusters
(unavoidable, stable, growth, and fast growth) of climate change scenarios commonly used
to quantitatively assess climate change impacts (sub-chapter 3.2). At the global scale
(sub-chapter 3.3) as well as in the four domains (boreal — sub-chapter 3.4; temperate
— 3.5; subtropical — 3.6; tropical — 3.7), our CCIAV-assessment (see glossary) for forests
shows that many forests can adapt to a moderate climate change if water is sufficiently
available, notably in currently temperature limited areas (unavoidable, lower end stable).
In some temperate or boreal regions, certain forests can even increase their primary
productivity in a moderate climate change. However, some of these benefits are easily
offset as climate warms and the adaptive capacity of currently water limited, fire or insect
prone forests is frequently exceeded already by a limited climate change (unavoidable,
stable). Many other forests become also vulnerable to an unmitigated climate change
(growth, fast growth) as their adaptive capacity is exceeded. Forests currently sequester
significant amounts of carbon; a key vulnerability consists in the loss of this service,
and forests may even turn into a net source.Among land ecosystems, forests currently
house the largest fraction of biodiversity; unmitigated climate change threatens to put
significant parts of it at risk. The boreal domain, being especially sensitive, serves as a
model case and is treated in particular depth. Finally, conclusions are drawn to sum-
marize all findings on the global as well as regional scales (sub-chapter 3.8).

Keywords: Climate change scenarios, climate change impacts, forest properties, forest
functioning, forest services, climate triggered disturbances, autonomous adaptation,
climate change opportunities, adaptive capacity, forest resilience, key vulnerabilities

3.1 Introduction these issues cf. Fischlin et al. 2007, sub-chapter 4.5).

Yet other approaches such as the recurrent themes

orests provide many ecosystem services that are

key to human well-being (cf. Chapter 1). This
chapter focuses on impacts of climate change on
these services, and elucidates how different scenarios
of climate change can and will affect forests and their
services, mostly only indirectly through a multitude
of interdependent processes in a complex manner.

Many forest services have not yet been recognized
as having value by markets (for a recent review on
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(cf. Chapter 1) allow for the roles of forests to be
described within a more market-oriented context. For
a Climate Change Impacts, Adaptation, and Vulner-
ability (CCIAV) Assessment we need to know how
forests will be exposed to climate change, how sen-
sitive they are to that exposure, and in how far they
have the capacity to adapt. Future exposure and sen-
sitivity (cf. Chapter 2) determine future impacts and
are typically given in a climate change scenario as
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simulated by a climate model forced by an emission
scenario attempting to capture future human behav-
iour (cf. sub-chapter 3.2). Any response by a forest
ecosystem — either at the scale of leaves, branches,
trees, stands or up to the scale of entire biomes — can
be modelled by an impact model and is understood
as autonomous adaptation (cf. Chapter 2), since that
response by the forest is not directed at avoiding or
minimizing adverse impacts (cf. Chapter 4). This is
in contrast to human adaptation, typically attempting
at avoiding adverse impacts or exploiting beneficial
opportunities, e.g. through silviculture (cf. Chapter
5) or through policy measures (cf. Chapter 7). When
the adaptive capacity is sufficient to counteract the
impacts from climate change, the forest ecosystem
may continue to behave in a mode similar to the past.
Otherwise, when the forest system’s resilience breaks
down and causes the ecosystem to switch to an en-
tirely new mode of behaviour, for instance when a
forest becomes grassland, such a forest is considered
to be vulnerable to climate change.

Given that forests cover about a third of the
Earth’s land in many climates, store about half of
all carbon (Fischlin et al. 2007), and very likely
house the majority of biodiversity of land ecosys-
tems, in accordance with the precautionary principle
(cf. Chapter 1, 7), impacts of future climate change
on forest properties, structures, goods, and services
are of major interest to humankind (cf. Chapter 7).
Moreover, since forests may not only be impacted
by climate change, but play also a major role in the
global carbon cycle, their fate is of decisive relevance
also for the future fate of the climate system. Unfor-
tunately, current approaches and models do not yet
allow studying this interplay between forests and the
rest of the climate system in a fully coupled man-
ner. Nevertheless, impacts and possible feedbacks
can be assessed systematically, enabling us to ad-
dress the risks of climate change in an appropriate
framework.

3.2 Climate-Change Scenarios

Any CCIAV assessment (see glossary) is based on
particular, assumed environmental and socio-eco-
nomic conditions and requires scenarios of climate
change that are internally as consistent as possible
and portray plausible representations of the future.
Currently a large number of climate change scenarios
are used for CCIAV assessment scenarios that are
based on various assumptions about basically un-
known future socio-economic conditions and their
associated anthropogenic emissions that are used to
create climate models. For the sake of simplicity,
future climate change scenarios are grouped into four
scenario clusters, thereby reducing the number of

options for discussion of climate change impacts in
the context of this report: unavoidable, stable, growth
and fast growth. These categories relate mostly to
current carbon dioxide (CO,) emission paths and
should be of particular relevance in the current cli-
mate change debate as it relates to impacts on forests.
However, other clusters could have been chosen. This
sub-chapter briefly introduces and describes some
of the scenarios most often used in the context of
CCIAV studies on forest ecosystems at the global as
well as the regional scale, in particular as they pertain
to the case studies discussed in this report.

Future climate change depends on many uncer-
tain factors. There is still much debate not only about
the causes of climate change and climate sensitivity
(see glossary), but also the likely impact of future
anthropogenic emissions of greenhouse gases, aero-
sols, the cycling of key elements like carbon and
nitrogen, land-use change and various land-use or
land management related effects. Despite these un-
certainties, projections of future climate change are
needed to address the potential human influence on
climate and to decide on mitigation and adaptation
measures.

Climate change projections are based on plau-
sible, quantitatively specified assumptions about the
possible evolution of demographic, socio-economic,
technological and environmental factors. They all
affect human emissions of greenhouse gases (GHGs)
and aerosols and, thus, impact the Earth’s radiation
balance and ultimately climate. For example, future
growth of human population, together with techno-
logical advances, will determine to some extent the
usage of fossil fuels and associated greenhouse gas
emissions. Some of these factors are also impacted
by a changing climate, e.g. carbon sequestration
by forests, or technology use dependent on infra-
structures (Wilbanks et al. 2007). Thus, feedbacks
emerge, which complicates the situation.

Moreover, the climate system’s response to ex-
ternal forcings needs to be studied at the proper time
scales. This is particularly important in the context of
forests, since they respond more slowly than many
other ecosystems and need to consider fast processes
such as photosynthesis responding within seconds,
as well as slow ones such as forest succession lasting
centuries. Therefore, response times of forests are
comparable to those of the climate as they respond to
changes in radiative forcing (see glossary) resulting
from changes in the chemical composition of the
atmosphere. In the case of forest succession or soil
formation response times are similar to the slowest
components of the climate system such as the oceans,
which operate at time scales of centuries to millennia.
Century-long time scales contrast sharply with some
human decision-making. This creates particular chal-
lenges for the consistency of scenarios, especially
when projected far into the future. Consequently,
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socio-economically based emission scenarios cover
typically only the 21st century. A few scenarios ex-
tend beyond 2100 to study the longer-term response
of the climate system. Those scenarios are, of course,
particularly welcome if we wish to study impacts of
climate change on forest ecosystems.

3.2.1 Commonly Used Scenarios

The majority of emission scenarios and concentra-
tion pathways for all relevant GHGs and aerosols as
used in current CCIAV assessments have been devel-
oped in the context of the Intergovernmental Panel
on Climate Change (IPCC) reports in the course of
the last two decades. Among those, the most com-
monly used are CO,-only stabilization pathways
(Wigley et al. 1996, Plattner et al. 2008) and multi-
gas emission scenarios from the Special Report on
Emission Scenarios (SRES) of IPCC (Nakicenovic
et al. 2000). Some impact studies still use the older,
simpler business-as-usual scenarios (IS90, 1S92a,
IPCC, 1990, 1992) as well as 2xCO, scenarios, but
the majority now uses the IPCC SRES scenarios.
There are also new successor scenarios modifying
or extending IPCC SRES scenarios such as constant
radiative forcing after 2100, or zero emissions after
2000 (e.g. CMIP — Meehl et al. 2007) or 2100 (Platt-
ner et al. 2008).

The CO,-only stabilization profiles usually pre-
scribe the pathway of the atmospheric CO, concen-
tration following projections based on a particular
emission scenario (Meehl et al. 2007, Plattner et al.
2008) up to a certain point in time and then allow
the CO, concentration to stabilize at a given level.
The SRES emission scenarios on the other hand are
based on a set of storylines representing different
demographic, social, economic, technological and
environmental developments. The 40 IPCC SRES
scenarios have been grouped into four scenario
‘families’ characterized by common narratives. Six
scenarios are the most often used: A1B, A1FI, A1T,
A2, B1 and B2.

The A1 family describes a future with a relatively
low population growth but rapid economic growth
and high energy and material demands moderated by
rapid technological change. The A1l scenario family
develops into three groups that describe alternative
directions of technology change in the energy sys-
tem. The A1FI scenario is representative of a fossil-
intensive energy sector. Non-fossil energy sources are
emphasized in the A1T scenario, whereas non-fossil
energy sources and fossil sources are ‘balanced’ in
the A1B scenario. The A2 family describes a hetero-
geneous world with economic development region-
ally oriented, slower economic growth and relatively
high population growth. The B1 family describes a
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convergent world with low population growth as in
A1l but with rapid changes in economic structure
toward a service and information economy and the
introduction of clean technologies. The B2 family
describes a world in which the emphasis is on local
solutions, with moderate population growth, inter-
mediate levels of economic development, and less
rapid technological change than in A1 or B1. Further
details on the SRES scenario ‘families’ can be found
in Nakicenovic et al. (2000) or in the IPCC Third
(Houghton et al. 2001) and Fourth (IPCC 2007a)
Assessment Reports.

IPCC insists that there is no basis to assign
probabilities to any given scenario (Nakicenovic et
al. 2000, cf. also the debates on these issues, e.g.
Griibler and Nakicenovic 2001, Schneider 2001,
Carter et al. 2007, Fisher et al. 2007). The emission
scenarios must also not be interpreted as contain-
ing any policy recommendations. In addition, none
of these scenarios include any future policies that
explicitly address climate change. The more recent
newer scenarios explicitly take climate mitigation
actions in the scenario set-up into account (e.g. EMF
21, Weyant et al. 2006). However, these new mitiga-
tion scenarios have so far only been applied in a few
climate/carbon cycle studies (see e.g. Van Vuuren et
al. 2008) and are currently not yet much in use by
CCIAV studies.

3.2.2 Climate Projections: Global
Aspects

Climate projections based on the best currently avail-
able coupled climate models and using the previously
introduced illustrative SRES emission scenarios have
been presented in the recent [IPCC AR4 (Meehl et al.
2007). The main findings from (Meehl et al. 2007)
focus on two key climate parameters: global mean
surface air temperature and global mean precipitation
(Figures 3.1 and 3.2). Note that uncertainties asso-
ciated with precipitation projections are still larger
than those associated with temperature projections.
Recent advances, however, now allow more robust
precipitation projections for large parts of the globe
(Figure 3.2; note ratio of coloured vs. white areas
and fraction of stippled areas representing varying
degrees of model agreement).

Projected global mean surface air temperatures
do not differ substantially among scenarios until
~2030 but then start to diverge quickly (Figure 3.1).
Global mean surface air temperatures still rise in
all scenarios by the end of this century and reach a
warming of 1.8 (B1), 2.8 (A1B), 3.4 (A2) and 4.0
(A1FI) °C by 2100 relative to present levels (IPCC
2007e, p. 70, Table TS.6), thereby covering an actual
range 1.1 to 6.4°C warming by the end of this century
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Atmosphere-Ocean General Circulation Model projections of surface warming
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Figure 3.1 Left panel: Solid lines are multi-model global averages of surface warming (relative to 1980-
1999) for the SRES scenarios A2,AlB and Bl, shown as continuations of the 20th-century simulations.
The pink line stands for the experiment where concentrations were held constant at year 2000 values.
The bars in the middle of the figure indicate the best estimate (solid line within each bar) and the likely
range assessed for the six SRES marker scenarios at 2090-2099 relative to 1980-1999.The assessment
of the best estimate and likely ranges in the bars includes the Atmosphere-Ocean General Circulation
Models (AOGCMs) in the left part of the figure,as well as results from a hierarchy of independent models
and observational constraints. Right panels: Projected surface temperature changes for the early and late
2|st century relative to the period 1980-1999.The panels show the multi-AOGCM average projections
for the A2 (top),Al B (middle) and Bl (bottom) SRES scenarios averaged over decades 2020-2029 (left)
and 2090-2099 (right) (IPCC 2007d, p. 46, Figure 3.2, reprinted with the permission of IPCC. See also
IPCC 2007c, Meehl et al. 2007, section 10.4, 10.8, Figures 10.28, 10.29).

Multi-model projected patterns of precipitation changes

-10 -5

Figure 3.2 Relative changes in precipitation (in percent) for the period 2090-2099, relative to 1980-1999.
Values are multi-model averages based on the SRES AIB scenario for December to February (left) and
June to August (right).White areas are areas where less than 66% of the models agree in the sign of the
change and stippled areas are those where more than 90% of the models agree in the sign of the change
(IPCC 2007d, p. 47, Figure 3.3, reprinted with the permission of IPCC. See also IPCC 2007c, Meehl et al.
2007, Figure 10.9).

(33% confidence interval). The regional distribution latitudes, inner tropics, Figure 3.2).

is such that high latitudes, particularly in the Arctic,
warm much faster than low latitudes, and land masses
warm much faster than the oceans.

Precipitation is projected to wane further in re-
gions that are already dry today (subtropics, e.g.
Mediterranean basin), whereas regions that are rela-
tively wet today tend to become even wetter (high

While figures 3.1 and 3.2 indicate how climate
might change on average and in the long term, no
information about short-term variability, extreme
events, in particular, is shown. However, short-term
variability such as storms of any kind are as relevant
as changes in the means, since they can cause serious
damage, not least to forests. Current understanding
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Figure 3.3 Multi-model mean of annual mean surface warming (surface air
temperature change, °C) for the scenario A2 by time period 2080 to 2099.
Anomalies are relative to the average of the period 1980 to 1999 (Meehl et al.
2007, p. 766, Figure 10.8, reprinted with the permission of IPCC).

and climate models indicate that, for example, future
tropical cyclones are likely to be more intense due to
the ongoing increases of tropical sea surface temper-
atures (IPCC 2007c). The projections indicate larger
speeds of peak winds and more heavy precipitation
events. There are indications that the frequency of
tropical cyclones may decrease. However, confidence
in those projections is much smaller. Since 1970 the
proportion of very intense storms has been observed
to increase in some regions, whereas current climate
models simulate for that period a much smaller pro-
portion. Similarly, changes in extra-tropical storms
are projected; for example, there may be a northward
shift of storm tracks.

3.2.3 Climate Projections: Regional
Aspects

Although of great interest for studies of impacts and
adaption, regional projections are associated with
larger uncertainties than global projections. Never-
theless, recent advances in climate models now allow
more reliable projections of regional climate change
(e.g. Christensen et al. 2007, Figure 11.15 [p. 895],
Figure 11.2 [p. 869], Figure 11.17 [p. 901], Figure
11.5 [p. 875]). Within this report, the focus is on
four particular regions where several case studies
investigate climate-change impacts on forests. Focus
areas discussed include the Amazon, South Africa
(Box 3.2), Southern Australia, and Northern Europe
(Box 3.1). Figure 3.3 shows multi-model mean tem-
perature projections at a scale suitable for these case
studies featuring the IPCC SRES A2 scenario.
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Special downscaling techniques would need to be
applied in order to increase the reliability of regional
projections based on global coupled climate models,
in particular in the context of assessments of impacts
on ecosystems (e.g. Gyalistras et al. 1994, Gyalistras
and Fischlin 1999, Jones et al. 2005). Unfortunate-
ly, only a limited number of impact and adaptation
studies use such techniques, which are of particular
relevance in complex terrains where downscaling
would actually be a necessity (e.g. Gyalistras et al.
1994, Fischlin and Gyalistras 1997, Gyalistras and
Fischlin 1999).

3.2.4 Scenario Clusters

The four scenario clusters fast growth, growth, stable,

and unavoidable stress commonalities among sce-

narios in the current trends of emissions and weigh
possible later differences among pathways in the
second half of this century much less.

Growth: With no major technological changes and
without stringent climate policies, emissions are
expected to continue growing and would still do so
at the end of the century as captured in the [IPCC
SRES reference scenarios A1FI, A1B and A2. As
a consequence, atmospheric CO, concentrations
are expected to continue rising for quite some
time after 2100 and the climate system will be
out of equilibrium for centuries thereafter (e.g.
Christensen et al. 2007, IPCC 2007d, IPCC 2007c,
Meehl et al. 2007).

Stable: With major technological changes CO, emis-
sions are expected to start declining during the
course of this century as captured by the IPCC
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SRES reference scenarios A1T, B2 and B1. As
a consequence, atmospheric CO, concentrations
are expected to approach a new equilibrium to-
wards the end of this century (e.g. Christensen et
al. 2007, IPCC 2007d, IPCC 2007c, Meehl et al.
2007). Such a stabilization of atmospheric CO,
concentrations would be in accordance with the
ultimate goal of the UNFCCC in its Article 2.
However, whether the particular stabilization lev-
els of the scenarios belonging to this cluster would
avoid any dangerous interference with the climate
system is and remains an unanswered question
(Solomon et al. 2009). Moreover, judgements
about dangerous interference cannot be properly
addressed merely on scientific grounds (e.g. IPCC
1996).

The majority of CCIAV studies fall into the
cluster growth while only a limited number look at
scenarios belonging to the cluster stable. Studies
assessing minimal adaptation or scenarios facing
particularly rapid climate change are special cases
of special interest in the context of this report.
Consequently, two additional clusters have been
introduced: unavoidable and fast growth.

Unavoidable: [IPCC AR4 published for the first
time multi-model simulations of climate system
responses to an arbitrary freeze of atmospheric
CO, concentrations at year 2000 levels (Fig-
ure 3.1, left panel, pink line) (IPCC 2007d, [IPCC
2007c). This scenario is artificial and is very un-
likely to be attainable in reality, since it implies
as of 2000 negative and later zero emissions (un-
less atmospheric CO, would be sequestered in
large amounts by forests and new technologies).
However, the resulting climate scenarios allow
the assessment of minimal impacts and minimum
adaptation requirements.

Fast growth: Since about 2000, global emissions
have been accelerating. CO, emissions rise cur-
rently by over 3% annually, whereas annual
growth rates in the 1990s were on average only
1.1% (Raupach et al. 2007). These trends are not
captured by the commonly used IPCC emission

scenarios and even more importantly they are
beyond the emission rates of the SRES reference
scenario with the highest emissions for the pres-
ent, i.e. the A1FI scenario. It is clear that this most
recent trend in global emissions forms a particular
challenge for humanity, including the forest sector
(e.g. Schellnhuber et al. 2006, Ramanathan and
Feng 2008), given the multi-millennial lifetime
of the human CO, perturbation.

Whenever possible, this report refers back to these
scenario clusters while discussing impacts, adapta-
tion options, vulnerabilities and policy options.

3.3 Global Changes and
Impacts

Given a climate-change scenario (cf. sub-chapter
3.2.4) and state-of-the-art Dynamic Global Veg-
etation Models (DGVMs, see Glossary), one can
project future land vegetation under any climate-
change scenario (e.g. Prentice et al. 2007). Unfor-
tunately models of this type represent forests only
at the biome level, i.e. they work with ‘plant func-
tional types’ (PFT, see Glossary) instead of actual
species. Other forest models are available, such as
patch dynamics models that do operate at the species
level and can also be applied in a CCIAV assess-
ment context (e.g. Kirschbaum and Fischlin 1996,
Box 14, p. 105). Patch models are most attractive
for being able to mimic realistically the temporal
characteristics of responses to a changing climate
and their species specificity. However, they have the
disadvantage of a limited geographical applicability
and most of them are limited to the temperate and
boreal domain (e.g. Solomon and Leemans 1990, p.
312), whereas DGVMs have the advantage of being
applicable globally. Thus, current projections at the
global scale are based on DGVM simulations such
as those provided by IPCC (Figure 3.4, Table 3.1,
Fischlin et al. 2007)

Table 3.1 Major biome changes projected by LP) forced by a scenario from cluster stable
(sub-chapter 3.2.4, ECHAMS B1) and from cluster growth (sub-chapter 3.2.4, HadCM3 A2)
(assumed forest/woodland area estimates for 2000: 41.6 Mkm? from Bonan 2002, Sabine
et al. 2004, see Figure 3.4 for maps on underlying ecosystem changes and numbers used

to denote types of vegetation changes)

Vegetation change

Scenario stable area change

Scenario growth area change

(ATZIOO-preind. +2°) (ATzloo-preind. +3.8°C)
(Mkm?) (Mkm?)
6: Forest/woodland decline —4.1 (-12%) -12.1 (-29%)
1+2+3: Forest/woodland expansion 12.7 (+31%) 16.6 (+40%)
1+2+43-6: Net forest/woodland change 8.6 (+21%) 4.5 (+11%)

ADAPTATION OF FORESTS AND PEOPLE TO CLIMATE CHANGE
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. 1 — Forest cover gain
. 2 — Shrub/woodland cover gain
. 3 - Herbaceous cover gain

. 4 — Desert amelioration

D 5 - Grassl/tree cover loss

. 6 — Forest/woodland decline
ﬂ 7 - Forest type change

Figure 3.4 Projected appreciable changes in terrestrial ecosystems by 2100 relative to 2000 as simulated
by DGVM LPJ (Sitch et al. 2003, Gerten et al. 2004) for two scenarios forcing two climate models: (a)
scenario cluster growth (sub-chapter 3.2.4, HadCM3 A2), (b) scenario cluster stable (sub-chapter 3.2.4,
ECHAMS B1) (Lucht et al. 2006, Schaphoff et al. 2006). Changes are considered appreciable and are
only shown if they exceed 20% of the area of a simulated grid cell (Fischlin et al. 2007, p. 238, Figure 4.3,
reprinted with the permission of IPCC. See also Table 3.1).

The same climatic change impacts forests in a
different manner, depending on the locally specific
bioclimatic and edaphic conditions and the spe-
cies composition. Furthermore, the management

ADAPTATION OF FORESTS AND PEOPLETO CLIMATE CHANGE

of forests and land use will modify the ecological
responses of the ecosystems to climate change. This
further emphasizes the need to analyze the impacts
of climate change in a local context to gain a better
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Figure 3.5 The four forest domains: boreal, temperate, subtropical and tropical as
distinguished in this report (FAO 2001b, p. 5, Figure 1-4).

understanding of how climate change may affect pro-
visioning and other services in the future, including
the potential for forestry. This chapter will therefore
make a separate CCIAV assessment for each of the
four domains (see Chapter 1): boreal (sub-chapter
3.4), temperate (3.5), subtropical (3.6) and tropical
(3.7) (Figure 3.5).

The following text is organized in such a way that
both views, i.e. ecosystem services and the recurrent
themes view, as alluded to above, are covered. The
boreal domain serves as a model case and will be
discussed in greater depth than the other domains.
Topics covered for other domains treat complemen-
tary aspects, in particular those that call for special
empbhasis in the respective domain. Some of the re-
gional biases in the following ought to be seen as ex-
emplary and otherwise as being rather coincidental,
since this chapter, given its scope, had to be written
by a relatively small team of authors.

3.4 Boreal Domain

3.4.1 Types of Boreal Forests

The boreal forests (forests and other woodlands)
cover 1270 million ha of land including boreal co-
niferous forests (730 million ha), boreal tundra (130
million ha) and boreal mountains (410 million ha),
mainly in North America (Canada, Alaska), the Nor-
dic countries (Finland, Sweden, Norway) and Russia
(FAO 2001b). The boreal biome is the second largest
terrestrial biome and has 33% of the Earth’s forested
area (FAO 2001b, Fischlin et al. 2007). These cir-
cumpolar forests (Figure 3.5) represent the environ-

mental conditions characterized by the annual mean
temperature of —5°C to +5°C, and the annual pre-
cipitation is 300—1500 mm. In these conditions, the
potential evapotranspiration is about 400450 mm
but the actual evapotranspiration is substantially less
(300-350 mm). The mean maximum temperature
of the warmest summer month is more than 10°C,
and the duration of summer is not longer than four
months. The boreal zone is humid and typically char-
acterized by coniferous tree species. Because of the
cold winter and thin cover of snow, permafrost covers
large areas in Alaska and the high-continental boreal
zone in Canada and Siberia, where soil temperature
regularly remains below 0°C even in summer.

The mean stem wood stocking in the boreal for-
est is about 120 m3/ha, with a total mean stem wood
growth of 1.6 m3/ha/a (Table 3.2). In these forests,
the most important coniferous species are pines (Pi-
nus), spruces (Picea), firs (Abies), larches (Larix),
junipers (Juniperus), thujas or cedars (Thuja) and
hemlocks (T'suga), while the most common decidu-
ous species in these forests are poplars (Populus),
birches (Betula), willows (Salix), and alders (Alnus).
Most boreal tree genera occur throughout the zone
representing transcontinental distributions across
Eurasia or North America. The number of conifer
species is greatest in North America, but also large
in the southern part of the Far East. The number of
tree species is particularly small in the north-western
areas of Eurasia, where Scots pine (Pinus sylvestris)
and Norway spruce (Picea abies) dominate the for-
ested landscapes.

ADAPTATION OF FORESTS AND PEOPLETO CLIMATE CHANGE
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Table 3.2 Stocking and growth of forests in
the major boreal forest regions (Kuusela 1990,
FAO 2001b).

Table 3.3 Forest resources in the boreal re-
gions (Kuusela 1990, FAO 2001b).

Region Growing  Net annual Annual
Region Stocking, m*’ha Net annual growth, stock increment removals
m’/ha/a (10° m%) (10° m%) (10° m%)
Alaska 280 0.8 Alaska 1.3 3.6 3.1
Canada 110 1.7 Canada 23.0 356.0 152.0
Nordic countries 90 33 Nordic countries 4.4 158.0 102.0
Russia 130 1.4 Russia 67.0 750.0 357.0
Total mean 120 1.6 Total 95.7 1300.0 642.0

3.4.2 Main Services Provided

Globally, timber production and carbon sequestration
are the main forest goods and services, but the bo-
real forests are also important for conserving global
biodiversity and supporting the production of many
other goods and services. Their general temperature
limitation results in particular characteristics, such
as a higher production of humic substances which
may lead to particular soil characteristics and the
production of non-wood products such as berries
and fungi.

3.4.3 Current Opportunities and
Vulnerabilities

Timber: The total growing stock of trees in the bo-
real forests is 100000 million m?, of which 80000
million m? represent coniferous tree species (Table
3.3). Boreal forests stock is about 45% of that of
all forests and about 50% of that of the coniferous
species. This stock increases by 1300 million m¥/a,
which corresponds to about 30% of the global for-
est growth. The coniferous species growth is about
45% of that of the global coniferous net production.
Annually about 600 million m* are harvested, which
represents 20% of the global removal: 500 million
m? are softwood corresponding to 45% of the global
softwood harvest. 500 million m? are industrial wood
corresponding to 37% of the global industrial wood
harvest. The boreal forests in northern Europe or
Fennoscandia (including Norway, Sweden, Finland
and north-western Russia) provide about 40% of the
timber used in Europe on 85% of the total forest area
in Europe (956 million ha).

Carbon: The boreal region has been estimated to
contain a total of 703 Pg of carbon and about 30%
of all the carbon contained in the terrestrial biomes.
(Symon et al. 2005, p. 550). Recent estimates by
IPCC (Fischlin et al. 2007) that include soil carbon
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of forest soils to a depth of 3 m (Jobbagy and Jackson
2000) give a different picture: Boreal forests alone
contain only 207 PgC, which corresponds to about
13% of all carbon contained in forests. This correc-
tion is also in line with other studies since the IPCC
Third Assessment Report (Kauppi 2003). In Finland
roughly three-quarters of this carbon is held in soils
and can be as high as 88% (Kauppi et al. 1997), since
cold temperatures slow decomposition resulting in
an accumulation of soil carbon. The carbon budget
of the boreal forests indicate a net sink between 0.5
and 2.5 MgC/ha/a (Shvidenko and Nilsson 2003).
However, given the relatively small annual growth
rates vis-a-vis the high rates of net felling, boreal
forests are most sensitive to disturbances and any
interannual variability in harvesting (Kurz and Apps
1999). Unfortunately, the global forest statistics ex-
clude any changes in the frequency and severity of
disturbances, which makes it difficult to assess the
source/sink relationship and its changes over time.

Detailed analyses of forest inventory data, to-
gether with observed changes in disturbance over
time, indicate that Canadian forest ecosystems
changed from a modest sink (0.075 GtC/a) between
1920-1970 to a small net source of 0.050 GtC/a as
of 1994 (Kurz and Apps 1999). In Russia between
1983 and 1992, managed forests from the European
part were a sink of 0.051 GtC/a, while the less inten-
sively managed Siberian forests were a net source of
0.081-0.123 GtC/a. (Shepashenko et al. 1998). These
estimates are based on bottom-up methods that ex-
clude factors such as CO,-fertilization (e.g. Schimel
et al. 2001), nitrogen deposition (e.g. Kauppi et al.
1992) and/ or climate change (e.g. Zhou et al. 2001,
McMillan et al. 2008). This may have biased these
estimates, a view which is also supported by remote
sensing-based estimates (e.g. Myneni et al. 2001).
Growth of tree species in the boreal conditions and
elsewhere representing C,-plants is sensitive to el-
evating CO, whenever the availability of nitrogen or
other nutrients is not limiting (e.g. Jarvis and Aitken
1998).
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Biodiversity: In general, the number of species
per unit area is low at high latitudes. However, the
total species richness in the boreal region is greater
than in the poleward tundra, but less than in the tem-
perate forests at mid-latitudes. Roughly, the species
richness is correlated to the productivity of an eco-
system and, thus, increasing along the meridional
temperature gradients across the boreal vegetation
zone (Ympdristoministerid 2007). The boreal forests
frequently give way to mires and small lakes, leading
to a mosaic structure of forest and wetland, which
provides a huge variability in available habitats and,
thus, increases the species and genetic richness at the
landscape level. On the other hand, the boreal forests
are characterized by large numbers of individuals of
few tree species with a wide ecological amplitude, in
contrast to tropical forests that sustain a small num-
ber of individuals of many species with a narrow eco-
logical amplitude. Genetic diversity in any species is
in part the result of the opportunity the species offers
for gene recombinations. The genotypic variability
represents adaptations to the specific conditions of
local environments, suggesting a high degree of local
adaptation within the boreal domain.

In the continental parts of the boreal forests, fire
controls the natural dynamics of the forests and con-
sequently influences biodiversity. Some species are
adapted to using the resources provided by standing
and lying burnt trees in different stages of decay.
In particular, fire sustains a set of species in early
post-fire communities that are distinct from later
successional species. These include species from a
range of groups, including birds, beetles, spiders and
vascular and non-vascular plants (Esseen et al. 1993).
If regular fires are absent, many species can build
large populations only in situations with a reduced
species richness. Such effects can be observed in
many managed boreal forests in Nordic countries.
Moreover, where effective fire-fighting has made fire
events rare, species which depend on fire-modified
habitats are now threatened. In Finland, 14 species,
mostly beetles (Coleoptera) and bugs (Hemiptera),
associated with burnt forest land are threatened
(Ympiristoministerio 2007).

Despite their relatively low number, the species
in managed boreal forests represent an important
part of the global biological diversity. This holds
good for many countries in the boreal domain such
as Finland (see also Box 3.1), where more than 90%
of the forest area is managed for timber production.
There the estimated total number of species is about
50 000, out of which about 43 000 are known. The
reason for the relatively low total number of spe-
cies is the short time that has elapsed since the last
glaciations (10 000 years ago), with the consequence
that immigration is still going on (e.g. Johnstone and
Chapin 2003, Callaghan et al. 2004, Harris 2008).
These species and the subsequent biodiversity in-

volve a large contribution from natives of the east-
ern taiga (flying squirrel, Ural owl, Siberian jay, to
name just a few). Most of these taiga species are
connected with spruce forests. On the other hand, a
high proportion of the forest species (20-25%) are
dependent on dead wood (800 coleopterans, 1000
dipterans, 1000 fungi, 200 lichens, etc.). Many of
these species are specialized in living on recently
burnt tree material, while a high proportion live in
peatland forests or on mires (Kelloméki et al. 2001,
Ympiristoministerio 2007).

3.4.4 Projected Future Impacts and
Autonomous Adaptation

The boreal domain will experience more warming
than equatorial zones (Anisimov et al. 2007, Chris-
tensen et al. 2007). Consequently, and because boreal
forests are generally temperature limited, they are ex-
pected to be particularly impacted by future climate
changes as stated by IPCC (Kirschbaum and Fischlin
1996, Anisimov et al. 2007, Fischlin et al. 2007).
Biome shifts: A key impact of climate change will
be the effect on the living conditions of many species
and their distribution will be altered. Although evi-
dence from past climate changes shows that species
respond individually, the boreal domain is neverthe-
less expected to shift polewards as an entire biome. In
Canada, Price and Scott (2006) used the IBIS model
to predict changes in the extent of the boreal and
sub-boreal forests (Figure 3.6). Their work predicts
a marked northward migration of the boreal forest
and a considerable increase in parkland or savanna
and grassland in previously boreal zones in central
and southern Canada. Depending on the model sce-
nario, carbon stocks increase or decrease in North
America with climate change ‘business as usual’
scenarios by 2100 (Neilson et al. 1998, Price and
Scott 2006). This difference is affected by different
assumptions in the models and depends considerably
on response to CO -fertilization and expected rates
of fires. Thompson et al. (1998) projected fewer old-
growth forests and more young forests across boreal
landscapes under an increased fire regime.
Productivity: A main factor underlying the future
impacts of climate change on the dynamics and vul-
nerability of boreal forests is how climate change af-
fects the primary productivity of those forests. In the
boreal domain, primary productivity is in general ex-
pected to increase through the following three main
mechanisms: (i) CO,-fertilization; (ii) temperature
increases and lengthening of growing seasons; and
(iii) precipitation increases under water-limited con-
ditions that lead to a greater water availability. These
effects tend to enhance regenerative, physiological
and growth processes of trees. Based on the find-
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Figure 3.6 Distribution of major vegetation types as simulated by the vegetation model IBIS for 2000
and under a scenario from cluster growth (IPCC ISN92a) in 2070 in Canada. Note the band of grasslands
extending across Ontario and south-western Quebec incorrectly simulated within a zone of otherwise
continuous forest, suggesting the difficulty in accurately projecting future vegetation cover (Price and
Scott 2006, reproduced with permission of the authors).

ings of satellite monitoring, IPCC reports a recent
increase in global net primary production (NPP) by
12% in Eurasia and by 8% in North America from
1981 to 1999 (Fischlin et al. 2007, Rosenzweig et al.
2007). The underlying studies relate these changes
to the elevation of the ambient atmospheric CO,-
concentration, lengthening of the growing season,
nitrogen deposition, or changes in management.

These estimates are well in line with the greening
of the Northern Hemisphere as observed via remote
sensing (e.g. Myneni et al. 2001), which is most
probably due to the lengthening of the growing sea-
son at high latitudes due to the elevation of spring
temperatures. The model-based analysis for Finland
(Box 3.1) illustrates how climate change may affect
forest growth in the boreal domain.
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Box 3.1 Impacts of climate change on the growth of managed boreal forests in Finland

(Kellomaki et al. 2008).

The simulations cover 26 million ha of forest land
represented by the permanent sample plots of the
Finnish National Forest Inventory located across
the boreal forest zone at N 60°-70°. The current cli-
mate (1961-1990) used in the reference simulations
represented the same spatial scale as the grid of the
permanent sample plots of the National Forest In-
ventory. The climate-change scenarios were based
on the IPCC SRES A2 emission scenario (cluster
growth). By 2070-2099, the mean temperatures are
projected to increase almost 4°C in the summer and
more than 6°C in the winter. The annual precipita-
tion is expected to increase by 10% in southern and
up to 40% in northern Finland, mainly in winter.
At the start of simulations in 1990, the atmospheric
concentration of CO, was 350 ppm, compared with
840 ppm at the end of simulation in 2099. Current
management practices were assumed in the simula-
tion (Ruosteenoja et al. 2005).

Figure 3.7 shows that the growth integrated over
the tree species varies currently from less than 1
m?*/ha/a in the north up to 6 m*/ha/a in the south of
Finland depending on the site fertility, tree species
and age (or developmental phase) of tree popula-
tions. Climate change results in the largest change
in growth in the northernmost part of the boreal
region; i.e. any increase to a low growth rate may
result in a large percentage change. Throughout
northern Finland and Canada, the growth increase
is several tens of percentages. In southern Finland,
the increase is much less, ranging mainly from 10%
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to 20%, i.e. the integrated growth may increase
up to 7 m*ha/a in the south. This implies that the
growth at the rate of 3—4 m*ha/a currently prevail-
ing in the central part of Finland may shift up to
the Arctic circle (66°N). In southern Finland the
growth may increase up to 12% in this century due
to climate change. This is substantially less than in
northern Finland, where the growth may be doubled
compared to the growth under the current climate.
Over the whole country, an increase of 44% was
obtained, mostly effected by the large increase in the
northern part of the country. However, the changes
in the growth of Norway spruce are in many loca-
tions (mainly south from the latitude 62°N) small
or even negative due largely to the more frequent
drought periods occurring during the latter part of
this century.

The increase in forest growth in the northern
boreal region implies an increase in the potential
timber harvest and carbon sequestration. The simu-
lations showed that under southern boreal conditions
the potential cutting drains may increase up to 50%
by the end of this century. In the boreal forests of
northern Finland, the increase is much larger (up
to 170%), but there the absolute value (3 m?/ha/a)
is still less than two-thirds of that in the south (5
m?/ha/a). At the same time, the duration and depth
of soil frost will reduce substantially, which makes
the winter-time timber harvest more difficult and
reduces the overall profitability of timber harvest
(Venildinen et al. 2001).

Growth change 2070-2099
total, %

Y 50 100 150 200

Figure 3.7 Current growth of stem wood (left) and the percentage change by the
end of this century if the change in climate as described in the text (cluster growth)
is assumed (numbers denote provinces within Finland)(Kellomiki et al. 2008).
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Figure 3.8 Changes in NPP (kgC/m?/a) as simulated by IBIS for the period 2070 relative to 2000 (Price
and Scott 2006, reproduced with permission of the authors) for a scenario from cluster growth (IPCC
ISN92a).

Similar results were found for Canada by Price
and Scott (2006) with broad increases on average for
the boreal region in excess of 0.2 kgC/m?*a. They
suggested a wide range of variability, however, with
some locations (central western and central eastern
areas) showing only small increases in NPP, while
other areas, such as those west of Hudson Bay, were
found to have an increase of biomass by up of 0.5
kgC/m?/a (Figure 3.8). Nevertheless, they observed
disparity among the results projected, depending on
the emission scenarios and/or the various climate
models used (growth: IPCC ISN92a, SRES A2; sta-
ble: IPCC SRES B2; GCMs: HADCM3, CGCM2,
CSIRO Mk2). The MC1 model of Neilson (Lenihan
et al. 1998, Daly et al. 2000, Bachelet et al. 2001)
actually projects broad carbon losses for much of
the same forests, which illustrates the complexity of
these issues and raises questions and key uncertain-
ties about the assumptions used in the models.

These model projections are illustrative examples
that are based on complex assumptions. They encom-
pass not only changes in climate such as increasing
precipitation and warming temperatures, but also
other effects such as CO, fertilization and species
migrations. Some of these assumptions are associ-
ated with considerable uncertainties. The availability
of sufficient nutrients or physiological acclimation to
elevated CO, concentrations could significantly limit
and reduce, respectively, the realized productivity
gains from the CO, fertilization. An assumption of
optimal dispersal of species results in projections of
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rapid shifts in geographical ranges.

Hungate (2003) argued that DGVM models make
unrealistic assumptions about nitrogen availability.
Since those nitrogen requirements as formulated in
the models could not be met in reality, the model
projections would be too optimistic, particularly in
respect to sequestration services. A slackening of
carbon sequestration would then result in an accel-
eration of climate change, which could lead even-
tually to environmental conditions where primary
productivity would start to decrease even in the bo-
real domain. Fischlin (2007, section 4.4.1) discusses
these issues in detail.

Current DGVMs also assume plant functional
types that always have sufficient dispersal capabili-
ties to track climate change optimally (e.g. Prentice
et al. 2007). Real plant species, however, given the
evidence from past climate changes (cf. Fischlin et
al. 2007, section 4.4.5), are known to have limited
dispersal capabilities. This is of particular relevance
for tree species that are generally not expected to be
able to track the rapid climate changes projected for
this century (cf. Fischlin et al. 2007, section 4.4.5).
This would lead to considerably lagged responses
to climate change, perhaps century-long ones and,
particularly where major soil formations are nec-
essary, and the boreal timberline would advance
polewards considerably slower than projected by
current DGVMs (cf. Fischlin et al. 2007, section
445,4.4.6).
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In the boreal domain, climate change can also
cause a decline in the primary productivity as has
been documented for a substantial portion of forests
in North America due to more frequent drought con-
ditions. The concurrent increase in the productivity
of the tundra, probably due to longer and warmer
growing seasons, will in the long run cause north-
ern boreal forests to invade the tundra, while boreal
forests at the southern ecotone are likely to retreat
due to increasing drought, insects and more prevalent
fires (Denman et al. 2007, Fischlin et al. 2007, Figure
4.4-2). Since the rate of loss at the southern ecotone
due to relatively fast processes such as fire is likely to
be higher than the rate of gain at the northern ecotone
due to the slow growth conditions, the overall effect
of these two processes for the boreal forests is likely
to be negative during the transient phase, i.e. until
a new equilibrium between climate and vegetation
is established. In this context it is also important to
remember that climate-change scenarios from cluster
growth, let alone fast growth, are generally not yet
available beyond 2100, yet climate itself has not yet
reached stabilization and, thus, the impacts assessed
up to 2100 are not representative for the situation in
the next century and beyond (compare also Box 3.1).
However, in equilibrium a general increase in decidu-
ous vegetation at the expense of evergreen vegetation
is predicted at all latitudes, although the forests in
both the eastern USA and eastern Asia appear to be
sensitive to drought stress and already show declines
under some scenarios in this century.

Box 3.1 illustrates these processes. While forest
growth is projected to increase in general in Fin-
land, the growth conditions in the southern boreal
region are reduced because of the declining growth
of Norway spruce due to the increasing frequency of
drought periods. In the north, the primary productiv-
ity of the forest ecosystems may be increased sub-
stantially, but it will still be less than that currently
present in the south. However, the special features
of northern forests and terrestrial ecosystems may be
diminished even above the current timberline. This
development is probably quite inevitable, and little
can be done in order to conserve the present character
of the northern boreal forests. The northern forests
may provide many opportunities for the forestry and
timber industry, while the forest environment may
turn suboptimal, e.g. for reindeer husbandry and
recreation business, which are currently the main
uses of the sub-artic and sub-alpine landscapes in
the north.

Frost: In the boreal forests, the timing of bud-
burst is related to spring temperatures, as found for
birches and Scots pine (Myking and Heide 1995,
Hikkinen et al. 1998). The bud-burst is preceded by
low chilling temperatures during winter. Even under
elevated temperatures, the chilling requirements of
trees are likely to be fulfilled, and earlier bud-burst

may be expected. On the other hand, there is no em-
pirical evidence that earlier bud-burst under climatic
warming would lead to catastrophic frost damage. On
the contrary, in old provenance transfer experiments,
where northern provenances of Norway spruce and
Scots pine were grown in southern Finland, thus un-
dergoing considerable ‘climatic change’ (increase
of temperature sum by up to 600 degree days), bud-
burst was hastened, but growth was also increased
(Beuker 1994, Beuker et al. 1996). This is in line with
the findings that in the phase of bud-burst the frost
hardiness of Scots pine is still remarkable, i.e. it then
still tolerates frost conditions below —20°C.

Storms: Strong winds blow down and break trees
with large economic losses in timber production and
productivity of forest ecosystems. The occurrence of
wind damage is tightly linked with the occurrence
of high wind speeds. The risk of wind damage is
increasing with the maturing of trees, taller trees
being at higher risk than shorter ones. On average,
wind damage does not occur under boreal conditions
up to a maximum mean regional wind speed of 15
m/s given that gusts also stay below 30 m/s (Peltola
et al. 1999).

The overall risk of wind damage is greatest in
stands adjacent to newly clear-felled areas and within
newly thinned stands, especially if stands not previ-
ously thinned are suddenly thinned intensively. This
is because wind is able to penetrate deeper into the
canopy following thinning, with a subsequent in-
crease in the wind load imposed on the trees, while
dense stands dissipate incoming winds. The prob-
ability of damage decreases, however, with the time
elapsed since thinning. However, changes in the oc-
currence of extreme wind speeds, along with the
changing climate, are of the greatest importance. Ex-
cept for the increasing risk of local wind extremes, it
is still an open question whether climate change may
induce changes in boreal wind patterns. However, the
higher frequency of strong winds during periods of
unfrozen soils in late autumn and early spring might
be the most alarming scenario (Péétalo et al. 1999,
Peltola et al. 1999, Venildinen et al. 2001), although
current climate-change scenarios do not allow bore-
al-domain projections for changes in storm patterns,
1.e. intensities, frequencies and/or exact geographical
or seasonal occurrence (cf. sub-chapter 3.2). The
changing climate may decrease the duration of snow
cover and frozen soil with a reduction in the overall
anchorage and an obvious increase of wind-induced
forest damage.

Snow: The severity of snow damage mainly de-
pends on the amount of snowfall and the attachment
of snow on crowns. Snow attachment is probable
at temperatures around 0°C. In these conditions,
snowfalls of 20—40 cm or more appear to represent
a low to moderate risk, whereas snowfalls of about
60 cm or more increase damage risks to very high
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Figure 3.9 Projections of changes in area burnt based on weather/fire danger relation-
ships shown as a ratio relative to a 1975-1990 baseline.These results suggest a 75-120%
increase in area burnt (average ratios 1.75 and 2.2) by the end of this century according
to scenarios from cluster growth (3xCO,) as generated by two climate models (Canadian
CCC and Hadley Centre HADCM3) (Flannigan et al. 2005 Figure 5, p. | I-12, copyright
Springer. Reprinted with permission of Springer Science and Bussiness Media).

levels (Péitalo et al. 1999). Wind speeds less than
9 m/s appear to intensify the risk of snow damage
otherwise induced by the accumulation of wet snow,
whereas snow would more probably be dislodged
from the tree crowns by wind speeds greater than
9 m/s (Peltola et al. 1999). In the Nordic countries,
the mean return period of severe snow damages is
5-15 years.

A changing climate may affect the risk of snow
damage in several ways. The share of snowfall from
the total winter precipitation may be reduced with
an obvious reduction of risk. On the other hand, in-
creased winter precipitation may increase weather
episodes with temperatures that enhance the attach-
ment of snow and the concurrent accumulation of
snow on tree crowns. Furthermore, increasing winter
precipitation may lead to more intense snowfall and
accumulation of snow. This would increase risks of
snow damage if the temperature and wind conditions
favour excessive snow accumulation, as seems to
be the case for boreal conditions during the next 50
years (Venildinen et al. 2001). These factors prob-
ably balance in such a way that at higher altitudes
or most northern areas the risk of snow damage may
increase, but at lower altitudes or areas outside the
northern regions the risk may decrease. Later in this
century, the risk of major snow damage will prob-
ably reduce due to a reduction of precipitation in
the form of snow.

Fire: Temperature and precipitation are the main
climatic factors affecting incidences of wildfires in
forests. However, since precipitation is projected
to increase with temperature in some cases (e.g.
Bergeron 1991, Carcaillet et al. 2001) but to de-
crease in others (e.g. Hallett et al. 2003, Lynch and
Hollis 2004), fire risk is expected both to increase
and decrease with climate change (cf. Fischlin et al.
2007, section 4.4.5).
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In boreal conditions, less rainfall during the grow-
ing season leads to more frequent fires during the
same year (Flannigan and Wotton 2001). In Canada
and Alaska, the temperature has been found to be the
most important predictor of area burnt, with warmer
temperatures associated with increased area burnt
annually (Flannigan et al. 2001, Flannigan and Wot-
ton 2001, Duffy et al. 2005, Flannigan et al. 2005).
Boreal forest fire seasons have two peaks: In early
spring large amounts of dry plant debris from the
previous summer, without much green vegetation,
increase the probability of fire ignitions (Zackrisson
1977). Furthermore, earlier melting of snow may
dry out soils unless precipitation is simultaneously
increased. The second peak is during the late summer
when soils have dried out at a sufficiently deep level.
Wotton and Flannigan (1993) estimated that the fire
season length in Canada will increase by 22% or by
30 days, on average, in response to a climate sce-
nario from cluster stable (2xCO,). However, seasonal
variability in precipitation may affect the develop-
ment of the forest fire potential considerably. On
the other hand, increased precipitation has also been
found to mask the effects of warmer temperatures
on forest fire (e.g. Bergeron and Archambault 1993).
Flannigan et al. (2005) modelled two possible fire
change scenarios for Canada under a scenario from
the cluster growth (Figure 3.9). The models do not
show strong concurrence except that the area burnt
will increase by the largest amount in the extreme
north-west area of the boreal region. More recent
models for Alaska and northern and western Canada
predicted even higher rates of increased fire, of up to
5.5 times the recent baseline, using scenarios from
the clusters growth (IPCC SRES A2) and stable
(IPCC SRES B2) (Balshi et al. 2008).

In more inhabited northern Europe, thanks to fire
control, forest fires are rare, the percentage of for-
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est land burnt annually being less than 0.05%. The
mean size of fires is less than one hectare (Zackris-
son 1977). The return period of fires is 50-100 years
on average on dry upland sites, and much longer
for moist upland sites. In boreal conditions, one to
two weeks without rain is needed to significantly
increase the fire risk even under current precipita-
tion (250-700 mm/a). The projected more frequent
drought spells, especially in southern Finland, indi-
cate that the risk of wild fires may increase substan-
tially. The main remaining uncertainties are related
to the seasonal distribution of precipitation. Warmer
temperatures in spring and early summer may lead
to earlier melting of snow and drying of the soil in
summer (Zackrisson 1977). A temperature increase
alone (assuming no change in precipitation) of 3-5°C
in summer (June—August) has been projected to in-
crease the fire area in western Europe 15 to 50 times
(Suffling 1992).

Insects: Pest insects are of considerable relevance
in the boreal domain (e.g. Logan et al. 2003). Cli-
mate change affects insect outbreaks through sev-
eral mechanisms, by altering (Evans et al. 2002): (i)
survival and reproduction of the insects, (ii) natural
enemies of the pests, (iii) nutrient content of the host
trees, (iv) vigour and defence capabilities of the host
trees, and (v) phenological synchrony of the pest and
host trees (cf. Fischlin et al. 2007, section 4.4.5).

The northward expansion of several insect spe-
cies and forest pests is likely to occur (Battisti 2004).
However, the net impact of climate change on pests
is complex to predict owing to interactions among
plant defence mechanisms, food quality (Niemeld
et al. 2001) including C:N ratio and effects of N-
deposition on host plants, fire, altered ranges of forest
species including enemies, feedbacks, weather and
other factors (Williams et al. 2000). The complexity
among these interactions results in a high degree of
uncertainty with respect to future damage from out-
breaks of endemic invasive insect pests (Fleming and
Candau 1998, Fischlin et al. 2007). However, forest
pests generally are likely to increase in frequency
and intensity under climate change, particularly in
the margins of the host tree species (Harrington et al.
2001, Fischlin et al. 2007, Ward and Masters 2007,
see also Chapter 2).

The winter minimum temperature is the most im-
portant factor limiting pest distribution in the north.
A warmer climate could provoke increases of out-
breaks towards the north and accelerate the intensity
and frequency of population peaks, although para-
sitoids and other natural enemies may cause higher
mortality of larvae in the summer (Niemeld et al.
2001). The overall effect of this is not only poorly
understood, but can hardly be generalized. However,
a drier and warmer summer is favourable to the life
strategy of many pests, and since pest insects multi-
ply easily, they have in general a large potential for

genetic adaptation to new environments, including
their ability to defy control.

Although it is unlikely that insect pest species
would have lower short-term success in a changing
climate, Fleming and Candau (1998) suggested that
certain feedbacks such as loss of host trees may actu-
ally reduce outbreaks, at least regionally. Neverthe-
less, it is known from many pests that they are very
likely to have higher success: the European spruce
bark beetle Ips typographus is one of them, the occur-
rence of which is typically related to the prevailing
temperature conditions (Parry 2000). In spring the
flight of 1. typhographus occurs when daily mean
temperatures exceed 18°C. The increasing spring and
summer temperatures may increase the number of
generations and the success of this species through-
out Europe (e.g. Schlyter et al. 2006, Dobbertin et
al. 2007). Similarly, the populations of Neodiprion
sertifer, Diprion pini and Panolis flammea may grow
due to temperature elevation by 2-3°C during the
summer (cf. Virtanen 1996). Temperature elevation
may also expand the occurrence of Lymantria mo-
nacha far up above the 60th latitude over Scandina-
via. Currently, this insect damages Norway spruce
mainly in central and southern Europe (Bejer 1988),
wherever the mean temperature of July exceeds 16°C
and the mean temperature of September exceeds
10.5°C (Parry 2000). In western Canada, recent cli-
mate change has been linked to the loss of millions
of hectares of lodgepole pine (Pinus contorta) for-
est due to the mountain pine beetle (Dendroctonus
ponderosae) (Logan et al. 2003, Carroll et al. 2004,
Fischlin et al. 2007, Kurz et al. 2008).

Pathogens: High summer temperature com-
bined with drought may damp down the epidemics
of damaging fungi, but they may flourish in cool
rainy summers. On the other hand, higher winter
temperatures may enhance epidemics of damaging
fungi like Gremmenniella abietina and Lophoder-
mella sulcigena. The frequency of root rot induced
by Heterobasidion annosum may also be larger, if the
autumn, winter and spring temperatures are higher
and the duration of frozen soil is shorter. In northern
Europe, especially, climate change seems to enhance
the occurrence of root rot with an increase in loss of
timber and forest productivity (Parry 2000).

Alien invasive species: Alien invasive species are
becoming a problem globally, and climate change
will interact to increase the likelihood of their suc-
cess (cf. Fischlin et al. 2007, section 4.4.11 [p. 218],
Ward and Masters 2007). A good example of new
organisms with large potential to damage trees is
Bursaphalencus xylophilus nematode originating
from North America. This pine nematode is quite
easily transported in fresh timber, but its success is
quite closely related to temperature. Until now, low
summer temperatures and short growing seasons are
effectively limiting the success of this species out-
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Figure 3.10 Weather and climate not only directly impact trees and trigger outbreaks
of many populations of damaging insects and fungi but may also indirectly cause ad-
ditional damage through weakening host trees and allowing infestations to develop
further, thus exacerbating the damage (Parry 2000).

side northern Europe, even though it has frequently
occurred in imported timber elsewhere within the
boreal domain (see also Chapter 2).

Interaction between abiotic and biotic distur-
bances: Climate change may increase the mortality
of trees and increase the risk of abiotic and biotic
damage in boreal forests. Mortality of trees is endog-
enously related to the growth and life cycle of trees or
exogenously related to the abiotic (frost, wind, snow,
fire) and biotic (insect and fungal pests) factors.

Whenever climate change increases the growth
of trees, endogenous mortality is expected to be
larger due to a more rapid life cycle. An increased
endogenous mortality may also increase the risk of
exogenous mortality, since major outbreaks of many
damaging insects and fungi are closely related to the
presence of dead or dying trees or trees weakened
by abiotic damage (Figure 3.10). Trees broken and
uprooted by wind and snow provide more breeding
material for bark beetles and increase the susceptibil-
ity of the entire stand to further attacks, which may
even lead to an epidemic outbreak (Christiansen and
Bakke 1988). Subsequent high summer temperatures
and concomitant possible drought may weaken tree
growth, while further increasing the growth of insect
populations through enhanced physiological activ-
ity and more generations during the growing season
(e.g. Wermelinger and Seifert 1999, Schlyter et al.
2006).
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Herbivores: Currently, large herbivores like
moose (Alces alces) and white-tailed deer (Odo-
coileus virginianus) are one of most important fac-
tors defining species composition of young forests in
northern Europe and central-eastern North America.
Current and future distribution of large herbivores
is affected by high temperature in summer and the
depth and seasonal distribution of snow. Thinner
snow cover makes it easier for moose to move in
winter. However, moose become thermally stressed
by temperatures above —5°C in winter and above
14°C in summer, and deer are stressed below 5°C in
winter (Schwartz and Renecker 2007, see also Chap-
ter 2). Furthermore, composition and palatability of
tree species also influence the success of mammalian
herbivores. For instance, elevated levels of CO, can
decrease the palatability of birch (Betula pendula)
for hare (Lepus timidus) (Mattson et al. 2004).

3.4.5 Future Opportunities and
Services at Risk

Timber: For North America, IPCC (Denman et al.
2007, Fischlin et al. 2007) reports a slow increase
(1% per decade) in forest growth in the boreal re-
gions, where the growth is limited by the low summer
temperature and short growing season. The increase
is most probably in the ecotone between the boreal
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and tundra vegetation, indicating the northward shift
of boreal forests. On the other hand, the forest growth
may be reduced locally at water-limited sites due
to increasing drought episodes, with a consequent
northward shift of boreal forests. The same trends
are expected for the Siberian boreal forests. Based
on the expected changes in the primary productivity,
a slight increase in the potential timber harvest may
be possible in the boreal forests of North America,
Russia and the Nordic countries.

Carbon: Climate change can affect high-latitude
carbon cycling through changes in the regeneration
and growth of trees and changes in decomposition
of organic matter in the forest floor and mineral soil.
These changes are caused by changes in tree-species
composition and enhanced decay due to elevated
temperatures. Both processes are further controlled
by fire- and wind-induced disturbances with impacts
on the regeneration, growth and decay. The increase
in March and April temperatures in high-latitude bo-
real forests results in earlier snow melt and length-
ens the growing season, which, along with higher
summer temperatures and higher atmospheric CO,
should enhance the total carbon uptake and, thus,
an increase in summer carbon gain, balancing the
increasing winter respiration in the ecosystem (de-
composition, respiration of living organisms).

Whenever climate change increases tree growth,
one may expect enhanced carbon sequestration in
trees and soils. This applies especially to the northern
and middle boreal forests, where the growth and litter
yield will increase more rapidly than the decomposi-
tion of soil organic matter. However, the mean total
amount of carbon will probably remain smaller in
the north than in the south, even though the produc-
tivity of forests in the south is likely to decrease in
many instances. Over Finland, the increase in the
total amount of sequestered carbon in upland sites
may be close to 30% higher than today (Kellomiki
et al. 2008, Box 3.1).

Fire releases carbon to the atmosphere but it also
converts a small fraction of decomposable plant
material into stable charcoal. In old-growth forests,
fire reverses forest succession and creates younger
forests with higher growth rates, but it alters also
the soil’s thermal and moisture conditions, affect-
ing decomposition and the availability of soil nutri-
ents (Kasischke et al. 1995). The effects of climate
change on long-term carbon sequestration depend
greatly on the characteristics of the fire regimes. Fire
has a highly variable direct and long-term effect on
carbon losses, which depend on fire intensity and
extent. Both depend on soil moisture and the quan-
tity and quality of litter and other organic material
on the soil surface. Given recent observations and
model projections (cf. Fischlin et al. 2007, p. 228),
an increase in fire episodes throughout the boreal
forests is very likely and is expected to substantially

increase carbon emissions from the boreal domain.
Direct and indirect fire-generated carbon emissions
from boreal forests may even exceed 20% of the
global emissions from all biomass burning (Conard
and Ivanova 1997).

Epidemic insect outbreaks can release significant
amounts of carbon to the atmosphere. Pest insects
are also of high relevance in the boreal domain and
affect an area about 50 times larger than fire with a
significantly larger economic impact (e.g. Logan et
al. 2003), as the following example demonstrates.
Warming at the end of the last century has allowed
the build-up of significant outbreaks of the mountain
pine beetle (Dendroctonus ponderosae), allowing the
pest to invade new territories. Thanks to colder win-
ter temperatures in the first half of the 20th century,
this species used to cause no outbreaks in western
Canada (Carroll et al. 2004). The recent, unprec-
edented outbreaks were estimated to continue to
release up to 2020 large amounts of carbon, i.e. 270
MtC, turning those forests from a small sink into a
large source (Kurz et al. 2008).

Biodiversity: The ecotone between boreal forest
and tundra is a prominent feature of the northern
boreal region, with a high value for biodiversity. In
general, the higher productivity of boreal forests may
increase species-richness and biodiversity in the long
term, especially in the northern parts of the boreal
zone. On the other hand, the change in tree-species
composition alters substantially the properties of for-
est habitats. This may imply reduced success for true
taiga species, which may be partly replaced by more
southern species even in the central and northern
parts of the boreal zone. However, assuming cur-
rent management, the amount of decaying wood may
increase in a changing climate. This is due to the
higher primary productivity and faster maturation of
trees, which result in a shorter life span of trees and
increase the mortality of trees that are not removed by
felling. More dead wood may increase the success of
many rare and endangered species that fully depend
on decaying dead wood (Kellomiki et al. 2001).

Climate change will eventually expand the treeline
communities northwards. However, the geographic
ranges of certain species such as white spruce (Picea
glauca) are not expected to shift uniformly. In Alaska
and north-western Canada, northward advances may
be slow in the dry central parts of the northern bo-
real forest, whereas improved growth conditions are
expected in moister habitats. On the other hand, the
large-scale death of white spruce forests due to more
prevalent attacks of spruce bark beetle (Dendroc-
tonus rufipennis) will probably reduce the existing
species richness temporarily, while giving space for
more southern species to invade. At the southern
tundra boundary in North America, spruce may be
replaced by aspen (Populus tremuloides) (Hogg and
Hurdle 1995). The poor success of Norway spruce
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(Picea abies) in the southern ecotone between the
boreal and temperate vegetation zones in northern
Europe is identified in several model exercises (Kel-
lomiki et al. 2008). All these processes are likely to
reduce the role of taiga species in these locations,
while it is highly uncertain precisely which species
may replace them or at what time.

3.4.6 Key Vulnerabilities

Boreal forests from the Northern Hemisphere pro-
vide key provisioning services. Although primary
productivity is still expected to increase, in gen-
eral, for climate-change scenarios from the clus-
ters growth and stable in the boreal domain and, in
particular, in its northern forests, the same climate
change is also likely to have negative impacts; these
may particularly affect the currently more produc-
tive southern forests and all boreal forests through
fire (e.g. Stocks et al. 2002, Fischlin et al. 2007) and
insect incidences (e.g. Fischlin et al. 2007, Kurz et
al. 2008). Both effects appear to have the potential
for being significant for key services, but the overall
balance can only be assessed if quantitative estimates
become more reliable. This corroborates previous
IPCC assessments pointing at the wide swings in
provisioning services of boreal forests (Solomon
1996). On the other hand relatively well-understood
temporal characteristics of these responses indicate
high risks for overall negative effects to occur, more
likely than not from now on and during a possibly
century-long transient period.

3.5 Temperate Domain
3.5.1 Types of Temperate Forest

Temperate forests are found at mid-latitudes (~30°
and <50° N and S, respectively) and cover an area
of about 10.4 Mkm? (Fischlin et al. 2007). They
can be grouped into warm deciduous or summer-
green, and broad-leaved or conifer south-temperate
forests (Olson et al. 1983) or, alternatively, into the
ecological zones: oceanic, continental and mountain
temperate forests (FAO 2001b, FAO 2006). Annual
mean temperatures are below 17°C but above 6°C,
annual precipitation is at least 500 mm and there is
amarkedly cool winter period (Walter 1979). Within
the temperate zone one finds steep climatic gradients
of precipitation and temperature, in particular with
changes in altitude, and from oceanic to continental
areas, all resulting in a considerable diversity among
temperate forest types. The biome occurs primarily
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in the Northern Hemisphere, and in the south it is
limited to areas of Chile, Argentina, New Zealand,
South Africa and eastern Australia. Canada, the USA
and Russia together hold 70% of temperate forests.
China also has extensive areas of temperate forests,
although most of these are second-growth and plan-
tations. Several of the smaller areas maintain high
levels of endemic biodiversity in part owing to their
long-term isolation. They are important hotspots, in-
cluding some in South Africa, New Zealand and Aus-
tralia. Temperate forests are dominated by broad-leaf
species with smaller amounts of evergreen broad-leaf
and needle-leaf species (Melillo et al. 1993).

Tree species diversity is highest in the Asian tem-
perate zone, where >900 woody species occur, nearly
four times the North American species richness for
this biome (Ohsawa 1995). Common species include
the oaks (Quercus), eucalypts (Eucalyptus), acacias
(Acacia), beeches (Fagus and Nothofagus), pines
(Pinus) and birches (Betula). Temperate rainfor-
ests occur in several areas including western North
America, Australia, New Zealand, Chile, South Af-
rica and south-eastern Asia. The three main natural
disturbances in temperate forests are wind, fire and
herbivory (Frelich 2002). These vary in importance
depending on rainfall and temperature (cool v. warm,
and forest composition is mediated through the long-
term interaction among these disturbance types
(Kira 1991). Climate change is predicted to alter
all these disturbances (Meehl et al. 2007), leading
to uncertainty in future forest species composition.
Changes as a result of climate-mediated herbivory
are discussed in Chapter 2, but these are considerably
altered by anthropogenic influences such as land-use
change, introduction of invasive alien species, and
predator control.

Annual net primary productivity of natural north-
ern temperate forests is 900-1000 g/m?* while more
southerly stands can produce up to 1400 g/m?* (Li-
eth and Whittaker 1975). Soil carbon ranges from
1 to >4 kg/m?, depending on forest type in North
America (Finzi et al. 1998) but up to 7.7 kg/m? in
central Europe (Balesdent et al. 1993). The primary
productivity of most temperate forest ecosystems
may be limited by the availability of nitrogen, except
where moisture may limit the system (Aber 1992,
Rastetter et al. 2005). However, the addition of ni-
trogen increases productivity only to a certain extent,
limited later by other minerals such as aluminium
or as a result of elevated pH (e.g. Schulze 1989).
Furthermore the C:N ratio is important for the rate
at which carbon may be sequestered; hence there is
debate over the functionality of nitrogen fertilization
(e.g. Nadelhoffer et al. 1999, Martin et al. 2001).
Recent evidence suggests, however, that in temper-
ate forests, after the effects of disturbance have been
accounted for, net carbon sequestration is mostly
driven by nitrogen deposition, coming mostly from
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anthropogenic activities, and that this relationship
is positive over a range of nitrogen deposition rates
(Magnani et al. 2007). However, global warming
seems to be reducing the total carbon uptake in tem-
perate forests through losses from the soil in autumn,
offsetting spring gains, which suggests that temper-
ate forests may become in the future relatively poor
carbon sinks if warming continues (Piao et al. 2008).
Altered nitrogen and carbon levels will have effects
on species composition of these forests (Parry 2000).
Furthermore, while forest age is also a factor in car-
bon cycling, Luysseart et al. (2008) suggested that
old-growth forests continue to sequester carbon at
a high rate of 1.36 + 0.5 GtC/a. In North America,
the recent invasion by native and exotic earthworms
is altering forest function and the C:N ratios (e.g.
Bohlen et al. 2004). This northward expansion will
be enhanced by climate change and alter ecosystem
properties, including the rate of carbon loss.

Owing to the large number of people living near
temperate forests or in temperate forested lands, the
entire range of goods and services from these forests
is important. However, because of their mid-latitude
position in a climate highly favourable to humans,
temperate forests are, historically and pre-histori-
cally, the most extensively altered forests among all
forest biomes. In Europe, temperate forests cover 160
million ha, which represents <50% of the original
forest cover, and in both Europe and the USA, less
than 1% of these deciduous forests are original pri-
mary forests (Reich and Frelich 2002). Furthermore,
high levels of pollutants have entered many temper-
ate forest areas since the beginning of the Industrial
Revolution. Many of the major factors that influence
these forests are due to human activities, including
land-use and landscape fragmentation, pollution, soil
nutrients and chemistry, fire suppression, alteration
to herbivore populations, species loss, alien invasive
species, and now climate change (Reich and Frelich
2002).

3.5.2 Main Services Provided

Of particular concern in the temperate domain is the
loss of provisioning and cultural services, partly due
to the high primary productivity of temperate forests
at sites with high water availability and high nutri-
ent levels, and to their proximity to densely popu-
lated areas in industrialized countries. In the latter
areas, temperate forests increasingly provide many
socio-economic and cultural services and often serve
conservation goals directly or indirectly. More and
more tourism, leisure and sports activities take place
in those forests. The many species they harbour get
under considerable anthropogenic pressure due to
intensification of agricultural practices and urbaniza-

tion. Only recently, in particular in western Europe,
areverse of some of these trends could be observed:
Pressure on forests lessened due to intensification of
agriculture (e.g. Rounsevell et al. 2006).

Timber: Northern Hemisphere temperate forests
are important sources of round wood and pulpwood,
with the types of products varying greatly depending
on the region and forest types. Wood produced by
Northern Hemisphere forests was largely responsible
for the lumber supply of the rapid post-industrializa-
tion housing and urban growth of Western civiliza-
tions. Now, the region’s timber production is increas-
ingly being met from plantations (Easterling et al.
2007, Bosworth et al. 2008) and round-wood produc-
tion for these forests is projected to increase some
25% over the next 20 years (Turner et al. 2006).

Carbon: Northern Hemisphere temperate forests
are important sinks for atmospheric CO, (Goodale
et al. 2002). However, estimates of the magnitude
and distributions of this sink vary greatly and depend
on temperature, nitrogen fertilization, fire, invasive
species, age of the forest and levels of pollution.
Temperate forest regions in the highly productive
forests of western Europe (Liski et al. 2002), eastern
USA (Birdsey et al. 2006) and east Asia (Saigusa et
al. 2008) are known to be robust carbon sinks, al-
though increased temperature may reduce this effect
through loss of carbon from soils (Piao et al. 2008).
Current carbon sink strength estimates for northern
Caucasian forests, which were influenced by recent
trends of forest exploitation, were found to be pres-
ently three times smaller than the figure estimated
for 1970-1990 and five times smaller compared to
the period 1950-1970 (Bakaeva and Zamolodchikov
2008). Less certain are the sink strengths of old-
growth temperate forests (Pregitzer and Euskirchen
2004, Luyssaert et al. 2008), which, until recently,
were thought not to be as strong sinks as younger,
more rapidly growing forests. Weaker carbon sinks
or even carbon losses are also seen for temperate
forests in areas prone to periodic drought, such as the
western USA, southern Europe, many parts of Aus-
tralia and the southern Russian Far East (Moiseev
and Alyabina 2007).

Non-timber products and uses: The world’s tem-
perate forests are responsible for a host of region-
ally dependent non-timber forest products and ser-
vices. Firewood and indigenous people’s speciality
products such as botanical and medicinal products,
mushrooms, fruits and nuts, and crafts materials are
all supplied from these forests. Fuelwood is an im-
portant product from temperate forests, which pro-
vide roughly 10% of the global fuelwood harvest
(FAOSTAT 2003). In addition, these forests protect
water quality and quantity by harbouring water res-
ervoirs for many of the world’s major cities, provide
wildlife habitat for game birds and animals, and are
important refuges of biologically diverse fauna and
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flora. Increasingly, the world’s temperate forests are
utilized for recreational activities such as hiking,
cross-country skiing and camping.

3.5.3 Current Opportunities and
Vulnerabilities

Current climatic trends (e.g. Trenberth et al. 2007)
indicate an increase in primary productivity in all
humid regions, particularly the mesic regions and to
a lesser degree the oceanic regions — due to slower
warming rates. These forests are therefore expected
to continue the strengthening of the carbon seques-
tration regulating services in the near future (at least
roughly two decades, e.g. Fischlin et al. 2007, p.
222, Fig. 4.2) and do currently mitigate climate
change. However, this is challenged by other au-
thors as highly dependent on temperature, nitrogen
and other mineral levels (e.g. Hungate et al. 2003,
comprehensively reviewed by Fischlin et al. 2007
[section 4.4.1], Magnani et al. 2007, Piao et al. 2008).
Moreover, this increased productivity for the near
future is expected to sustain provisioning services,
notably lumber production in the short- and mid-term
(Easterling et al. 2007, IPCC 2007c¢).

However, primary productivity is expected to de-
crease as the drier regions of the temperate domain
covering semi-arid to sub-humic climates in regions
adjacent to the subtropical domain continue to expe-
rience more drought spells and, in general, a decrease
in summer precipitation. Moreover, increased fire
frequencies and areas involved and/or more intense
fire events are expected as a result. Drought as well
as fires will also lead to substantive carbon releases.
For instance, in summer 2003 drought impacts on
vegetation (Gobron et al. 2005, Lobo and Maison-
grande 2006) reduced gross primary production in
Europe by 30%. Respiration was also reduced, but
to a lesser degree. The overall effect was a net car-
bon loss of 0.5 PgC/a (Ciais et al. 2005). Record-
breaking incidences of wildfires in terms of spatial
extent were observed throughout Europe in 2003
(Barbosa et al. 2003), with roughly 650 000 ha of
forest burnt across the Continent (De Bono et al.
2004). Finally, as warming continues to accelerate
according to the scenarios in the clusters fast growth
or growth (IPCC 2007d [p. 45, section 3.2.1], IPCC
2007c [p. 12-13]), many forests in the temperate
domain currently showing increasing productivity
are likely to switch into a mode where production
decreases as their climate moves toward sub-humic
or even drier conditions, leading at some unknown
point in the future to an overall productivity loss in
the temperate domain (Lucht et al. 2006, Schaphoff
et al. 2006, Scholze et al. 2006, Canadell et al. 2007,
Fischlin et al. 2007, Raupach et al. 2007).
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3.5.4 Projected Future Impacts and
Autonomous Adaptation

Forest productivity has been increasing in two ma-
jor temperate forest regions: eastern North America
(Soule and Knapp 2006, Field et al. 2007b), and
western Europe (Carrer and Urbinati 2006). This is
thought to be from increasing CO, in the atmosphere
(Field et al. 2007b), anthropogenic nitrogen depo-
sition (Hyvonen et al. 2007, Magnani et al. 2007),
warming temperatures (Marshall et al. 2008), and
associated longer growing seasons (Chmielewski and
Rotzer 2001, Parmesan 2006). Most models predict
continuing trends of modestly increasing forest pro-
ductivity in eastern North America and western Eu-
rope over this century (Alcamo et al. 2007, Field et
al. 2007b, Alo and Wang 2008). Regional declines in
forest productivity have also been seen in some areas
of temperate forests due primarily to water scarcity
as aresult of recent droughts in Australia (Pitman et
al. 2007), western North America (Breshears et al.
2005, Grant et al. 2006, Cook et al. 2007), and the
European heat wave of 2003 (Schir et al. 2004, Ciais
et al. 2005). There is a high likelihood of decreased
summer precipitation and there is a high probability
of an increased occurrence of heat waves over the
next century (Alcamo et al. 2007, Field et al. 2007b)
so that occurrences of drought will become more
frequent, particularly at the southern end of the tem-
perate forests from the Northern Hemisphere and in
Australia. Thus, these events are likely to continue
to have a negative impact on forest productivity in
those areas.

Projections for the time near the end of the next
century generally suggest decreasing growth and a
reduction in primary productivity enhancement as
temperatures warm, CO, saturation is reached for
photosynthetic enhancement, and reduced summer
precipitation all interact to decrease temperate zone
primary productivity (for lodgepole pine Rehfeldt
et al. 2001, Lucht et al. 2006, Scholze et al. 2006,
Alo and Wang 2008). What is further contributing
to decreased long-term primary productivity in some
regions of temperate forests under climate change is
the projected increased occurrence of forest pests,
particularly in drought-stressed regions (Williams et
al. 2000, Williams and Liebhold 2002), prolonging
current trends of recent climate change-induced pest
infestations (e.g. Logan and Powell 2001, Tran et al.
2007, Friedenberg et al. 2008).

Timber: Sustainable forest management is be-
coming more common in productive temperate for-
ests, increasing the likelihood of sustainable manage-
ment in the face of climate change. Temperate forest
plantations are increasing and these are expected to
provide an ever-increasing percentage of the round-
wood products over the next century (Sedjo 1992,
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Birdsey et al. 2006). Timber volumes are likely to
follow similar trends to those of primary productivity
as discussed above.

Carbon: Climate change resulting from the en-
hanced greenhouse effect, together with the direct
effects of increasing amounts of atmospheric CO,
and increasing nitrogen deposition, are all expected
to produce changes in the cycling of carbon in the
temperate forest ecosystem (Morales et al. 2007).
Increases in carbon sink strength are expected in
some productive regions under intensive forest man-
agement such as central western Europe (Morales et
al. 2007), while decreasing sink strength is projected
for temperate forest areas facing increasing drought
occurrence, such as southern western Europe (Mo-
rales et al. 2007), the southern part of the Russian
Plain (Golubyatnikov and Denisenko 2001, Kolo-
myts 2006) and in ageing eastern North American
forests (Birdsey et al. 2006).

Biodiversity: One of the most dramatic predic-
tions of temperate forest model projections is the
substantial range shifts which are expected to occur
at the northern and southern borders of temperate
forest (Iverson and Prasad 2001, Parmesan 2006,
Fischlin et al. 2007, Gessler et al. 2007) and at higher
levels on mountains (Breshears et al. 2008, Kelly and
Goulden 2008). The ranges of northern temperate
forests are predicted to extend into the boreal forest
range in the north and upward on mountains (Iverson
and Prasad 2001, Ohlemiiller et al. 2006, Fischlin et
al. 2007, Golubyatnikov and Denisenko 2007, Fig-
ure 4.3, p. 238). The distribution of temperate broad-
leaved tree species is typically limited by low winter
temperatures (Perry et al. 2008). Since the latter are
projected to rise more rapidly than summer tempera-
tures in Europe and North America (Christensen et
al. 2007, sections 11.3, 11.5), temperate broad-leaved
tree species may profit and invade currently boreal
areas more rapidly than other temperate species. The
area of temperate forests is projected to decrease at
boundaries with the forest-steppe biome (Kolomyts
2006, Golubyatnikov and Denisenko 2007).

A major concern for biodiversity is that some spe-
cies and certainly many populations within species
may not be able to migrate quickly enough to find
their suitable temperature niches due to the unprec-
edented rapidness of global warming (Fischlin et al.
2007). The few studies that have shown evidence of
range shifts have reflected the limited capacity to
disperse (Davis et al. 1986, Davis 1989). The main
form of forest tree migration is via seed dispersal.
However, only a few temperate-zone tree species,
such as trembling aspen, have those very small seeds
displayed in ultra-light pubescence so that they are
readily dispersed by wind over long distances. How-
ever, global warming is expected to expatriate even
trembling aspen from the north-eastern US temper-
ate forests (Iverson and Prasad 2001). On the other

hand, recent modelling studies incorporating popula-
tion (O’Neill et al. 2008) and provenance variation
(Reich and Oleksyn 2008) suggest that there is more
plasticity than previously thought for response of
temperate-forest trees to global warming in some
regions.

Drought: Models suggest that the greatest cli-
mate-change threat to temperate forest ecosystems is
reduced summer precipitation, leading to increased
frequency and severity of drought (Christensen et
al. 2007, Fischlin et al. 2007, IPCC 2007¢, Meehl
etal. 2007, Schneider et al. 2007, Chapter 3.2). This
will probably be most prominent in temperate forest
regions that have already been characterized as prone
to drought stress, such as the western USA, northern
China, southern Europe and the Mediterranean, and
Australia (Photo 3.1). However, drought may also
have widespread impacts on other northern temperate
forests, particularly in limiting growth (Ciais et al.
2005, Leal et al. 2008) and triggering dieback and
decline (Breshears et al. 2005) for species or popula-
tions within species near the southern borders of their
range, such as paper birch in the Lake States of the
USA (Jones et al. 1993), Austrian pine in the Alps
(Leal et al. 2008), and European beech in southern
Europe (Gessler et al. 2007).

Some effects of drought on primary productivity
may be offset by near-term increases in water-use
efficiency in a CO,-enriched atmosphere (Aber et al.
2001) or by soil fertility (Hanson and Weltzin 2000).
In the long term, however, productivity of temperate
forests constrained by drought in the next century
will be reduced, and declines and dieback episodes
will occur more commonly under global warming
(Breda et al. 2006). Drought during canopy develop-
ment can have a long-lasting impact on carbon bal-
ance (Noormets et al. 2008). Drought-stricken forests
are also more susceptible to opportunistic pests and
fire (e.g. Hanson and Weltzin 2000). Together, these
related effects can potentially change large areas of
temperate forest ecosystems from carbon sinks to
sources.

Fire: Fire is expected to be an ever increasing
problem over the next century in the temperate for-
est as summer precipitation decreases, temperatures
increase and drying conditions predominate, particu-
larly in the Australian temperate forests (Pitman et
al. 2007), as well as those in western North America
(Breda et al. 2006, Cook et al. 2007), southern Eu-
rope (Ohlemiiller et al. 2006), and northern Asia
(Groisman et al. 2007).

Pests: Warming temperatures in temperate forests
and increased occurrence of water stress are both
likely to have important consequences for pest out-
breaks. Warmer temperatures will mean more rapid
growth of insects, shorter generation times for in-
sects, and movement of temperature-sensitive insects
into more poleward regions (Marshall et al. 2008).
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Photo 3.1 Dieback of Eucalyptus gunnii in the central Highlands of Tasmania, Australia. While the exact
sequence of events leading to the tree mortality is uncertain, drought has been strongly implicated.

Unprecedented mountain pine beetle outbreaks have
already been documented in northern British Colum-
bia, Canada, related to global warming (Kurz et al.
2008), birch defoliations are extending farther north
into Fennoscandia (Jepsen et al. 2008) than previ-
ously, and the highly damaging processionary moth
is expanding northward and into the mountains from
its traditional Mediterranean distribution (Battisti et
al. 2005, Battisti et al. 2006).

Furthermore, warmer temperatures tend to re-
move bioclimatic barriers to the spread of alien
pests, pathogens and plants. These alien invasives
can quickly and permanently alter the composition of
forests: for example, the emerald ash borer and hem-
lock woolly adelgid in eastern North America, sirex
woodwasp in the southern hemisphere, pinewood
nematode in Asia and western Europe, and sudden
oak death in western North America and Europe
(Dwinell 1997, Bergot et al. 2004, Butin et al. 2005,
Hurley et al. 2007, Anulewicz et al. 2008). Some
other insects and diseases are expected to increase
in areas impacted by tropospheric O, (Chakraborty
etal. 2008) or drought (Desprez-Loustau et al. 2006,
Desprez-Loustau et al. 2007).

Under all scenarios of climate change (this report,
sub-chapter 3.2.4), it seems likely that biological
disturbance from established pests and pathogens
will tend to increase on the warming poleward mar-
gins of temperate forests. Change will also occur
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along any other margins where water availability
for trees is going either up or down. Furthermore,
increasing commerce, in combination with modest
climatic change, is very likely to produce additional
biological invasions that will lead to further changes
(generally increases) in forest disturbance. On the
plus side, climate change will probably produce net
decreases in pestilence in some regions (perhaps gen-
erally in subequatorial margins of temperate forests),
and primary productivity will tend to go up overall,
meaning that more losses to pests and pathogens can
potentially be tolerated without losses in ecosystem
services. However, even if the average level of pes-
tilence remains the same (but probabilities change
among regions), there would still be a tendency for
transient reductions in the extent of mature forest
because disturbance reduces a mature forest quickly
while new mature forests can arise only slowly.
Other Disturbances: While fire, pest outbreaks
and extreme weather events are well known to shape
ecosystems (Field et al. 2007a) the contribution of
land-use change is a very large driver of the tem-
perate forest carbon budget, both in the Northern
(Breshears and Allen 2002, Easterling and Apps
2005, Albani et al. 2006) and Southern (Wilson et
al. 2005) Hemispheres. For example, in the northern
temperate zone, increasing carbon stocks were seen
in the USA during the past century as forests were
regrown after extensive early logging, and as increas-

John Innes
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Figure 3.11 Projected distribution of forest types by major species groups
of temperate forests in north-eastern USA from Frumhoff et al. (2007, Re-
printed with permission of the Union of Concerned Scientists). Lower emis-
sions correspond to a scenario from cluster stable, higher emissions to one

from cluster growth.

ing amounts of marginal farm land were returned to
forests (Caspersen et al. 2000, Birdsey et al. 2006).
Without substantial carbon management practices
such as the development of extensive energy plan-
tations, the rate of carbon sequestration for these
previously disturbed forests is expected to diminish
over the next century as these forests mature (Albani
et al. 2006, Birdsey et al. 2006).

Conversion of large areas of Southern Hemi-
sphere temperate forests to exotic species planta-
tions continues to be a concern for the next century
(Wilson et al. 2005). Among the concerns regarding
conversion in biologically and ecologically diverse
areas is that habitat fragmentation will exacerbate
climate-change effects related to species migrations
with global warming (Honnay et al. 2002).
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Air Pollution: Most industrialized and some
of the largest urban areas are within the temperate
domain. Consequently, temperate forests are par-
ticularly exposed to air pollution. Total deposition
of nitrogen to temperate forests, in wet or dry, and
oxidized or reduced form, is between 1 and 100 kg/
ha/a (Hyvonen et al. 2007). The larger amounts are
from industrialized regions such as the north-eastern
USA and Central Europe. While this nitrogen has
generally been thought to have a positive effect by
stimulating primary productivity, as most forests oc-
cur on N-limited soils (Lebauer and Treseder 2008),
there is a great deal of uncertainty as to whether
detrimental effects of nitrogen saturation will even-
tually appear (Aber et al. 1998). A lively debate has
started over the role of nitrogen deposition in the
future carbon sequestration potential of temperate
forests (Hogberg 2007, Magnani et al. 2007, Sutton
et al. 2008).

A second air pollutant projected to increase in
the next century over large areas of temperate for-
ests that are downwind of major metropolitan areas,
is tropospheric ozone (Meehl et al. 2007, section
10.4.3). Tropospheric O, is a secondary pollutant that
is generated from nitrogen oxides reacting with vola-
tile organic compounds in the presence of sunlight.
It is a highly reactive pollutant that can reduce the
growth and carbon sequestration capacity of sensi-
tive species (Karnosky et al. 2005, McLaughlin et
al. 2007). Ozone is generally increased during ex-
treme heat events such as the European heat wave of
2003 (Guerova and Jones 2007, Solberg et al. 2008),
leading scientists to predict increasing ozone over
large portions of the temperate forest in the next
century as global warming continues (Fowler et al.
1999, Vautard et al. 2007, Andreani-Aksoyoglu et
al. 2008).

As with all biomes, forest types and tree spe-
cies are projected to change their distributions with
climate warming. For example, in the north-eastern
USA and south-eastern Canada, tree species are pre-
dicted to range northwards by up to 700 km, and
certain forest types that occur unusually far south
owing to montane conditions, are expected to disap-
pear (Figure 3.11, Price and Scott 2006, Frumhoff
et al. 2007). Similarly in Europe, reduced growth is
already seen in southern-growing Fagus sylvatica
(Jump et al. 2006). All authors agree that there is a
high degree of uncertainty surrounding the relative
species composition of future temperate forests, but
that the area will remain well forested.
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3.5.5 Future Opportunities and
Services at Risk

Globally, temperate forests are among the world’s
most stable forests. As such, they are less likely to
suffer severe consequences from climate change than
some other forest types. However, there are rather
dramatic regional risks that can have large impacts on
temperate forests. Among these, the most widespread
are related to projected decreases in summer rain as
global warming continues. Droughts over expanded
regions and with greater intensity and frequency are
predicted for large areas of temperate forests over
the next century. These droughts will probably lead
to more frequent fires and will also predispose large
areas of forests to opportunistic pests and pathogens
such as bark beetles, Armillaria and wilt diseases.
Regions of increasing precipitation may experience
decreased risks from these pests and pathogens but
increased risks from others.

In many temperate forests windthrow is the most
important natural disturbance (e.g. Thiirig et al.
2005). Since extra-tropical stormtracks are projected
to move poleward (IPCC 2007d, p. 46) frequency and
even intensity may increase and cause major forest
disturbances. The fact that current climate models
underestimate recent observations (IPCC 2007b, p.
10) is of particular relevance in a context of manag-
ing climate risks for temperate forests.

Finally, sensitivity to increasing air pollution
loads, particularly nitrogen deposition and tropo-
spheric O,, will impact large areas of the northern
temperate forest over the next century. Humans will
also increasingly impact temperate forests as they
cause land-use change and habitat fragmentation,
which will interact with the above-mentioned risks
to exacerbate biodiversity issues relating to species
migration and wildlife habitat management.

3.5.6 Key Vulnerabilities

In some productive temperate regions, moderate
climate change is expected to lead to improvements
in timber production as well as regulating services,
such as increases in carbon-sink strength, in par-
ticular under intensive forest management. How-
ever, towards the end of this century and beyond,
in particular for scenarios from clusters growth and
fast growth, reductions in primary productivity are
projected due to above optimum temperatures, de-
clining water availability during the growing season,
and CO, saturation effects. Forests that are already
prone to drought stress such as the western USA,
northern China, southern Europe and the Mediter-
ranean, and Australia, are projected to be affected
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not only by reduced summer precipitation but also
by increased frequency and severity of drought and
fires, with all the concomitant negative effects. In
the temperate domain, air pollution is expected to
interact with climate change; while the fertilization
effects from nitrogen deposition are still highly un-
certain, pollutants such as O, are known to dimin-
ish primary productivity, impacting provisioning as
well as regulating services. Biological disturbances
from established pests and pathogens will tend to
increase on the warming poleward margins of tem-
perate forests. Similar effects are expected along any
other margins where water availability for trees is
diminished. While intensification of agriculture may
lead in some areas to a decrease of pressures on veg-
etation and wildlife in forested or woodland areas
serving often as refuges, the current trends of habitat
fragmentation and impoverishment of the landscape
are expected to continue, including increasing op-
portunities for invasive alien species. This is likely
to increase the many threats to biodiversity in the
temperate domain, exacerbating the extinction risks
climate change is causing for many species inhabit-
ing the temperate domain.

3.6 Subtropical Domain
3.6.1 Types of Subtropical Forests

Subtropical regions are generally found in mid-
latitudes between 25° and 40° in the Southern and
Northern hemispheres. As described and mapped by
the Food and Agriculture Organization of the United
Nations (FAO 2001b, 2001a), the subtropical do-
main includes areas with at least eight months of
over 10°C mean monthly temperatures. Subtropi-
cal forest areas include regions of humid forest, dry
forest, steppe or savanna woodlands and subtropical
mountain systems.

The humid subtropical forests are found in re-
gions that receive >1000 mm of annual rainfall,
with no distinct dry season, and where mean annual
temperatures range from about 15-21°C. The four
main regions of humid forest include south-eastern
USA, south-eastern areas of South America (includ-
ing parts of southern Brazil, Uruguay and Argentina),
southern China and eastern coastal Australia. There
are also some smaller regions, such as in the south-
eastern coastal part of South Africa. Though much of
these regions have been cleared for agriculture, they
often support well-developed native and plantation
forests, including important commercial species. For
example, Pinus elliottii var. elliottii is native to the
subtropical humid region of the USA and is an im-
portant timber species. It is also grown as a plantation

species in some of the other major subtropical humid
regions. Similarly, Eucalyptus grandis is a significant
native forest species in humid subtropical Australia,
but it has proved useful as a plantation species in
parts of the other major humid regions. However,
the use of eucalypts in humid subtropical regions
of the USA and China is limited by occasional frost
events associated with cold air movements from the
north.

Major regions of subtropical dry forest include
Mediterranean areas (including parts of Spain, Italy,
Greece, Turkey and North Africa), southern Chile,
parts of California, coastal parts of the Western Cape
region of South Africa and the south west of West-
ern Australia. These regions have hot dry summers
and humid mild winters, with annual rainfall in the
400-900 mm range. FAO (2001a) described typical
forest types including: Maquis dominated by Quer-
cus ilex in the Mediterranean region; chaparral in
California; Chilean Matorral; Fynbos in the Cape
Region of South Africa; and Eucalyptus forest in
south-west Australia.

Subtropical steppe or savanna areas are semi-
arid with long hot summers and generally short mild
winters. They have an annual rainfall ranging from
250 mm to about 1000 mm where they transition
into subtropical humid forest. Total annual evapo-
ration generally exceeds precipitation. Grasslands
dominate in lower rainfall areas with shrubs and
trees becoming more common as rainfall increases.
These areas include woodlands satisfying the forest
definition of UNFCCC (2001). The regions include
inland areas in eastern and western Australia, parts of
Argentina and parts of south-central USA. There is a
belt of subtropical steppe in northern Africa between
the subtropical dry region and the Sahara desert, but
the FAO classification does not recognize subtropical
steppe regions in southern Africa as true forests.

Subtropical mountain systems in the FAO (2001a)
classification are generally found at elevations of
approximately 800-1000 m. The main subtropical
mountain systems are found in parts of the Andes,
central Mexico, south-western USA, the mountains
of the Middle East, western parts of the Himalayas
and the high veldt region of South Africa.

The CABI (2005) database lists 508 tree species
from the northern latitudinal range and 238 species
from southern latitudes, but not all listed species are
endemic to the subtropical domain.

3.6.2 Main Services Provided

Humid subtropical forests have been extensively
converted to timber plantations, mainly with exotic
species, so their primary functions are wood pro-
duction and water catchment. Major regions of the
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subtropical dry forests, especially the Mediterranean
areas, are important for agriculture, soil conserva-
tion and tourism. One of the fastest-growing eco-
nomic sectors in southern Africa is wildlife-based
tourism, almost completely focused on subtropical
forests as defined here. At about 9% of the regional
GDP, tourism is already as important as the forestry
and agricultural sectors in many countries (Scholes
and Biggs 2004).

As described in CABI (2005) subtropical forests
provide provisioning services such as 84 types of
wood products and 19 non-wood products such as
resins, oils and food. Subtropical forests provide 11
other land/environment services including regulat-
ing, supporting and cultural ecosystem services such
as revegetation, land reclamation, soil improvement,
soil conservation, erosion control, and aesthetic
value.

3.6.3 Current Opportunities and
Vulnerabilities

Opportunities: Subtropical species are partly already
well adapted to warm and dry climates. There are
many examples of species growing in managed for-
estry trials under considerably warmer conditions
than those they experience within their natural
distributions, i.e. their realized niche (discussed in
Kirschbaum and Fischlin 1996, Box 1.3), or even
in unmanaged forests if their dispersal is assisted
by humans (Booth et al. 1988, Booth 2007). How-
ever, many subtropical species now exist in highly
fragmented environments as islands of natural for-
est amongst oceans of agricultural land. Species at
a particular location may not have access to new
sites where they would be better adapted to the new
climatic conditions. Less tolerant species may then
decrease in abundance and hereby create for other,
more tolerant resident species opportunities to be-
come more abundant because of reduced compe-
tition. If well irrigated subtropical plantations can
be highly productive, offering opportunities to con-
tribute towards future demands for wood and other
forest products.

Key vulnerabilities: Many species are vulnerable,
since they have limited distributions and hence nar-
row climatic ranges, poor dispersal mechanisms, and
are growing in areas of low relief. For example, an
analysis using existing climatic ranges of 819 Eu-
calyptus species in the unmanaged dry subtropical
zone, showed a large number of potentially vulner-
able species (Hughes et al. 1996). This region is also
relatively flat and eucalypt species have very poor
dispersal mechanisms. While these species may in-
deed be at increased risk of extinction, it would be
wrong to imply that a species will necessarily be-
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come extinct if climatic conditions become entirely
different from those it currently experiences. For
instance, species in mountainous areas may be able
to colonize higher, cooler locations comparatively
easily even if they have poor dispersal abilities. The
lapse rate is typically about 0.5-0.7°C cooler per 100
m increase in elevation, a temperature change that
corresponds to a poleward dispersal of ~100-200
km of flat land.

3.6.4 Projected Future Impacts and
Autonomous Adaptation

Biodiversity: Though the impacts of climatic and
atmospheric change on commercial forests may be
significant, their vulnerability may generally not be
very great. Potential impact is a function of exposure
and sensitivity, while vulnerability is related to po-
tential impact and adaptive capacity (Allen Consult-
ing Group 2005). Commercially important species
tend to be planted over wide geographic areas. Re-
sponses to disease problems have been demonstrated
in the past, such as the replacement of susceptible
eucalypt genotypes with resistant genotypes when
guava rust became a problem in Brazil (Glen et al.
2007). Clearly, such adaptive capacity is most easily
implemented in short-rotation species, so the longer
the rotation the greater should be the concern with
monitoring species performance under currently ex-
treme conditions.

Productivity: Increasing CO, can affect tree
growth through increased photosynthetic rates and
through improved water-use efficiency (Steffen and
Canadell 2005). However, the magnitude and extent
to which effects are sustained under different condi-
tions in different tree species are not clear. Booth et
al. (2008) have summarized some of the conflicting
observations that have been reported for Australia.
Forest growth rates may well be increased in some
cases by rising levels of atmospheric CO,, but ris-
ing temperatures, higher evaporation rates and lower
rainfall may lower growth rates in other cases. It is
certain that there will be complex interactions. For
example, benefits of increased water-use efficiency
may not be realized in some cases because of poor
soil nutrition.

Many subtropical forests, especially where water
is limited, regularly experience daytime temperatures
above 35 or even 40°C, and will do so more frequent-
ly in future. Temperature responses and adaptive po-
tential at these extremes is an under-researched area.
A possible consequence of increasing temperatures
above the physiological optimum (which tends to
be lower in C, than C, species) is declining primary
productivity and decreasing soil and biomass car-
bon stocks. High temperatures and longer drought
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Box 3.2 Impacts of climate change on biodiversity in South Africa
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Figure 3.12 DGVM simulation of the current tree cover in southern Africa with (bottom left) and
without (bottom right) the occurrence of fire (Bond et al. 2003b, copyright Elsevier. Reprinted with
the permission of Elsevier. See also Bond et al. 2003a, Bond et al. 2005). The model indicates that
the present preponderance of savanna woodlands and grasslands would probably be replaced by
denser forests if fire frequency was much reduced or fire tolerance of trees and shrubs increases

Evidence of impacts of climate change on eco-
systems is now emerging for southern Africa. For
example, expansion of tree cover into the formerly
open grasslands and savannas (bush encroachment)
began around the 1960s, which may have been
caused by the steadily rising global CO, concen-
tration. In addition, the area considered climatically
suitable for South Africa’s seven existing terrestrial
biomes could shrink by 35-55% by 2050 under
scenarios from cluster stable (Midgley et al. 2001,

p- 4). A disturbing prediction is the likelihood of
the loss of the Succulent Karoo biome, home of
the world’s largest diversity of succulent flora and
arguably the world’s most botanically diverse arid
region (Hannah et al. 2002). Countrywide, habitats
are expected to shift along a west-to-east gradient of
aridity, leading to an increased rate of extinction, as
movement and available intact habitats are greatly
restricted today. In southern Africa, fire-maintained
systems have high species diversity compared to
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forest systems with fire suppression. The Cape Flo-
ral Kingdom (fynbos) is a biodiversity hotspot with
over 7000 species, of which 68% occur nowhere
else in the world (Gibbs 1987). The fynbos occurs in
the winter rainfall regions and would be threatened
by any change in rainfall that would alter the fire
regime that is critical to the life cycle in the fynbos.
With increasing atmospheric CO, levels, woody
plants will reach fireproof levels more rapidly, as
seen worldwide with tree density generally increas-
ing in savanna woodlands (e.g. Bond and Midgley
2000). A great change in grassland biota will be

increase vegetation flammability. According to the
IPCC Fourth Assessment Report, drought stress has
impacts on vegetation and has reduced gross primary
production by as much as 30% in southern Europe,
resulting in a net carbon source, particularly during
the heat wave of 2003 (Fischlin et al. 2007, p. 217).
In Portugal, the area burnt was almost twice that
in the previous year and four times the 1980-2004
average.

Carbon: The structure, productivity and carbon
balance of subtropical forests and savanna wood-
lands are sensitive to major climate-change drivers.
CO, has contrasting direct effects on the dominant
functional types — trees benefit from rising CO,
but not from warming, while grasses benefit from
warming but not from CO, increase — with uncertain,
non-linear and rapid changes in ecosystem structures
and carbon stock being likely (Fischlin et al. 2007).
Carbon stocks are expected to be greatly reduced
under more frequent disturbance, especially fire and
droughts (e.g. Bond et al. 2005). In the savannas, re-
duced carbon sequestration is attributed to enhanced
soil respiration through warming, fire regime changes
and greater rainfall variability, but possible regional
carbon gains through increased woody cover cannot
be excluded.

Water: Climate change will bring drier, hotter and
windier conditions to many regions, especially the
areas with a mediterranean climate. These conditions
will increase bushfire risks. Impacts of bushfires (as
well as other factors such as drought) on species
composition and re-growth, and consequent effects
on catchment water yield, have been measured and
modelled in Australia, but more for temperate than
for subtropical forests. Factors such as bushfires af-
fecting a site’s capacity to store water in the canopy
(via changes in canopy cover and leaf area index),
litter layer (via changes in litter cover) and soil (via
changes in soil water-holding capacity) will, in turn,
affect water loss from interception, evaporation, tran-
spiration and runoff.
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expected if this level of bush encroachment into fire-
dependent systems continues (e.g. Archer 1991).
Simulations of current tree cover with and without
fire occurrence show that savanna woodlands will
be replaced by dense forests (Bond et al. 2003Db,
Bond et al. 2003a, Bond et al. 2005, Figure 3.12).
Fire policy is contentious because human-induced
fires are still frequent but not deliberately started
by managers. The options are to manage for land-
scape heterogeneity, using patch mosaic burns, or
use frequent intense burns over broader areas to
maintain their current state.

Some rainfall runoff models using simple evapo-
ration coefficients (e.g. Beare and Heaney 2002) have
shown that climate change had the greatest effect in
reducing annual stream flow in higher rainfall areas.
To project reliably the influence on stream flow of
various climate-change scenarios, modelling should
account for the effect of changing climate on forest
growth rates and how this will in turn affect evapo-
transpiration. For example, based on a projected 11%
decrease in annual rainfall over 30 years, a change
in water yield from a eucalypt-dominated catchment
in south-western Australia of between 9 and 40%,
depending on the changes in evaporation, resulted,
but it was noted that confidence in the calculations
of runoff could be significantly improved by using
better estimates of the leaf-area index and potential
evapotranspiration (Bari et al. 2005).

There is a statistically significant link between
rainfall and stream flow and the El Nifio-Southern Os-
cillation in eastern Australia (Australian Greenhouse
Office 2003). In the drier regions of eastern Austra-
lian subtropical eucalypt-dominated woodland, the
percentage change in runoff can be more than four
times the percentage change in rainfall (Chiew and
McMahon 2002). Most projections for decrease in
runoff in the eastern Australian subtropical forest
region are in the order of 7-35% by 2030 or 2050. In
most parts of Australia, temperature increases alone
have negligible impacts on runoff when compared
with altered amounts of precipitation. However, most
models used to project catchment water impacts of
climate change, whether used in USA or Australia,
do not take into account or adequately deal with veg-
etation impacts, such as the potential for reduced tree
cover (Photo 3.2).

Dry land salinity is mainly a problem in the 400—
800 mm rainfall zone, mostly in woodland-dominat-
ed ‘crop-livestock’ regions of Western Australia and
the Murray-Darling Basin of eastern Australia (drier
subtropics), and both land and stream are affected.
A drier and hotter climate would result in reduced
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runoff and recharge to groundwater, with water tables
being lower and hence salinity expression stabilized
or reduced (Beare and Heaney 2002), a result already
being experienced over the last decade in the north-
ern wheat belt of Western Australia (George et al.
2008). This could be countered to some extent by an
increased incidence of flooding. Native vegetation
in these regions has been largely cleared for agri-
culture over the last century. The impact of planted
forests (mainly eucalypts) on farm land to counter
salinization would depend on growth and water-use
efficiency as influenced by climate change.

Fire: Greater fire frequencies are already reported
in the Mediterranean basin regions. Double CO, cli-
mate scenarios increase wildfire events by 40-50%
in California and double fire risks in the Cape Fyn-
bos, favouring re-sprouting plants, fire-tolerant shrub
dominance in the Mediterranean basin, vegetation
structural change in California and reducing net eco-
system productivity and, thus, carbon sequestration
(Fischlin et al. 2007, p. 227).

Forests of subtropical areas are likely to be af-
fected by changes in drought and fires. In both his-
torical and future scenarios, fire is required for the
co-existence of trees and grasses when deep soil
water is available to trees. Simulations of tree/grass
interactions under various climate-change scenarios
indicate that more fires with higher temperatures re-
sulted in decreased fuel moisture. Fire also increased
in the deeply rooted grass scenarios because grass
biomass, which serves as fine fuel source, was rela-
tively high (Daly et al. 2000).

Pests and disease: For discussion of pests and
disease in the subtropics and tropics, see this report,
sub-chapter 3.7.4.

3.6.5 Future Opportunities and
Services at Risk

Opportunities: Contrary to the pattern expected in
boreal and temperate forests, both the frequency and
intensity of fires in subtropical forests will eventu-
ally decrease after an initial phase of increase once
rainfall has decreased so much that less grass fuel
is available to support fires. Furthermore, the frac-
tion of the landscape burnt tends to decrease with
increasing human population density. A reduction
in fire frequency and intensity, all else being equal,
is expected to shift the tree/grass balance towards
trees.

Ecological models do not suggest large near-term
additional disturbances in native subtropical forests,
and the largest impacts in the near future are likely
to result from deforestation rather than from climate
change (Gitay et al. 2001). However, many subtropi-
cal countries are increasing their share of the global

timber market from plantations. Short-rotation exotic
species, especially, are expected to be particularly
suitable for adaptation during climate change, so
that both tropical and subtropical countries could
potentially benefit from climate change for increased
timber production (Sohngen and Sedjo 2000). The
effects in subtropical and tropical countries are di-
rectly linked to the size of higher primary productiv-
ity implied by climate change. It was projected that
subtropical regions in Chile, Argentina, Brazil, South
Africa, Australia and New Zealand could provide
more than 30% of the market share in the middle
of the century (Daigneault et al. 2008). If climate
change drastically increases primary productivity in
these plantations, large market impacts could result.
Since most subtropical plantations focus on short-
rotation species, of 10-20 years, timber managers
can adjust and adapt rapidly if climate change has
drastic effects. However, the sustainability of planta-
tions is not beyond problems such as from pests or
pathogens and on the long-run it may be preferable
to manage plantations as part of an entire landscape
within a framework of sustainable forest manage-
ment (cf. e.g. Chapters 1, 6).

Vulnerabilities: Studies of the impacts of climate
change on natural forest ecosystems projected con-
trasting scenarios, depending on precipitation pat-
terns. In Mexico, simulations indicate that subtropi-
cal forests will increase in area because of projected
increase in rainfall (Villers-Ruiz and Trejo—Vazquez
1998). In contrast, simulations for both Pakistan and
Zimbabwe show a reduction in the area of natural
forest ecosystems and an overall negative impact
because of drier conditions (Matarira and Mwamuka
1996, Siddiqui et al. 1999). Drier conditions would
also increase the risk of bushfires in many countries,
especially in the Mediterranean basin.

The subtropical domain contains many key biodi-
versity hotspots in Latin America, southern Austra-
lia, the Fynbos or Succulent Karoo in South Africa,
recognized as United Nations Educational, Scientific
and Cultural Organization (UNESCO) World Heri-
tage Sites. Many of these areas have been found in
quantitative studies to be at particular risk from cli-
mate change (see also Box 3.2), since the majority
of endemic species were projected to decline under a
wide range of climate-change scenarios ranging from
clusters stable to growth (e.g. Midgley et al. 2002,
Thomas et al. 2004, Thuiller et al. 2006, Fischlin et
al. 2007, Fitzpatrick et al. 2008).
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Photo 3.2 Sub-tropical Taxodium distichum swamp in the Everglades, Florida, USA. Forests dependent
on specific water levels will be particularly sensitive to climate change.

3.6.6 Key Vulnerabilities

Within the subtropical domain climate change
is likely to increase fire frequency and fire extent
in the near future and beyond, although fires will
later diminish due to lack of fuel grass. According
to the risk analysis by Scholze et al. (2006), using
16 climate models under various scenarios of cli-
matic change, one of the main ecosystem services
at risk is loss of water supply, because of more
frequent drought and high fire risks in subtropical
Africa, Central America, southern Europe and east-
ern USA. Substantially larger areas will be affected
and/or much more negative impacts will result from
global warming beyond 3°C (growth) compared to a
warming of only 2°C (stable) relative to preindustrial
levels. Climate change has been projected to pose a
very severe threat to biodiversity, in particular, since
the subtropical domain contains some of the most
prominent biodiversity hotspots in Latin America,
Australia and South Africa, leading to probable cas-
cading consequences for ecosystem functioning and
the production of goods and services.
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3.7 Tropical Domain
3.7.1 Types of Tropical Forests

Tropical forests are found between 25°N and 25°S
and cover an area of about 17.5 Mkm? (Fischlin
et al. 2007). They can be minimally grouped into
evergreen moist or rainforests, tropical seasonal
or drought-deciduous forests (moist savannas) and
tropical dry forests (dry savannas). Rainforests are
characterized by warm temperatures (annual mean
>24°C) and high (>2.5m/a) and regular precipita-
tion throughout the year. They are found along the
equatorial zone between 5°N and 5°S, are evergreen
or semi-evergreen and include various geographical
landscapes: lowland, mountain and swamp. Precipi-
tation is at least twice the potential evapotranspira-
tion. Tropical seasonal forests are characterized by
a ratio of precipitation to potential evapotranspira-
tion between 2 and 1, whereas tropical dry forests
are characterized by a ratio <1. Seasonal forests are
found in tropical monsoon regions or other seasonal
tropical wet-dry climate zones and are moist decidu-
ous, i.e. the trees shed their leaves in the dry season.
All tropical forests, as defined here, typically require
monthly temperature means to remain above 15.5°C
(Prentice et al. 1992). Subtropical forests, typically
characterized by dry conditions as found north or
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near 25°N and south or near 25°S, respectively, are
discussed together with tropical dry forests in a sepa-
rate sub-chapter (this report, sub-chapter 3.6).

3.7.2 Main Services Provided

Productivity: Tropical forests provide a wide range of
provisioning services that include not only produc-
tion of the highly valued tropical timber for domestic
and international markets, but also many non-wood
products and goods for the local population, includ-
ing the livelihood of many indigenous peoples (e.g.
Gitay et al. 2001, Hassan et al. 2005, Reid et al.
2005).

Regulation: Tropical forests provide major regu-
lating services. Regionally and locally, forests control
air humidity, soil moisture and water evaporation,
and therefore the local and regional climate, by regu-
lating the hydrology through photosynthesis and the
canopy cover. Tropical forests regulate not only the
microclimate, as provided by forests in general, but
also the continent-wide climate by sustaining higher
precipitation levels compared to regions without a
forest canopy (e.g. Laurance and Williamson 2001,
Semazzi and Song 2001, Betts et al. 2004, Bruijnzeel
2004, Negri et al. 2004, Werth and Avissar 2004,
Avissar and Werth 2005, Field et al. 2007a).

Long-term monitoring of plots in mature humid
tropical forests concentrated in South America re-
vealed that forests gain biomass by tree growth ex-
ceeding losses from tree death by 0.71+/-0.34 tC/ha
(Phillips et al. 1998). Several authors have reported
such gains in primary productivity of many tropical
forests (e.g. Phillips et al. 2002a, Baker et al. 2004,
Laurance et al. 2004, Lewis et al. 2004a, Lewis et
al. 2004b, Phillips et al. 2008, Lewis et al. 2009),
whereas others have found a deceleration of growth
(Feeley et al. 2007) possibly due to changes in the
water regime (Malhi and Wright 2004, Boisvenue
and Running 2006, Feeley et al. 2007), while others
have pointed at the increasing dominance of the tree
growth suppressing parasitic lianas (e.g. Phillips et
al. 2002b, Wright et al. 2004) or other causes pos-
sibly slowing down growth (e.g. Malhi and Phillips
2004, Betts et al. 2008).These findings suggest that
undisturbed tropical old-growth forests are currently
a significant carbon sink. For the Amazon alone this
sink was estimated to be 0.6 PgC/a (Phillips et al.
2008), for Africa 0.34 PgC/a and for all tropical for-
ests 1.3 PgC/a (Lewis et al. 2009).

Biodiversity: Tropical forests, in particular rain-
forests, are estimated to harbour the highest, bio-
diversity of all land ecosystems (e.g. Gentry 1992,
Leigh et al. 2004) amounting to more than half of
terrestrial and about a quarter of global biodiver-
sity (Myers et al. 2000), supporting a vast range of

services to people (e.g. Fearnside 1999). 15 out of
the worldwide 25 biodiversity hotspots are found in
the global tropical domain (e.g. Myers et al. 2000,
Webb et al. 2005). The diversity in these forests is
not exactly known and can only be estimated ap-
proximately (May 1990, Gentry 1992). Nevertheless,
many studies provide strong evidence that climate
change may lead to major biodiversity losses on
all continents (e.g. Bazzaz 1998, Ravindranath and
Sukumar 1998, Miles et al. 2004, Possingham and
Wilson 2005, Stokstad 2005, Malhi et al. 2008), with
consequent effects on other goods and services from
these forests (Photo 3.3).

3.7.3 Current Opportunities and
Vulnerabilities

Opportunities: Under elevated atmospheric CO,
concentrations many species show a physiological
response, €.g. by changing their photosynthetic rate.
In general, increased CO, concentration stimulates
plant growth and is beneficial to forests and crops
in the humid and sub-humid tropics, particularly if
nutrient limitations are absent or marginal (Baker
et al. 2004, Lewis et al. 2004a, Lewis et al. 2004b,
Zhao et al. 2005).

Vulnerabilities: Tropical forests are sensitive to
global climate change and may be so severely im-
pacted in structure and function that their services
are greatly threatened (e.g. Betts et al. 2008). Bazzaz
(1998) argued that tropical forests are sensitive to
climate change for the following reasons: Firstly,
a small change in climate could affect phenologi-
cal events (such as flowering and fruiting) — some
highly tuned to current climatic conditions, which
may escalate to major impacts on the forest’s bio-
diversity. This may even lead to changes in the role
of the entire ecosystem in the global carbon cycle.
For example, fruit-dependent animals are vulnerable
to the consequences of changes in plant phenology
(Corlett and Lafrankie 1998). Secondly, co-evolution
produced interactions among specific plant and ani-
mal species, such as pollination and seed dispersal,
with a high degree of specialization and strongly
interdependent (Bazzaz 1998). Thirdly, many spe-
cies in tropical forests have narrow niches because
the diversity per unit area is very high (e.g. Erwin
1988, Gentry 1992, Leigh et al. 2004, Wills et al.
2006). Since opportunities for upslope displacement
of endemic species with low adaptive capacity are
limited in the tropical domain (e.g. Australia — Wil-
liams et al. 2003, Africa—McClean et al. 2005, Latin
America — Raxworthy et al. 2008), climate change
is considered to pose considerable risks for tropical
biodiversity (e.g. Miles et al. 2004, Fischlin et al.
2007, sections 4.4.5,4.4.11). Fourthly, deforestation
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Photo 3.3 Tropical forests, notably rainforests, harbour the majority of terrestrial biodiversity. Although
research is less thorough than in other domains and quantitative estimates of diversity are difficult to
obtain in the tropical domain, current knowledge robustly shows that tropical forests with their high
endemism are of key relevance for the preservation of the Earth’s biodiversity. Left: Primary rainforest
stream scene within Gunung Mulu National Park, Sarawak, Borneo. Right - top: Flower of the worlds
largest flowering plant from genus Radfflesia, at Poring Hot Springs, Borneo. Right — bottom: A Tomato
Frog (Dyscophus antongilii) found at night in a tropical primary rainforest in the Makira Forest, Madagas-
car.Amphibian species such as the Golden Toad from Costa Rica’s Monteverde cloud forests are among
the first species possibly having gone extinct due to climate change (cf. review of extinction risks from
climate change in Fischlin et al. 2007, section 4.4.11, p. 230, Figure 4.4, Table 4.1).

and other forms of anthropogenic disturbances may
have significant ramifications, including impacts on
tropical biodiversity (e.g. Pimm and Raven 2000,
Pitman et al. 2002, Phillips et al. 2008), a situation
in which climatic change is expected mainly to ex-
acerbate the threats to biodiversity (e.g. Fischlin et
al. 2007 [section 4.4.11], IPCC 2007b).

Non climatic drivers: Many humid and sub-
humid tropical forests are degraded by human ac-
tivities such as pasture and commercial agriculture
expansion, high-intensity logging, including shifting
cultivation, fire, mining, and generally an overexploi-
tation of forest resources, e.g. unsustainable logging
(Zhao et al. 2005).

In particular, the continued conversion of large
areas of humid tropical forests to pasture or other
agricultural land uses (Houghton 2007) is understood
to be a major driver for ecosystem change and loss of
biodiversity in Amazonia (Watson et al. 1997). Sub-
stantially large deforestation in Amazonia can reduce
evapotranspiration that would lead to less rainfall
during dry periods in large forest and rangeland ar-
eas, with mountain ecosystems and transitional zones
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between vegetation types. The superimposition of
global warming-driven climate change could make
these areas extremely vulnerable to change (Watson
etal. 1997).

In tropical Asia climate change will also add to
other pressures resulting from rapid urbanization,
industrialization and economic development (Hassan
et al. 2005). These trends have often led to unsus-
tainable exploitation of natural resources, increased
pollution, land degradation and numerous other en-
vironmental problems (Watson et al. 1997).

In Africa, tropical forests and rangelands are cur-
rently under threat from population pressures and
land-use systems (e.g. Achard et al. 2002, Hassan
et al. 2005). Apparent effects from these pressures
include rapid deterioration in vegetation cover,
biodiversity loss, and depletion of water availabil-
ity through destruction of catchments and aquifers
(Watson et al. 1997). Floristic biodiversity hotspots,
such as the mountains of Cameroon and the Afro-
mountain habitats that stretch from Ethiopia to the
higher latitudes of Africa at altitudes above 2000
m, could be threatened by shifts in rainfall patterns.

Geoffrey Kay
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Biodiversity on the mountains could be at risk from
an increase in temperature, and because migration
may be impeded (Zhao et al. 2005).

3.7.4 Projected Future Impacts and
Autonomous Adaptation

Projected future responses of tropical forests to
environmental change show significant variation,
partly due to incomplete data from that region, to
differences among the models of ecosystem function
derived from the existing databases, and to differ-
ences in future climate scenarios generated by the
GCMs (Aber et al. 2001, Zhao et al. 2005). Since
particularly tropical forests are subject to many other
human made pressures, notably land-use change, im-
pacts of climate change need to be discussed together
with those other changes. However, such research is
challenging and is particularly lacking in the tropics,
which impedes assessments of the impacts of climate
change for this domain.

Ecosystem shifts: In the long term, significant
shifts in the spatial distribution and extent of tropi-
cal forests are very likely, not least because of the
interaction of climate-change impacts with the many
non-climatic environmental changes taking place in
the tropics (e.g. Huntingford et al. 2008, Nepstad et
al. 2008).

In Thailand, for example, the area of tropical
forest has been projected to increase from 45% to
80% of total forest cover, whereas in Sri Lanka, a
significant increase in dry forest and a decrease in
wet forest could occur due to climate change (Watson
etal. 1997).

Major changes are also projected for the tropical
rainforest of north Queensland in Australia (Hilbert
et al. 2001), in part because of its constrained ge-
ography. An increase in global temperature by only
1°C causes the area of lowland mesophyll vine for-
est environments to increase, and results in a loss of
core environment for endemic vertebrate species in
lowland and mid-altitude areas. Depending on the
precipitation, the upland complex notophyll vine for-
est environments respond positively or negatively.
Increased precipitation favours the rainforest types,
whereas decreased rainfall increases the area suitable
for forests dominated by sclerophyllous genera such
as Eucalyptus and Allocasuarina. The habitats for
many endemic vertebrates on the highlands are pro-
jected to decrease by 50% threatening many endemic
species with eventual extinction. Many endemics are
especially vulnerable because the capacity to lati-
tudinal dispersal is relatively limited (Williams et
al. 2003). A complete loss of the core environment
would occur if the temperature increased by =5°C
(see also Fischlin et al. 2007). Substantial elevation

shifts of ecosystems in the mountain and upland ar-
eas of tropical Asia are projected for most climate-
change scenarios (Watson et al. 1997). Some authors
have reported significant effects of climate change
on soil erosion from experiments in central Nepal,
leading to deposits on agricultural lands, in irriga-
tion canals and streams affecting crop production
(Sivakumar et al. 2005).

In the tropics the ability of species to reach new
climatically suitable areas will be further constrained
by habitat loss and fragmentation and by their ability
to migrate to and survive in appropriate surrogate
eco-zones — autonomous adaptation processes —
which could also be affected by alien invasive spe-
cies (Thomas et al. 2004, Fischlin et al. 2007, Ward
and Masters 2007). Also due to such mechanisms
tropical forests in Central America and Amazonia,
are at significant risk from climate change (Scholze
et al. 2006). A number of climate models projected
under scenarios from cluster stable (2xCO,) suggest
a reduction of low-level cloud formation in regions
such as in Monteverde and elsewhere in Costa Rica.
Changes in the dynamic equilibrium of the cloud for-
ests trigger altitudinal shifts in species ranges, subse-
quent community reshuffling, biodiversity losses and
possibly even forest dieback (Foster 2001).

Water: Possible consequences for water bal-
ance in combination with higher temperatures and
changes in precipitation under stable to growth sce-
narios (global warming 2-3°C over pre-industrial
levels) showed an increase in runoff in most parts
of tropical Africa and north-west South America,
and less runoff in west Africa and Central America
(Scholze et al. 2006). High risks of reduced runoff
resulted from simulations with an increase in global
mean temperature >3°C (growth or fast growth) in
Amazonia, Central America and western Africa.
The large variations in rainfall, which cause either
drought or flooding in South and Central America,
are associated with the ENSO (see glossary) phe-
nomenon (Sivakumar et al. 2005). The properties
of a large proportion of tropical forests vary with
the seasonal availability of soil water. Species lack-
ing morphological or physiological adaptation, such
as some evergreen species, may not survive under
water-stress conditions, which ultimately could alter
species composition (Zhao et al. 2005).

Losses of tropical forest cover due to climate
change according to scenario growth (e.g. Hunting-
ford et al. 2008) are expected to feedback on hydrol-
ogy, both regionally and globally (cf. this report,
sub-chapter 3.7.2, e.g. Webb et al. 2006, Bala et al.
2007, Cowling et al. 2008, Nepstad et al. 2008).

The impacts of climate variability and change
in the arid and semi-arid tropics of Africa can be
described as those related to projected temperature
increases, probably leading to increased open water
and soil/plant evaporation in combination with pre-
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cipitation decreases. Desertification in Africa is an
example of declining mean rainfall during the last
half of the 20th century that has caused a 25-30 km
south-west shift in Sahel, Sudan and Guinea vegeta-
tion zones at an average rate of 500-600 m/a (Zhao et
al. 2005). Similarly, soil moisture is likely to decline
in Asia, and therefore the least dryland type (dry
sub-humid drylands) is expected to become semi-
arid and semi-arid land is expected to become arid
(Sivakumar et al. 2005).

Fire: Fire risks have generally increased because
warmer temperature together with decreased land
precipitation or prolonged drought is likely to ac-
cumulate fuels from dying vegetation (Nepstad et
al. 2004). With a likely increase of droughts due to
a prolonged dry season or the ENSO driven phe-
nomenon of inter-annual variability, the incidence of
forest fires is also expected to increase (Alencar et al.
20006). In Asia, climate change may influence fires,
which in turn could significantly affect the structure,
composition and age diversity of forests in that re-
gion. In particular growth and fast growth scenarios
project significantly more frequent forest fires in the
arid and semi-arid regions of Asia. More frequent
wildfires are also likely in South America, includ-
ing Amazonia, which are particularly pronounced
under growth scenarios (>3°C, Scholze et al. 2006).
Moreover, drier conditions can trigger insect dam-
age or cause large-scale vegetation shifts (Shlisky
et al. 2007).

Pests and disease: Primary forests, secondary
forests, plantation forests and agroforestry systems
of the subtropics and tropics all experience strong
effects from plant pests and pathogens (e.g. Goy-
er 1991, Su-See 1999, Rice and Greenberg 2000,
Mitchell 2002, Wingfield and Robison 2004, Bell et
al. 2006, Heath et al. 2006, Ofori and Cobbinah 2007,
Hall 2008b). Under all clusters of climate-change
scenarios, consequential changes in the strength and
form of forest pestilence are anticipated, with greater
changes in pestilence accompanying greater changes
in climate.

Compared to more poleward ecosystems, where
temperature changes are expected to be the dominant
driver, patterns of pestilence in the tropics and sub-
tropics are likely to be more responsive to changes
in moisture availability. Regions that become dryer
are likely to experience increases in tree mortality
from various insect herbivores and pathogens as the
tree species that are presently there become physi-
ologically mismatched with the changing climate
(Van Bael et al. 2004, Desprez-Loustau et al. 2006).
Regions that become wetter are likely to experience
increases in tree mortality from hydrophyllic patho-
gens (Jonsson 2006).

On the other hand, some areas may become suit-
able for valuable tree species because of reduced
climatic suitability for some pests and diseases. In-
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creased progress in the development of models that
predict pest and disease systems across a range of
climates could allow the more detailed predictions
that are needed for the adaptive responses of hu-
mans interacting with these forests (Wharton and
Kriticos 2004, Battisti et al. 2006, Avelino et al.
2007, Nahrung et al. 2008). In intensively managed
forests (plantations and agroforestry), the near-term
future of forest pestilence will also be influenced by
the human-aided movement of pests and pathogens
(Roux et al. 2006, Andjic et al. 2007), the choice of
tree genotypes for planting (Stone 2001, Ramirez
et al. 2004, Dhakal et al. 2005), the extent and pat-
terning of low-diversity stands (Folgarait et al. 1995,
Schroth et al. 2000, Staver et al. 2001), and changes
in the surrounding landscape that influence the natu-
ral enemies of plant pests and pathogens (Terborgh
et al. 2001, Cunningham et al. 2005, Tylianakis et
al. 2007).

3.7.5 Future Opportunities and
Services at Risk

Opportunities: Climate change in general will result
in adverse impacts on the natural resources including
forests even though some areas would benefit, such as
increased rainfall in the highlands of east Africa and
equatorial central America that would make marginal
lands more productive than they are now (Watson et
al. 1997). Even if greenhouse gas emissions were
brought to a halt (unavoidable), further warming
would still occur (IPCC 2007c, Figure 3.1). Even
with such a modest rate of warming (0.6°C/century)
and assuming otherwise minimal anthropogenic dis-
turbances, some ecosystems are still expected to be
affected by changes in their species compositions.
However, mitigation of climate change could avoid
or minimize many further adverse impacts projected
to occur later. For example, the loss of tropical forests
and grasslands could be avoided, although in the long
run forest may switch from a carbon sink to a net
carbon source, perhaps only as late as 2170 (Arnell
etal. 2002). The areas with high biodiversity extinc-
tion risk are also reduced considerably with climate-
change mitigation (Thomas et al. 2004, Fischlin et
al. 2007, IPCC 2007b, IPCC 2007d).

Services at risk: Natural disturbance regimes such
as fire, insects and disease may potentially affect for-
ests, including their goods and services. This is now
more widely recognized in the forest management
portfolios of the majority of countries having tropi-
cal forests within their territory. However, these are
not enough to stop changes in the remaining tropi-
cal forests. What is called for are effective climate
mitigation to protect existing tropical forests from the
negative impacts of climate change and a different
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form of development in tropical countries from that
of now industrialized nations (Gullison et al. 2007).
Finally, carefully regulated markets appear to be re-
quired to halt or at least to slow down widespread
impoverishment and/or losses in the remaining tropi-
cal forests (Lewis et al. 2004a, Hall 2008a).

The climate in tropical Asia is characterized by
distinct seasonal patterns associated with the two
monsoon seasons and the occurrences of tropical
cyclones in three cyclogenesis core areas (Bay of
Bengal, north Pacific and South China Sea). The
climate records show that the ENSO phenomenon
has been more frequent and stronger since the 1970s
(e.g. Trenberth and Hoar 1996, Trenberth et al. 2007)
and has escalated the risk of drought and fire, add-
ing to other pressures such as rapid urbanization,
industrialization, unsustainable exploitation of
natural resources, increased pollution, land degra-
dation, and other environmental problems (Watson
etal. 1997).

Seasonal and inter-annual climate variability con-
tributes particularly to the vulnerability of many re-
gions, e.g. in South America and Australia. Through
disturbances such as drought and fire the ENSO
phenomenon adversely impacts socio-economies,
if those depend heavily on the production of the re-
gion’s natural ecosystems. If coastal, such regions
may also be particularly at risk from other extreme
events such as future tropical cyclones. With warm-
ing tropical sea-surface temperatures, hurricanes
are likely to become more intense, to have stronger
peak winds, and to bring heavier precipitation (IPCC
2007d). Although some climate models project glob-
ally decreasing frequencies for tropical cyclones, sig-
nificant uncertainties remain (IPCC 2007d).

3.7.6 Key Vulnerabilities

Carbon storage: Effects from elevated atmospheric
CO, concentrations on sequestration of carbon in
tropical forests are still debated (e.g. Morgan et al.
2001) and the evidence is not unequivocal (Fischlin et
al. 2007, section 4.4.1). Phillips et al. (1998) showed
that neotropical forests have acted as carbon sinks for
the last three decades. Under the simplest scenario
of a steady rise in forest productivity over time, it
is expected that relatively slow-growing, but other-
wise little changing, tropical forests would still act
as carbon sinks, perhaps for a century and beyond.
The actual magnitude and spatial distribution of this
C-sequestration service are influenced by changes in
the vegetation structure through changing climate
and water availability (Cramer et al. 2001). How-
ever, the contribution of tropical forests in slowing
down climate change by sequestering carbon has
also been projected to diminish in coupled vegeta-

tion-atmosphere models, which explicitly consider
feedback mechanisms (e.g. Cox et al. 2000, Cox et
al. 2004, Cox et al. 2006, Friedlingstein et al. 2006).
Simulations using a scenario from cluster growth
(IPCC 1S92a) show a terrestrial carbon sink during
the 1990s of 1.4-3.8 PgC/a, but ~2090 the sink is
reduced to 0.3—6.6 PgC/a (Cramer et al. 2004). An-
other land carbon-sink simulation found for the late
20th and throughout the 21st century a persisting sink
with a strength of ~1 PgC/a (<2°C, scenario clus-
ter growth). A global warming of 2-3°C, however,
showed an increasing sink only up to the middle of
the century and thereafter it declined (Scholze et al.
2006). Such sink saturation effects were found to oc-
cur possibly as early as in the first half of this century
(Fischlin et al. 2007, Figure 4.2, p. 222). A global
warming of >3°C showed that the sink increases, but
less strongly up to the middle of the century, then
declined and turned in some cases into a net carbon
source towards the end of this century (Scholze et
al. 2006). Assuming continuation of current trends
of emissions and land-use change, IPCC reported re-
cently that it is very likely that land ecosystems turn
into a net source before the end of this century, thus,
significantly accelerating climate change (Fischlin
et al. 2007, p. 213, IPCC 2007b, p. 11).

Biodiversity: Climate change could be the biggest
cause of increased extinction rates in many regions,
especially in the tropics (Thomas et al. 2004, Fischlin
etal. 2007), and land-use change, such as deforesta-
tion, is also an important and synergistic driver (cf.
Sala et al. 2000, for a recent, comprehensive review
see Fischlin et al. 2007). Deforestation and degrada-
tion through infrastructure development, plus non-
sustainable practices, result in fragmented forests and
biomass losses at large spatial scales, which could
be greater in CO,-induced climate change (Zhao et
al. 2005). The results are again impoverished forests
with reduced productivity.

3.8 Conclusions

At a worldwide scale, global change pressures (cli-
mate change, land-use practices and changes in at-
mospheric chemistry) are increasingly affecting the
supply of goods and services from forests (Easterling
and Apps 2005). Moderate climate change alone (un-
avoidable, stable) would already put some sensitive
ecosystems within the tropical domain at a consider-
able risk, especially those transitional between two
different vegetation classes or eco-zones. Climate
change threatens biodiversity, including some of the
most valuable biodiversity hotspots of Earth, risk-
ing not only major changes in species compositions,
but also highly significant and irreversible biodiver-
sity losses that will result in the loss of ecosystem
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goods and services with severe consequences for
forest communities. Considering also anthropogenic
disturbances such as forest fragmentation and poor
capacity for fire management, many forest species
are expected to have difficulty in moving to climati-
cally suitable areas to survive (i.e. to adapt to climate
change). Under scenarios of growth (‘business-as-
usual’) or fast growth, the resulting rapid global
change will continue to impact forests, with impor-
tant consequences for the ecosystem structure, its
biodiversity and its many provisioning, regulating
and socio-economic services; these include hydro-
logical regulation, carbon sequestration, fires, pests,
pathogens and forest health in general as well as
ecotourism and the subsistence livelihoods of in-
digenous peoples.

Forests harbour a large fraction of the Earth bio-
diversity, perhaps as much as three quarters of the
terrestrial biodiversity, with the tropical domain con-
taining very likely already one quarter. Many studies
show significant biodiversity losses at the ecosystem,
species and genetic levels. Species extinction rates
are driven by the magnitude or intensity of climate
change, since they affect species distribution and
composition (Thomas et al. 2004, Fischlin et al.
2007). One study estimated global extinction risks,
ranging from average extinction rates of ~18% (un-
avoidable, lower end stable), over ~24% (stable), to
~35% (growth Thomas et al. 2004). The comprehen-
sive meta-analysis by IPCC (Fischlin et al. 2007) es-
timated that, on average, roughly 20-30% of vascular
plants and higher animals are at an increasing risk of
extinction as temperatures increase by 2—-3°C above
pre-industrial levels (IPCC 2007b, p. 11). Although
current knowledge does not permit predictions of
precise tipping points, where some degree of biodi-
versity loss leads to substantial changes in structure
and functioning of ecosystems, it is very likely that
the projected losses in biodiversity are highly sig-
nificant and will result in consequential changes in
the ecosystem services currently provided.

Based on the presented CCIAV assessment at the
global scale as well as for each of the four domains
— boreal, temperate, subtropical and tropical — the
following key vulnerabilities were identified:

@ Globally, forest ecosystems are sufficiently resil-
ient and can adapt to impacts of limited climate
change according to scenarios from cluster stable,
particularly in currently temperature limited or
humid climates, by maintaining similar or in-
creased levels of productivity. However, in drier
medium wet, semi-arid to arid climates, forest
productivity is projected to decline. Regardless of
changes in productivity, species compositions are
projected to be significantly altered, e.g. from bo-
real to mixed-deciduous, from boreal to grassland,
from mixed-deciduous to deciduous, or deciduous
to savanna.
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@ Globally, forest ecosystems have difficulty adapt-
ing to impacts from climate change according to
scenarios from cluster growth or fast growth, in
particular in submesic, semi-arid to arid climates,
where productivity may decline to an extent that
no longer supports forests or even trees. In such
cases forest systems will become grasslands, sa-
vannas, or even deserts. In humid climates, forests
are projected to continue to grow or expand. The
overall balance is positive for scenarios at the
lower bounds, but tends towards a negative bal-
ance for scenarios at the upper bounds of cluster
growth. Several models project a significant risk
(>40%) of losing entirely current carbon-regulat-
ing services, as land ecosystems turn globally into
anet source of carbon beyond a global warming of
3°C or more relative to pre-industrial levels. Such
effects are projected to be even more pronounced
in the next century, as development pathways from
the upper end of clusters growth and fast growth
are still far from having reached a new climate
equilibrium by ~2100.

© Boreal forests are projected to increase their pro-
ductivity, in the northern taiga even under scenari-
os from cluster growth. However, at the same time
those forests are projected to be impacted by an
increased prevalence of fires and insect pests, and
the overall balance of losses in the southern areas
vs. the smaller gains in the northern parts is likely
to be negative, particularly within this century.
Moreover, the carbon emissions from thawing and
burning peatlands in northern boreal taiga systems
are projected to further enhance climate change.

@ Temperate forests are projected to increase their
productivity in northern poleward areas for cli-
mate-change scenarios from cluster stable, where-
as the equatorial areas show declining productivity
under the same scenarios. The overall balance is
more likely than not positive. However, for sce-
narios from cluster growth and fast growth, the
overall balance is highly uncertain with consider-
able simultaneous risks from drought, fire, pol-
lution, habitat fragmentation and possibly more
opportunities for invasive alien species arising
towards the end of this century and beyond. They
are projected to tip the balance further towards the
dominance of negative effects.

@ Productivity in most subtropical forests is pro-
jected to decrease under a wide range of climate-
change scenarios. Fire frequencies are expected
to increase, yet may reach saturation or may even
diminish when conditions become so dry that de-
creased production leads to less fuel accumula-
tion. In this domain, several biodiversity hotspots
are threatened by a wide range of climate-change
scenarios, and the well-being of many people de-
pending on current productivity levels is increas-
ingly at risk.
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@ Tropical forests are projected to increase their
productivity wherever sufficient water is avail-
able. However, in seasonal dry or otherwise drier
climates, tropical forests are projected to decline.
Not only significant provisioning but also globally
important regulating services are at risk. Climate
feedbacks from local climate to the global carbon
cycle may have major implications for the global
climate and may contribute towards an accelera-
tion of climate change. Moreover, the tropical
domain harbours major amounts of the Earth’s
biodiversity, and substantial biodiversity losses
are to be expected.

¢ High altitude systems that maintain forests are
expected to lose biodiversity as the capacity for
these species to move to suitable climate domains
is extremely limited. According to current under-
standing, tropical mountain forest species systems
are most at risk in this regard.

Since our analysis showed that many forests are
highly vulnerable to unmitigated climate change
(scenarios from cluster growth), merely strengthen-
ing adaptation will be insufficient to maintain, let
alone enhance, the multitude of ecosystem services
forests currently provide. Moreover, since forests
may release large quantities of carbon if impacted
by climate-change stressors or otherwise degraded,
they may exacerbate climate change unless such
feedbacks are slowed down. Thus, what is called
for in addition to adaptation is climate mitigation
and lessening non-climatic pressures, notably a
large reduction in fossil-fuel emissions as well as
stopping deforestation, that effectively curb climate
change and enable forests to maintain their adaptive
capacity.
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