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Abstract. Global average temperature has increased andppation pattern has altered over the past
100 years due to increases in greenhouse gasese Thanges will alter numerous site factors and
biochemical processes of vegetative communitiedh ag nutrient and water availability, permafrost
thawing, fire regime, biotic interactions and inegs As a consequence, climate change is expeoted t
alter distribution ranges of many species and conitiés as well as boundaries of biomes. Shifting of
species and vegetation zones northwards and upwarelsvation has already been observed. Besides,
several experiments have been conducted and siondabave been run all over the world in order to
predict possible range shifts and ecological riékghis paper, we review literature available ireb\Vof
Science on Europe and boreal Eurasia and give anview of observed and predicted changes in
vegetation in these regions. The main trends ircladvance of the tree line, reduction of the alpine
vegetation belt, drought risk, forest diebackshdt $rom coniferous forests to deciduous forestsl a
invasion. It is still controversial if species magjon will be able to keep pace with climate change
Keywords: global warming, vegetation distribution, biome, g&gion zone, plant community

Introduction

Increases in greenhouse gases, especially in calibritle, are expected to increase
average surface temperatures and alter precipitgaiterns (Ryan, 1991). Over the
past 100 years, the global average temperaturénbeesased by approximately 0.6 °C
and is expected to increase by 1.4 to 5.8 °C in2thet century (IPCC, 2001). These
changes will alter numerous biochemical processésvagetative communities
(Drégelyi-Kiss et al., 2008). Changes in growthesatcarbon allocation patterns,
nutrient cycling and competitive interactions wébhd to changes in the structure and
species composition of many plant communities (Ry&91; Grime et al., 2008). As a
consequence, climate warming is expected to aitnilsition ranges and boundaries of
many species (Van der Veken, 2004), and both thtiad and altitudinal shifts in
vegetation zones will occur in many regions, acesgde range of taxonomic groups
(Ryan, 1991; Walther, 2004; Pefiuelas et al., 2B@rtrand et al., 2011).

Distribution changes caused by climate change aréyprelated to species-specific
physiological thresholds of temperature and préaijpin tolerance (Woodward, 1987).
However, the possible impact of climate change tamtpdistributions depends on
several natural and anthropogenic factors, sut¢heagte of climatic change, landscape
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fragmentation, seed availability, resource avadliligbi dispersal capabilities of
individual species and interactions with land udéalther et al., 2002; Thuiller et al.,
2005; Engler & Guisan, 2009; Buetof et al., 2012)weell as on grazing e.g. by wild
ungulates (e.g. Kullman, 2001; Grace et al., 200@en et al.,, 2004). Besides,
successful poleward shifts of plant species rangkglepend on interactions between
migrating species and the communities they invddesér et al., 2011). In Arctic
terrestrial ecosystems, geographical barriers agctine distribution of landmasses and
separation by seas, will affect the northwardst shivegetation zones (Callaghan et al.,
2004).

Climate change will alter, beside temperature amtipitation, other site factors as
well, in the first instance the water balance atghe (Wattendorf et al., 2010). Climate,
vegetation and fire are interrelated so that argngk in one will affect the others.
Climate-driven changes in the structure and contiposiof plant communities will
affect fire potential by altering the physical acliemical properties of fuels and vice
versa, changes in timing and severity of fire wihdify the rate at which communities
respond to climate change (Ryan, 1991).

Vittoz et al. (2009) conclude that vegetation comities can respond rapidly to
warming as long as colonization is facilitated lwaikable space or structural change.
Climate disturbances, such as exceptional droughy, accelerate community changes
by opening gaps for new species. Walther (201Q)rass that biotic interactions and
feedback processes can lead to highly complex,imear and sometimes abrupt
responses. According to Meier et al. (2012), itaers unclear if species will be able to
keep pace with recent and future climate changeyTdonclude that migration rates
depend on species traits, competition, spatial tAaktonfiguration and climatic
conditions, and re-adjustments of species rangedintate and land-use change are
complex and very individualistic. Inter-specific napetition, which is higher under
favourable growing conditions, reduces range sh#tocity more than adverse
macroclimatic conditions do, and habitat fragmeatatan also lead to considerable
time lags in range shifts. According to their siatidns, Meier et al. (2012) found that
early-successional species track climate changestlmstantaneous while mid-to-late-
successional species migrate very slowly. Distrdngt of early-successional species
during the 21st century are predicted to matchequiell with the unlimited migration
assumption (i.e. mean migration rate over Europ@\fid-i/GRAS climate and land-use
change scenario is 156.7 +/- 79.1 m/year and fdSBDG 164.3 +/- 84.2 m/year).
Predicted distributions of mid-to-late-successiospécies match better with the no
migration assumption (for A1fi/GRAS: 15.2 +/- 24rByear and for B1/SEDG: 16.0 +/-
25.6 m/year).

Skov and Svenning (2004) studied the impacts ofiatie change on forest herbs in
Europe and predict that the total suitable areth@fstudied species will move strongly
northwards and moderately eastwards under thavalaimild B1 scenario and more
strongly so under the A2 scenario. The requiredage minimum migration rate per
year to track the potential range shift is 2.1 kmder the B1 scenario and 3.9 km under
the A2 scenario, which is incomparably larger thlhe migration rate predicted by
Meier et al. (2012). Thus, for most species, maddiesses in the total suitable area are
predicted under both scenarios. However, expedatges are very variable for the
individual species, from total range eliminatioddgge increases in total suitable area.

Neilson et al. (2005) assume that the rate of &utimate change is likely to exceed
the migration rates of most plant species. Theamghent of dominant species by
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locally rare species may require decades, andaiits may occur when plant species
cannot migrate fast enough to escape the conseegiehclimate change. According to
Neilson et al. (2005), migration processes caneotdnfidently simulated in dynamic
global vegetation models. Schwartz (1992) also rassuthat shifts in composition
within plant communities are likely, but are, ast,yenpredictable. Migration
capabilities of species are questioned by Malcaiml.e(2002) as well. According to
their simulationshigh migration rates (greater than or equal to 160gear) will be
relatively common, however, they will be much highreboreal and temperate biomes
than in tropical onesMalcolm et al. (2002) conclude that global warmmgy require
migration rates much faster than those observeidgipost-glacial times and hence has
the potential to reduce biodiversity by selecting highly mobile and opportunistic
species.

Lags between biotic responses and contemporaratichanges have been reported
for plants and animals by Bertrand et al. (201hjedretically, the magnitude of these
lags should be the greatest in lowland areas, wtierevelocity of climate change is
expected to be much greater than that in highlamsa (Bertrand et al., 2011).
According to the study of Bertrand et al. (201fgrest plant communities had
responded to 0.54 °C of the effective increase.@7 XC in highland areas (500-2,600
m a.s.l.) between 1965-2008 in France, while they iresponded to only 0.02 °C of the
1.11 °C warming trend in lowland areas. Thus, tlvesis a much larger temperature lag
between climate and plant community compositiotoimland forests than in highland
forests. Such disparity can be caused by the higtaportion of species with greater
ability for local persistence as the climate war® reduced opportunity for short-
distance escapes, and the greater habitat fraghmenia lowland forests. Schwartz
(1992) also assumes that migration response ily likdag far behind rates of climatic
change, potentially threatening narrowly distriltutgpecies whose predicted future
ranges do not overlap with their current range. odding to Schwartz (1992),
predictions of species’ northward range shiftsesponse to climate change vary from
100 km to over 500 km. In the past, tree specipE®ly migrated at rates of 10 km to
40 km per century.

Effects of climatic warming and elevated £@nh plants are likely to be different for
different species (Werkman & Callaghan, 2002; Bgs& Araujo, 2009). The response
of one species within a functional type cannot mtedhe response of another
(Klanderud, 2008). Neither can plant species witthilar climatic niche characteristics
be expected to respond consistently over differsggions, owing to complex
interactions of climate change with land use pcasti(Buetof et al.,, 2012). Thus,
geographical variability can be observed in respsnsf species and ecosystems to
environmental change (Callaghan et al., 2004).

As far as dispersal and resource availability allepecies are expected to track the
changing climate and shift their distributions peoded in latitude and upward in
elevation (Aaerts et al., 2006; Davis & Shaw, 20Dieurillat & Guisan, 2001; Walther
et al., 2002). It is also expected that some preshounforested regions at high latitudes
and altitudes (i.e. the cold treeline) may beconwensuitable for tree growth, while
some low-latitude and low-altitude areas may natan forests any more due to an
increase in droughts (Cairns et al., 2007; GehageF et al., 2007). There is already
evidence that such changes in species ranges baveed during the 20th century, e.g.
the tree line has advanced towards higher altituldsurope (Meshinev et al., 2000;
Kullman 2001), and alpine plants have shown elewali shifts of 1-4 m per decade
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(Grabherr et al., 1994). The “up-greening” of nerthtundra sites (Myneni et al., 1997)
and the upward shift of larch populations in th@sA(Martinelli, 2004)were observed
as well. Another evidence for an upward movement of speaiesg elevational
gradients is the increase in species richness amtaim tops and an increase of the
floristic similarity of the summits (Walther et aR005; Jurasinski & Kreyling, 2007).
However, the development on single summits is trattly unidirectional, there may
also be species with opposing trends, i.e. remgimimplace or even movingpwnwards
(Jurasinski & Kreyling, 2007; Frei et al., 2010)hus, there is a dynamic balance
between upward advances (colonisation), encourdgedavourable environmental
conditions, and retreats (extinctions), caused dyeese conditions (White, 1996).
Species from lower elevations or latitudes may devéaster than resident species are
receding upward or poleward, which results in alfpbly transient) increase in species
diversity of the considered community (Aaerts et2006).

In this paper, observed and simulated changesmfremity composition and range
shifts are reviewed all over Europe, based ondlitee available in Web of Science. In
this case, the focus is on different parts of Earopa geographical sense and not on
vegetation types. As a first step, we review makilegetation changes related to the
whole world and continue with discussing changeSurope.

Climate change induced vegetation shifts all ovehe world

Some authors studied the effects of climate changesgetation related to the whole
world and predicted the shifts of different vegetatzones. However, their approaches
are quite different that is why their results dao alevays coincide with each other.

Climate change threatens to shift vegetation asdigt ecosystems (Gonzalez et al.,
2010). Field observations in boreal, temperate taopical ecosystems have detected
biome changes in the 20th century. According todtuely of Gonzalez et al. (2010),
one-tenth to one-half of global land may be higlalywery highly vulnerable to climate
change. Temperate mixed forest, boreal coniferstpteindra and alpine biomes show
the highest vulnerability, often due to potentitdanges in wildfire, while tropical
evergreen broadleaf forest and desert biomes @digped to be the least vulnerable.
According to Thuiller et al. (2008), although inastng evidence shows that recent
environmental changes have already triggered sgpaaiege shifts, accurate projections
of species’ responses to future environmental asaace difficult to ascertain.

Kohler et al. (2005) presume the collapse of thetiNAtlantic thermohaline
circulation. In this case, the cooling of the nerth hemisphere is predicted. As a
consequence, a dieback of trees is expected inl&iigihdes, a reduction in the extent of
boreal and temperate forests and a southward maowenfi¢he tree line. Precipitation
changes are predicted to cause a persistent repgacef grass by raingreen trees in a
few subtropical areas.

However, other authors do not consider the potectibapse of the North Atlantic
thermohaline circulation that is why they come tbep consequences. Claussen and
Esch (1994) predict absolutely different conditidos northern high latitudes. They
expect favourable conditions for temperate decidufmwest in Sweden, the shift of
taiga into the present areas of tundra, in Siband in Alaska as well, the overall
reduction of cold deciduous forest and tundra &edrcrease of cool mixed forest, cool
conifer and taiga. Nevertheless, Claussen and @8€84) emphasize that due to a rapid
climate change, their simulation is capable of mtaty conditions favourable for
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certain biomes only, and not the future distribatad biomes. Little change is foreseen
for tropical rain forests, for the Sahara as wslf@ warm grass and xerophytic woods
south of it. However, favourable conditions for @awah are predicted to move into the
Indian Desert. In South America, conditions favdlegor xerophytic woods are found
to spread southward, conditions for savannah swtithward in South Africa and
Australia as well. Xerophytic woods are expectedriance, too, whereas warm mixed
forest may appear over the British Isles. Asiarpmts may expand into southeast
Europe.

In contrast to Claussen and Esch (1994), Kirileakd Solomon (1998) conducted
their simulation for different time slices. Woodtahdra, steppe and desert vegetation
are predicted to begin to migrate during the f@tyears of simulation, while changes
in forest vegetation appear first during years B0-1Differing from other authors,
Kirilenko and Solomon (1998) expect new, non-anaéodorest biome types called
“depauperate’{i.e. one plant functional type is missing) to emergeeSéhbiomes are
transitory but exist for a considerable amountiofet and appear in western Europe,
eastern Asia and southeastern North America. Asgate cool conifer forest biome
(=southern taiga) appears at year 50, peaks atlyaand then disappears by year 130.
A depauperate temperate deciduous forest firstaappg0 years into the simulation,
reaches a peak cover at year 130 and slowly decimarea thereafter. A third unique
biome, a depauperate cool mixed forest biome,nsr@r component between years 60
and 130, with a peak at year 110. Immigration o&$b vegetation is predicted to be the
most significant between the years 200 and 500.|8A@iaussen and Esch (1994) did
not predict any important changes for tropical réamest, Kirilenko and Solomon
(1998) expect dry parts of tropical forests to eplaced by woodlands and savannahs
during the first 100 years. According to the sintiola, tropical forest immigration into
newly available moist areas begins after the y€ér. Kirilenko and Solomon (1998)
took the rate of migration into account as well.the case of average migration,
plentiful transitory biome types are predicted ppear, and an initial loss of forests is
foreseen. In the case of rapid migration, howetransitory biomes occupyst a few
patches and for a much shorter time. Land use @samafso influence vegetation
changes to a great extent. When including agricgllitu the simulations, fewer changes
are expected in natural vegetation (due to less) abeit these are considered to be fast.
Just like K6hler et al. (2005), Kirilenko and Solem(1998) also predict the dieback of
trees (across large regions within a decade) afet te recent forest diebacks in
Europe, the Pacific Rim and northeastern North Acae(Mueller-Dombois, 1987,
Auclair et al., 1990; Auclair, 1992). Regrowth bgds more suitable for new climates is
doubtful and may take a century or more.

Development of no-analogue communities (communitieg are compositionally
unlike any found today) is predicted by Williamsdadackson (2007) as well.
According to them, novel climates will arise by B10primarily in tropical and
subtropical regions. These future climates will ieemer than any present climates
globally, with spatially variable shifts in predigiion, and increase the risk of species
reshuffling into future no-analogue communities atkler ecological surprises. Since
most ecological models are at least partially patenzed from modem observations,
they may fail to accurately predict ecological @sges to these novel climates.

Contrary to Claussen and Esch (1994), Levy (200ditrans future reduction in
rainfall in the Amazon basin and consequently digedn the Amazonian forest areas.
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However, there is considerable uncertainty in thésult since the decrease in
precipitation is not reproduced in all GCMs.

Compared to the other authors, Yue et al. (201é&)augery detailed classification of
biome types in their study, the Holdridge life zomedel. As a consequence, much
more vegetation types are mentioned. Simulationse weenducted for three climate
change scenarios (AlFi, A2 and B2) and four inter¢2961-1990, 2010-2039, 2040-
2069 and 2070-2099). Compared to the recent gaestptiowing changes are predicted
for the period 2070-2099: In all three scenariosasa of subtropical moist forest, moist
tundra and nival area would decrease. Under san#® and B2, subtropical dry
forest would severely shrink as well. Areas of tcap dry forest, tropical very dry
forest, tropical thorn woodland and cool temperatest forest would have the biggest
increase under all scenarios. This is in contraigh whe results of Kirilenko and
Solomon (1998), who found that dry parts of tropfcaests would disappear. Desert
areas would have a decreasing trend until 203%andcreasing trend afterwards. Yue
et al. (2011) also mention that ecological divgrsitould have a continuously
decreasing trend under all three scenarios.

Contrary to others, Yue et al. (2011) identify whigiome types will shift in which
directions and in what extent. According to thefedictions, subpolar/alpine moist
tundra would shift towards west in the northern spinere under all scenarios. Mean
centre of desert would move towards west becauserdarea would decrease in China
and central Asia, however, Borborema plateau inziBravould have a rapid
desertification trendSubtropical dry forest and warm temperate moisedbmwould
shift towards northwest, and warm temperate wee¢sioand warm temperate thorn
steppe towards northeast. Under scenarios AlFiBfhdsubpolar/alpine dry tundra
would move towards west as well. In the southemibphere, the mean centre of warm
temperate wet forest would shift towards southezsil temperate rain forest and warm
temperate thorn steppe would move towards west, Goad temperate wet forest
towards southwest under all three scenarios. Uadenarios A2 and B2, subtropical
wet forest would move towards east. As a conclysabnpolar/nival, subpolar/alpine
and cold ecosystem types would have a continualestyeasing trend. On the contrary,
except tropical rain forest, all other tropical sgstem types would increase.
Subpolar/alpine moist tundra would be the most iseasecosystem type because its
area would have the rapidest decreasing rate amdegan centre would shift the longest
distance towards west.

Alo and Wang (2008) also examined the responseglaifal potential natural
vegetation distribution to climate change. Accogdiio their simulations, vegetation
response ranges from mild to rather dramatic changfe plant functional types.
Although such response differs significantly acrdgterent GCM climate projections,
a quite consistent spatial pattern emerges, clearaetl by a considerable poleward
spread of temperate and boreal forests in the BortHemisphere high latitudes, and a
substantial degradation of vegetation in the trogecg. increase of drought deciduous
trees coverage at the expense of evergreen treg®cially in western and southern
Africa and South America. Despite this fact, neimary production is predicted to
increase under most GCM scenarios over most ofglbbe. However, in some
simulations extreme responses are shown in sonensedeciduous forest is replaced
by grasses in large areas in the middle latitudied,substantial areas in northern South
America and southern Africa predominantly covergdeliergreen forest are replaced
with grasses, while net primary production redutrestically.
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Monserud et al. (1993) also used simulations tdipte&ehanges in global vegetation
patterns. According to their results, the mostlstabeas are desert and ice/polar desert.
Because most of the predicted warming is concexttrat the boreal and temperate
zones, vegetation there is expected to underggrétaest change. All boreal vegetation
classes are predicted to shrink, while classesirmdrfy, taiga and temperate forest are
predicted to replace much of their northern neiglboMost vegetation classes in the
subtropics and tropics are predicted to expand. Ahift in the tropics will be
determined by the magnitude of the increased ptatign accompanying global
warming. Monserud et al. (1993) are uncertain djgeted global warming will result in
drastic or minor vegetation change.

The same is confirmed by Neilson and Drapek (12@8yvell, who think it is still
under debate whether or not the world's vegetatudh experience large drought-
induced declines or perhaps large vegetation expasmsn early stages. There may
occur oscillations as well, perhaps on long timkscabetween greener and drier
phases. It may be that much of the world could trecgreener during the early phases
of global warming, and reverse in later, more equdl stages.

Simulations by Salzmann et al. (2009) indicate aegaly warmer and wetter
climate, resulting in a northward shift of the tigndra boundary and a spread of
tropical savannahs and woodland in Africa and Adlistrat the expense of deserts.
Salzmann et al. (2009) assume that changes in Igtebgerature, and thus biome
distributions, at higher atmospheric £@vels will not have reached an equilibrium
state by the end of this century.

Forests have been shown to respond strongly to northe drivers which are
predicted to change natural systems over this cgnincluding climate, introduced
species and other anthropogenic influences (McMadtoal., 2009). Kirilenko et al.
(2000) limited their research to boreal forestsha northern hemisphere. They found
that these forests would decline to a great examat they would shift as well. As a
consequence, the intersection between the curnehfudure boreal forests zone would
occupy only 9.5% of the current area. This reduct®not in line with the results of
Claussen and Esch (1994). However, the predicteal @decrease depends on the GCM
outputs and conditions used for the simulationsvaef as on the predicted climate
variability.

According to Klausmeyer and Shaw (2009), the Merditeesan biome is projected to
experience the largest proportional loss of biodiig of all terrestrial biomes by 2100.
Climate change will impact the extent and distidmutof the Mediterranean climate,
posing a threat to the survival of many speciesth&scomposition of Mediterranean
vegetation differs among regions, the impacts amtphssemblages will differ as well.
According to the majority of atmosphere-ocean galngrculation models and emission
scenarios, the Mediterranean climate extent agetigeof the 21st century is projected to
be larger than the current one. The median futueslidrranean climate extent will
increase to 106, 107 or 111% of its current sizg, the low, medium and high
emissions scenarios, respectively. Some regionpragicted to experience an increase
in the Mediterranean climate extent, such as theditdeanean Basin and
Chile/Argentina, while in some regions it is prdggtto decrease, such as in the United
States/Mexico, South Africa and Australia. The m#yof the contractions results from
warming in winter or from a drop in total annuaég@pitation. Approximately 50% of
the biome is projected to remain stable with cagrfice, even under the high emissions
scenario. According to the IPCC, the Mediterraniei@mme as a whole is threatened by
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desertification from expansion of semi-arid andd asiystems even under relatively
minor warming and drying scenarios, and significeggional vegetation and species
range shifts are predicted (Fischlin et al., 20(Btudies generally project significant
reductions in endemic species range sizes (Phélizd., 2008; Fitzpatrick et al., 2008;
Gutierrez et al., 2008; Benito-Garzon et al., 200&rie et al., 2008). For example, in
California, 66% of the endemic plant taxa will edpace > 80% range reductions
within a century (Loarie et al., 2008), while Midgl et al. (2002) projected a 51-65%
reduction in the Mediterranean biome in South Afixy 2050, and that only 5% of the
endemic Proteaceae species modeled would retaia than two thirds of their current
range. Fitzpatrick et al. (2008) studied potentsaige shifts for nativBanksiaspecies
in Western Australia and found the areas of grégisent loss in richness in the arid
interior, while the projected loss was less seuei@astal areas. Native plant species in
all Mediterranean regions, except perhaps Chile, \aell adapted to natural fire
regimes, but a hotter and drier climate has beesergbd to promote significant
alterations to the fire regime (Pausas, 2004; Hisat al., 2007; Fried et al., 2004;
Lenihan et al., 2003). Besides, the patchy natfirgoibs will act as a barrier and will
make species migration more difficult. The intrmmsadaptation potential of some
Mediterranean endemics, particularly in South Afrend Australia, is limited by the
relatively short seed dispersal distances and ddéicolonization ability of these plants
(Fitzpatrick et al., 2008; Williams et al., 2005aAmill et al., 1998; Schnurr et al.,
2007).

Climate change induced vegetation shifts in Europe

Studies on the shift of vegetation zones in Eurape mainly limited to single
countries. However, reviewing them gives a proparaew of the predicted changes
in Europe.

The Alps and Switzerland

Plants from high-latitude and high-altitude sitggear to be sensitive to climate
warming (e.g. Wookey et al., 1994, 1995; Parsonal.et1994, 1995; Callaghan &
Jonasson, 1995; Kdrner, 1999) since these arethens where the highest temperature
increases are expected. Mountain regions tend towwaore rapidly than the northern
hemisphere average (Rebetez & Reinhard, 2008)encate of warming in mountains
Is expected to be up to three times higher thangtbbal average rate of warming
during the 20th century (Nogués-Bravo et al., 200/Mat is why high mountain
systems such as the Alps are likely to be partibutulnerable to climate change
(Beniston, 1994; Grabherr et al., 1994; Guisan let1®95; Beniston et al., 1996;
Beniston et al., 1997; Kienast et al., 1998; Cebbml., 1998; Theurillat & Guisan,
2001; Dirnbock et al., 2003). This sensitivity specially important due to the fact that
the Alps are one of the most important hot spotemdemic vascular plant species
diversity in Europe (Myers et al., 2000; Aeschimaal., 2004).

Over the last 20 years, several studies compasaognt survey data with historical
data from the early 20th century documented aneas® in species numbers on high
mountain summits of the European Alps (Kammer et 2007). Frei et al. (2010)
investigated 25 summits in the Swiss Alps and caetgpaheir results with data
originating from the beginning of the 20tkntury (Rubel, 1912; Braun, 1913). They
found a strong trend towards an increase in spe@bgess per summit and also a
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significant increase in the mean number of sumeolsnized by each species during
the 20th century. A mean upward shift of +145.3 itlee studied species was
identified, which underlines the upward trend opeprange margins. However, there
were a few species as well which descended to derahly lower areas. At the lower
range limit, species at an altitude lower than @,25 showed a positive but non-
significant upward trend, while species at highkituales than 2,250 m revealed a
significant downward shift. When investigating bdtie upper and lower range margin
shifts of the same species at the local scale, ee monsistent upward shift was
identified at the upper range limit, whereas atlthveer range limit the pattern was more
heterogeneous. As a conclusion, it can be stasgdlie majority of high alpine plants
are moving uphill, but not all species are equadigponsive. Although the increase in
species richness on summits has more or less #éplieen attributed to anthropogenic
climate warming, Kammer et al. (2007) state thatable habitats already occurred on
these summits under the mesoclimatic conditionggiliag at the beginning of the 20th
century. Thus, they consider this phenomenon tgrbearily the result of a natural
dispersal process which was triggered by the teatpex increase at the end of the
Little Ice Age and which is still in progress mgstlue to the dispersal limitation of the
species involved. On the contrary, Walther et2006) conclude that vegetation change
and the upward shift of alpine plants have acctddrin the southeastern Swiss Alps
since 1985, consistent with a climate change espiam. Due to the upward shift, there
will be strong reductions in the area available dtgine species, resulting in a higher
risk of local extinction of these species (phenoameaf “summit traps”, cf. Pertoldi &
Bach, 2007; Guisan & Theurillat, 2000; Theurillat Guisan, 2001). Very narrowly
distributed endemics are especially vulnerable ltmate change because of their
smaller altitudinal distribution and the fewer nuenlof colonized habitats (Ohlemdiller
et al., 2008). Dirnbotck et al. (2003) also predicit range-restricted alpine endemics
may face strong habitat reductions, as the treeidironly a few hundred meters below
the isolated mountains tops. On the contrary, $ehand Korner (2011) expect that all
but the species depending on the very coldest Afiahbitats will find thermally suitable
“escape” habitats within short distances, whiler¢heill be enhanced competition for
the cooler places on a given slope in an alpimeatk that is 2 K warmer. Due to their
topographic variability, alpine landscapes seermesafer places for most species than
lowland terrain in a warming world (Scherrer & Kern2011).

However, not all species are able to track the ghamf climate rapidly enough. On
average, most alpine and nival species could tale¢he direct and indirect effects of an
increase of 1-2 K (Kérner, 1995; Theurillat, 19980 not a much greater change, e.g.
3-4 K (Theurillat, 1995; Theurillat et al., 1998)ccording to Scherrer and Korner
(2011), a 2 K warming will lead to the loss of twdest habitats, the biggest part of the
current thermal micro-habitats will be reduced bumdance (crowding effect) and a
less part will become more abundant. Many isolateghytes living in refugia such as
the peaks of low mountains in the Alps would be#tened, because it would be almost
impossible for them to migrate higher, either beeathey are unable to move there
rapidly enough, or because the nival zone is ab@mbherr et al., 1994, 1995;
Gottfried et al., 1994). At the high alpine and ali\belts, pioneer wind-dispersed
species should be able to reach new sites at hejbeations (according to observations
by Stocklin & Baumler, 1996). However, the speedipivard progression may not be
rapid enough to keep pace with warming (Grabheralet1994). Generally, species
composition of the communities is determined bydsaed site limitation jointly and
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constraining site factors include both abiotic dtods and biotic interactions
(Dullinger & Hulber, 2011). In the Alps, naturalsgiersion is presently limited at lower
elevation by forests, landscape fragmentation @p#&dilt-up areas) and changes in
traditional agricultural land-use, such as abandmrtmof secular transhumance
(Poschlod et al., 1998). In the alpine and nivdtish@atural dispersion is limited mainly
by natural (e.g. orographical, geomorphologic#thdiogical) barriers.

As for Switzerland, an increase of 3.3 K in meangerature, which corresponds to
an altitudinal shift of 600 m, would reduce theaaot the alpine vegetation belt by 63%
on average (Theurillat & Guisan, 2001). The collawed montane vegetation belts
would be reduced on average by 20% only and thalgue vegetation belt by even
less. When shifting upwards in elevation, specied aommunities would not find
equivalent surface areas with similar physiograoieditions. According to Theurillat
and Guisan (2001), the alpine belt will undergo tjreatest change among all
vegetation belts in Switzerland, since ca. ondthirit will have an inclination greater
than 40° instead of ca. one fifth at present. Cguertly, this would lead to a marked
decrease of communities bound to low inclinatioke Isnowbed communities, some
types of swards, alpine fens, mires and springsdidition, the material of the layers
(soft marl vs. hard limestone) and the variatiothigir sequence and thickness will play
a role in the response of flora as well (Theuriatal., 1998). Theurillat and Guisan
(2001) predict that the current alpine belt wolidw a mosaic of subalpine and alpine
elements. Part of the present high alpine vegetatiould have to shift into the upper
nival belt. For the tree line to expand upslopayould be necessary for a significantly
warmer climate to last for at least 100 years (ieler, 1994a, b). Palynological and
macro-fossil studies show that the forest limit diot climb more than 100-300 m
during the warmest periods of the Holocene (e.gg8ul988, 1991; Bortenschlager,
1993; Lang, 1993; Tinner et al., 1996; Wick & Tinn&997). An increase of 1-2 K in
mean annual temperature may not shift the preseestf limit upwards by much more
than 100-200 m (Theurillat & Guisan, 2001). Howeverthe case of a temperature
increase of 3-4 K, which is equal to the tempermtange of an entire vegetation belt,
the forest limit would very likely shift into theW alpine belt.

Diaz-Varela et al. (2010) studied the changesrobdiline (forest limit), tree line
(tree limit) and krummbholz limit (crook-stem linege species limit or tree species line)
in the Italian Alps and identified three vegetatmasses: forest, patched/scattered trees
and herbaceous tundra. They found that during tinéiex] 49-year period, each land
cover type increased its area at the expense iohitediate superior vegetation belt and
only few cases of deforestation were recorded. fhinee ecotones showed a general
trend to increase in altitude, retreats were fas leommon than advances. The forest,
tree and tundra lines showed a net advance of738nd 92 m and medians of 124, 65
and 55 m respectively, which means, converted toadk absolute increments,
averages of 39, 16 and 19 m and medians of 25nd3 A& m for forest, tree and tundra
shifts respectively. In the case of forest line doddra line, the altitude advance
magnitude decreased with the rise in altitude. Aseasment of tree line for the entire
Swiss Alps (Gehrig-Fasel et al., 2007) found a lsimiecadal increment of 23 and 18
m of mean and median altitudinal increment for ayé&ar period. One record of
temporal tree line dynamics on a slope in the Aastcentral Alps (Wallentin et al.,
2008) indicated a decadal advance of 28 m for tagimmum elevation of tree line and
17 m for the mean elevation in the period 1954—-266vever, Nicolussi et al. (2005)
provide far lower estimates of decadal altitudisiaift (less than 6 m) for tree line and
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tree species line in the central eastern Alps. Riaga tundra, Grabherr et al. (2001)
assessed lower values in the central Alps (10 rafc Field experiments suggest as
well that even moderate climate warming will caase upland migration of alpine
tundra and colonisation of the nival belt (WagnerR&ichegger, 1997; Theurillat &
Guisan, 2001).

Gottfried et al. (1998) also confirm that the dmaition pattern of individual plant
species and that of plant communities is likelybt drastically affected by climate
change at the alpine-nival ecotone. Plant migratienll be highly dependent on
topographically determined gradients (Pauli et299). A general trend of decline of
biodiversity was found with altitude, but with a xmaum of species richness at the
ecotone itself (Gottfried et al., 1998). Chionoph# plants at the scree sites may be
affected severely by reduced snow cover (Pauli.£1899).

The shift of vegetation begins with changes indtsnposition. As for climatic
climax communities, new plant communities are lk&b develop and, partially or
totally, replace present ones (e.g. Tallis, 1993eurillat et al., 1998). In the alpine belt,
it is very likely that plant communities on moderaiopes (e.g. snowbeds wilalix
herbaceaand alpine swards witarex curvuld would shrink or even disappear in
some places. On the contrary, current edaphic glxmaould sustain a climatic change
since azonal communities are assumed to be lesdigero climate change (Kienast et
al., 1998). According to Brzeziecki et al. (1998d&Kienast et al. (1995, 1996, 1998),
30-55% of the forest areas in Switzerland wouldwslaochange of classification types
in the case of a temperature increase of 1-1.4&K5589% with an increase of 2-2.8
K. According to several models (e.g. Fischlin ef #095; Fischlin & Gyalistras, 1997,
Lischke et al., 1998; Kienast et al., 1995, 198871 1998), montane forests dominated
by deciduous trees would move toward a higher él@mvawhich would force subalpine
coniferous forests to shift into the alpine beting subalpine forests, such as the Arolla
pine-larch forestRinus cembra, Larix decidyian continental parts of Switzerland are
predicted to show unexpected new tree combinafiergs Bugmann, 1999; Fischlin &
Gyalistras, 1997). It is expected that beech-dotathdorests Fagus sylvaticawould
be replaced by oak-hornbeam fore€psi€rcus robur, Q. petraea, Carpinus bet)lus
the colline-submontane belt in the northern Alpsl @n increase of silver firAbies
alba) is predicted, from colline to low subalpine b@ugmann, 1999). In the southern
Alps, changes are less likely to occur due to @nese in precipitation. However, the
invasion by naturalized exotic laurophyllous speaill replace the present tree layer
(Gianoni et al., 1988; Klotzli et al., 1996; Walth&€999, 2001; Carraro et al., 1999).
The present Mediterranean-type vegetation in threnesat areas of the lowest elevations
of the southern border of the Alps may very likelpand, while the colline downy oak
forest Quercuspubescensmay be severely affected by drought in the dontimental
part of the Alps (Theurillat & Guisan, 2001). Withcreasing risk of drought stress,
laurophyllous species become less abundant and dheyincreasingly replaced by
sclerophyllous, (sub)Mediterranean species (Be&g&Yyalther, 2006). Walther (2003)
reports that an exotic palm specig@sachycarpus fortuneihas successfully colonised
the lower areasn southern Switzerland. Changing climatic conaisip especially
milder winters and longer growing seasons, are msduto have favoured the
naturalisation of the palm and other exotic evergrdroad-leaved species, which
dominate the understorey of the native deciduotesfan present times (Walther, 2003;
Walther et al., 2007). According to Walther et &007), palms are significant
bioindicators for present-day climate change areirtlexpansion is not driven by
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delayed population expansion. Increasing droughtcan lead to the collapse of forests
in some areas as well (e.g. Bigler et al., 2006).

Kienast et al. (1998) took several climate charggnarios into consideration when
studying possible changes of vegetation in Swidretl As for the warmer and more
xeric scenario, sample points were found to shibimf montane beech-fir (Abieti-
Fagion) communities to beech communities, while @anpoints in the colline/low
montane belt are predicted to shift from Eu-Fadmoak-hornbeam (Carpinion betuli)
communities. For warmer and wetter conditions thegetation shifts are less
pronounced. In the case of moderate warming cordbivéh wetter conditions,
however, the responses of many vegetation typesvae opposite to the warmer-more
xeric scenario. Kienast et al. (1998) found a cliedication that communities of the
current montane, high-montane and subalpine bdltloge area. Forests that occupy
intermediate positions on the climatic gradieng.(éagus forests) are predicted to
expand into higher locations, however, topogragbitstraints will limit their dispersal.
The overall “winners” of a warming without precigiion increase are vegetation types
of the current colline belt (Carpinion-betuli, Qoen pubescenti-petraeae, Quercion
robori-petraeae) as well as colline communities #ra not present within the borders
of Switzerland but in more xeric parts of the Medianean area. These results are in
line with those of Theurillat and Guisan (2001).eTkhift from high montane or
subalpine communities to low montane communitiesilte in an increasing species
richness as well.

Didion et al. (2011) investigated the effects oimelte change and grazing on
vegetation in three valleys in the Swiss Alps. Thaynd that climate change led to an
upslope shift of species (by approximately 1000amg of the cold treeline. The current
forest types (dominated biicea abiey were substituted by deciduous tre€adus
sylvaticaand Castanea sativarespectively)in the valley bottom in the valleys with
moist and wet climate and by non-forest vegetaiiotime dry valley. Simulated climate
change resulted in the formation of new forest symminated byilia cordataand
Quercusspp., as well. In all sites, browsing pressurettéed reduction of the abundance
of Abies albaand Fagus sylvatica while some browsing-sensitive but more light-
demanding species suchRisius cembraandQuercusspp. did not suffer significantly.
When simulating the combined effects of climatengeaand ungulate browsing, it was
found that browsing partially counteracted the a#eof climate change, e.g. by
retarding forest development at the cold treelinettee north-facing slope by several
decades, but it amplified the effects of climatearge in other plots, e.g. by
exacerbating the collapse of forests near theregtihe. On the south-facing slope, the
current subalpinéarix deciduaPinus cembraforest was replaced by@uercus spp.
Pinus sylvestris forest over several centuries whilRinus cembra was gradually
replaced by new species.

Studying subalpine grasslands in the Swiss Alpgp¥iet al. (2009) found that these
habitats were stable with smaller changes. Onlgvadpecies appeared or disappeared
and changes were generally limited to increasindemreasing frequency and cover of
certain taxa. Declining species were predominaalfiyne and low-growing species and
their decline was probably due to increased coripetivith more vigorous subalpine
taxa no longer limited by grazing. Thus, changeshese communities were mainly
driven by changes in land management due to glebahing. These results are in line
with those of Dullinger et al. (2003), who also ioned that range shifts of tree and
shrub species in the European Alps are causednidyuse change as well. Dullinger et
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al. (2003) conclude that colonization success gtyodepends on propagule pressure
and differential invasibility of grassland typestkmnly marginally on local-scale site
conditions. In a particularly invasible grasslagge, a possible climate change-driven
upward movement dPinus mugashrublands may take place quite rapidly. In catira
encroachment on abandoned subalpine pasturesaisefily delayed by competition
with vigorous grassland canopies.

In France, species widely distributed in Provensgch as Scots pine, may be
replaced by other Mediterranean species such appélgine Pinus halepens)s
(Martinelli, 2004). Chauchard et al. (2010) fouhdttin parts of the French Algsbies
albaextended its range upslope by about 300 m duriadgtst five decades.

Scandinavia

In northern Scandinavia, temperatures now may geehithan at any time in the past
4000-5000 years (Kullman & Kjallgren, 2000; Kullm&®00a). A general trend of
summer warming could be observed and winters hasen bconsistently milder
(Kullman, 2002). Mean annual precipitation has éased throughout the 20th century.

Global warming at an unprecedented rate (Houghtai..€1996) will force upward
movement of altitudinal range-margins of plant spe@nd bioclimatic zones by 400-
600 m over the next 100 years (Boer et al., 19%tdd & Carey, 1992; Grace, 1997).

Koca et al. (2006) studied vegetation changes iredew using different climate
scenarios and predict the extension of the boresdst northward and to higher
elevations, Scots pinePihus sylvestris and Norway sprucePfcea abie¥ joining
mountain birch Betula pubescens ssp. czerepanaaiia higher alpine tree line. Pine
and spruce are expected to remain the dominantespecthe boreal zone, however, a
shift in dominance from Scots pine to deciduousalileaved trees, limeTilia sp),
silver birch Betula pendulpand oak Quercus sp.is predicted for the Baltic coast and
the central boreal region. Similarly, in the boremmoral zone the dominance of spruce
and pine will be reduced in favour of deciduouscggse especially beeclrdgus sp.
and lime. The northern boundary of this zone iseeigd to be displaced northwards.
However, these simulations ignored dispersal lmats as well as anthropogenic
effects such as land use or silvicultural managemsenthe rate of change in tree species
distributions may be overestimated.

Kullman (2002) studied range-margin displacemehtsome tree and shrub species
over the past 50 years. In the casdBefula pubescens ssp. tortuoba, identified an
advancement of the range-margin amounting to 3Hndthus the rise of the local tree
limit by some tens of metres in the recent pastf@sSorbus aucupariathe range-
margin was found 375 m higher, while thatRitea abie240 m higher. The present-
day range-margin dPinus sylvestriss 340 m higher than in the 1950s. In the case of
Salixspecies, a range margin rise of 120-165 m has talkee. Besides, a new species,
Acer platanoidedias appeared, which is not native to that partveédgn. Other non-
native tree species, elginus contortaandPinus cembrahave also become established
in similar environments elsewhere in the Scandadlifkan, 2000b). Based on these
observations, range-margin rise and invasion irpna tundra communities, high
above the current tree-limits, are foreseen for ynee and shrub species. This is
supported by the tree-limit and range-margin ris@anting to 100-150 m identified
over the past century more generally in the stugtyion (Kullman, 2000a, 2001).
Kullman (2006) estimates a treeline advance of 3G+ since the early 20th century,
depending on species and site. Young saplings lofre¢ species have appeared
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growing 400-700 m atop of the treeline and subalfailpine plant species have shifted
upslope by average 200 m (Kullman, 2006). Kullm2@0@) assumes that many plants
adjust their altitudinal ranges to new climatic inegs much faster than generally
assumed, however, plants have migrated upslopewidély different rates. Besides, a
reversal of this trend was recorded as well dusimige colder decades (Kullman, 1997),
which proves the great responsiveness of tree-Magetation to climate variability.
Furthermore, a warmer climate regime might fadditaapid spread of exotic tree
species into natural ecosystems, whose charactebatmme substantially altered (e.g.
Beerling & Woodward, 1994; Sykes, 2001). This idime with the observations in the
Alps (Theurillat & Guisan, 2001). Thus, changedha composition of vegetation are
expected to occur and future subalpine and alpilaat pcover is likely, at least
transiently, to contain communities without prewsoanalogues (Davis, 1989), i.e.
mixtures of alpine and silvine species (KullmanQ@0 As a consequence, the character
of the remaining alpine vegetation landscape is\gimg, for example, extensive alpine
grasslands are replacing snow bed plant commur(iKigBman, 2006). However, the
observed processes will not inevitably lead to-tieé advance and afforestation up to
the level of the new range-margins since this wquttbably presuppose much warmer
summers and substantially reduced wind pressurkngién, 2002).

Klanderud and Totland (2005) studied the effectsimiulated climate change on the
dwarf shrubDryas octopetala(mountain avens) in alpine Norway. They found that
some years of experimental warming had no effectthan cover of this species.
However, in treatments with nutrient addition anithwarming combined with nutrient
addition, the cover ofDryas decreased while the biomass of the community
significantly increased due to increased richnes$ @bundances of graminoids and
forbs. Lichen diversity and bryophyte richness beediigher in treatments with only
warming, while they decreased in treatments witly ontrient addition. Thus, climate
change simulations resulted in the change of damsméaiierarchies and community
structure:Dryas was replaced by graminoids and forbs in plots wiltrient addition
and mainly by graminoids in plots with warming candadl with nutrient addition, and
the heath changed to a meadow. In another experiréanderud (2008) arrived at
similar conclusions. Warming alone decreased then@dnce of someCarex and
bryophyte species, but did not affect community position. In contrast, nutrient
addition and warming combined with nutrient additincreased the abundance of high
stature species, such as grasses and some foiitesJavhstature forbs, a lycophyte and
most bryophytes and lichens decreased in abunda&fter. four years of warming
combined with nutrient addition, community compigsit changed significantly,
suggesting that tall species may expand at thensepef low stature species in the
alpine region.

Molau and Alatalo (1998) found in subarctic-alpipnt communities that the
responses to temperature and nutrient treatmefftsredi among mosses, lichens,
vascular plants, and communities, and that clincli@hge may cause a shift in the
bottom layer from being dominated by mosses, tofecdominated by lichens.

Wiedermann et al. (2007) studied vegetation resgms a boreal mire and found
them negligible for the first four years of expeeimts. However, after eight years, the
closed Sphagnumcarpet was drastically reduced and total vascuplant cover
(graminoid and dwarf-shrub species) increased. ,Timesstudy demonstrates that both
bryophytes and vascular plants at boreal miresbexditime lag of more than five years
in response to nitrogen and temperature rise. Tdve @and gradual shift frorBphagnum
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to vascular plant dominance was shown in anothetysas well (Wiedermann et al.,
2009).

Snow regimes are also altered by climate changeylidg et al. (2012) showed in an
experiment conducted in a boréatea abiedorest that understory species composition
was strongly altered by snow cover manipulationd @ggetation cover, in particular
the dominant dwarf shriaccinium myrtillugbilberry) and the most abundant mosses,
significantly declined in the snow removal treatméxs a conclusion, shifts are caused
in vegetation by frost damage as well.

Western Europe

In Europe, forest transformation from Norway spriPécea abie¥y to European
beech Fagus sylvaticais already ongoing on a large scale (Spiecked.e004) and
Norway spruce is predicted to be one of the bigéls” of climate change. Thuiller
(2007) estimated that each 1 °C of temperaturegdhamoves ecological zones on Earth
by about 160 km in a North—South direction. Fron87.% 2002 the area of Norway
spruce decreased from more than 42% of the totalsfoarea to 36% in Germany
(BMELV, 2005). According to model predictions, Norway spruce Wi pushed back
to the highest elevations in Baden-Wurttemberghim southwest (Black Forest area)
and the east (Swabian Alb and pre-Alps) of theestdianewinkel et al., 2010). In the
year 2100 it will be restricted to forest areadidcily above 1000 m a.s.l. and existing
stands will be reduced by 20-38%. Potential groatha is expected to decrease
drastically, only 5-28% of the total forest areaSauthwest Germany is assumed to be
suitable for growing Norway spruce in 2100.

Lasch et al. (2002) conducted their research inn@aburg state in Germany.
According to model simulations, abundance of besthdecrease significantly with
increasing temperature (> 1.5 K) and most foresisbe composed of drought tolerant
species such as pinBiQus sp), oak Quercus sp, hornbeam Carpinus sp. and lime
(Tilia sp). Lasch et al. (2002) studied the effects of piaérclimate change on
managed forests as well and found that the domimmdatof pine forests was preserved
in the simulations, however, beech disappeared kiaip.

Lenoir et al. (2010) assessed changes in plant eaomyncomposition between 1989
and 2007 by surveyind\bies alba(silver fir) forest vegetation releves in the Jura
Mountains. Although temperature and light avail@pilncreased in these stands, no
major changes in overall species distribution wWetmd (only a trend towards a greater
frequency of lowland species), perhaps reflectingpetsal limitation, phenotypic
plasticity or microclimatic buffering by the treearpy. In a previous study on
European tree taxa (Lenoir et al., 2009), it wamtbthat records of the mean altitude
of presence at the seedling life stage are highar those at the adult life stage. This
trend suggests a main driver of change highly edldb elevation, such as climate
warming.

Van der Veken et al. (2004) conducted their researcQuerco-Fagetea forests in
France, Belgium and the Netherlands. They fountttieexpected increase of 3 °C in
the northern part of the study area will cause is¢Verest plant species to move several
hundreds of kilometers northward and to therebyngbkapresent-day community
structures. Scleromorphic species, hemicryptophyed stress-tolerant species are
expected to become relatively more abundant imtréhern regions of the study area,
and many species might have a chance to becomerable to extinction.
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Wessel et al. (2004) compared European shrublamdbeir study: lowland dry
heathlands in the Netherlands and in Denmark akagedn upland heathland in the
United Kingdom. In the warming treatment there \wascrease in primary production
in all three sites. If nutrient availability incess as a result of global warming,
grasslands may replace heathlands since grassesahaadvantage over heather under
richer nutrient conditions (Heil & Aerts, 1993; Dient, 1996). This is in line with the
results of Klanderud and Totland (2005) in Norwkydrought treatments productivity
and nutrient cycling decreased, thus, in this ¢essgher Calluna sp) would be better
able to compete with grasses. However, increasaatit and herbivory damage could
also be fatal for heather plants, creating gajgeercanopy and thus promoting invasion
by grasses.

Breeuwer et al. (2009) investigated the effectsdetreased summer water table
depth on peatland vegetation in the Netherlandsfandd that increased water table
drawdown affected the composition of the vasculanfpvegetation, stimulating the
abundance of ericoid species. Increased occurrehperiods with low water tables,
due to climate change, may cause a shift in theimkm Sphagnum(peat moss)
species. On the transition between hollows and $awhe species assemblage is
expected to shift from vegetation dominated by dwllSphagna (e.gSphagnum
cuspidatumand graminoids, to vegetation dominated by lapha§na (e.gSphagnum
magellanicuipand ericoids.

Walmsley et al. (2007) predict that the increasaimtemperatures and changes in
precipitation patterns projected for the 21st cgnfiiulme et al., 2002) are likely to
have profound consequences for community compaoséitd structure and ecosystem
processes across the UK. According to Higgins aotn&der (2005), biological
communities in the North Atlantic region could beakily influenced by the collapse of
the thermohaline circulation. It poses a threath® remnant habitat fragments, upon
which much of England's remaining biodiversity deg® by causing shifts away from
the currently dominant temperate broadleaf colddimus tree type.

Beech Fagus sylvaticahas been identified in Britain as potentially Séwe to the
effects of climate change because of its sengititot summer drought (Peterken &
Mountford, 1998). Beech may show a significant exgoan northward and westward
(towards the wetter coast) (Harrison et al., 20Gdough other models indicate
limitations on westward expansion due to inadequhtking conditions (Sykes et al.,
1996). According to Broadmeadow et al. (2005), heascot likely to disappear from
southern England, but its yield potential is expddb fall and its competitive ability is
therefore likely to change. Wesche et al. (2008)esthat it is unlikely that woodland
specialist species would be able to migrate fronutreern England to northern
woodlands since these are relatively poor colosigeterken, 1974; Hermy et al.,
1999) and woodland cover in Britain is highly fragmed. However, assemblages
similar to southern beech woodlands may developoiimon species in the South
already occur in woods in the North and West. Aecis respond individualistically to
changing environmental conditions, plant commusiti@l not move en masse and new
communities in the Northwest will not be exactle tbtame as those in the Southeast.
Climate change will affect the distribution of wdadd ground flora independently of
beech.

Del Barrio et al. (2006) studied two habitats irsEAnglia, cereal field margins and
lowland calcareous grassland. Results of model lations show that among the
studied speciesCampanula glomeratdclustered bellflower) will lose climate space
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from Scotland, but gain in Wales and western Ergylafelictotrichon pratense
(meadow oat-grass) will spread westwards, but B028@e distribution becomes quite
fragmented with large losses in southern and easkrgland and in Scotland,
respectively. As for the species associated witkaldield margins, climate space will
increase foiSilene gallica(small-flowered catchfly) anBapaver dubiunflong-headed
poppy). Land use change scenarios suggest famfye leeductions in arable land use
classes, thus suitability is expected to decremggfisantly for the cereal field margin
species. Del Barrio et al. (2006) state that clem@tange may not involve a zonal shift
of natural vegetation, but instead gaps may opémmihe current vegetation zones and
they may be colonised by low quality, early sucmesd species. Complete
replacements can be expected to be very slow. @rdgional scale climate and land
use change can both affect the future viabilitgécies.

In a long-term experiment conducted in an unpradactgrazed grassland in
northern England, Grime et al. (2008) observed thatrelative abundance of growth
forms was constant and long-lived, slow-growingsges, sedges and small forbs
remained dominant. Several species remained sbablethe course of the experiment,
with immediate but minor shifts in their abundan®® change in productivity in
response to climate treatments was detected wehettception of reduction from
summer drought; and only minor species losses wkserved in response to drought
and winter heating. Overall, compositional changesre less than short-term
fluctuations in species abundances. Grime et &0& concluded that unproductive
ecosystems provide a refuge for many threateneatgpland changing land use and
over-exploitation rather than climate change percsestitute the primary threats to
these fragile ecosystems.

McGovern et al. (2011) resurveyed an upland Agseséistuca grassland in 2008, 40
years after the original survey. A significant siif community composition was found,
reduction in species richness and an increase en gitass:forb ratio, suggesting
significant ecosystem degradation. However, thennsdifts in species composition
were correlated with an increase in pH, alehr ecosystem responses to climate, land-
use change or nitrogen enrichment were not observed

In an experiment in the effects of climate changeheather Calluna sp) and
bracken Pteridium sp, Werkman and Callaghan (2002) observed that bssnat
deciduous bracken fronds was significantly incrddsg higher growing temperatures,
while additional N had little effect. Overall, bkaen is likely to benefit from the
currently rising temperatures in Britain. In costradirect effects of the temperature and
N treatments on heather were small, but it shoveediderable reductions in vigour in
the boundary plots. Thus, heather is expected ttutteer displaced by bracken in a
warmer climate.

Studying heathland vegetation in Scotland, Crabdtesd. (2010) found that with the
upward shift of vegetation zones due to warmingable habitat for alpine lichens was
reduced. However, decreasing wind speed exaggethteseffects of increased
temperature and vice versa. An increase in mead gfieed may negate the effect of
increased temperature on vegetation structure ltirlggun no net change in lichen
occurrence.

Studying grasslands in Germany, Buetof et al. (20dserved that simulated
climate change had a general negative effect ont @arvival and plant growth,
irrespective of the macroclimatic niche charactiessof the species, and species with
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ranges extending into drier regions did not geherpkerform better under drier
conditions. Growth performance and survival vaaedording to land-use types.

Duckworth et al. (2000) studied calcareous grasislam Britain, Ireland, France and
Spain, and concluded that Q2 increase in temperature may cause small shiftartis
vegetation associated with warmer conditions, gmBng distances of 100 km or less.
The potential for major change is lower when enwmental factors such as soil and
management are considered in addition to climadeveren vegetation is considered as
a whole rather than on an individual species basis,to both interspecific interactions
and interactions with environmental factors actsgeonstraints.

Southern Europe

In Mediterranean-type ecosystems decreased watafalnity caused by high
summer temperatures and low rainfall is already riwst important environmental
constraint (Specht et al., 1983; Larcher, 2000;Haoeierou, 2005; Savo et al., 2012).
Global circulation and regional models predict amwreéase in temperature in the
Mediterranean Basin during the present century|enaiinfall is predicted to decrease
and become more irregular (Gibelin & Déqué, 2008ncBez et al., 2004). Therefore
this region is expected to be extremely vulnerdblelimate change (Schroter et al.,
2005), although the Mediterranean flora is partidyl adapted to frequent and severe
stresses (Vennetier & Ripert, 2009). With incregdemperatures, many species have
already shiftedheir ranges to more suitable habitats, moving ugs/anelevation or
towards the poles (Hughes, 2000; Lenoir et24l08), particularly in mountains and at
high elevation (Waltheet al., 2005). The expected shift in the 21st agn{@huiller,
2004) is faster than tree species spread recotdée and of the last ice age (Delacourt
& Delacourt, 1987) and than the sprawling of mastasive plants monitored today
(Richardson & Rejmanek, 2004). Malcolm et al. (20faBecast high rates of potential
extinction among endemic species (average 11%, ap43%) for the whole
Mediterranean basin and other biodiversity hotspotgshe world by 2100. Many
remnants of alpine or medio-European flora, locaedhe limit of their distribution
range and protected in Mediterranean mountainvesgeshould be the first to disappear
(Vennetier & Ripert, 2009). The extensive diebatlsame dominant tree species like
Scots pine Rinus sylvestrisin the French Mediterranean area (Vennetier .28I08)
also suggests that the most mesophilous speciesallgat risk in these regions.

Vennetier and Ripert (2009) simulated the turnowvethe flora in Mediterranean
forests in Southeastern France and found that a 2@ction of spring or summer
rainfall would correspond to a 4-5% turnover (baly 1 plant species, rarely 2, would
change among 25). An increase of 1 °C would cau&s &rnover, and combined with
a 10% loss of spring or summer rainfall it coulciehe 10% of the plant composition.
The average climate of respectively the last 30,a88 10 years led to a potential
11.5%, 14% and 25% plant species turnover. In Baldlies they observed that 50% of
mesophilous plant species lost ground between 2868008, disappearing from plots,
far more than among the super xero-thermophilows ganly 20%). On the opposite,
only 10% of the mesophilous plants were found iw péots compared with 40% of the
super xero-thermophilous plants. Some super xezo¥tbphilous and Xxero-
thermophilous species, already present in 1998eased in dominance and cover.
Vennetier and Ripert (2009) assume that the adaptame of plant composition to the
current climate change is close to 20 years irsthdy areaQuercus pubescerfdowny
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oak) limit is predicted to move away from the codbus high rates of dieback are
expected, leading to an increased fire risk dudetnd fuel accumulation.

Di Traglia et al. (2011) simulated potential distriion changes of tree species in
Italy. Abies alba(silver fir) is expected not to completely disapp&om the central and
south Apennines, however, distribution areaPufius sylvstrisand Fagus sylvatica
(European beech) will be strongly reduced. An ekoapto this general behaviour is
given byAcer campestré¢field maple) andQuercus subefcork oak), belonging to sub-
Mediterranean and Mediterranean choro-types, réispgc These two species show an
increase of abundance values and distribution #weaone of the scenarios but a
reduction under a more limiting scenario. The aeydarent of the potential area of
Quercus subelis accompanied by a parallel decreaseQofercus ilex(holm oak)
(Attorre et al., 2011), which is more sensitivetlte reduction of soil moisture content
(Ogaya & Periuelas, 2003) caused by climate chasgecally in the southern part of
Italy and along coastal areas. Di Traglia et ab1@® predict the overall decrease of
forest cover (with some exceptions), mainly dueirtoreasing aridity and risk of
drought (Andreu et al., 2007; Macias et al., 200®Bjus, significant rearrangements of
forest communities are expected on the Italiannznia.

In Greece, Fyllas and Troumbis (2009) identifiee fio play a significant role in
low-altitude sites. In their simulations, its sificance increased with the severity of the
climate change scenario, suggesting a greater nafdiiéy of mountainous
Mediterranean drier areas regarding compositiolbelaion and flammability trends.

Gritti et al. (2006) simulated vegetation dynanuaesfive of the main islands of the
Mediterranean Basin: Mallorca, Corsica, Sardiniget€and Lesvos. According to their
results, the effect of climate change alone islyike be negligible in many of the
simulated ecosystems. The simulated progressiamvation was highly dependent on
the initial ecosystem composition and local envinental conditions, with a particular
contrast between drier and wetter parts of the Me@dinean, and between mountain and
coastal areas. Thus, the rate of ecosystem distcebaas the main factor controlling
susceptibility to invasion. Gritti et al. (2006) rabuded that further invasion into
Mediterranean island ecosystems is likely to beéareasing problem, and in the longer
term, almost all the ecosystems will be dominatgdekotic plants irrespective of
disturbance rates.

Wessel et al. (2004) compared different Europeaunbdéinds in their study. For the
experimental plot in Spain they found that net riynproductivity was unchanged in
the warming treatment (Pefuelas et al., 2004), sedlling recruitment of the shrubs
(Erica multiflora and Globularia alypun decreased, while that of the half-shrubs
(Fumana ericoidesFumana thymifoliand Coris montspelliens)sincreased (Lloret et
al., 2004; Pefiuelas et al., 2004). In the drougddatmnent, plant primary productivity
was reduced (Pefiuelas et al., 2004), and the sgeaéicruitment shifted from shrubs to
half-shrubs, just like in the warming treatmentoflet et al., 2004; Pefuelas et al.,
2004). This confirms that warming and drought nrajuice a shift in the composition of
the plant community.

Lloret et al. (2009) also studied a shrubland irai®m@nd conducted drought and
warming treatments. Their results show that drougéatment induced significant
changes in the species composition of seedlingsaaddcrease in seedling density,
whereas warming treatment did not produce relechminges. Nevertheless, species
responded differently, e.g. the dwarf shritasnana ericoideand Fumana thymifolia
and the shrutiRosmarinus officinalisvere less negatively affecte@lobularia alypum
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establishment was seriously reduced by drought,elew adults were less sensitive.
Generally, it could be observed that the adult gsecomposition of plots with different
treatments did not change significantly, thus imgngpecies the dynamics of adults did
not correspond with the patterns observed in tise o their seedlingSince perennial
grasses did not increase with treatments, it caassemed that drought may enhance
less structured shrublands, but not necessargplacement by grasslands.

Del Barrio et al. (2006) simulated the potentiatdbution of some plant species in
Spain. They observed general increases in climatitability for two species,
Chamaerops humiliEuropean fan palm) arRistacia lentiscugmastic). Areas of high
elevation gradually become suitable for these sgediowever, suitability will be lost
in the south of the region by 2080 f&istacia lentiscusaccording to one of the
scenarios. Ahamaerops humiliss a thermophilous species, the predicted warming
will increase its potential distributioarea.Pinus halepensigAleppo pine) shows a
small increase in suitability in the mountainoustpaf the study region, but loses
climate space in the south. Other three spePBiesis pinastemaritime pine)Quercus
ilex (holm oak) andQuercus faginegPortuguese oak) show a general decrease in
climatic suitability. Current distribution area Qfuercus ilexremains within areas of
suitable climate up to 2080, however, that Rihus pinasterwill be classified as
climatically unsuitable by 2050, while climate spaaf Quercus fagineds expected to
show a large decrease in 2080. Rarercus ilexand other montane species core areas
of suitability are centred more and more on theabmountains, and for this reason the
impact of climate change for them is probably sgemin terms of loss of connectivity
than in terms of loss of potential space.

Temperature increases and variations in rainfatlepas can profoundly alter the
dynamics of drought-sensitive tree species in thediMrranean mountain forests
(Macias et al., 2006; Sarris et al., 2007, 2010Qjuetas et al., 2007; Andreu et al.,
2007). The southernmost European mountain forestndalusia (Spain) are perhaps
among the most vulnerable areas for the loss @& $pecies due to climate change
(Linares & Tiscar, 2011b). Several studies focusimgthe Iberian Mediterranean
mountains have reported declining tree-growth tserelated to temperature rise and
drought (Jump et al., 2006; Macias et al., 2006djr&n et al., 2007; Sarris et al., 2007,
2010; Martinez-Vilalta et al., 2008; Piovesan et 2008; Galiano et al., 2010; Linares
et al., 2011a).

Linares and Tiscar (2011b) conducted their studyrénsouthern distribution area of
Pinus nigra ssp. salzmannifPyrenean pine), a drought-sensitive Mediterranean
mountain pine (Linares & Tiscar, 2010). There wasignificant increase in mean
annual temperature in the study area between 1089-2nainly due to 20th century
warming, where spring and winter registered thaigst temperature increagenual
precipitation showed significant negative trendghwhe greatest precipitation decrease
in spring. Linares and Tiscar (2011b) found thatsithe beginning of the 20th century,
Pyrenean pine stands from drier sites showed degligrowth trends, which were
significantly more pronounced for warmer standscakding to their resultsyet and
dry stands follow contrasting growtitends, characterised by steady-to-rising basal-are
increments in the wettestands and declining basal-area increments in tiee dnes.
This supports the assumption tlsgiecies responses to climate are not uniform over
space (Miyamoto et al., 2010; Galiano et al., 2@4&yis et al., 2010). Fétinus nigra
the capacity to adapt to climate change will liketyy across rainfall gradients as long-
term growth responses to climatic change are linketbcal mean precipitation. For
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drier and warmer sites, impendiRgnus nigradecline and progressive replacement by
better drought-adapted Mediterranean taxa couldekgected (Linares & Tiscar,
2011b).

As the climate of the Mediterranean basin is beognwarmer and drier (IPCC,
2007), an increase in drought-induced mortalitySebts pine Rinus sylvestris has
been predicted as well (Martinez-Vilalta & PifioQ02). Changes in the recruitment
pattern may promote shifts in species compositimhia distribution areas in response
to drought episodes (Galiano et al.,, 2010). StuglyanScots pine forest in Spain,
Galiano et al. (2010) found that increasing defmia and mortality were associated
with lower summer water availability and highemstalensity Quercus humiligdowny
oak) andQuercus ilexhad higher recruitment rates in the study arepating the fact
that seedlings oQuercusspecies have a competitive advantage over Scoesyder
drought stress conditions (Marafién et al., 2004 the midterm, this could result in a
vegetation shift in the study area, from pine dated to broadleaf dominated forests.
As a consequence, many rear-edge populations a$ $owe sheltered in the mountain
environments of the Iberian Peninsula could bes&tunder future climate scenarios.

During the last three decades, Scots pine forastahaited in dry sites were most
affected by fire (Vila-Cabrera et al., 2012). Vulmility of these forests to fire is
increasing in Spain and almost no regenerationdcbelobserved after crown fires, due
to a limited capacity to recolonize from unburnatyes. Oak Quercussp) forests,
shrublands and mixed resprouter forests are pegllitti replace burned Scots pine
forests. Thus, increased vulnerability to fire @b& pine forests under future, warmer
conditions may result in vegetation shifts at thatsern edge of the distribution of the
species.

Garcia-Romero et al. (2010) also conducted thedearch in the Mediterranean
mountains in Spain. According to their results,etagjon with a high nival correlation
(i.,e. nival herbaceous vegetation and wet grasylaeduced significantly between
1957-1998. Likewise, vegetation with a moderatalnoorrelation (i.e. rocky-outcrop
herbaceous vegetation, psychroxerophilic grassland open and sparse broom
shrublands) and vegetation with a low nival cotreta (i.e. block-field herbaceous
vegetation, open juniper and juniper/broom shrutdarand dense juniper and
juniper/broom shrublands) also lost area. On th&raoy, vegetation with a negative
nival correlation (i.e. psychroxerophilic grasslamith broom and juniper shrubs, sparse
broom/juniper shrubland and dense broom shrublarganded noticeably. In fact, a
series of successional changes lead to the repéadeai the vegetation, i.e. nival
herbaceous vegetation and wet grasslands werecegplay a sparse broom shrubland
(Cytisus carpetangs which became steadily denser until it was regdiadirst by an
open shrubland and then by a denser one. Garciafogt al. (2010) found that
vegetation changes were induced by changes in ratope, rainfall volumes and snow
distribution and duration.

By comparing current and 1945 vegetation distridoutin Northeastern Spain,
Pefiuelas et al. (2003, 2007) observed a progressplacement of cold-temperate
ecosystems by Mediterranean ecosystems. Bdemfpu§ sylvatica forest has shifted
upwards by ca. 70 m at the highest altitudes (160I3 m). Both beech forests and
heather Calluna vulgari3 heathlands are being replaced by holm d@uefcus ilex
forest at medium altitudes (800-1400 m), which osdhrough a progressive isolation
and degradation of beech stands. The replacemertused by progressively warmer
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conditions, complemented by land use changes (yn#iel cessation of traditional land
management).

In the North of Spain, a more oceanic climate carxpected, leading to an increase
in territories having a temperate climate (del Rial., 2005). Thus, deciduous forests
could increase their distribution limits, replacisgme semi-deciduous and evergreen
ones.

Sanz-Elorza et al. (2003) found significant changesvegetation on the high
summits of the Spanish Central Range over the @et@b67-1991. A shift towards
warmer conditions could be observed since the 1940 significantly higher
minimum and maximum temperatures, fewer days witwscover and a redistribution
of monthly rainfall. High-mountain grassland comrnti@#s dominated byFestuca
aragonensiswere replaced by shrub patchesJohiperus communis ssp. alpiad
Cytisus oromediterraneusom lower altitudesSanz-Elorza et al. (2003) hypothesize
that the advance of woody species into higherualés is probably related to climate
change, in conjunction with variations in landscapmagement.

Sebastia (2007) states that subalpine grasslantie iRyrenees are considered to be
especially vulnerable to climate change becausthef position at the south-western
edge of the semi-natural grassland biome in EurBgperiments showed that biomass
production was more temperature-limited than whiteited in these communities.
Grasses were dominant at high resource levelsewbribs dominated the community
when water and nutrients decreased. The effech@kased biomass with decreased
water was related to shifts in dominance from grage forbs, probably enabled by
decreased nutrient availability under drought ctbons. Sebastia (2007) concluded that
the capability of high-altitude grasslands to pdeviquality forage in summer time
could be threatened in the northern Mediterraneagion under climate change
conditions. In another study in mesic grasslandgstems in the Pyrenees, Sebastia et
al. (2008) observed strong shifts in plant divgrsihd composition after a short period
of warming and drought, as a consequence of aaulteerability of some dominant
grasses and losses of rare species. The most dunspaciesFestuca nigrescens
(alpine chewing'’s fescue), reduced its abundargrafgiantly.

Studying wet grasslands in Bulgaria, Hajek et 2008) found that climate change
could cause deterioration of high-altitude wet gl@sds, which are rich in local
endemics, and observed the upward shift of CeBwabpean vegetation types.

Central Europe

In Slovenia, Kutnar and Kobler (2011) predict ttie share of vegetation types will
be altered under the impacts of climate changetlamghift of vegetation belts upwards
might be expected. By the year 2100, the shareesfiarbeech forestsagus sp. and
that of Dinaric fir Abies alb3-beech forests is likely to decrease. Furthermare,
significant increase of the share of thermophiltarests is expected and a significant
part of the coniferous forest witRPicea abies(Norway spruce) andAbies alba
predominating might be converted to deciduous teres

Svajda et al. (2011) reported the upward shiftefttee line in the western Tatras, in
Slovakia. The distribution of dwarf pin@Pinus mugd and the percentage of total
surface area covered by it systematically incredsed 1965 to 2002 on all monitored
sites.
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Russia

According to the IPCC reports (2001, 2007), EastaBia is a region with strong
climate changes in both temperature and precipitatiThe greatest temperature
anomalies are found in the Northern Hemisphere legtudes and the warming is
particularly strong in winter and spring (Serrezeale 2000; Groisman et al., 2006). In
West Siberia, the annual temperature has increhs€l in the southern Urals, winter
temperatures have risen 0.6-1.1 °C over the lag@®2@ears, and in central Siberia and
central Yakutia, winter temperatures have risen ZZ4 and 3-10 °C, respectively
(Tchebakova & Parfenova, 2006). Tchebakova et 2011) found a larger winter
warming in the north; conversely, summer warming \eaiger in the south by 2010. In
general, annual precipitation had increased by H¥e®ss all latitudes in central
Siberia, and only in the extreme south, in closgermountain hollows did precipitation
decrease by 10% or more. Growing season length blees increasing as well,
accompanied by increasing vegetation productiv@kiulgina et al., 2011). Arctic ice
and mountain glaciers have decreased, retreateyeordisappeared. Snow cover tends
to show complicated patterns, with increases inwsepth and a decrease in the
duration of the snow cover season in European Ruamsdl in northern West Siberia,
while there are decreases in snow depth and thatidarof snow cover season in
southern Siberia (Bulygina et al., 2009).

Significant temperature increases in Siberia inZhst century are expected to have
profound effects on vegetation directly (Tchebakeval.,2003; Soja et al2007) and
indirectly through increased permafrost thawing &miekst fires (Tchebakova et al.,
2009). According to Weber and Flannigan (1997)akered fire regime may be more
important than the direct effects of climate chamgdorcing or facilitating species
distribution changes through migration, substitutiand extinction. Thus, climate
change may have greater effects on temperate am@lborests than on other forest
ecosystems (Pastor & Post, 1988; Shugart & SmBBG), and both ecosystem shifts
and structural changes in vegetation compositioa predicted across Siberia
(Tchebakova & Parfenova, 2006, 2010; Tchebakow. eP009a, b; Soja et al., 2007).
The boreal forest of Eastern Eurasia is expectdtve increased cold season albebo in
its northern zone under a warming (where larch Wdd replaced by dark conifers),
and reduced cold season albedo in its southern @admere dark conifers are expected
to be replaced by deciduous trees in moist areby grasses in drier regions) (Zhang et
al., 2009).

Belotelov et al. (1996) simulated the consequenmke<limate change for the
vegetation of Russia. All their experiments demiaist similar tendencies in biome
boundary motion, but the results are quite differé&ecording to their results, biomes
are moving to the north and a new type of biomeufdand) will appear in the
European part of Russia, while grassland and agiéclrub will spread significantly. In
the simulations, the zone of forest grew and tlasgiand scrubland zone increased as
well. The zone of tundra is predicted to increaseng) the first 40-50 years due to the
fast expansion of the biome to the North, but thevill begin to decrease due to boreal
forest expansion. The rate of changes dependedhemate of vegetation migration
included in the experiments.

Zhang et al. (2009) report climate-change simutetesults for 23 sites in Russla.
Vladivostok, Fraxinus (ash) becomes the dominant species repla&imys (pine)
according to simulation®inusandAbies(fir) retain their biomass until the end of the
transient change in climate and then a sudtieback of coniferous trees takes place in
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years 1,150-1,160. After this transieesponse, there are no evergreen trees remaining
in the forests of Vladivostok. In Poronaysk, therbass ofPinusincreases and the
forests becom®inus/Piceaco-dominated. In Humdaraxinus gains dominance in the
forests and there is a pronounced decrease inecond taxa, notablfbies In Mohe,
Vitim, Olyekminsk and Tura, an increase in specielsness is expected in the forests,
due to warmer conditions and an increase in pratipn. As a consequence, the
dominant genusl,arix (larch) would have more competition and decreasmngly. It
would become absent in 100 years, and the forgs¢ twould transition from
broadleafiLarix forests to deciduous forests. It can be seen ftieahature of change is
site-specific and the change in composition dogsstrongly develop until 100 or 200
years after the climate change has been initigdadexception to this general pattern
can be observed iAbies which can have profound decreases in a relatigbiyrt
period of time with climate change.

In general, simulations indicate that the totalntéss of the forests will not
significantly increase and may even drop in thetaresarea of the Eastern Eurasian
region. Simulations do not represent tree line agm in highlands and in the northern
tundra zone under future climate change. Howebher farest composition is predicted
to change significantly. The southern boundary lné boreal forests may move
northward and several boreal conifer species sadtaex, Abiesand Picea (spruce)
may either become locally extinct or retreat tohleigelevations in the future. However,
migration of these trees into northern Eurasiaddd significantly delayed by lack of
tree seed sources in the far Nofmuswill become the major regional tree genus in
the southeastern sites of East Eurasia, replatiagctirrently dominanfbies/Picea
forests. The distribution dfarix is predicted to shrink and move from East to Wiest.
contrast, the biomass and distribution of decidumosid-leaved trees suchE@xinus
Quercus(oak) andTilia (lime) is expected to increase significantly angand to
northwest and southeadBetula (birch), which has tolerance to drought and high
adaptability to temperature, will expand its distition as well and dominate the forests
in the north-western region insteadlafrix. As a consequence, the East Eurasia region
may become mainly dominated by broad-leaved dedadsiforest, mixed forest and
some evergreen needle leaved forBsts-Abies/Picedorest). However, Zhang et al.
(2009) also add that most simulated forests willrélatively unaffected by a small
range of climate change and maintain the existargst structure before producing a
transient response.

Shuman et al. (2011) predict that warmer climatdl Wkely convert Siberia's
deciduous larch forests to evergreen conifer fereparticularlythe low-diversity
regions in central and southern Siberia can expegi@n abrupt vegetation shift.

The tundra-taiga boundary is probably the Earth&atgst vegetation transition,
where a rapid and dramatic invasion of the tunslexpected by the taiga (Callaghan et
al., 2002). Besides, this boundary is becomingeasingly affected by human activities
that degrade forest-tundra into tundra-like aré@mghe Polar Urals, Devi et al. (2008)
observed that the forest has been expanding upwatashe formerly tree-free tundra
during the last century by about 20-60 m in al&tuevhich disagrees the results of
Zhang et al (2009). This forest expansion coincid&tl significant summer warming
and a doubling of winter precipitation during th@tl2 century. The same is confirmed
by Kirdyanov et al. (2012), who found a strong aatcessful germination of larch
(Larix sp) at the current upper tree line, indicating an @ng densification of a
formerly open forest and an upslope shift of tleetiine position.
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Svirezhev (2000) calculated the shift of the traosizone between taiga and steppe
in central Siberia. In this region the annual terapge is expected to rise by 5 °C and
the precipitation will increase by 10%. The bordetween taiga and forest-steppe
zones will be shifted northwards by 1.018°~113 land the border between forest-
steppe and steppe zones will be shifted northwayds723°~80.25 km. As a result, the
width of the transition zone between taiga and tepwill increase by 33 km under
climate change.

Simulations by Tchebakova et al. (2009a) show 8iberian vegetation would be
altered before 2020, and vegetation zones woukkberely altered by 2080. According
to the moderate scenario, habitats for northerretatign classes (tundra, forest-tundra
and taiga) would decrease significantly, enablimytlsern habitats (forest-steppe,
steppe and semidesert) to expand. According tdéingh scenario, northern vegetation
types would decrease to an even greater extentiuarta and forest tundra would
remain as only remnants, with temperate southegetation prevailing on 50% of
Siberia. Biomes could shift northwards as far a®-8000 km and tree lines have
shifted northwards and upslope in both the plaimd mountains (Tchebakova et al.,
2011). Tchebakova et al. (2009a) assume that visweta capable of adjusting to the
predicted changes, however, the redistributiorocgdt zones will require long periods.
Migration of boreal tree species, as estimated fpaeoecological evidence, may have
an average rate of only 300-500year (King & Herstrom, 1997), although maximal
rates could approach 5 km per year (Kirilenko &ddabn, 1998). In the mountains,
tundra may be replaced by forest more rapidly. Ujyeer tree line is predicted to shift
upwards in elevation by about 400 m, and the lowee line is expected to shift
upwards by about 250 m (Tchebakova & Parfenova62@010; Tchebakova et al.,
2009a, b; Soja et al., 2007). However, tree moveémeslope may be tempered by
poorly developed and thin soils in high mountaicensequently, it may take a
millennium for the tundra zone to be completelylaepd by forest. Besides, forest and
tundra species extinction is also a possibilityh@akova et al., 2011). Since the future
climate is predicted to be drier, forest-steppe stegpe, rather than forests, would be
the dominant vegetation type over half of SibeBiasides, desertification is expected in
extreme southern Siberia as a result of decregsmgpitation while temperatures are
increasing dramatically (Tchebakova et al.,, 2008@11). New habitats (broadleaf
forest and forest-steppe) may also appear by 2080.

Currently, permafrost covers 80% of Siberia anthésprimary factor controlling the
distribution and composition of forests, particlyan interior Siberia (Tchebakova et
al., 2009a). Forest growth in high latitudes is ooy limited by temperature, radiation
and nutrient availability but also by the availégilof liquid soil water (Beer et al.,
2007). Thus, permafrost limits the northward anstward progression of dark conifers
(Picea obovata, Pinus sibiricandAbies sibiricg and light conifersl(arix sibirica and
Pinus sylvestris)However, due to climate change, an increaseditigaof the active
layer depth is expected, and the permafrost boyndagredicted to retreat to the north
and east. As a result, dark conifers will expararttlistributions northwards (Kharuk et
al., 2005) as forests have progressed into the tundragithe last 40 years as well
(Kharuk et al., 2004). However, since permafrodt wot thaw deep enough across
Siberia, the East Siberian landscape is expectebet@opulated with larchLérix
dahuricg. In the moist climates of West Siberia and witrmpafrost melting, spruce
(Picea obovatp and Pinus sylvestris(Scots pine) could outcompete larchaiix
sibirica) (Utkin, 2001; Polikarpov et al., 1998). In tharsition zone between dark-
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needled and light-needled tree species, birch anddnconifer-hardwoods would
dominate (Polikarpov et al., 1998). As a wholeraating permafrost should cause a
reduction in the area of forests and their replaa@nby steppe on well-drained, tilted
geomorphology (Lawrence & Slater, 2005) or by bawgs poorly drained, flat
geomorphology (Velichko & Nechaev, 1992).

Wildfire is a catalyst for maintaining stability érdiversity in boreal forests in
synchronization with the climate (Tchebakova et2009a)Fire danger is predicted to
increase as climate is warming (Stocks et1#198). Furthermore, a drier climate would
result in increased tree mortality in the south#miga, thus increasing fire fuel
accumulation. As a consequence, risks of larges fweuld significantly escalate in
southern Siberia and in central Yakutia, promotiiegv habitats for steppe and forest-
steppe rather than for forests (Rizzo & Wilken, 29%mith & Shugart, 1993;
Tchebakova et al., 2009a).

Nevertheless, more hot spots of forest expansiore wedeled at the expense of
tundra and less hot spots of steppe expansion medeled at the expense of forest by
Tchebakova et al. (2011). Potential albedo feedbaltle to land cover change and a
longer snow-free period may result in additionagioeal warming in the north,
promoting further forest advancement into the tan@nd the southern cooling could
promote the maintenance of the forest-steppe eedifichebakova & Parfenova, 2010).

Yu et al. (2011) investigated tundra plant comniasibn the Yamal Peninsula, in
northwest Siberia. They found that compared to alenchange, grazing had a more
substantial effect on plant communities. Accordiogimulations, grazing caused total
plant community biomass to decrease, most planttimmal types were negatively
affected, particularly lichen and deciduous shribswever, evergreen shrub biomass
increased as grazing intensity increased. Nevedbkelthis may not represent the
situation that can be seen in the field on the YidPeainsula (Walker et al2010), one
reason may be that the susceptibility of vegetatmneindeer trampling has not been
taken into account in the model. According to vam Wal (2006), increased grazing
may favour moss growth as well, possibly causirggttmdra plant community to shift
from lichen-dominated tundra to moss-dominated. id&ss when evergreen shrub
growth rate was reduced, the proportional abundaheo@oss and graminoids increased
with continual increase in grazing pressure, resglin the plant community transition
from shrub-dominated tundra toward moss- and graitidominated tundra (Zimov et
al., 1995; Forbes et al., 2009; Yu et al., 201imutations show that evergreen and
deciduous shrubs responded to both transient amidlbgiym warming scenarios with
continued positive responses. Graminoids and foelsponded to transient warming
with greater biomass increase than to equilibriuanmaing, which may be due to shifts
in controlling mechanisms from direct warming resg® to species competition for
nutrients (Epstein et al2000). Lichens responded to transient warming witly a
little biomass increase and had a biomass decihaseg equilibrium warming when
grazing was present. Shrub expansion and greeremgls in the Arctic, presumably
caused by warming, have been observed by sevéral atithors as well (Sturm et al.,
2001; Tape et al2006; Jia et al.2003; Goetz et al2005; Bhatt et al.2010), while
Forbes et al. (2010) found a significant increasshirub willow Galix sp) growth over
the last six decades. It was confirmed in othedistias well that moss and lichen
biomass declined in response to warming in Low idrsites, while deciduous shrubs
and graminoids increased (Chapin et al., 1995; y4&nMolau, 1997; Walker et al.,
2006). Yu et al. (2011) conclude that warming iatés with grazing and may
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contribute to complicated plant responses. In gdngrazing negated plant biomass
increases in response to warming. Deciduous shrabgonded to warming with
increased biomass, and the increases were protuader intensity grazing regimes.

Summary list of the main ideas and phenomena

direct causes of changes in vegetation: elevati@» concentration, increase
in temperature, changing precipitation patterns

indirect causes: changing biotic interactions, fegime, nutrient availability,
water availability, land use, grazing, nitrogen algpon, invasive species and
permafrost thawing

different types of changes: phenological, physimaly distributional

changes on different levels: species, communityenodystem level

how do distributional changes take place on thiedinht levels?

species / populations: colonization and extinction

communities: changes in structure and composition

biomes: shifts, motion of boundaries

migration is expected

will species be able to keep pace with climate ge&n

rate of migration depends on the rate of climatanges and on limiting
factors

limiting factors (abiotic and biotic constraint&®agmentation of the landscape,
land use, grazing, seed availability, resourcelaldity, dispersal capabilities
of individual species, available space, geograptbeariers, topography, soil
types, biotic interactions

in most models, only some of the limiting factors eonsidered

migration is mostly considered either as no migratr as unlimited migration
uncertainties

lags are likely between climate changes and biggponses, especially in
lowland areas— possible extinctions

individual species respond differently (from extioo to large increases in
ranges) and geographical variability in responses

literature: field studies, experiments, modellitgdses / simulations, reviews

Global changes:

vegetation models differ regarding types, globatudation models, emissions
scenarios, time slices, migration and land useahdr factors considered or
not, vegetation/biome classification, emergence méw communities
considered or not> uncertainties

some authors presume the collapse of the Northn#dtlathermohaline
circulation but most of them do neb cooling or warming of the northern
hemisphere is predicted

not clear whether increasing or decreasing net ggnproduction, large
drought-induced declines or large vegetation expassn early stages can be
expected

latitudinal and altitudinal shifts (polewards arpnards)

advance of tree line and forest diebacks
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the greatest change in boreal and temperate zones

temperate mixed forest, boreal conifer forest, tarahd alpine biomes show
the highest vulnerability

shift of taiga into the present areas of tundra

reduction of cold deciduous forest, tundra, subt@pforests and nival area
and increase of cool mixed forest, tropical thowodland and cool temperate
moist forest; increase of cool conifer forest aaidd is controversial

change in tropical forests is uncertain

all polar/nival, subpolar/alpine and cold ecosystéypes would have a
continuously decreasing trend, while all tropicalogystem types would
increase, except tropical rain forest

the Mediterranean biome is threatened by desetiifio

new, non-analogue biomes/communities, ecologic@rEmes may emerge

The Alps and Switzerland:

mountain regions tend to warm more rapidly they are particularly
vulnerable

upward shift of species, increase in species righren mountain tops and
increase of the floristic similarity of the summitglue to climate warming or a
natural dispersal process?

significant reduction of the alpine vegetation psitong reductions in the area
available for alpine species local extinctions (“summit traps”)

upward shift of the forest limit, tree line and dua line

montane forests dominated by deciduous trees noovard a higher elevation,
subalpine coniferous forests shift into the algned#t, colonisation of the nival
belt

montane beech-fir communities shift to beech comtias) beech-dominated
forests replaced by oak-hornbeam forests in théhaor Alps

invasion by naturalized exotic laurophyllous spedrethe southern Alps
increasing drought risk> collapse of forests in some areas

subalpine grasslands are relatively stable

Scandinavia:

upward movement of altitudinal range-margins ohpkpecies and bioclimatic
zones and rise of the tree limit

extension of the boreal forest northward and théigelevations

a shift in dominance from Scots pine to deciduousmadlleaved trees in some
regions

emergence of non-native tree species

alpine grasslands are replacing snow bed plant aonties

Dryasreplaced by graminoids and forbs meadow from the heath

Western Europe:

forest transformation from Norway spruce to Europkeaech
decreasing abundance of beech
grasslands replacing heathlands or heather digpacbracken
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unproductive, grazed grasslands are stable

Southern Europe:

Central

Russia:

water availability is the most important environrtarconstraint—> extremely
vulnerable to climate change

fire plays a significant role

overall decrease of forest cover

potential extinction among endemic species

decreasing abundance of mesophilous plant spectesnareasing abundance
of xero-thermophilous ones

dieback of some dominant tree species like Scaots, glecline oPinus nigra
reducing distribution area éfagus sylvatica

shift from pine dominated to broadleaf (oak) donlaforests

beech forests and heathlands replaced by holm oak

upward shift of species and decreasing alpine atiget

high-mountain grassland communities replaced bytspatches

subalpine grasslands are especially vulnerablefissin dominance from
grasses to forbs

invasion is likely

Europe:

shift of vegetation belts upwards

coniferous forests converted to deciduous forasuction of mesic beech
forests and Dinaric fir-beech forests, increastn@mmophilous forests

upward shift of the tree line

main drivers of vegetation changes: climate changeseased permafrost

thawing and forest fires

biomes are moving to the north

upward shift of the tree line

zone of tundra is predicted to increase first aadrekhse afterwards, invasion
of the tundra by the taiga

in tundra plant communities, grazing has a subistaetfect as well and may

cause shifts in dominance

shrub expansion and greening trends in the Arctic

total biomass of the forests will not significanthcrease and may even drop,
significant changes in forest composition

in Eastern Eurasia: larch replaced by dark conifersSouthern Siberia: dark

conifers replaced by deciduous trees in moist amgaby grasses in drier

regions

conifer species becoming locally extinct or retirgahorthwards and to higher

elevations

shrinking distribution of.arix

increasing distribution of deciduous broad-leavedd
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* in the transition zone between dark-needled ankit-hgedled tree species,
birch and mixed conifer-hardwoods

» forest-steppe and steppe, rather than forests,dameithe dominant vegetation
type over half of Siberia, desertification is exjgelcas well
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