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Future of Beech in Southeast Europe
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Abstract — The aim of this study is to provide quantitative information on the effect of climatic
change on the growth and vitality of European beech: although the species is considered in its
optimum highly plastic and adaptable, it becomes climate-sensitive closer to its xeric (lower)
distribution limits. The future of beech in Southeast Europe requires special attention because this
region harbours significant populations living at or near their xeric distribution boundary. Even though
the low elevation occurrences are uniquely vulnerable to climatic shifts, observations and modelling
studies pertaining to this region are particularly scarce.

Out of climatic factors determining the xeric distributional limits for beech, Ellenberg’s drought
index (EQ) appeared as the most influential. Growth response analyses in comparative tests have
confirmed the existence of macroclimatic adaptation of beech and have proven that warming and more
arid conditions lead to decline of growth and vitality, while no decline was obserZ€ciianged in
the opposite direction. The response to weather extremes was investigated in field plots. Recurrent
summer droughts of 3 to 4 consecutive years, above E@amlue 40-42 resulted in pest and disease
attacks and mass mortality.

The discussed approaches indicate consistently a high level of uncertainty regarding the future of
beech at the xeric limit in Southeast Europe. According to field observations and bioclimatic data in
Hungary, a large part of low-elevation beech forests presently in the z&t@ ioidex>20 might be
threatened by the warming in the second half of the century, while higher-elevation occurrences may
remain stable.

The interpretation of the results bears some stipulations, such as the consequence of ecological
and human interactions in influencing present distribution patterns, the unclear role of persistence,
natural selection and plasticity and uncertainties of climate projections. Grim projections may
probably be partly overwritten by the mentioned stipulations and by careful and prudent human
support.

genetic adaptation / climate change / drought tolerance / range retraction / xeric limits
1 INTRODUCTION
Adaptation strategy of forest trees is receiving growing attention in view of expected climatic

changes. Scarcity of reliable information on responses to macroclimatic changes is a central
problem and obstacle of planning for the future. In order to formulate realistic predictions, both
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the nature of adaptation to past and current oimahd the level of sensitivity to sudden
environmental changes have to be understood apeénbyanterpreted.

Conflicting approaches and unclear role of differfaictors determining adaptability keep
adaptation to macroclimate still unresolved, intespf its importance for practical forest
management, for response prediction and risk mamagle Species-level (genetic) adaptation
pattern is the basis for setting the rules of répctive material use, for concepts to conserve
genetic resources and for strategies to adapipeceed effects of environmental changes (Matyas
et al. 2009a).

The distribution of European beech extends acroskgically and climatically variable
regions. Compared to other wide-spread tree spe€i&sirope, it is still the one which was
left in a relatively natural condition as — althbug a distributional range reduced by man — it
was seldom regenerated artificially and its repotide material was not subject to large-scale
commercial relocations such as oaks or Scots fdihas, present populations of European
beech are still close to a "wild state". Therefoeech is a well suited model species to study
adaptation strategy of long-living, deciduous chmrspecies to climate and to changes of
climate. The species is considered climate-semrsdivd vulnerable to changes. Therefore its
response to predicted large-scale changes of dimat critical issue.

In this study an attempt is presented to tracentijiyaand project the impacts of
macroclimatic change on the distribution and viyabf beech, with results interpretable
for the practice, as such information is urgentbeded to develop adaptation strategies
for both forestry and conservation. Investigatiamse concentrated to the xeric limits in SE
Europe. This region, where the retreat of the gl imminent, has been largely neglected
by European studies (Jump et al. 2009, Matyas 20i@iner et al. 2010). The authors
consider the detailed, practice-oriented investigabf climate impacts at the xeric limits of
primary importance because especially the low élewabccurrences of beech in the region
are uniquely vulnerable to climatic shifts.

Although climatic selection acts on the local, romimatic level, macroclimate is
generally considered as an appropriate surrogagealdd follow this convention in this study
mainly for two reasons: available climatic scensudefine changes on macro-level only, and
on the other hand, in forestry, local data on miamd meso-climate are in most cases lacking
or unreliable.

1.1 Hypotheses of adaptation strategy and patternfdeech — ecotypes, random effects
vs. macroclimatic clines

Hypotheses in contemporary silviculture on the tatagn strategy of K-strategist or climax tree
species are originating from ecology. Considermgdirong and lasting effects of local selection,
a close (“ecotypic”) adaptation has been implicthsumed for K-strategist tree species’ such as
beech. This view has been further supported by raumefield experiments with perennials,
starting with Clausen et al. (1940). Studies orasgecific genetic variation patterns of beech also
explain spatial differentiation mostly as ecotypie.g. Wihlisch et al. 1995, Kleinschmidt —
Svolba 1995, Jazbec et al. 2007), i.e. as resultlase adaptation to local ecological
conditions. As a corollary, beech is generally admed to be a climate-sensitive species
throughout its entire European distribution area.

Recent developments of phylogeography and moleaydauetics provide arguments
pointing towards the role of random effects in dewacting close adaptation. First, the
postglacial return of beech from various refugiaQentral, and especially to Northern
Europe is relatively recent, and its migration spé® follow climatic shifts is low (Davis
1981). Its genetic structure seems to have beeradted by random separations and
mergers of lineages (Magri et al. 2006, Gomory 4l®2010). This renders a very close
adaptation to local conditions less probable. Loamgge gene flow and genetic interaction
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between distant populations, although less intémse in the case of widespread conifers, is
also acting against well differentiated ecotypes. €&xample, a recent study identified beech
pollen transport — depending on wind trajectoriess- distant as from NE France to
Catalonia (Belmonte et al. 2008). There are a nunudfeother biotic reasons why the
genetic system of tree species may robustly coaatestrict local adaptation (Matyas 2007).

Annual growth and development cycle of beech isegmed besides the photoperiod by the
amount of physiologically effective heat sum (Krari®94, Chuine et al. 2003) and of course
precipitation. As the latter two are unevenly distied across the range of the species, it may be
assumed that diverging direction and intensity lohatic selection leaves also traces in the
adaptive genetic variation pattern within the spciProofs of macroclimatic selection are
however surprisingly seldom found in beech. Foramse, the range-wide analysis of metabolic
allozyme gene loci has established correlationsllefic frequencies with climate-dependent
factors such as altitude and continentality (Compllatyas et al. 1998). Traces of genetic
similarity among geographically distant populatiagr®wing on climatically similar sites
point in the same direction (A. Borovics pers. cammhe patterns of phenological behaviour
observed in early phase of beech provenance atsdssuggest a clear effect of macroclimate on
genetic differentiation within the species. Forrapée, bud break of beech shows a clinal East-
West pattern: Atlantic coast provenaricaee late, while Alpine and SE-European continental
ones are early flushing (Wihlisch et al. 1995, Eiibt al. 2009, Gomoéry 2009).

Considering the pace of expected changes as codnjoattee generation length of beech, it is
obvious that adaptation to rapid changes and t@rmet events can function only if a strong
component of plasticity (and, possibly, not yetniifeed epigenetic effects) is augmenting the
inefficiency of selection and gene flow to adjushetically set responses (Matyas et al. 2010a,
Finkeldey — Hattemer 2010). Surprisingly this aspsclargely missing from the agenda of
ecological and genetic research in beech, buggserally in forest tree species.

1.2 The threat to xeric limits in SE Europe

Xeric (or rear, trailing) limits at the low latitedand low altitude end of distribution ranges
are determined by climatic aridity (Matyas et @02b). Xeric limits of beech are apparent
along lower elevations of Mediterranean mountainges, however on the temperate-
continental plains and hills of SE Europe they arere difficult to follow due to more
complex ecology and human disturbance. These liangéshandled by contemporary statistic
and process-oriented models with considerable taiogy (Kramer et al. 2010).

At the xeric limit ecosystems are dependent on lat® minimum of rainfall and are
therefore sensitive to prolonged droughts. What esathis zone especially vulnerable to
climatic shifts is the magnitude of tHatitudinal lapse ratein flat terrain. It is generally
known that the altitudinal lapse rate (gradient) temperature (i.e. the rate of change with
increasing elevation) amounts to 5 °C/1000 m. At the same time, the latitudinglsia
rate is less recognized: in the temperate zonméan value is around 6.9 °C/1000 kna
difference of three magnitudes (Jump et al. 2009 degree of temperature increase causes
a shift upwards along a mountain slope of approtelyal 70 m: the same change on a plain
triggers a shift of close to 150 km northward. Asequence is that obviously even minor
changes of temperaturafect disproportionately larger tracts on plainas compared to
mountainous regions. Presuming a spontaneous migrapeed for beech of approx.
20 km/century (Davis 1981, Matyas 2007) an incredgemperature of just 1°C would imply
for beech a horizontal migration time of 750 ydarfollow the change. This fact explains the
much larger vulnerability of low elevation occurces in Southeast Europe.

! The term "provenance" is used in the paper synongipdaor "transferred population of known origin”.
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According to calculations of the IPCC (Christengtral. 2007), predicted temperature
changes of the critical summer climate at the einthe century are much milder in North
Europe between latitude 50° and 70° N, as comgar8duth Europe between 50° and 30° N.
Table 1shows that changes are more extreme in summerthose of annual averages.
Drought projections for Southern Europe are alsmss, while none are predicted for North
Europe.

Table 1. Predicted annual and summer climate charfge the period 2080-2099 vs. the
reference period of 1980-1999, according to the At8nario (data from the IPCC,
Christensen et al. 2007)

Change of
mean annual mean summer mean annual mean summer percentage of
temperature temperature precipitation precipitation dry summers

dT (°C) dT (°C) dP (%) dP (%) (%)
South Europe, 3 5 +4.1 -12 - 24 42
Mediterranean
North Europe +3.2 +2.7 +9 +2 0

The expected drought frequency was separately nealdey us for the Carpathian Basin
due to the importance of this climate factor (Gabsl. 2007). The results of the projection,
using the regional climate model REMO developed tbg Max Planck Institute for
Meteorology (Hamburg) indicate a very similar oute in the second half of the 21
century every second year could bring major sumdneught eventgTable 2).Projected
summer precipitation change is of special signifteaat the xeric limits which may affect
profoundly the available climatic niche of domindotest species, such as beech. This
justifies the separate treatment of the Southeasigean region.

Table 2. Frequency of recent and projected droughénts for Hungary, according to
scenario AlB, calculated with MPI's REMO regiondin@ate model. Reference
period: 1961-1990 (Gélos et al. 2007)

Drought summers

Period number of years mean of precipitation mean of temperature
(out of 50 years) anomalies (%) anomalies {C)
1951-2000 15 -28.0 +0.9
2001-2050 17 -19.8 +1.5
2051-2100 26 -37.6 +4.2

1.3 Climatic factors of the xeric distributional limits for beech in SE Europe

The actual climatic envelope (niche) of beech hasnbrepeatedly modelled (e.g. Kélling
2007, Fang — Lechowitz 2006, Bolte et al. 2007,nk@a et al. 2010). However, the studies
focus on continental-scale effects of climate cleanging low resolution climatic and species
distribution data.

To identify the limiting macroclimatic factors ate xeric distributional limits of beech
forests a regional modelling analysis was carrietlio Hungary (Czucz et al. 2010). Only
data of occurrences were analysed which fulfilleé triteria of zonality (i.e. primarily
determined by macroclimate). The stands have bemipgd by the inventory grid system of
the Forest Service (~1.5%1.9 km cells). The respmasiable was the percentage of presence
of beech in the respective cell.
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The probability of presence of beech was modeliethb variables seasonal and monthly
temperature and precipitation means, interpolabedte grid cells. In addition Ellenberg’s

climate quotientEEQ, Ellenberg, 1988) was also applied, defined asrikan temperature of
the warmest month (Julyfy;) divided by annual precipitatiory):

EQ =1000(To7/ P2

Ellenberg’s climate quotient is a simple index e@gsing the joint effect of temperature and
precipitation, and it has been generally used pyesss humidity conditions in Central Europe.
As the main modelling tool we used conditional refece-based regression trees
(Hothorn et al. 2006). This technique identifieseaery branching only the most influential
variable. We fitted several regression tree motielsubsets of the data in a bootstrap-like
framework, using different calibration and evaloatidata sets each time (for details see
Czucz et al. 2010). Examples of regression treeetsaate presented Figure 1.
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Figure 1. Examples of regression tree models fendtric limits of zonal beech forests,

determined by (a) basic climatic predictors onlggab) with EQ included. In the terminal

nodes bar diagrams visualize the probability ofgamece. (n: number of cells in the node).
See text for variable names (Czucz et al. 2010)
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Out of the basic set of climatic variables latargp(May) temperaturel(s) appeared as
the most influential predictor. In addition, annpaécipitation P,) also played a significant
role in determining the presence of beech neaeite limit (Figure 1a).Grid cells with high
late spring temperatures I > 13.5-14 °C) contained relatively few beech ssand
Alternatively, cells with the highest probabilityf gresence had relatively cool May
temperaturesljs <14 °C), and received a higher amount of rair(fall40 mm) per year.
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Figure 2. The climate envelope of beech in Eurapegulong term (1950-2000) climatic
average of annual precipitation and mean July terajpee. Climate data were extracted
from the WoldClim high resolution interpolated dita database. (Compiled for

EUFORGEN beech distribution data by E. Rasztovits)

If Ellenberg’s climate quotientEQ) was included among the predictor variables, it
almost always appeared as the most distinguishiedigior. In the example dfigure 1b its
maximum (limiting) value was 28.9. Apart frorBEQ, May temperature and annual
temperature appeared again in other runs of bapistd decision tree models (Czucz et al.
2010). The obtained results for limiting climatenddions for beech at low latitude/low
altitude were compared with other, published diiedble 3).

Table 3. Comparison of results of the present aialwith literature data on xeric limits of
beech occurrence (Czucz et al. 2010)

Temperature limit Precipitation limit EQ index limit

Source °C) (mm) (°C/mm)
Fang and Lechowicz 2006 ann. mean < 13.5ann. mean > 900 29.0
July mean < 23.0

Kdlling 2007, cool-dry limit ann. mean < 9.5 anrean > 500 -
Kolling 2007, warm-humid limit ~ ann. mean < 13.5 anrean > 850 -
Goetz in: Bolte et al. 2007 - ann. mean > 500 -
Hoffman in: Bolte et al. 2007 July mean <19.0 - -
Czulcz et al. 2010, "xeric limit" ann. mean < 9.3 n.amean > 680 28.9

* warmest month: 23.6C
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The climate envelope of beedrigure 2) indicates practically no presence below
500 mm annual precipitation and the bulk of ocawes stay below 20°C July mean. Most of
the marginal points around the “main cloud” mayppesumed to be non-zonal occurrences
utilising surplus humidity (e.g. seeping water ¢opss etc.). Data ofable 3show that the
precipitation conditions at the continental xefmit in Hungary are much drier than at the
warm-humid limit in SW Europe, where the higher @@mnhmean temperature requires
significantly more rainfall. The study of Fang drethowicz (2006) analysed a large number
of climate factors and indices, among them Ellegiseindex. Their “xeric limit” values refer
to the hottest sites beech might tolerate. Deshiee limited scope of their dataset, the
closeness of the estimate@ limit of 29.0 to ours is surprising.

It is obvious that when modelling the probability presence of beech, neither
temperature nor precipitation can be considerea sisgle factor. This is illustrated also on
the example of the two climate factors determinB@ (Figure 2). EQ index seems to
characterise the climate conditions for beech i tégion reliably and will be used for
analysing responses to changing conditions inahewings.

2 GROWTH RESPONSE TO CHANGING CLIMATIC CONDITIONS ( TRANSFER
ANALYSIS)

The response of populations to changed climaticr@mwient is analysed on the basis of the
genetic tolerance limit hypothesis. According te thypothesis, the fitness of a population
adapted to a certain environment declines rapidlly worsening conditions. Natural selection
intensifies simultaneously and adjusts the gemetikeup to the changed environment, depending
on available genetic variability. At the genetitetance limit climatic selection ends up in mass
mortality, where the genetic and ecological poltds of adaptation are exhausted (Matyas
2010a,Figure 3. Due to competitive or trophic interactions i thcosystem, fitness is usually
sooner lost than the genetically set critical tohee, through pest and disease attacks or
competition by other tree species. In ecology, thiexpressed as the difference between
“physiological” (in reality: genetic) and ecologid¢alerance.

— — | fitness mass
selection mortality
w o :
genetic
tolerance
N limits
\
ecological
interaction
Worsenina climate>>>>
| ‘ v
_ — P ——
Natural distribution Ve

Figure 3. Ecological-genetic hypothesis of fitnless along a climatic cline:
tolerance decline and mortality triggered by wanisegy of climatic conditions. The genotypic
variance of limits of tolerance @Y represents the basis of natural selection. Trehdd line

marks the ecological limitations of the speciest{Ma et al. 2010a)
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Quantitative, adaptive genetic differentiation aggmovenances (in growth, phenology,
and health) measured in common garden tests matilized to model the result of climatic
selection and to forecast the effects of climatiarge, as the response of populations at the
test site can be interpreted as a simulation ofrenmental changes. Climate change as
experienced by tested populations in the commodegais expressed asodistancd"space
for time substitution” Matyas et al. 2009a, 2010a).

For beech, growth response projections have nat baledated thus far by field tests. The
all-European beech provenance trials initiated whMand collaborators (Muhs — Wihlisch
1993,Wiihlisch 2007) are likewise suitable for modellgy@wth response to climatic changes
through transfer analysis. For this purpose, erpemis of the 1998 test series have been
selected in SE Europe (Matyas et al. 2009a).  shidy results of two sites are introduced.
For ecodistance calculation, Ellenberg’s climatetmnt EQ) was applied. 1D year heights,
measured in winter 2005/2006, have been used &atalysis.

The mid-elevation site in Straza, Slovenia provid@satically optimal conditions, while
the Hungarian one (Bucsuta) is continental andivelly close to the xeric (trailing) limits of
the distribution of beech, as shown by the Elleghedices(Table 4).

Table 4. Geographic, climatic data of two beechvertance trials (from Matyas et al. 2009a)

Altitude July mean Annual mean Ellenberg
Reg. Country Location a.s.l. temperature precipitation index
Nr. (m) (°C) (mm) (EQ
2012 Slovenia Straza 545 19.3 1260 15.3
2015 Hungary Bucsuta 200 19.7 147 26.3

In Figure 4, data of 10 populations are shown which are repres in both testShe
ecodistance between tl) at origin andEQ at the test site4EQ) expresses the change
of climate, where positive values indicate trandi@rwarmer/drier, and negative ones
transfer to cooler/more humid conditions.

At the warm-continental site in Hungariz@ = 26.3), all the 10 provenances have
been transferred into an environment with increasmsuhtinentality, higher mean
temperatures and higher drought stress. On the b#rel, in the Slovenian te€@ = 15.3)
the majority of the selected populations has beeaudht into an environment
cooler/wetter (i.e. less stressful) than their imrdd) climate.

Response regressions were calculated between meightsh of provenances and
ecodistances expressedEq values. The polynomial@~igure 4) express that response of
provenances depends on the difference of climatditions at the origin and the test sites,
i.e. ecological distance is a valid concept for laxpng responses and substantiate the
existence of macroclimatic adaptation. At the waite in Bucsuta, Hungary, the calculated
polynomial shows a clear decline of height growglginning fromdEQ value 4. Such a clear
effect of changed climate is not visible at thelcboamid site in Slovenia. In this case most
provenances were brought into a cooler, wetterrenment than they were adapted A&Q
reached nearly the same values as in Hungary, reawewopposite direction); therefore no
growth depression was detectable with growing estadce. This illustrates that negative
response to changing environment is triggered drilye shift happens toward warmer/drier
climate. The presented results for beech are stggptwy data of other species such as pine,
larch and spruce species (for review, see Matyas €010a) where very similar trends have
been found.
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Figure 4. Regression of 1o-year height (H’) of d6ritical provenances with ecodistance,

at two sites with strongly differing EQ values. Baguence of provenances is the same.

Compare the two provenances marked waitfor interaction: Tarnawa (POL, left) and

Plateaux (FRA, right). Both mountain populationsf@en much better at higher elevation
in Slovenia than in Hungary (Matyas et al. 2009a)

The individual response of a population to changingironmental conditions along an
ecological gradient is described by the tgshenotypic plasticityln general, plasticity has
been found much more significant than expected feofglosely adapted” species. This is
illustrated by the data of the Slovenian test @figure 4). Even relatively distant transfers
(with high EQ values) do not show growth depression. Similaga$f could be observed in
other trials across Europe. However, close to #ecximit, in Hungary, the buffering of
plasticity does not function, as described befbistinct interactions could be identified only
in individual caseg¢Figure 4).

The growth response (or transfer) analysis of tBeE®ropean beech trials yielded the
following main conclusions:
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* a climate-dependent component of adaptive genesponse could be identified
across populations of different origin, i.e. adéiptato (and consequently, selection
effect of) macroclimate exists in beech in spitecofinteracting evolutionary and
ecological effects;

» the change of climatic conditions toward warmingl anore arid conditions lead to
decreasing height growth and vitality, while vitalis not affected if changes happen
in the opposite direction.

» phenotypic plasticity of all populations is conswlgle, but near the xeric limit its
effect ceases.

2.1 Response to weather extremes

Effects of climatic change are described as shiftsvegetation zones, realised through
“migration” of species. In case of forest treesjgration” means loss of competitive potential
and subsequent decline of vitality followed by pmstl disease attack. However, the response
of forests to drought contrary to grass or crop vegetatiors not immediate. Forest stands,
even drought-sensitive beech, survive single exdéreuommers and recover merely with yield
loss. This is the result of deep rooting of tregtdjzing deeper soil water resources. The
situation is different if drought years happen @amsively.

In the literature “mortality syndrome” (Worrall etl. 2008) cases hawmostly been
treated as isolated, transient problems relatexkti@me events, rather than as a consequence
of a long-term climate shift. This is because thadgal, relatively slow change olimatic
means does not express the current effect of eggenthe xeric limits. Spontaneous climatic
selection is driven by recurrent drought evemtsl the symptoms of change appear usually
quite abruptly Climatic means in models should be regarded thereather as surrogates for
extreme eventsThe long-term, gradual shift of climatic factorashmerely gredisposing
role. Besides climate, the site conditions, age sinatture of stand play also a predisposing
role. Inciting factors aremainly connected to climatic anomalies especiatlyhe xeric limits.
Pests or diseases attacking populations of weaketady are then thelirect or proximate
causef mortality.

Health and vitality loss due to climatic extremes: case study of beech in SW Hungary

The gradually growing moisture deficit in Hungargshled to health problems in Hungarian
beech forests since the 1990s, first of all in Swthwest of the country where climatic
changes were the strongest, and where the staads# &w elevation and close to the xeric
limits. The weakened trees became more sensitiveetondary pests and pathogens and
showed symptoms of health deterioration (early #&sicission, sparser crowns, etc.).

The extent of climate damages of the drought y2886-2004 has been investigated in
two West Hungarian state forest companies. In 460@atjed forest compartments (total area:
3900 ha) 87.7 thousand cu.m. of damaged timberhaagested. The damaged stands were
mostly above 60 years (T. Szép, unpubl. data).

The area most damaged was the Zalaegerszeg fosesttdZala county), where mass
mortality was triggered in mature beech standsr attgeneration cuts, when the canopy
closure was opened up. This led to the outbreathefotherwise harmless beech buprestid
(Agrilus viridis). Damage oBiscogniauxia nummularidisease and of the beech bark beetle
(Taphrorychus bicolorpccurred together with the buprestid damage. Asrs@guence close
to 70,000 cu.m. of sanitary felling had to be exedun 2005 in that forestry district alone
(Figure 5, Lakatos — MolnaR009). The type of damage supports the observatidorest
protection experts that disturbance of the closetwpy increases the risk of climate damage.
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Figure 5. Symptoms of beech decline in 2004 in Zalmty,
following the damage of Taphrorychus bicolor on tiumk (Molnar — Lakatos 2009)
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Figure 6. Percentage of compartments in West Huagdorest companies
damaged by drought events 2000-2004 (vertical axi®lation to their climatic position
(climate worsens toward lower tolerance index vajuerizontal axis). Compare with

hypothetic graph in Figure 3. Explanation in thettéT. Szép, unpublished data)

A close correlation was found between the climdésses and the percentage of stands
damaged to various degre€BSigure 6). Berki's tolerance index was used for climate
classification which considers in addition to summteenperature and precipitation also spring
rainfall (Berki et al. 2009).

Extrapolating the correlation onto the nationakg&irarea, 23% of the 104 thousand ha of
beech forests may be assumed as threatened witli@nou.m. of total standing volume.
For 2065, a tripling of these figures was extrapaa(76%, 29 million cu.m.). To avoid
further increase of damages, a faster rotation €iowg of rotation age) is proposed by
silviculturists (T. Szép, unpubl. data).
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Analysis of drought events

For the closer definition of extreme weather eBdeiading to the “mortality syndrome” in
beech, threatened stands have been selected @rediffparts of the country. Criteria of
selection were: at least medium-age, zonal sitengily climate dependent site, at least
medium deep soil with no defects, no hydrologicdluence) and position as close to the
xeric limit as possible. Weather conditions and taddy events in the stand in the recent past
were reconstructed.

For the analysis on annual badtQ had to be modified to be suitable to characterise
individual years’ weather. Mean temperature of3rimmer months was used for the annual
EQ index instead of just July’s, to avoid random efffeof individual months (in case of
30-year climate averages, this is not a problemyedtigation of mortality frequency has
shown that single drought events did not threabenstability of populations. The recurrent
drought period lasting up to five years in someasydias however resulted in very serious
mortality in the investigated beech stands, in cae the population went extir(€tigure 7)

As an example, effects of consecutive drought evarg shown for a South Hungarian beech
forest at the xeric limits of distribution. The sthhas been selected at the edge of the xeric
limit which is indicated by the frequency of drowghyears. Years with EQ indices
significantly above 30 have been considered asgitoavents. Mass mortality started in
2003, in the fourth year of consecutive droughtradn extremely dry summgfigure 8).

Observations at other locations have confirmed ithatase of beech, recurrent drought
events of 3 to 4 consecutive years (depending werisg) lead in general to irreversible mass
mortality and local extinction (Berki et al. 200%) was also found that not only the number
of consecutive years, but the severity of drougdrigal has an influence on the decline. Data
of selected observation plots near the xeric li(Rigure 7) confirm a direct, causal link
between health and drought. Mean summer drouglerisgaboveEQ value 4042 seem to
trigger a mass mortality syndrome.
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Figure 7. Average EQ value of the drought years®@004 (vertical axis) and the
health condition of selected mature beech ploteakeric limit, at the end of the period
(percentage of healthy individuals, horizontal aisipublished data of Berki and Moricz)
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Figure 8. Drought frequency and the initiation aisa mortality of beech at the location Fiad

(South Transdanubia). Years with EQ indices (varaxis) significantly above 30 have been

drought events. Mass mortality started in Fiad 003, in the fourth year of consecutive
drought (arrow) (after Berki et al. 2009)

3 PROJECTIONS INTO THE FUTURE

How exactly xeric limits of beech will shift in thieiture is poorly explained by currently
available models. Predictions about the role oéc@n and adaptation are ambiguous, as
judgements of genetic adaptive potential rely fosall on model results with neutral traits,
and neither statistical nor process oriented modelsdle conditions at the xeric limits
properly (Kramer et al. 2010). Although the podgibiof selection sweep as a consequence
of adaptation is acknowledged but no studies etighe trailing limits of distribution, where
extreme selection for fithess comes into effece Tdliability of existing models is first of all
hampered by not considering the main limiting faebthe xeric limit, i.e. the occurrence of
droughts. In addition, human effects (forestrydlaise) have to be considered not only for the
past, but also for the future. It is also importanteiterate that present projections and models
practically ignore the region, and this is suppibtiy a detailed European study by Lindner et
al. (2010). In the followings, projections for SkrBpe are discussed according to the three
approaches presented before.

3.1 Bioclimatic models

For predicting future distribution of beech on thasis of bioclimatic models, climatic
projections of the Intergovernmental Panel on Clen@hange (IPCC, Christensen et al.
2007) were applie@able 5).
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Table 5. Expected changes of climatic condition®20§0 and estimated climatic space of
zonal beechAbeech) forest stands in Hungary. Projected changesummer half
year temperatureATs °C) and precipitation4Ps, percents) are shown for six IPCC
ARA4 climatic scenarios (extracted from Czlcz e2@1.0)

HADCM3 A2 HADCM3 A1B HADCM3 B1 CNCM3 A2 CSMK3 A2 GFCM21 A2

ATs +2.9 +3.3 +2.6 +2.4 +1.8 +2.1
APs (%) -13.4 ~10.9 ~12.4 9.6 +0.4 ~11.4
Abeech (%) 97-99 94-99 97-99 97-99 56—96 92-99

Table 5Sreveals surprisingly high levels of range reductielatively independently from
applied scenario projections. The projected paknistributions indicate a drastic reduction
in macroclimatically suitable sites for beech, &s3% of present-day zonal beech forests
might be outside their optimal bioclimatic niche B®50. However, the projections of
analysis only pertain to zonal beech forests ichpda position and other uncertainties of the
projections are also high (Czucz et al. 2010).

3.2 Responses predicted from transfer analysis

Predictions in the literature based on the hypashet close local adaptation envisage a
general decline across the whole range of the epdtilecoupling”: Jump, Penuelas 2005).
As it was shown irrigure 4 plasticity of populations is significant, andrgay be anticipated
that except for regions in the vicinity of xerimits, productivity of beech will not decline (in
sufficiently humid areas, even increase) ua@ values do not reach the critical maximum.

With worsening climatic conditions, vitality decinmeaches 20% of height loss according
to Figure 43 around +131EQ in the Bucsuta test site. Based on field experi¢hissamount
of decline may be judged as a limit for competitaigrvival and a vitality decline where
attack of pests and diseases may lead to masslityorta

For the sake of a simple exploratory calculatidruke assume that climatic changes will
result in relatively homogeneous shifts in EQ valutroughout the SE European
distributional range of beech. Using the projecstatistics of IPCC for Southern Europe
(partly presented iffable 1, the climatic shift until 2080 was calculated+glsl AEQ. This
suggests that — using the distribution limit vabfe29 EQ — at locations with presefQ
values below 29 — 1% 18~20EQ, beech may survive, even if under stress. The lgrge of
the distributional range, especially Atlantic NW rgpe as well as the higher elevation
occurrences of the continental mountains (e.gCiwgathians or the Balkan Range), fall into
this group.

On the contrary, at the low-elevation xeric limi® would rise in 2080 from 29 to 40
EQ. Theoretically, part of these populations couldviue as well, assuming that mass
mortality starts only if the difference from thegnally adapted climate surpasses +EQ
as stated above — if no extreme events and subsepasts, epidemics occur in this time
period. This assumption seems rather unrealidtidias to be emphasized that all modelled
responses were measured within the present distnibrtange of beech; there is no test site
outside the xeric limits (which is a deplorable, but urstandable drawback of the
provenance test series). It is therefore impossbfermulate a more realistic estimate based
on transfer analysis for the locations close tdithés.

3.3 Responses validated by field observations

The future frequency of drought events has beelysed for the territory of Hungary. The
projected frequency of drought summers (preciitatecline exceeding 15% of the seasonal
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mean) were calculated with MPI's REMO regional @bie model(Figure 9). It is highly
remarkable that from 2050 onward, the model prejatteast one occasion per decade when
3 or more consecutive years with drought summelthappen, while only three such periods
are projected for the first half of the centurythslugh droughts hit usually regionally, the
predicted drought frequency may have an impacthenntost part of the investigated beech
area at least once during the century. The clase hietween extreme events and pest
outbreaks exacerbate the expected dam@gsres 6-8).Drought will have its effect also on
natural regeneration of stands as well (Czajkowslkl. 2005). These results support the grim
outcome of the bioclimatic forecast for the sechatl of the century.

L ¢ 404 o0 4 4 04 & +¢ & bbde e ¢ 004 & bk d & 444 4o

T
2000 2005 2010 2015 2020 1025 2030 2035 1040 2045 2050 2055 2060 2065 2070 2075 2080 2085 2000 2095 2100

Figure 9. Frequency of consecutive drought evemtsitingary, according to scenario A1B,
based on results of the REMO model. Symbols dggées of droughty summers
(Gélos et al. 2007)

Concluding, the outcome of the projections indisatéigh level of uncertainty regarding
the future of beech in Southeast Europe. Accordinthe bioclimate approach 56-99% of
present-day zonal beech forests might be outsielie tptimal climatic niche by 2050. The
extrapolations of field observations on “droughdtp! at the xeric limit also point toward a
nearly complete loss of all beech stands in coafdbe century. Both analyses were carried
out predominantly in mature, grown-up stands. Hwe transfer analysis performed on
common garden populations only juvenile, 10 yedrsalplings were available. This approach
confirmed the stability of mountain populationsS# Europe but provided no clues for the
low-elevation zone close to the xeric limit. Altlghu plasticity may support adaptation
potential to a certain limithe part of the SE European continental range @chevhere EQ
values are currently above 20, has to be considased potential mass mortality zoaad
respective precautionary measures should be taken.

4 CAVEATS OF INTERPRETATION OF THE RESULTS

Numerous studies (Gessler et al. 2007, Hlasny ¢anu2009, Kremer et al. 2010, Lindner et
al. 2010) and also IPCC’s 2007 report forecastdire in growth and production of forest
stands for East Europe. This projection is not mesdse yet as a general trend (e.g. Somogyi
2008) although significant warming of the climataswvalready taking place. It should be
noted that one reason for the missing evidencefadually worsening vitality of beech in
Southeast Europe has to be sought probably inripeoper contents of datasets. Analyses are
usually based on large-scale forest inventory dataide-mesh monitoring points which are
not precise enough to trace complex effects of simgotrends of environmental effects
acting simultaneously across climatic gradients: &mample,an international monitoring
program (ICP Forestshas gathered in Europe an immense body of inféomabout the
decline of tree health, including beech. The datzetbeen of limited use for modelling trends
because of low representation of threatened repithrese are too few sample points and
insufficient ecological and genetic background ddtatyas 2010).

2 International Co-operative Programme on AssessamhMonitoring of Air Pollution Effects on Forests
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A general bias of both statistical and processdbasedelling is caused by assuming
actual limits of beech being in equilibrium withetlecological niche. This may imply an
instant breakdown if climate conditions change ¢algling™) which is obviously not the
case. For example, the xeric limit described=y29 follows fairly exactly the distribution of
beech at the beginning of the last century in Handgé limits would have been in ecological
equilibrium, the present area of beech should Isawvenk to its half during the Zentury,
following the observed climate shift, a mean terapee increase of approx. 0.6¢(Eigure 10).
This extent of area contraction did not happeimoaigh the mass mortality events in the SW
part of the range were located in this zone.

Figure 10. Shrinking of the climatic xeric limitleéech (EQ = 29) in Hungary between the
beginning of the 20century (1900-1930, green) and for the period 12084 (red).
(design: E. Rasztovits)

Projection of limits of genetically and ecologigaet climatic tolerance has numerous
additional constraints. For better interpretatidrihe results of this study the following four
are highlighted: the consequence of ecological ancthan interactions in determining
distribution patterns, the role of persistencesfitgly and natural selection, and uncertainties
of climate projections, especially of precipitaticonditions.

Genetically set (potential) tolerance limits @erx definitionenwider than realized actual
ones. It is a well known ecological rule that attiatributions of species are regulated by
complex, often hidden interactions between hosmp=titors and consumers which may
modify tolerance limits. The change of climatic @omment affects also consuming and
pathogenic organisms; the selection pressure byurnars may be rearranged. Forecasts are
unreliable in this respect, because previously onkn pests and diseases may appear or
harmless ones may change their virulence any time.

Modelling of adaptive response fails to regard owlly biotic interactions and migration
limitations (Jeschke — Strayer 2008, Jump et @920®ut especially human interference such
as planned forest management. Planned forestrygrieanthe structure, species composition
and demography conditions of forests are determiogdcurrent management concepts,
strategies and laws. Spontaneous processes anessggh or tolerated only as far as they fit
into the accepted strategies (Matyas et al. 201U0hgrefore the predictive power of
bioclimatic models has its limitations; nevertheléss still the common projection method.
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Accordingly, models based on bioclimate data docooisider the intrinsic persistence of
tree species, which is mostly linked to longevityhe actual absence of seeding and
reproduction may also mislead locally, as repradacimay happen anytime during the
century-long lifetime of a tree, if suitable weatltenditions favour it. In addition the extent
of plasticity forest trees can rely on is still ufiisciently known (see in detail in: Matyas et al
2010a).

At the same time the results of the common garemsts tsupport the opinion that
predicted climatic changes may lead to productimmaase in the central-northern part of the
range and at higher elevations due to the plagtifithe species (Matyas et al. 2010a). It is
strongly cautioned however from overestimatinglassticity potential in regions close to the
lower (xeric) limit of the range.

Present ecological models of phenotypic behavicaually treat temperate tree species,
including beech as monolithic, genetically unifoemtities (e.g. Kramer 1994, Chuine et al.
2003, Czucz et al. 2010) and necessarily disregaitthin-species adaptive genetic
differentiation. It is a general problem of bioditit models that consequences of genetic
selection and adaptation is still not properly hamidJeschke — Strayer 2008, Matyas 2010,
Lindner et al. 2010). The expectation that popafeti under extreme climatic stress may
acclimate and genetically adapt infinitely is deoen as resources for adaptation and
plasticity cannot be extended beyond the limitatieat by the genetic system of spe¢see
Figure 3 and 6)and this is valid for beech as well.

Bioclimatic models usually do not count with thdeets of extreme weather events,
which have shaped also the past distribution ran§is®, the limited precision of predicted
precipitation changes are not stressed enough.ilaE special significance in particular at
low elevation plains and hills which are extremsbnsitive to relatively minor humidity
variations. For example, Hungary lies very clos¢h® climatic division line separating areas
of increasing (N. Europe) and decreasing (S. Eyrppeipitation both in summer and winter
(Christensen et al. 2007). Close to the xeric Bmielatively slight deviations in the climate
pattern may seriously affect summer precipitatiepehdent beech. This is illustrated by the
projections calculated from the different climasicenariogTable 5). The CSMKS3 scenario
predicts no decrease in summer rainfall, whichcagféhe projection significantly. The effect
of relatively minor changes visualises the uncetyadf projections generated by potential
reversion of precipitation trends (Czucz et al. @0lFurther details on uncertainties of
projections may be found in Méatyas (2009), Czucal e2010), and Matyas et al. (2010a).

5 FINAL CONCLUSIONS

Summing it up, projections into the far future may biased by a number of uncertainties,
first of all by the uncertainty of climate projemtis themselves. This part lies however beyond
the expertise of a forester. Taking the ensembléeafuctions of current, fairly deviating
projections for granted, the comparison of veryedént approaches confirm the probability
of serious climate impacts on distribution, healtid productivity of beech. These effects will
appear nonetheless differentiated, according tetidogical and genetic status of local beech
occurrences. It is also important to note that @gtto mortality events and health decline
along the xeric limits of the species, “compensdtaolonisation at the thermic (or front)
limits, as projected by ecological models, will f@tppen spontaneously because of human
obstacles to colonisation and due to the fairly foigration speed of beech compared to other
deciduous species (Davis 1981, Matyas 2009, Jurap 2009).

The verification of the existence of macroclimataaptation patterns justifies genetically
based regulations for use of reproductive mateRagarding the sensitivity of beech to
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macroclimatic changes, the results show that agapiattern and plasticity of the species is
fairly comparable to better explored conifer spe@each as pines, spruces. Observations of
mortality events close to the lower (xeric) limit the species indicate that stability and
vitality of populations depend not only on shiftsdlimatic means. Extreme weather events
(droughts) may weaken physiological condition ogpplations relatively fast and may lead to
insect and disease outbreaks also in regions dbnsustable for the species. Differences in
growth performance and plasticity of provenancdéisueexplained by macroclimatic factors
sustain earlier assumptions that local genetic tatiap also exists (“ecotypes”) and maybe
also epigenetic effects (Matyas et al. 2010a)eénss that in beech, local differentiation co-
exists with macroclimatic adaptation and with wieleloped plasticity.

The shrinking of future distribution of beech ag@ested by various bioclimatic models
(e.g. Thuiller et al. 2005, Czucz et al. 2010) esent probably pessimistic scenarios which
may be alleviated not only by the mentioned featimat also by prudent human support (e.qg.
artificial regeneration and other silvicultural reaees, see Matyas 2010a). In the major part
of the range the predicted changes will not triggey decline due to the plasticity of the
species: the predicted “decoupling” is improbableinip, Penuelas 2005). It would be
however misleading to expect the same level ofigtersce and plasticity at the threatened
xeric limits as across the rest of the range.

Therefore the forecasts have to be taken seri@mse ¢b the xeric limits, and especially at
low elevations. Field observations near the remgctistributional limits confirm that the
decline process is ongoing in many locations (Pessuet al. 2007, Berki et al. 2009).
Considering the rapid shrinking of suitable bio@im space and the increasing selection
pressure of abiotic and biotic stressors at thes Xenits, the results underline the importance
of adaptive strategies both for management andeceaton of forest resources. This calls
also for relevant, well designed field studies &mther development of prediction methods
and modelling (Méatyas 2010).

The results of this study may contribute to theustipent of adaptation and mitigation
policy in forestry and nature conservation, to tieision of rules for deployment of
reproductive material and also to validating evioliry and ecological hypotheses related to
climate change effects
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