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Abstract — The aim of the study was to analyse provenance testbeech situated close to the
Southeastern-continental limits of the speciegyriter to develop a response model of adaptation and
plasticity of populations on evolutionary-ecolodidtmsis, following sudden climatic changes as a
result of transplanting. Modelling of juvenile hbigwas performed with the help of ecodistance
variables. The concept of transfer analysis andlistance is based on the hypothesis that phenotypic
response to macroclimatic changes depends on lieeitied adaptive potential of the population and
on the magnitude and direction of experienced enwirental change. In common garden experiments,
the transfer to the planting site is interpretediasulation of environmental change. The applicatio
of ecodistance of transfer for evaluating commomdga experiments provides much needed
quantitative information about response of treeuteipns to predicted climatic changes.

The analysis of three field experiments of Europeaach in SE Europe invalidate earlier doubts
about the existence of macroclimatic adaptatiotepas in juvenile growth and justify restrictions o
use of reproductive material on the basis of evahairy ecology. The presented model illustrates tha
response to climatic change is regionally divergdapending on testing conditions and on hereditary
traits. In particular, climatic warming in the ceadtnorthern part of the range may lead to produncti
increase. However, under the stressful and uncedanditions at the lower (xeric) limit of the
species, growth depression and vitality loss aeglipted. The deviating behaviour of higher elevatio
provenances support their separate treatment.

The results may be utilised in climate change adigut and mitigation policy in forestry and
nature conservation, to revise rules for use ofragpctive material and also for validating
evolutionary and ecological hypotheses relateditoate change effects.

genetic adaptation / common gardens / climate chard phenotypic stability / ecodistance

Kivonat — Szarmazési kisérletek éttelepitési elemgé igazolta a bikk makroklimatikus
adaptaltsagat. A délkelet-eurépai, als6é (szarazsagi) hatarhoz elkdszarmazasi kisérletek
elemzésének célja az alkalmazkodas és plasztigitak meghatarozott valaszreakciok modellezése
volt. Az evollcié-6koldgiai alapon felépitett modelz attelepités kdvetkeztében fellépett hirtelen
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klimavaltozas leirdsahoz az un. 6kologiai tavolehgt alkalmazza. Az attelepitési elemzés azon a
hipotézisen alapszik, hogy a populacié makroklimetivaltozasra adott (fenotipikus) valaszreakcioja
— minden mas tényézllanddésaga mellett — az 6roklott adaptiv potdtdtiés az érzékelt klimatikus
valtozas mértékét fligg. A kozds tenyészkerti kisérletekbe val6 lafiiést a kdrnyezet szimulalt
valtozdsaként értelmezzik. Az attelepités Okolog@iolsdga a szarmazasi kisérletek Ujszer
értékelését teszi letiaté, és régdta hidnyzé kvantitativ informaciokatlgattat a fas populaciok
klimavaltozassal kapcsolatban varhat6 valaszarol.

Az elemzésbe vont harom DK-eurdpai bukk kisérleederényei a fiatalkori névekedés
tekintetében igazoljdk a fajon beluli, makroklinkas alkalmazkodasi mintazat eddig kétségbevont
létezését, amely indokolttd teszi a szaporitdamzsgnalat evolicidés 6koldgiai alapu szabalyozaséat.
A bemutatott modellll lathatdé, hogy a klimavaltozasra adott valaszokbegionalis kilénbségek
léteznek, amelyeket a kisérleti kérnyezet és axkldttbtulajdonsagok hatdroznak meg. A faji area
kozép$-északi részén a melegedés produkciondvekedésmém@zhet. Ugyanakkor a szérazsagi
(als6) hatar szélséges és bizonytalan viszonyai ndvekedés-cstkkegsstvitalitas-vesztést
prognosztizalnak. A magasabb tszf. magassagu liegksszarmazasai elté&n viselkednek, és ez
indokolja kulon kezelésuket.

Az eredmények felhasznalhatok a klimavaltozashozalmbzkodds stratégigjanak
megfogalmazasahoz mind az erdészetben, mind aseetvédelemben. Segitséglikkel pontosithatdk
a szaporitdbanyag felhasznalasi szabalyok, és &rgdlde a klimavaltozasi hatasokkal kapcsolatos
kuldnb6 evolucids és dkoldgiai hipotézisek is.

genetikai adaptécio / kozos tenyészkert / klimavatzés / fenotipusos stabilits / 6koldgiai thvolsag

1 INTRODUCTION: CLIMATIC SELECTION AND ADAPTATION S TRATEGY

Different hypotheses on the adaptation strategyeet are co-existing in contemporary genetics
and ecology. With regard to predicted climate sdesascarcity of reliable information on
responses to macroclimatic changes is a centrélgmoand obstacle. In order to formulate
realistic predictions, both the nature of geneati@pdation to past and current climate, and thd leve
of sensitivity to sudden environmental changes ba@ understood and properly interpreted. In
the context of large-scale climatic changeacroclimatic adaptatiolis an important component
to study and evaluate. It the fraction of within-species adaptive geneticedsity which is
attributable to adaptation to macroclimatic factors

Although climatic selection might act more reliabbn local, microclimatic level,
macroclimate is exclusively considered here maiioly three reasons: climatic scenarios
utilized for forecasting describe changes on méevet only, and on the other hand, data on
micro- and meso-level climate is in most casessudficient for proper analysis. Finally, the
extensive sampling pattern of the studied set plfations prohibits a finer-scale approach.

Under selection pressure, genetic resources of lggagms are adjusted to maintain
competitive growth, adapted phenology, reprodugtiand tolerance to diseases and pests, i.e.
stability and adaptability. Differing direction andtensity of selection pressure within the
species’ range exert a disruptive selection effetich may lead to characteristic, stabilised
patterns of adaptive genetic variability. Countiog the strong and lasting effects of local
selection, a close (“ecotypic”) adaptation is ity assumed for K-strategist tree species such
as beech. This assumption has been generally adaegpractical silviculture; a view which has
been nourished by classic field experiments witleipaals, starting with Clausen et al. (1940).

However, molecular genetic studies have revealedeifiect of strong counteracting
forces such as genetic drift and isolation, bugtfof all the effect of postglacial migration
which produced for woody species such as beechactaaistic geographic patterns. These
patterns follow rather routes of colonisation tlemological conditions (Comps et al. 1998,
Comps et al. 2001, Magri et al. 2006). There areimber of other biotic reasons why the
genetic system of tree species may robustly coacttefimatic selection (Matyas 2007).
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Conflicting approaches and unclear role of differfaictors determining adaptability keep
macroclimatic selection still as an open questiorgpite of its importance for practical forest
management. Adaptation to macroclimate is the fasgetting the rules of reproductive material
use, for concepts to conserve genetic resourcepeties, and for strategies to adapt to and to
mitigate expected effects of environmental changess. raises the following questions:

- what kind of phenotypic response is expected ifnmeonatic environment changes,

- how much of observed response is attributable twroséimatic adaptation,
- what is the role of phenotypical stability,
- what is the relation of macroclimatic to micro-&ébcal) adaptation?

In the present study only a part of these problaresaddressed.

2 TRACING MACRO-CLIMATIC SELECTION ON QUANTITATIVE  TRAITS

Annual growth and development cycle of beech -emaariy other temperate species — is governed
besides the photoperiod by the amount of physicédlgi effective heat sum (Kramer 1994,
Chuine et al. 2003) and of course precipitationthslatter two are unevenly distributed across
the range of the species, diverging direction atehsity of climatic selection may be assumed.
The consequence of climatic selection, differeioimain phenological behaviour is well reflected
by field test results. For example, budbreak ottheshows a clinal East-West pattern: Atlantic
coast provenances are late, while Alpine and Seg&aan continental sources are early flushing
(Wihlisch et al. 1995, Fihrer et al. 2009, GOM&YY.

Reports on similar patterns are expectable alsgyfowth traits. However, studies on
growth of beech provenances in field tests desanbtead of climate-related patterns rather
an ecotypic (i.e. unexplained random) type of \enm (e.g. Wuihlisch et al. 1995,
Kleinschmidt — Svolba 1995, Jazbec et al. 2007gxmiain spatial differentiation in response
by the phylogenetic past (e.g. Gomory 2009). (Brent"provenance” is used synonymously
in the paper for "transferred population of knowigim”.)

2.1 The ecodistance approach of modelling macroclatic adaptation

For the investigation of macroclimatic adaptatitiie concept of ecodistance has been applied.
The ecodistance (ecological distance) conceptdsdan the idea that if populations adapted to
certain ecological (climatic) conditions are tramefd to a new environment, and all other site
factors are kept equal or disregarded, thleénotypic response to climate depends not onligeon
climatic conditions where the population is actyajrown or tested, but also on the ecodistance
of transfer, i.eon the magnitude and direction of environmentalingeaexperienced due to the
transplanting to the test site, related to the matmate they had been adapted to originally
Accordingly, the ecodistance value of a locallyfadd population in a test takes the value 0. The
concept of transfer analysis and ecodistance (Magyd'eatman 1992, Matyas 1994, 1996,
Matyas et al. 2008b) has been used for the anaysismodelling of data of common garden
(provenance) tests. This approach enables a paolegharison of various test sites and thus
increases statistical reliability. Applying ecodiste instead of simple geographic or ecological
parameters allows the detection of general pattraslaptation. An important advantage of the
concept is thatesponses to transfer into new environments magtemreted as simulations of
future climatic changes realistic validation of prediction models.

In the transfer analysis, the climatic varialg ¢elected to best describe macroclimatic
adaptation serves as independent variable, expressdifference between test si¥) (@nd
location of origin K,). It may be a simple or complex variable such asught or
continentality index, or a principal component etc.
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The ecodistancelE) is then calculated as
AE =X — X%

For example, if the variable is mean annual tentpezaandX; > X,, the positive value
of AE expresses a simulated warming of the environnfeatigh transfer to the site.

2.2 Modeling response of populations to transfer

According to the classical additive model of Fis{iE358) and Wright (1950), the phenotypic
response of an individual or population)(Fay be described as the sum of the estimated
genetic {;) and the environmentad;{ deviations from the experimental meai (

P=p+yi+g

Both the genetic and the environmental componeny ma partitioned for our
purposes. Regarding the effect of the environmessponse strongly depends on the site
potential of the test. The site conditions havecavgrful influence on differentiation
between populations and on interaction effectis therefore advisable to separate the test
site potential(T), expressed usually as the local mean of tested pbpnk, and the
interaction effect (see further below).

There are two types of genetic response to trangfech may be calculated from a
dataset containing data of numerous populatioma fiset of experimental sites:

a) General or “species-specific” respori&€) to macroclimatic change, calculated from
pooled data of the observed trait Y from dJItést sites, and alp) provenances, providing
the function

Yo = f (4Ey)

The function supplies quantitative information dme tpooled response to changing
environment, triggered by the transfer of localjapted populations into a new ambient.
(Needless to say thaE values for the same provenance are different aieest location.)

b) As the various populations investigated may havdifferent microevolutionary
background and have been exposed to selectionteiédifferent nature and intensity, the
general response will conceal much of the betweaewgmance genetic differentiation.
Individual, population-specific respongB) of population p” across test sites, defined as
response functioper sein recent literature (e.g. Thomson - Parker 2008)s indicating
individual sensitivity or phenotypic plasticity tife population to changes, in interaction with
local site conditions. It is identical with therefreaction norm” of ecology:

Y = (UEp)

In case of sufficient data, the function may defihe physiological (genetic) optimum
for the population in the climatic niche.

The residual of the recorded population mean astsite, which is left unexplained by the
other additive components, is regarded as intera€t) and errorinteractionin genetic sense is
the part of response which appears as deviatiom thhe average response regressions established
across the test sitesgusing a change in rankingf populationgsee Figure 3)Strong interaction
effects indicate narrower plasticity, and respagrsdss to certain (usually extreme) conditions.

The unified additive model to comprise all compdses then:

Y=U+G+P+T+l+¢

where the residual error(e) may include also genetic components unrelated to
macroclimatic adaptation.
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3 A CASE STUDY: ANALYSIS OF THREE SE-EUROPEAN TRIAL S

In the case study the construction of an additesponse model is presented, based on the
ecodistance concept. The selected variable foristemte calculations is one of multiple
options. Environmental effects other than macroaten(e.g. soil characteristics) are not
discussed here because these are beyond the istafrdss study.

The transfer analysis had been applied sincergisférmulation (Matyas - Yeatman 1992)
for numerous conifer species. For beech, growthorese predictions have not been validated
thus far by field tests, rather backed by climatiwelopes (Fang - Lechowicz 2006, Czlcz et al.
2009). The beech provenance test series (Wuhli§€Y)2offers an opportunity to obtain
results similar to conifers with a "recalcitrantbhdleaved species.

3.1 Selected ecodistance variable

For ecodistance calculation, Ellenberg’s climatetgunt EQ) has been selected. It is a
simple index to express humidity, respectively owaritality of climate and has been
developed by Ellenberg (1988) first of all for bee®ecent analyses have proven its high
distinctive power to predict presence of beech u@imtral European conditions (Czlcz et al.
2009). Ellenberg’s climate quotient is defined las mean temperature of the warmest month
(July, To7) divided by the annual precipitatioBRa):
EQ=1000T,, (B,

The quotient indicates favourable climatic condisdor beech if th&Q value lies below
approximately 26 for Central Europe. In Hungarynhaosites withEQ values above
28 represent the xeric (lower) limits of the ditition of species (Czlcz et al. 200B) values
of provenancésand test sites are givenTables 1 and 2

Table 1. Data of analysed beech provenance trialsgeographic locations see Figure 1)

a. Geographic, climatic data

Altitude July mean Annual mean

Ereg' Country Location as.l temperature precipitation i:(ljlgzt()eEng))
' (m) (<€) (mm)
2012  Slovenia Straza 545 19.3 1260 15.3
2015 Hungary Bucsuta 200 19.7 747 26.3
2020  Slovakia Mlacik - Tale 850 16.8 779 21.5
mean 21.0
b. Statistical data
Reg. Site effect (T) Std. deviation Linear regression slope F value
Nr. Aver. height (H) (cm) of prov. means H'vs. AEQ of provenances between prov.
2012 228.3 +17.5 17.9 +0.628 14.00***
2015 218.9 +8.1 25.3 -0.690 3.36**
2020 185.2 -25.6 11.3 -1.572 3.40**

210.8 0

3.2 Analysed experiments and provenances

On the basis of an unpublished preliminary survgystudy (Matyas et al. 2008a), three
experiments of the 1998 series of the all-Eurogszech provenance trials (Wuhlisch 2007)
have been selected for analySisble 1a and 1b)The tests have been chosen within a region
of restricted size, to grant a relatively uniforymergy of climatic factors.

% The term "provenance” is used synonymously fon4farred population of known origin”
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The test sites are located in the Carpathian basiHungary, Slovenia and Slovakia, at
different elevationgFigure 1). All three are under the influence of the more ess| humid-
continental climate of SE Europe. The mid-elevatsite in Slovenia provides climatically
optimal conditions, while the two other sites ar@rencontinental as shown by their Ellenberg
indices(Table 1a)

Figure 1. Location of 10 beech populations seletdedtatistical analysis and of the 3 test sites.
The distribution range of beech (grey shade) hanhgovided by EUFORGEN

Table 2. Data of the 12 maritime (M), continen@) &nd Alpine (A) beech provenances common
in the 3 tests, ranked by their EQ index (for gapbic locations see Figure 1)

Additive Regression H'
Location name, Altitude  July  Annual EQof Corrected height Average  vs. EQ across
Type Nr. country asl. meanT meanP origin mean H' response ecodistance tests
(m) (°C) (mm) (cm) (cm) (EQindex)

A 35 Hinterstoder AUT 1250  11.8 1380 8.6 216.4 +6.54 12.46 +2.660
A 53 PostojnaM.SLO 1000 17.0 1718 9.9 222.5 +12.58 11.20 -1.432
C 51 HorniPlana CZE 990 134 1014 13.2 194.8 -15.07 7.73 -3.313
C 6 Plateux FRA 600 175 1223 14.3 197.5 -12.37 6.69 -4.239
C 48 Jablonec CZE 760 135 944 14.3 203.0 -6.87 6.56 -1.014
C 31 UrachGER 760 164 887 18.5 211.7 +1.83 243 +2.251
M 17 Westfield GBR 10 140 741 18.9 2141 +4.23 2.03 +2.746
M 21 Grasten DEN 45 16.3 810 201 189.3 -20.57 0.96 +1.458
M 14 Aamink NED 45 175 794 220 229.3 +19.43 -0.94 +1.258
M 13 Soignes BEL 110 179 796 225 214.4 +4.53 -1.38 +0.524
C 40 Tarnawa POL 540 176 762 23.1 228.1 +18.23 -2.03 -1.440
M 67 Bilowo POL 250 155 643 244 216.5 +6.63 -2.93 +1.740
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The experiments contain 36 provenances, however exactly the same ones.
12 populations have been selected from the 36 whielhrepresented in all three tests and
where available climatic data seemed to be religbl@ble 2, Figure 1).Out of the
12 provenances, 5 originate from low elevationssitemaritime climate, witheQ indices
between 19 and 24. Another 5 populations have breesferred from inland, continental
regions where beech is occupying sites at mediugnagions. The original sites have
generally EQ values below 20, except for Tarnawa, Poland (2a1id are situated in
medium mountains (540 to 990 m). Two Alpine poplas originate from altitudes at or
above 1000 m witfeQ values below 10.

At the warm-continental site in Hungariz@ = 26.3), all the 12 provenances have
been transferred into an environment with increasedtinentality, higher average
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 than their original climate.

For the analysis, ®8 year heights measured in winter 2005/2006 haven hesed.
Between-provenanc€& values from variance analysis of the 3 test s{idatyas et al.
2008a) are presented Trable 1b In the following analyses only average heightsesis
have been used. Obviously damaged or crippled treege been omitted from the
calculation.

3.3 Separating components of the additive model

Effect of test site potential differences

The additivetest site effecfT) is the difference of test averages from the gnaweén of all
experiments (210.8 crifable 1h). Measured average heights of provenances ahtbe tests
were corrected with the test site effect, to mdient directly comparable (corrected heights
are denoted further a$'). A correction for standard deviation differendegween tests was
omitted because the range of variation of proveeameans indicates the differentiating
power of the sit¢Table 1b).

The Slovak site has the lowest site potentialt fof all due to its relatively harsh
conditions. It shows also the lowest standard diewiaof means. At the Hungarian site,
differentiation between populations is the strong@sesumably also because of higher
climatic stress, close to the climatic limit fordod (i.e. the xeric limit, Matyas et al. 2008b,
Jump et al. 2009).

General (“species-specific”) response

Response to transfer has been analysed by two tgpeggressions: calculating the
individual response of provenances to respectivalistances across sites, and by using
means of all three tests for both provenances andistances.

“Mean ecodistance” expresses the general effectimiatic conditions of the tests as
experienced by differently adapted provenancesis Italculated from the difference
between the average ®&Q value of tests (21.0Table 13 and theEQ of origin of
populationgTable 2).

The limited number of observations allowed only tfaculation of a linear function
instead of the theoretically expected curvilineae.ol he data and regression showRigure 2
display a significant decline of height towards reasing warming (R = 0.486**).
The Alpine provenances appear as outliers, mayb#ypeaused by inaccurate climate
interpolation at higher elevations, but more prdpatue to truly different adaptation, as
the context of precipitation vs. temperature is olated by altitude. The analysis by

® Throughout the paper, star signs stand for levslgfificance: * = 0.05, ** = 0.01 and *** = 0.0Qdrobability
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Gomory (2009) also points out the divergent behawiof populations from higher
elevations. Therefore these were excluded fromh&rrtalculations.
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Figure 2. General response regression for correcteghn height (H’) vs. mean ecodistance
of provenances. Means are averages of all 3 tEspsation is calculated for 10 maritime and
continental provenances onliindicates the two Alpine outliers
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Figure 3. Reaction norm of corrected heights (H}wo maritime provenances
Aarnink (), Grasten &), and of two continental ones Tarnav ) and Plateaux ),
displaying individual differences in response agaiaQ values of test sites
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Comparing response regressions of different provees across test sites, the
calculated slopes show a marked differentiatiomréup of mostly maritime provenances
show improving performance with warming and dryenditions (positive slopes), while
continental populations display an opposite tréhable 2, Figure 3)The results propose
a relationship between the (climatic) origin ana ttharacter of response to changing
climate. The connection, expressed by the slopaegbf the regressions, is significant
(R* = 0.383*). This indicates that general or “species-specific” response (@)ay be
predicted by using ecodistance and site conditam@dependent variables (see later for
details).

Table 3. Results of analysis of variance of meaghte of 10 provenances at 3 locations
(uncorrected height data in cm units)

Effect SS DF MS F p
Provenances 4946.00 9 549.6 2.620 0.039
Sites 7110.30 2 3555.1 16.949 0.001
Interaction and error 3775.66 18 209.8

Individual response of populations

Deviation of the population mean from the grand meapresents thendividual,
population-level additive respongB). Population-specific differences of response s&ro
sites suggest also divergent sensitivity to climathange, thus regression statistics
characterise phenotypic plasticity. Low regressigiope values indicate stable
performance across sit€Bable 2, Figure 3).

Table 3 shows the results of the analysis of variance wic¢rrected) means of
10 provenances at 3 sites. No surprise that thectefif sites is clearly more significant
compared to the effect of provenances.

Interactions

In Figure 4, response of populations is comparable at two lonat as the horizontal
sequence of populations is identical in the graphise sequence is the same aJable 2,
as populations are ranked by their original EQ &ajuat the extreme left: Bilowo,
Poland.) A closer observation leaves no doubt finktractions with local climatic
conditions exist. Two provenances are marked ftaraction: Tarnawa (PL) and Plateaux
(FR). Both originate from medium elevations andfpen at low elevation in Hungary
below average, and the opposite is true for Slaveni

Interaction was found confounded with microsite antogeneity: in the variance
analysis by test locations (Matyas et al. 2008p)ication x provenance interactions were
significant (P = 0.01, not shown) in the Slovak &hahgarian trials, but not in Slovenia.
Therefore theinteraction componen(l) was not separated from the residual (error)
component.
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Figure 4. Regression of corrected height (H’) ofidéntic provenances with ecodistance, at
two sites with strongly differing EQ values (toprcButa, HUN: 26.3, bottom: Straza, SLO: 15.3).
The sequence of provenances is the same. Compat@dlprovenances marked wikhfor
interaction: Tarnawa (POL, left) and Plateaux (FR#ght). Both mountain populations
perform much better at higher elevation in Slovehen in Hungary

Construction of a 3-D response surface model

Based on the previous results, a three-dimensimaalel is presented which expresses
that height growth response to macroclimatic change ddpeon the climatic distance by
which the adapted populations were movgBQ@), and on the climatic environment where
they aretested (siteEQ)Corrected height (H’) serves as dependent variablthough the
regression is theoretically exponential, due to ldve number of tested sites, only a linear
response surface has been fitted on the @atmre 5). Calculated for 10 provenances, the
equation of general height response is:

H' = 162,63 + 2,2881EQ + 2,674%iteEQ- 0,223%EQ* siteEQ
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The proportion of variance accounted for is 35.783, coefficient R = 0,598***, the
individual differences between provenances leftomsadered. The distribution of residuals is
even, indicating a balanced regression. Certaits pdithe response surface are not supported
by data and are separated by linesFigure 5. The regression surface illustrates and
summarises some important conclusions:
* increasing, positive EQ values, i.e. warming andranarid conditions lead to
decreasing height growth and vitality;

» the effect of worsening of climatic conditions ieases toward the lower (xeric) limit
of distribution (EQ = 28)

» the interaction of site and macroclimatic adaptatis significant, an equation
excluding the interaction component explains omMyb2 of the variation.

SGU(

280 [

260

240

224

200

180

Figure 5. Linear model of height response of tegi@yenances, with corrected height (H’)
as dependent, and ecodistance of provenamte®), respectively EQ value of sites (SEQ)
as independent variables. Positive EQ values ddistance (to the right on the X axis) stand
for simulated warming effect. Lines separate the pathe surface not supported by data

4 DISCUSSION

4.1 Modelling adaptive response to macroclimatic @nge

Modelling of expected response has to expressattegitation is an evolutionary-genetic issue.
Present ecological models of phenotypic behavicswally treat temperate tree species,
including beech as monolithic, genetically unifoemtities (e.g. Kramer 1994, Chuine et al.
2003, Czucz et al. 2009). Another approach is tppliGation of process-based genetic
simulations which describe genetic processes @ leeel (Kramer et al. 2008). Both approaches
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necessarily disregard within-species adaptive reiffgation: ecological models assume functional
properties of species uniform across space. Tha general problem of bioclimatic models
(Matyas et al. 2009, Jeschke — Strayer 2008).

The special feature of the selected set of expeatsnie, that due to the specific climatic
relations between test locations and provenantgspvides a unique opportunity to study
adaptive differentiation and responses to climaacming. Detecting adaptive responses for a
species exhibiting a strongly developed plastig¢ityihlisch et al. 1995, Kleinschmidt —
Svolba 1995, Gémdry 2009) did not promise easyltesiihe selected variabEQ applied
for the ecodistance approach seems to describeeveryw macroclimatic conditions
sufficiently well, at least for Central Europe dod/ to medium elevations.

The study was successful in detecting that

» adaptation (and consequently, selection effectynicroclimate exists in spite of

counteracting genetic and evolutionary forces;

* response of provenances strongly depends on tmatati conditions at origin and at

the test, i.e. ecological distance is a valid cphéer explaining responses;

» site potential and the local climatic conditiongide not only height response and its

differentiation, but also interactions;

* a general, species-specific component of genesiporese could be identified beside

the individual differences of populations;

e interaction was noticeable mainly in relation totadlinal changes.

The regression surface shownHigure 5 summarises the general trend of response to
macroclimatic change. At the warm-continental &iteHungary, all provenances had been
moved into warmer and drier conditions and thewated polynomial shows a clear decline
of height growth beginning fromEQ value 4(Figure 5) Such a strong effect is not visible at
the site with lowesEQ value, in Slovenia, where most populations came antooler and
wetter (i.e. less stressful) environment than aagi In this case growth depression with
growing ecodistance was not detectable.

Regarding the mean performance of individual papra in the average of sites, the
Dutch provenance Aarnink was the best, and Grasten Denmark the wors{Table 2,
Figure 3).This had little or nothing to do with the (maciiaghtic) distance from the test sites.

The individual response of a population to changsmyironmental conditions is
described by the terphenotypic plasticityBetween-provenance differences in plasticity are
detected by testing growth response along an eicallogradient, in our case by calculating
regression of height v&EQ values of the test sitéBigure 3).

4.2 Caveats and limitations to the analysis

In the case study an attempt was made to quanhfy model the genetic effect of
macroclimatic selection on juvenile height growthbe@ech. A trait important for early-
stage competition, height is integrating effects mfmerous growing seasons, which
makes it logically related to climate which repmse also an average of annual
fluctuations. Climate means hide however year-taryand local deviations from long
term averages, although irregular extreme eventg heave a decisive selection effect
(Berki et al. 2007). Climate means should be tleeetegarded rather as surrogates for
extremes.

For analysis of climatic adaptation, large-scatermational trials seem to be ideal, as they
are established with natural populations of knowgim sampled across a large area. It is a pity
and a serious fault of international provenanceaeth that sufficiently reliable, detailed climate
data are missing in most cases. Ecological chaisatien was traditionally confined to
description of geographic parameters (coordinaddigude). The selective role of concrete
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climatic parameters has been analysed in detajl iontecent literature, as interpolated, digital

databases are increasingly accessible (e.g. Reldeldl. 2003, 2008, Matyas et al. 2008b).

Interpolations may, however, carry considerable bspecially for higher elevations and regions
with complex topography. The relatively low numloértest sites and of populations, certainly

limit the general validity of results. Howeverigtsuspected, that synergy of climatic components
might change across larger regions and therefoevaluation in an ecologically restricted area
might bring better results as pooling all availatda without preliminary screening.

The analysed data were measured in juvenile sgagiches in ranking may be expected
up to higher ages in beech, and early age—agelaiores are unreliable (Kleinschmidt —
Svolba 1995). Also, results refer to the invesgdabopulations and sites and may not be fully
applicable in other environments. Therefore theliegjpon of the method on extended
datasets is absolutely necessary.

Also, modelling the evolutionary-genetic backgrousidadaptive response is still not
precise enough for predictions as it fails to rddaiotic interactions and migration limitations
(Jeschke - Strayer 2008, Jump et al. 2009) or humtnference such as planned forest
management (Matyas et al. 2009).

Finally an additional factor causing estimationoesrshould be mentioned. This lies in
the unavoidable contradiction between the conditiof natural regeneration and selection
populations are adapted to, and the necessaribreiift, artificial character of nursery raising
and outplanting in comparative tests. In commordegas, populations experience transfer
into rather artificial environments. This has éttb do with natural conditions of regeneration,
but one should remember that the aim of these efudia) to derive information on use of
reproductive material, and b) to forecast effedtsnan-made climatic changes. Neither of
them are typically natural processes.

Understandably, a simulation of the natural ecaalgdemands of a tree species in the
field tests would cause a further loss of precigibresponse identification. Thus, the planned
experimentation itself compromises the exact ddteation of genetic response: an
unsolvable contradiction and an unexpected paralléleisenberg’s uncertainty principle in
quantum physics (Matyas et al. 2008b).

5 CONCLUSIONS

5.1 Implications for the management and conservatioof beech

The existence of macroclimatic adaptation pattenngivenile growth justifies genetically
based regulations for use of reproductive mateRagarding the sensitivity of beech to
macroclimatic changes, the results show that agapiattern and plasticity of the species is
fairly comparable to better explored conifer spgaech as pines, spruces (Matyas — Yeatman
1992, Rehfeldt et al. 2003, 2008, Matyas et al880Thomson — Parker 2008).
Main conclusions for reproductive material use are:
e it would be more appropriate to use ecologicallgduhcriteria instead of geographic-
based ones to define recommended directions aid lxintransfer;
» transfer effects are not similar in different pafrthe distribution area, in particular:
* in the range of the climatic optimum, in the areatee, and towards the thermal limit
(northward) transfers are less critical;
* proposed separate treatment of higher elevatiorulpbpns is supported by the
deviating behaviour of provenances from above 1800
» stressful and uncertain conditions at the loweri¢xdimit of the species demand
there more rigorous rules for use and conservation.
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Observations of mortality events close to the logeric) limit of the species indicate
that stability and vitality of populations depenast only on growth rate modelled from test
results. Extreme weather events (droughts) may ereaghysiological condition of
populations relatively fast and may lead to insed disease outbreaks in regions generally
suitable for the species (Berki et al. 2007, LakatdVolnar 2009). Therefore, when defining
maxima of allowable (ecological) distance of transthe principle of precaution should be
observed, i.e. limits should be drawn stricter tti@nresults of response regressions suggest.

Regarding climate change, the most important quesis how populations react to
warming, i.e. to positivelEQ values. The test in Hungary did detect sensitivayEQ
differences above the value ofHFgure 4).

Closer to the xeric/continental limit, already slmalchanges are limiting presence
(Czlcz et al. 2009). The results support the opitiat predicted climatic changes will not
have serious consequences and even lead to praduatrease in the central-northern part of
the range and at higher elevations as shown fafessnMatyas et al. 2008b). It is strongly
cautioned from overestimating the plasticity pagnfiound in this experiment, for regions
close to the lower (xeric) limit of the range, fietmore also because the results obtained at
juvenile age may not be maintained in later age.

Differences in growth performance and plasticity ppbvenances left unexplained by
macroclimatic factors sustain earlier assumptidregt tocal genetic adaptation also exists
(“ecotypes”) and maybe also epigenetic effectstheeiof them have been investigated in
detail in this analysis. It seems that in beeclpogulation- (stand-) level differentiation
co-exist with large-scale adaptedness and withifgignt plasticity. This supports the
maintenance of selection of stands for reproductiaéerial procurement (seed stands).

5.2 Application and advantages of the proposed appach

The proposed approach provides otherwise inacdessilormation on the real-world effects
of expected climatic changes. The success of etatuadepends of course on the
characteristics of the dataset: number and quafitgst sites, number and differentiation of
populations and last not least, the reliabilityeforded data.

The obtained results may be applied in adaptatrwhraitigation policy in forestry and
related fields such as nature and gene conseryaignfor planning human-aided migration
(Marris 2009). Typical uses are rules of forestrodpctive material use, assessment of local,
adapted populations or conservation strategy ofjmal populations (Matyas 2007).

The results may be useful also for testing or \adiidy ecological models, evolutionary
and ecological concepts and hypotheses relatelihtate change effects (see review of Jump
— Pefiuelas 2005, Matyas et al. 2008b, Jump e0@R)2The design and concept of presently
existing tests are however unsuitable to elucigatdlems such as micro-scale adaptation,
ongoing selection in extant populations, or theangnce of genetic carryover (epigenetic)
effects. These questions need further, very cdyghldnned experimentation.
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