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1 Compendium

1. Compendium

1.1. Short Summary of the Thesis

Climate change, and especially an increase of matmiand frequency of climatic extreme
events such as drought periods or heatwaves, laell growing conditions for plants in the
future. Persistent ecosystems, with long-living amigms, such as forest or permanent
grassland will be particularly impacted by this dieypment. The velocity of these changes is
likely to occur at a pace, which species may nadlide to keep track with by natural dispersal
or genetic adaptation. Agriculture, forestry andosystem management must develop
counteracting practices to secure the persistemd¢duactioning of these ecosystems and thus
their provision of goods and services. Thereforeisitimportant to develop a better
understanding how species and ecosystems may k$pdature climatic stressors. Impact
assessments, e.g. via climatic envelope modellieg peone to misinterpretations of the
adaptive capacity of species, as they do not irmatp the intraspecific genetic and
phenotypic differences that exist within the popiolas accross the distribution range of a

species.

Yet, intraspecific variation may exhibit potentiabls for the development of climate change
adaptation strategies. Here, | focus on key ecesystin Central Europe. In particular the
selective use of plant provenances or ecotypeshabyto make ecosystems climate-resilient
without a potentially more problematic introductiohexotic species. Especially provenances
from warmer, drought-prone regions, with a curréimhate similar to the projected one for
Central Europe recently came into focus as potesiastitutes for local provenances, as they
might have developed local adaptations to climaiediions at their location of origin.
Insights about the response of these provenancebanging averages and extreme event
regimes are crucial for a reasonable use of wipecies diversity in climate change

adaptation.

First, the concept of assisted colonization or atign of species or ecotypes and the role it
can play as an adaptation strategy in agriculfiorestry or nature conservation is introduced
(Manuscriptl). It is suggested that a focus shdaddlaid on keystone species that ensure
ecosystem persistence and functioning as they gaher habitat structure and microclimate

of a site. The assisted colonization of pre-adaptadypes of keystone species from climates

similar to future projections for the target sgeproposed.
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Furthermore, provenances of selected grasslandf@medt key-species were exposed to
drought and warming in two experiments in Bayreatid Landau, and their ecological
responses were analysed. Results suggest thatddaptations to climatic stressors exist.
However, the magnitude and direction of responsesmgy depend on species and climatic
variables. For grassland species, e.g. differemcdsought sensitivity could be demonstrated
in some cases (Manuscript #agus sylvaticaxhibited differences between the provenances
in response to drought conditions, as well (Manps@®). It seems that marginal provenances,
from the dry margins of the distribution range, whiess increment reduction due to the
drought treatment. Yet, under more favourable domts of water supply these provenances
did not yield the same high increment rates tharengentral provenances, indicating a trade-
off between stability under stress and yield una®-stress conditions. A pine species that is
generally considered to be rather drought-resisinus nigra which is a potential substitute
for climate-threatened conifers on dry sites int@@rEurope, did not show any differences in
response to drought and warming (Manuscript 2),bealue to a weak selective pressure as a
result of high drought-resistance across the wHd#ibution range. The impacts of drought
on increment became not visible before the seceiad gfter the treatment, stressing the need

for more long-time experiments in climate impaceaarch.

Even in a generally warmer environment, cold exaenm winter or spring are expected still
to prevail in the future. Therefore, the provenanakthe selected species were tested for their
cold-hardiness and late frost resistance (ManuscBp/). Growth of the grassland species
and F. sylvaticawere negatively impacted by a late frost event différences in late-frost
sensitivity between provenances or ecotypes weeatifted. The (sub-) mediterranean
speciesP. nigra showed differences between provenances in theitewicold hardiness.
Correlations between performance under cold steess winter conditions or late frost
proneness of the places of origin could be estaddisfor almost all species. However,
preceding climate experience, such as the warmirdgaught treatment of the plants altered
their reaction to cold extremes compared to thdérobtreatment, indicating the complexity of

the interactive impacts of climate factors on estmy and plant performance.

The uncertainty of climate projections and the rude of changing climatic stressors,
though, make the prospect of an easy and rapicessdo the search for single “best-adapted”
provenances very questionable. In economicgtrdolio effectshows that a diversification
of investments decreases the risk of a total légwafits. Hence, in a modelling procedure

based on the increment data from the above memtiexgeriment it was tested if a “portfolio
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investment” in several provenances in one stancedses the risk of yield losses (Manuscript
8). Results indicate that the higher the numbeprolvenances the higher the chance for a
“best-performer” to be included in the set. So likelihood of higher yields, under different

climatic conditions increases, yet the risk of lpelds stays stable.

Generally, it seems that the selective use of pbaeicies and ecotypes in climate change
adaptation can be a feasible tool to maintain estesy functionality and productivity.
However, the uncertain projections, the multituflelonatic stressors and their interplay with
other environmental factors and the potential ingpa€ assisted colonization of ecotypes on

the genetic diversity within species and populaigequire further research.

1.2. Kurze Zusammenfassung der Doktorarbeit

Der Klimawandel, und vor allem Veranderungen in tRetenswahrscheinlichkeit und
Intensitat von Extremereignissen, wie Durren oderitzédvellen, werden die
Wuchsbedingungen fiir Pflanzen kiinftig stark &ndelochstete Okosysteme, wie extensiv
genutztes Grinland oder Walder mit langlebigen Gisgaen werden besonders betroffen von
diesen Veranderungen. Die Geschwindigkeit mitsieln dieser Wandel vollzieht, macht es
fur viele Arten schwer bis unmdglich durch Areabahtiebung oder genetische Anpassung

Schritt zuhalten.

Vor diesem Hintergrund muss die Land- und Forsseiraft Gegenmalinahmen entwickeln,
die die Funktion dieser Okosysteme erhalten undEiteidge und die Bereitstellung von
Okosystemaren Dienstleistungen sichern. Das Wissendie Auswirkungen klimatischer
Stressfaktoren auf Arten und Okosysteme ist daherlasslich. Die Einschatzung solcher
Auswirkungen, z.B. durch Klimahullenmodellierung,erbicksichtigt die innerartliche
genetische Vielfalt und phanotypische Plastizithe, innerhalb und zwischen Populationen

existiert, in der Regel nicht, was zu Fehleinsalmdgen der Anpassungsfahigkeit fihren kann.

Diese innerartliche Variation kann jedoch ein wiges Werkzeug darstellen, wenn es um die
Klimaanpassung von Okosystemen in Mitteleuropa.gehgser Studie konzentriert sich auf
Schliisselokosysteme in Mitteleuropa. Die selekhvgzung von Herkiinften oder Okotypen
wichtiger Schliisselarten kann eventuell dazu bpénaOkosysteme resilienter gegeniiber
negativen Klimaeinflissen zu machen, ohne dabeiottigoroblematische Einfihrung von
exotischen Pflanzenarten in Kauf nehmen zu mu$3abei geraten besonders Herklnfte aus
warmeren und trockeneren Gegenden, mit Klimabediggn ahnlich zu den fir Mitteleuropa
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prognostizierten in den Fokus, da diese eher sd&tingungen angepasst sein konnten. Es
ist jedoch wichtig zu wissen, wie verschieden Haftaél auf sich verdndernde Mittelwerte

und Klimaextreme reagieren, um dieses Mittel veftigieinsetzen zu konnen.

In der vorliegenden Arbeit wird das Konzept déssisted Colonizatiorvorgestellt und
beschrieben welche Rolle es in Land- und Forsteaft und im Naturschutz spielen kénnte
(Manuskript 1). Es wird dargelegt. Dass dabei vilena Schlisselarten im Fokus stehen
sollten, da sie oftmals Habitatstrukturen und Miima und damit auch Bestand und
Funktion von Okosystemen bestimmen. Die gezieltduBr von angepassten Okotypen aus
Regionen in denen heute Klimabedingungen herrschea, sie fir die Zielregionen

prognostiziert werden, wird hierbei zu Diskussi@stgl|t.

Weiterhin  wurden Herkinfte ausgewahlter Grinlandad uBaumarten in einem

Topfexperiment kunstlicher Dirre und Erwdrmung a&seizt, um deren Reaktion darauf zu
messen. Die Ergebnisse zeigen, dass es lokale summgen an klimatische Stressfaktoren
gibt, diese jedoch artspezifisch variieren und kstaon der jeweiligen Klimavariable

abhéangen. Unterschiede in der Durreresistenz zesseerschiedenen Herkinften mancher
Grasarten (Manuskript 4), sowie zwischen HerkinétenRot-Buche (Manuskript 3) konnten
dabei nachgewiesen werden. Vor allem bei der RahBwscheinen Herkiinfte vom trockenen
Rand des Verbreitungsgebietes weniger stark aufeDiir reagieren wie Herkiinfte aus dem
Zentrum des Verbreitungsgebietes. Jedoch konnesedRand-Herkunfte* unter ginstigen,
ausreichend wasserversorgten Bedingungen auch sdicliiohe Ertragsleistungen erzielen.
Hier geht Stabilitat unter Stressbedingungen ansehd auf Kosten hoher Ertrage unter
gunstigen Bedingungen. Herklnfte der Schwarz-Kjedarer generell dirreangepassten Art,
die als moglicher Ersatz fur gefahrdete Nadelbatenarauf Trockenstandorten in

Mitteleuropa gilt, unterschieden sich nicht inehReaktion auf Trockenheit und Erwarmung
(Mauskript 2), was durch einen schwachen Selektiimtk aufgrund einer allgemeinen
hohen Dirreresistent im gesamten Verbreitungsgebrdart werden konnte. Die

Zuwachsleistung reagierte jedoch erst im zweitehr Jauf das Ddurreereignis. Dies

unterstreicht die Notwendigkeit von langfristig alegten Klimaexperimenten um die

Auswirkungen von extremen richtig beurteilen zu rém.

In einem weiteren Schritt, wurden die Herkiinfte genannten Arten auf ihre Frostharte und
Spatfrosttoleranz  getestet, da solche Ereignissech auin  unter  hdheren
Durchschnittstemperaturen  dennoch  mdglich  sein  everd (Manuskripte  5-7).

Spétfrostereignisse fuihrten zu einem geringerenhdtam bei den Grasarten als auch bei der
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Rot-Buche und Unterschiede zwischen den Herkiniterler Spatfrosttoleranz konnten
aufgezeigt werden. Auch die Herkilnfte der (sub-)teewn verbreiteten Schwarz-Kiefer
unterschieden sich in ihrer Frostharte. Pierformanceunter Kaltestress korrelierte bei fast
allen Arten mit Minimumtemperaturen in Winter oderihling in den Herkunftsorten der
verschiedenen Provenienzen. Interessanterweis@flussien die ,Klimaerfahrungen® der
Pflanzen, sprich die vorausgehenden TemperaturDiamcemanipulationen, die Reaktion auf
Frost, was die Komplexitat des Zusammenspiels vwachiedenen Klimafaktoren und deren

Auswirkung auf Arten und Okosysteme deutlich macht.

Die Unsicherheit der Klimaprojektionen und die Vahl sich verandernder Klimafaktoren
machen die Suche nach einzelnen bestangepasstekinfden jedoch nicht sehr
erfolgversprechend. In den Wirtschaftswissenschafieschreibt deiPortfolio-Effekt die
Risikominimierung durch eine Streuung der Investiéin. In dieser Arbeit, wurde in einem
Modell, basierend auf den Zuwachsdaten aus obeangéen Experiment, getestet, ob eine
.Portfolio-Investition* in mehrere Herklnfte innexv eines Bestandes das Risiko von
gro3en Zuwachsverlusten unter Stressbedingungemmmnen kann (Manuskript 8). Die
Ergebnisse deuten darauf hin, dass mit steigendeall von Herkinften die Chance steigt
eine ,Super-Herkunft* im ,Portfolio® zu haben. Ddmdeutet, dass die Chance auf hohe
Ertrage unter verschiedenen Klimabedingungen steigitsteigender Zahl Herkinfte, das

Risiko niedriger Ertrage jedoch gleich bleibt.

AbschlieRend lasst sich sagen, dass die selektiteuNg von Herkiinften oder Okotypen
durchaus ein geeignetes Mittel zur Klimaanpassueig &ann. Die Unsicherheiten der
Klimaprognosen, die Vielzahl klimatischer Stressfa&n und deren Interaktion mit anderen
Umweltfaktoren, sowie die Auswirkung vaéssisted Colonizatioauf die genetische Vielfalt

innerhalb von Populationen und Arten, macht jedeehiere Forschung notwendig.
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2.  Background of the Thesis

2.1. Global Climate Change and Extreme Weather Events

Current anthropogenic climate change is unequivandlis taking place at an unprecedented
rate within at least the last 1,300 years (Brohtuale2006; Mann et al. 2008; Trenberth
2011a). Global mean surface temperatures haveasetdeby 0.74°C (£ 0.18°C) in the period
1901-2005, with a rate of temperature increase thnelast 50 years that is almost double the
rate of the last 100 years (Solomon et al. 200@rriihg has taken place both over land and
ocean; however land surface temperatures have abpaost twice as fast as sea surface
temperatures over the last 30 years, with the ISiglates in Northern Hemispheric winter and
spring (Solomon et al. 2007). In Germany the terjoee increased about 0.8 — 1.0°C over
the last century (1901-2000) (Zebisch 2005), whish above the global average
(Beierkuhnlein and Foken 2008). There is a broadnsific consensus, that anthropogenic
greenhouse gas emissions are the major drivinge fofdthe observed warming and that it
cannot be explained by natural forcings alone (ol et al. 2007; Trenberth 2011a).

For the future, depending on the development obaldCQ and other greenhouse gas
emissions, an additional temperature rise betwegradd 6.4°C by the end of the century
(2090-2099) compared to 1980-1999 is projected. Mmbderate A1B scenario (IPCC 2000),
which is often used for climate impact assessmantscorresponds to the 2°C target of the
UN Climate Change Conference in Cancun, Mexico 2Qk6dicts a further warming of
2.8°C globally (Solomon et al. 2007) and an incee@sannual mean temperatures of 2.3 to
5.3°C by the end of the century for Central andthiEnn Europe (Solomon et al. 2007)
However, the actual C£@missions increased by 29% from 2000 to 2008, wéwen exceeds
the most pessimistic ALF-scenario (Le Quere €@09; Smith et al. 2009).

Along with the rising mean surface temperaturelgeiotlimatic factors, like wind systems
and precipitation patterns are expected to chaoge, Changes in frequency and magnitude
of extreme weather events may have a greater ingpaetosystems and society than changes
in mean values (Easterling et al. 2000; Gutschiu#k BassiriRad 2003; Jentsch et al. 2007;
Hegerl et al. 2011; IPCC 2012). New, unprecedeaktiemes may occur both through a shift
of the mean of the distribution of a climatic vét@ or through changes in its standard
deviation (Meehl et al. 2000). The future developmef climatic variability and the
connected trends in the probability of extreme &veare harder to project than gradual
changes (trends) in the mean of a climatic variafbevever progress has been made in the

observation and projection of these events (Solostasl. 2007). Especially on the field of

6
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temperature extremes the different climate moda&lsb& a relatively consistent picture,
showing an increasing occurrence probability andatiion of heat waves and a decrease in
frequency, but not magnitude of cold extremes (l&cetral. 2011; Orlowsky and Seneviratne
2012). The projections for changes in precipitagaitremes (including droughts) seem to be
more vague, even if some general trends towardtomged drought periods over the
Mediterranean and more heavy rain events in Namth@gh latitudes are emphasized
(Orlowsky and Seneviratne 2012).

In the following, focus will be laid on observeddaexpected ecologically relevant changes in
precipitation extremes, especially on changes ouwence and duration of drought periods.
Furthermore the development of temperature extremiéisbe illuminated with special
attention on, often neglected, cold extremes orb#uoikground of a general warmer world.

2.1.1. Temperature extremes

For the 28 Century a lengthening of the frost-free seasode@reasing frequency of cold
extremes and an increase in frequency of extrergh temperatures has been reported
(Easterling et al. 2000; Salinger 2005; SolomoaleR007). In Europe, summer heat waves
occurred more frequently, especially since the $9attd less frequent cold extremes, a lower
number of frost days and higher maximum temperaturewninter in the second half of the
20" Century could be detected (Schaer und Jendrit@Ry 2Alexander et al. 2006; Moberg et
al. 2006; Solomon et al. 2007; Della-Marta et @&l02, Kuerbis et al. 2009; Cattiaux et al.
2011; Unkasevic and Tosic 2011; Orlowsky and Seagwe 2012) Especially in the
Mediterranean a pronounced summer time warming feasd (Kioutsioukis et al. 2010;
Bartolini et al. 2012).

This development will even intensify in the coutdethe 2f' century, with an upward trend
in mean values, but also with increasing tempeeatariability and more frequent extremes
(Beniston et al. 2007; Kjellstrom et al. 2007; Sotm 2007; Fischer and Schaer 2009;
Ballester et al. 2010; IPCC 2012).

Despite the general warming trend, cold extremewiiter or late frosts in spring are still
likely to occur in the future, even if being lesseduent. Rigby and Porporato (2008) show
that the late frost risk in a future climate issagisitive to changes in variance of temperature,
as to changes in mean, which means that the febstvll stay more or less constant. Despite
the fact that there will be fewer frost days in thieire, severe frost events are still expected to
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occur (Woldendorp et al. 2008). The intensity andaton of cold extremes might prevail in
a future warmer world, even at the end of th& @éntury (Kodra et al. 2011), but the fewer
occasions of extremes might be more scatterednia (Jylha et al. 2008).

2.1.2. Precipitation extremes

Higher air temperatures are connected with higlvaperation and a higher water holding
capacity of the atmosphere (7% / +1°) and thus wtensify the hydrological cycle

(Huntington 2006; Min et al. 2011; Trenberth 20110he consequence of this fact is the
expected increase of extreme heavy rain events @obal scale precipitation indices exhibit
a trend to wetter conditions throughout thd’ 2@entury (Alexander et al. 2006). For Europe,
summer precipitation has become more intense,awmtavents are less frequent (Moberg et
al. 2006; Kysely et al. 2011), while until now aasenal increase in precipitation could only
be detected for winter (Della-Marta et al. 2007pwéver, projected changes in precipitation
extremes (including droughts) are more vague tbarihe temperature regimes (Solomon et
al. 2007; Trenberth 2011b; Orlowsky and Senevira20&2). In general, a pattern with

increasing precipitation over Northern mid- andhhigtitudes and decreasing rainfall over

Southern Europe and the Mediterranean (OrlowskySerkeviratne 2012) becomes visible.

As this study deals mainly with extreme drought rese heavy rain events will not be
adressed in detail, but focus will be put on theewsbed and projected changes in drought
frequency and intensity and its impacts, which #iigly mainly deals with. The assessment
of droughts turned out to be complicated as thergemee of drought conditions depends not
only on precipitation regimes, but also on evapwpiration driven by radiation and
temperature anomalies and soil properties (Orlowaky Seneviratne 2012). However, Dai
(2011) found a significant trend towards an inceegsdry areas (+1.27% per decade) on a
global scale for the time period 1900 to 2008, gsmarious forms of the Palmer Drought
Severity Index (PDSI). Very dry areas (with PDSlawe-3.0) were shown to have doubled in
extent, primarily in the tropics and subtropicspcel the 1970s (Solomon et al. 2007,
Trenberth 2011b). In Europe many regions have éxpezd drought periods since the mid
20" Century, with increasing summer temperatures btsiagnain reason for the drying trend
(Schaer and Jendritzky 2004; Briffa et al. 2009pézrMoreno et al. 2010). Models predict
that this trend will continue in the course of tRést century due to increasing summer
temperatures and a decrease of summer precipitagono 30 % in the Mediterranean
(Beniston et al. 2007; Blenkinsop and Fowler 2088jomon et al. 2007; Rowell 2009;

8
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Kysely et al. 2011; Orlowsky and Seneviratne 20Eain especially for Southern and
South-Eastern Europe and the Mediterranean re¢lomever, also parts of Germany and
Bavaria are likely to experience prolonged phasesyconditions in the future (Schénwiese
et al. 2005; Beierkuhnlein and Foken 2008).

2.2. Climate Impact on Ecosystem and Selected Species
2.2.1. General Climate Impacts on Ecosystems

The above mentioned recent climatic changes of makes and frequency and magnitude of
extreme events already triggers ecological resgoregeall hierarchical levels, from single
individuals to species, communities and ecosyst@hather et al. 2002). Extinction risk is
likely to increase by approximately 20 to 30% fdéaupt species known to science, if the 2°C
target will not be met, and adverse impacts onumior threatened ecosystems will amplify
(Smith et al. 2009).

Anthropogenic climate change through carbon enmssiay have positive stimulating effects
on various ecosystem processes and functions. Higingperatures and the accompanying
extension of the growing period , increased sadaliation due to decreased cloud covers,
COx-fertilization and C@induced water savings due to reduced stomataliadce may
have positive impacts on net primary productivityP) in some ecosystems (Leemans et al.
2002; Nemani et al. 2003; Morgan et al. 2004). Hmve vegetation response to climate
change does not only have implications for indialdy communities and ecosystem
functioning and services, but may impose feedbackfie climate system. The reaction of
large biomes, like boreal forests or the Amazomein forests may depict potential tipping
points for the climate system (Lenton et al. 200@)restrial ecosystems are likely to turn
from carbon sinks into carbon sources by the middi¢he 2F Century (Solomon et al.
2007).

Furthermore species composition of ecosystems mpected to shift due to extinction,
invasion, changing dominance patterns, range sdections or expansions, poleward or
altitudinal range shifts, as species do not respewdchronously to climatic stressors
(Bakkenes et al. 2002; Parmesan and Yohe 2003;heéradtt al. 2005; Walther et al. 2009;
Kardol et al. 2010; Murphy et al. 2010; Alkemadalet2011).

Climatic extreme events, however, may have stromger more unpredictable impacts on
ecosystems than gradual changes in mean valuesellies et al. 2000; Jentsch and

9
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Beierkuhnlein 2008; Jentsch and Beierkuhnlein 2@erkuhnlein and Foken 2008; Smith
2011). The velocity of changes, especially an iasee frequency and magnitude of extremes
may exceed the ability of species and ecosystenzlapt in a timely manner in terms of
natural dispersal or evolutionary adaptation preessThomas et al. 2004; Lindner et al.
2010; Chen et al. 2011; Zhu et al. 2012).

In the following the specific climate impacts onaggland and forest ecosystems will be
presented, with a special focus on the key speciesssed in this study.

2.2.2. Climate Impacts on Permanent Grassland Ecosystems

Permanent grasslands and hay meadows are an imippad of European agriculture and
occupy a large proportion of the landscape (13.2%etotal area or 568 042 km?2 within the
EU 27; EUROSTAT 2010) and are therefore of highlegioal and economic importance. A
general warming trend, i.e. an increase in mearpéeatures will most likely result in
increased biomass production in most grasslandystams, yet this effect will be larger in
colder regions where growth seems to be temperatoited (Rustad et al. 2001; Penuelas et
al. 2004). However, de Boeck et al. (2007) foundegative impact on above and below
ground productivity of experimental warming on glasd species due to warming-induced
increase in evapotranspiration. Extreme heatwaviéhawe most likely negative impacts on
grassland productivity, yet the timing of these tiveaes is of importance, as shown by
Craine et al. (2012). Like for most plant specitbg growing season is prolonged and the

phenological patterns are changed by warmer ternesa(Menzel et al. 2006).

On the other hand, late frost events can havelgeimpacts on grass species (Manuscript 7)
and grassland communities (Gu et al. 2008). A prete onset of the growing season due to
a general warming trend may increase the risktefflast damage, as the timing of the frost
events is not changing (Gu et al. 2008; Inouye 280gby and Porporato 2008; Woldendorp

et al. 2008). Late frost damages increase whemldrgs are hit in a phase where they have
already lost frost hardiness that protected thermdwvinter time (Liu and Osborne 2008).

Extreme precipitation events, including droughiswaver, seem to have a higher impact on
grassland productivity than temperature changee 2003 drought over Central Europe
caused strong fluctuations of biomass productiogs i@ French grasslands (Ciais et al.
2005). Several experimental studies demonstrateduptivity declines for grasslands due to
drought conditions (Morecroft et al. 2004; Weisshwdt al. 2011; Signarbieux and Feller
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2011, 2012; Craine et al. 2012). Contrastingly,tsldn et al. (2011) found no decrease of
ANPP due to an experimental drought, which is iooadance with the finding that in mesic
grasslands drought often has no long-term effestbadow- and above-ground productivity
(Naudts et al. 2011). In the Mediterranean, morid aggions the mean stable area of
grassland is expected to decrease (Alkemade @0all), but it has to be considered that
Mediterranean grasslands are composed mainly afahmplant species and some geophytes
and can hardly be compared to grasslands in Ceiaathern and Western Europe, where
perennial and clonal species predominate. Heavyfalhiexhibited only minor effects on

grassland productivity (Kreyling et al. 2008b).

Despite minor effects on productivity, drought viasnd to alter belowground processes, like
soil respiration and microbial activity (Sowerbyadt 2008; Jentsch et al. 2011). Kreyling et
al. (2008a), though, could not detect drought impan soil enzyme activities or

decomposition rates.

Jentsch et al. (2009) found altered plant phenodgyatterns as a consequence of drought
and heavy precipitation events in a grassland é@xgeet. Drought extended the flowering

period, whereas heavy rain reduced it.

Furthermore it seems that more complex, speciégiricommunities are more resilient to
extreme weather events, like drought (Gielen eR@D7; Kreyling et al. 2008b; Signarbieux
and Feller 2012). In experiments, which combinedmwag and drought conditions as single
and combined factors, the artificial heating intBed the negative effects of drought on
productivity and survival, whereas heating alonevetd no significant effects (van Peer et al.
2004; de Boeck et al. 2011).

In general, the response of grassland ecosystechnatic change and extreme events is a
complex interplay of community composition and segcrichness, geographic location,

timing of events etc. and is not yet understootsfattorily.

2.2.3. Climate Impacts on Forest Ecosystems

Forest ecosystems are particularly threatenedimat? change, as they consist of long-living
organisms, trees, what makes it difficult to ad&ptrapid changes in a timely manner
(Thomas et al. 2004; Lindner et al. 2010). The wasp of forest ecosystems to increased
temperature or changes in precipitation regimesngty depends on the geographic or
bioclimatic region. In temperate oceanic or boreaests, the negative impacts on forest
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productivity are expected to be less severe thamare continental or Mediterranean forest
ecosystems, where growth is already water limiteddher et al. 2010). In these water
limited regions, high temperatures and drought dmr will most likely reduce forest
productivity and facilitate tree mortality (Allert al. 2010).

In Western and Central Europe especially nativafeospecies will suffer under increased
temperatures along with reduced precipitation immser, and might be replaced by more
competitive deciduous tree species (Maracchi &Gf5; Kolling 2009).

On the other hand, warmer winter temperatures baea found to reduce the frost hardening
of trees, especially in the continental regiong&wfope with harsh frost events during the cold
months (Hanninen 2006; Lindner et al. 2010). Furtizee trees are expected to become more
vulnerable to late frost events in spring as warteerperatures trigger earlier leaf flushing
(Kramer et al. 2000).

Furthermore a warmer and drier environment may awg@rconditions for herbivore insects
(Vanhanen et al. 2007; Westgarth-Smith et al. 2@®) forest pathogens (Desprez-Loustau
et al. 2007), resulting in calamities and the lesgale breakdown of forest stands.

However, these impacts of climate change on foeegisystems are strongly species-
dependent according to the dominant key tree spexid can even differ in severity within
the distribution range of one single species (Hlasral. 2011) as site conditions, phenotypes,
and regional climatic changes may differ (Lindneale2010).

In the following observed on protected impacts lohate change and extreme events on the

two tree species, used in this study, will be pntea:

Fagus sylvatica

Fagus sylvaticas the naturally dominant tree species in Cetitabpe, and therefore of high

economic importance. The area stocked vhthsylvatica constantly increases in Central

Europe/Germany due to forest conversion from cooife to mixed or deciduous stands,
despite the fact that it is considered a “high-risipecies in terms of climate change
(Rennenberg et al. 2004; Ohlemuller et al. 2006sst&e et al. 2007; Scherrer et al. 2011).
Particularly due to its drought-susceptibility iesgrves special attention in the face of
changing growing conditions in the future (Fotedti al. 2009). The southern edge of the
recent distribution range &f. sylvaticais most probably limited by drought events (Jurbp e
al. 2006; Maxime and Hendrik 2011). In France, dbserved recent decline in beech forest
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productivity could be linked to decreasing wateaitability in early summer (Lebourgeois et
al. 2005; Hewitt et al. 2011). Furthermore dendmatological studies in the Apennine
Mountains in Italy revealed a strong correlatiorbasal area increment (BAI) of beech stands
with water availability. Since the 1970s BAI hasebedeclining due to water limitations
(Piovesan et al. 2008). However, also in Centrabpe drought events negatively impact the
performance of beech. The exceptional drought gesimd heatwave over central Europe in
2003 generated distinct negative effects on theemegtion, growth, mortality and
photosynthetic activity of Fsylvatica(Czajkowski et al. 2005; Leuzinger et al. 2005ngJu
2009; Betsch et al. 2011). Moreover, drought periattrease the pathogen- and fungi-
susceptibility of European beech, as shown by J@0§9) for the post-2003 years for a

BavarianF.sylvaticastand.

Figure 1: Drought damages irFagus
sylvaticg Carpinus betulusand Quercus
robur during the 2003 drought close to
Bayreuth (Bad Berneck). Photo: C.
Beierkuhnlein

In the future, growth and distribution Bf sylvaticais expected to decline especially at lower
elevations at the southern range limit (Matyaslef@09; Hlasny et al. 2011), but also on
xeric sites in Central Europe (Czucz et al. 20Uder drought conditions the regeneration
of F. sylvaticawill be threatened, especially in understorey tluéts conservative shade-
tolerant growth strategy (Robson et al. 2009). Harmore it is observed and projected that
sylvatica loses its competitive advantage to less droughmsisee species, likeQuercus
petraea under water limited conditions, especially on t8euthern and South-Eastern
distribution edges (Bonn 2000; Fotelli et al. 20Q&uzinger et al. 2005; Friedrichs et al.
2009; Clark et al. 2011; Scharnweber et al. 20&/hgreas Bolte et al. (2010) showed that on
the Northern margin of the species’ distributionga climate change may bring competitive

advantages fd¥. sylvaticaversus coniferous trees suchPasea abies

One further aspect that can not be neglected isfabe that warmer winter and spring
temperatures may will lead to earlier leaf flushindr. sylvaticaand thus increase the risk of
late frost damage (Kramer et al. 2000, Kreylingle{2012).
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Pinus nigra

Pinus nigra, with its (sub-) Mediterranean disttibn is considered very drought-tolerant
(Isajev 2004; Huber 2011), and was therefore ifiedtias a potential substitute for conifer
species, likePicea abiesandPinus sylvestrighat are threatened by the changing climate in
Central EuropeP. nigra exhibited a significantly lower mortality rate efttwo natural
droughts tharr. sylvestrian Eastern Spain (Martinez-Vilalta and Pinol 20@2bourgeois et
al. (1998) showed that the drought tolerancP.afigrasaplings is attributed to their capacity
to effectively counteract water stress by stometaitrol of transpirational water loss. Yet, a
trade-off between this survival strategy under wéitaited conditions, and a reduction in
growth becomes evident. Especially, late-wood faiomawas found to be sensitive to the
precipitation regime during summer months (Bielaét 2004; Martin-Benito et al. 2008;
Martin-Benito et al. 2010). In addition to an immnegd growth response to drought
conditions, delayed growth declines have been tegofor P. nigra Precipitation and
temperature conditions of the previous year implaetgrowth, especially in the early phase
of the growing season (Lebourgeois 2000; Andreal.ét007; Martin-Benito et al. 2008).

Dendrochronological data suggest that impacts akssing temperature on the performance
of P. nigra will differ between geographic regions (Martin-Benet al. 2010). Warming
stimulates growth in the more temperate parts ofdistribution, while it increases water
stress in the Mediterranean region and thus neggataffects the growth of this species.

2.3.  Within-species Diversity as a Potential Tool in @late Change Adaptation

Given the above mentioned velocity of climate cleaagd the involved negative impacts on
grassland and forest ecosystems, nature conseryatgriculture and silviculture have to
adopt counteracting practices that aim on suppmpdispersal and facilitating adaptability in
order to maintain ecosystem functioning and thues phovision of ecosystem goods and
services. Traditional assessments of climate chamgact on species with climatic envelopes
(Thomas et al. 2004; Thuiller et al. 2005; Kolli2§07) might misinterpret the adaptive
capacity of a species to changing conditions. Witpecies diversity is potentially important

in this context.

Populations within species or taxa are known téediphenotypically. Provenance-trials have
a long tradition in forestry and have been condlid® more than a century now (e.g.
vonWuehlisch et al. 1995) Evidence from these drsiggests that differentiation within
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species is distinct, at least in forest trees. g@ssland species, only a few experiments
considered within-species variation (Fetcher anav8h1990; Ryser and Aeschlimann 1999).
These differences in phenotypic expression couldub@erlined on a genotypic level by
molecular methods for forest trees (Magri et aD&0and common grass species (Michalski
et al. 2010). Generally this phenotypic and geneitation is expressed in local adaptation to
climate conditions or other abiotic factors suclsaistype (e.g. Joshi et al. 2001; Hufford and
Mazer 2003; Savolainen et al. 2007; Chen et al020fir and Kigel 2010).

Especially species with large distribution rangbattcover a broad range of climatic
conditions, such aB. sylvaticaare likely to display high levels of within-spegigariation

and adaptation to local conditions. In forestrye thtroduction of provenances or ecotypes
from regions within the distribution range of thpesies with current climatic conditions
similar to the projected conditions for the targe¢a has therefore been suggested as one
potential tool in climate change adaptation (Hen998; Bolte et al. 2009; Bolte and Degen
2010). For grassland species this has been ndadigetissed on a mentionable level, yet, in
spite of the deficit in studies which examine loadhptation and its implication for climate
adaptation in grass species, Macel et al. (200dhdoevidence for a local adaptation to

climatic factors in two ecotypes bfolcus lanatus.

F. sylvaticaexhibits a high genetic diversity within in popudats in Central Europe (Konnert
1995; Vornam et al. 2004). Looking at the distribntrange on a continental scale the genetic
differences between populations become more digi@mmps et al. 1990; Magri et al. 2006).
The genetic composition and diversity of populatiatetermine their phenotypic plasticity
and thus their adaptive capacity (Schaberg etQfl82Matyas et al. 2009), so differences in
genetic configuration most likely display differ&sc in adaptive capacities between
populations. In several provenance trials, distiesponses of provenancesFofsylvaticato
climatic stressors, such as drought, have been nlgmated (Schraml and Rennenberg 2000;
Peuke et al. 2006; Czajkowski and Bolte 2006). &vad for macroclimatic adaptation could
be detected in a European-wide provenance-triaéar&t where the performance of different
provenances was negatively correlated with climdistance between test-site and origin of
provenance (Matyas et al. 2009). Yet, also in tble iocal adaptations to drought are found.
In the extraordinary dry year 2003, beech poputgticn Greece only experienced mild
drought stress compared to Central European bemdst$ (Fotelli et al. 2009), which
indicates an adaptation of Greek populations taiginb conditions. Especially these marginal

populations, which face more adverse conditionsardhus under stronger genetic selection
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(Wortemann et al. 2011), are therefore under facuke search of drought-resistant ecotypes
(Rose et al. 2009).

Supported by its scattered distribution rangenigra also shows strong genetic differences
between populations and subspecies (Jagielska @0@¥; Soto et al. 2010). This genetic
differentiation is supposed to have been enhancedgdmgraphic isolation during the
Pleistocene (Aguinagalde et al. 1997). Provenanals showed a non-uniform performance
of P.nigra provenances from various geographic origins (Vdediet al. 2001; Seho et al.
2010); however, differences in response to climstiessors, such as drought, could not be

proven yet, as the high drought tolerance acropslption might prevent a strong selection.

Considering the outlined potential impacts of chagglimatic conditions on functions and
services of grasslands and forest ecosystems immortant to know, whether specific
provenances or ecotypes of key species are motessrsusceptible or better adapted to
climatic stressors, such as drought, heat or fiidss knowledge can be crucial to assess the
potential of selective transplanting of climateis&mt provenances or ecotypes of native or
exotic species as a tool of coping and adaptattoategly in agriculture and forestry to
dampen the harmful impacts of such extremes irfabe of climate changé@anuscripts 2,

3, 4, 5, 7, 8, P Unlike in economics, ecosystem management hedlyhatroduced risk
management into decision making processes untihytodespite the strong risk of an
uncertain future in terms of climatic conditionsnigke et al. 2005; Hanewinkel et al. 2011).
In economics, the risk of a complete loss of psoft reduced by a diversification of
investments. This effect is called tpertfolio effectand was described by Markowitz (1952).
In ecology, a comparable concept, the insurancethgsis, describes a the positive effect of
biodiversity on ecosystem functioning and relidpjlias the higher number of species, the
more likely the function of a failing species cam &dopted by other species in the system
(Yachi and Loreau 1999). The conversion of monarealf into mixed forests, i.e. an increase
of species diversity as insurance against adveisec band abiotic impactshas become
popular over the last decades (Knoke et al. 20¢#)the role that within-species diversity

could play in this context just recently came ifdious of forest science and management.

With respect to the described uncertainties anghthential positive effects of biodiversity on
risk abatement, the mixing of provenances has beggested by several authors (Kolstrom et
al. 2011; Frascaria-Lacoste and Fernandez-Manj&042). However, evidence has to be
provided whether an anthropogenic enhancement obtgpic diversity and phenotypic

plasticity, e.g. by intermixing local, highly-adagt and very plastic provenances from
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different climatic regions, may maintain high yigeldnder favourable conditions and securing

ecosystem functioning, persistence and servicesrumdreme conditiongfanuscript 8).
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3.  Synopsis of the Thesis
3.1. General Objectives and Approach

Considering the challenges that ecosystem manaderdogastry, agriculture, and nature
conservation will have to meet in the face of clienahange, the overall objective of this
thesis was to

assess the potential of the selective use of mvipecies variability (provenances,
ecotypes) as a tool for climate change adaptatioria

identify provenances or ecotypes of key grasslamtifarest species, which are better
adapted to future climate conditions, especialliclimatic extreme events, such as
prolonged drought periods.

The first Manuscript Manuscript 1) introduces the topic of Assisted Colonization or
Assisted Migration of species or ecotypes/proveasrand discusses its potential as a tool in
climate change adaptation. This is increasinglgused as a proactive strategy but still there

is insufficient knowledge about the prospects aicegs and risk.

Then the aim was to depict possible future clintateditions for Bayreuth/Germany with the
help of regional climate models, such as REMO (Bf®9) based on the IPCC emission
scenario A1B (IPCC 2000). In a second step, regieitisin the distribution range of the
species tested in this studyagus sylvaticaPinus nigra Arrhenatherum elatiysAlopecurus
pratensis Festuca pratensjsand Holcus lanatyswere identified, where current climate
conditions are close to those projected for Bayr&grmany for the 2071-2100 period. Seed
material was obtained from these regions, wheresiples as we assumed a higher

adaptedness of these provenances/ecotypes tpé#usis climatic environment.

In a last step, 1l-year old plants of the selectedgnances of the above mentioned species
were exposed to a temperature treatment (warmirth camtrol) and to a precipitation
treatment (drought and control). The climate malaifpons were fully crossed resulting in
four treatments (control, drought, warming, warmégrought), which were replicated three
times each, resulting in an experimental desigh Wi experimental units (greenhouses). All

plants were planted individually in pots.
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Figure 2b: Inside an experimental unit with warming treatm@siind-shelters and UV-lamps) with
pottedF. sylvativasaplings

Figure 3: Biomass harvest of grassland species in 2009
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In 2009 provenances of the four grass species anjia were tested, in order to identify
ecotypes that are optimally adapted to the projefetrire climate conditiong{anuscripts 2
and 4).

In year 2010 provenances lef sylvaticawere exposed to the same treatments (Nagy &t al.
prep., not included in this thesis) At the same timsirailar experiment was conducted in
Landau/Germany witk. sylvatica yet without the warming treatment, but with twifetent

soil types, to asses the interaction of provenardimate and other abiotic factors
(Manuscript 3). Landau in Rhineland-Palatinate lies betweenlpper Rhine Plain and the
Palatinate forest and features an annual mean taimpe about 2° above the annual average
for Bayreuth. A study in which the Bayreuth experintal warming is compared with the
“geographic” warming based on the two test sitesnipreparation (not included in this

thesis).

Like mentioned in the introduction, late frost eigeare expected to be still part of a Central
European climate even under generally warmer comditin the future. Therefore, potential
candidate provenances or ecotypes that might repd@ccomplement local ones, have to
prove that they are able to cope with these freehts. Provenances or ecotypes of the listed
grass species and Bagus sylvaticavere exposed to a late frost treatment in orderssess
whether provenances from less frost-prone siteswsho higher late frost sensitivity.
Additionally, the impact of preceding warming treaints on late frost sensitivity was tested
(Manuscripts 6, 7).

Figure 4: Leaf damage after late frost treatment
of F. sylvtica

Pinus nigrais a non-native coniferous species that is constl® be a potential candidate to
replace climate-threatened native coniferous spditie Picea abiesYet the main parts of its
distribution range are located in the Mediterranesgion with less severe winters compared

to Central Europe or Germany. Cold hardinesP.ohigra provenances was tested in the lab
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by the Relative Electrolyte Leakage method (RELJ #re influence of the preceding climate
treatments on the cold hardiness was determinathdfmore the frost tolerance Bf nigra
was compared to the one of native coniféfarfuscript 5).

Figure 5: Cold Hardiness measurements (REL) in the lab of

provenances d?. nigraand other local conifer species.

In the course of this study, no evidence was faitwadl it will be likely to identify one single
“best-adapted” and so to say optimal provenancdherfuture conditions of a specific site
such as Bayreuth. Climate change is a moving talgetadditionally, provenances exhibit
complex response patterns to combined and sequerizanges. Rather it seems to be
reasonable to enhance genetic diversity and phpicopjasticity of forest stands, generally.
A model was developed in order to test the hypashibsit a mixing of different provenances
may reduce the risk of a total breakdown of popaoret under extreme events or the risk of
high yield losses under favourable conditions. Tael was fed with increment data f

nigra andF. sylvaticafrom the above mentioned experime&guscript 8).

3.2. Remarks on Methodological Challenges

During the study many conceptual and methodologiballenges arose. Firstly, when trying
to determine the target areas, with climate cooiéticlose to projected ones for Germany and
from which to obtain the seed material for the expents, the problem was to settle on an
emission scenario on which projections should beethaon. Finally the A1B scenario was

used, as this corresponds with the 2.0°C targetsfyblitically favoured”, even if we were
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aware of the fact, that actual emissions take @arsthe trajectories of the most pessimistic
scenario. However, these scenarios and the sub#éugobal models will be modified by
the IPCC in the near future.

Furthermore, it is not trivial to determine thodenate variables that have to be included in
the search of climate-equivalent regions. Meaneskre most probably not very meaningful
in this context, as they do not reflect e.g. tHecaltion of precipitation within or outside the
growing seasons or the distribution of temperatan@ma and maxima throughout the year.
On the other hand, climate models still have afathortcomings in terms of the projection

of climate extremes.

The simulation of extreme events, in this casehef determination of the duration of the
drought periods, is another challenge in climatange experiments (Beier et al. 2012). In
this study two approaches were used. On was tlellatibn of duration via extreme value
statistics of local climate data based on the n@weace probability of a drought event, e.g. a
1000-year drought event. This bears the risk thatetvent might actually be not extreme for
the exposed organisms. The other method was teedite duration from the reaction of the
drought-exposed organisms, e.g. the drought is segbountil a certain percentage of
individuals exhibit a certain amount of visible dage. Evidence suggests that the timing, not
just the magnitude of extreme events, is extrenmportant, when assessing their impact on
vegetation (Craine et al. 2012). The impact ofttihreng of a drought period on the response
of different provenances ofQuercus pubescenss currently investigated within this

experiment (Backhaus et al.prep., not included in this thesis).

Juvenile plants were used in this experiment (gradisiduals were 3 months old at the start
of the experiment, tree individuals had an age pédr), what bears some problems. One the
one hand, the response of juvenile stages of plantdimatic extremes is crucial for a
functioning regeneration and recruitment of a staspecially in forests. On the other hand,
the transferability of insights gained from juvenplants to adult individuals or stands might
be limited.

Finally, the decision for the set-up of the expemihas a pot-experiment bears some
problems, as well. On the one hand it enables usnfipse artificial extreme events on
selected individuals, what would be almost impdssibr only feasible with extremely high
financial and labour investments in the field. @a dther hand it forces us to blind out certain
aspects e.g. such as below ground root competitiosther interaction between individuals

that would occur in a classic provenance trialare$t stands. In general a trade-off exists
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between experiments with a close approximatioretd conditions and experiments with the
ability to strongly control single or combinatio factors. The here discussed experiments
can be considered to be seen as strongly contrdlledg this trade-off repeated experiments
would be necessary to deliver a comprehensive ngictdi ecological and physiological

processes in response to climate change.

All these challenges and problems need further ogetlogical research in order to improve
the findings made in future climate experimentg, en the determination and quantification
of “extremeness” of an event, on the artefacts mifi@al climate manipulations (e.g.
Wolkovich et al. (2012) recently claimed that bypexmental warming the shift in phenology
of plants in response to higer temperatures wagrnestimated) or on the transferability of
climate responses between age classes of plants.

3.3.  Main Findings and Conclusion
Differences in the response or sensitivity to clenaehange and extreme events of different

provenances or ecotypes of species were found teebe specific. All four grass species
exhibited differnces in their sensitivity to clineatmanipulation for at least one response
parameter flanuscript 4). This implies that certain ecotypes are able dpecbetter with
climate perturbations than others. However, theotygsis that southern, more drought- or
heat-prone ecotypes are better adapted to warrdrgrabnditions compared to local ecotypes
could not be supported. On the basis of this smdiket of ecotypes used in the experiment,

no evidence of geographic patterns in climate-seitgiwas found.

Also for F. sylvaticasignificant differences in drought tolerance betwehe investigated
provenances were demonstratéthQuscript 3), despite an overall drought-induced growth
reduction. Sandy soil conditions amplify the negaimpact of drought on growth, compared
to more loamy conditions. This indicates the imaonce of the interaction of climatic
variables with other abiotic site-related factoFurthermore, evidence suggests that a
correlation between the drought proneness of theepbf origin of the provenances and their
performance under drought condition may exist. iddally, it became evident that drought-
adapted provenances, i.e. provenances that shaw ordy small increment reductions under
water limitation, are not necessarily able to cotapeith less drought-adapted provenances
under favourable conditions. Therefore a trade{wétween stability and yield can be
expected, as highly adapted provenances may ssgigal of stands during extreme events,
but may not be able to reach high yield rates utmter conditions. This may limit the
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effectiveness of transplantation of single hightigjated provenances as a means of climate

change adaptation (Richter et al. 2011).

Surprisingly, no differences in response to climatanipulations between the investigated
provenances could be demonstrated®onigra (Manuscript 2). Nevertheless, differences in
the overall performance between provenances weademy but no signs of local adaptation
to drought and mean temperatures were found. Thghtnbe explained by a high drought-
tolerance of the species across populations (Lefeais et al. 1998; Martinez-Vilalta and
Pinol 2002). Interestingly, the impact of the drbugeriod on growth was not significant
until the second year, indicating a lag-effect. @anable responses have already been
reported for mature trees (e.g. Lebourgeois 2008&rtintBenito et al. 2008), but are a new
finding for juvenile stages of tree growth. Therefshort-term studies on climate change

impacts on plants must take care not to over-inétiipitial tolerance to climatic stressors.

Besides the dry and warm extremes frost over wiatet spring seems to be crucial for
temperate vegetation performance (Kreyling 2010xdl adaptations to these events indicate
that frost is an important stressor and impactsispeon an evolutionary level.

Grass species suffered during the vegetation penoer previous late frost events with up to
20% reduction in aboveground biomass productidanuscript 7). At least one species
showed a correlation between May minimum tempeesatuand reduction in biomass
production, indicating an evolutionary adaptatioridcal conditions. Interactions of late frost
sensitivity with preceding warming treatment shatat in a warmer world with an earlier
onset of the growing season, late frost damagesean become more frequent and severe
(Liu and Osborne 2008). Astonishingly, precedingugit treatment seems to increase late
frost tolerance for one species, providing evidefme the relatedness of physiological

mechanisms that are responsible for drought arsd foterance (Beck et al. 2007).

The late-frost experiment withagus sylvaticayielded comparable results for this important
key species Nlanuscript 6). Late-frost increased leaf injury and reducedrentent, with
significant differences in late frost sensitivitgetiveen the provenances on a regional and
continental scale, and local adaptations to Mayimmim temperatures. As stated above, late
frost damages are expected to increase in a wawodd as frost events may hit the
vegetation during a growing period that will stadrlier (Kramer et al. 2000). However,
results from this experiment point to the imporemé the timing of such events. Here, the
warming treatment led to an earlier maturationeaives. The late frost event impacted these
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plants less, as the leaves seemed to be hardehetdbecome less sensitive than the non-

warming plants whose buds just burst before th&t @ent.

Pinus nigrais discussed as a potential substitute for nata@fers at dry sites in Central
Europe. Therefore it is important to know whethws tspecies, with a distribution range in
warmer regions of the (sub-)Mediterranean area wsullvive harsher winters in Central
Europe and whether intra-specific difference betwg®venances exisM@nuscript 5). Our
results show thal. nigra provenances strongly vary in terms of winter frbatdiness and
that local adaptation to winter conditions can le¢edted. Both severe drought events and
summer warming can increase cold hardiness, indg#tat the interaction between different
climatic events can lead to unexpected responsegheat winter survival is influenced by
climatic events during the growing season. In gand?. nigra (or at least the selected

provenances of this species) seems to be well eddpt cultivation in temperate regions.

Given the multitude of climatic factors, and potahtrade-offs between adaptedness and
plasticity, the recently proposed (e.g. mixingpofvenances as insurance against an unsecure
climatic future, was tested by a modelling prodessed on increment dataf nigraandF.
sylvatica(Manuscript 8). Our results imply that enhancing intraspecifieegdsity by mixing

of provenances cannot impede the risk of yielddssbut increase the chance of high yields.
Therefore promoting the diversity of provenanceghihbe one strategy to cope with adverse
impacts of climate change, considering the assettianhcertainties.

In general, the findings of this study show tha $ielective use of plant provenances and of
within-species variability has a potential to cdnite to the mitigation of adverse impacts of
climate change and extreme events on ecologicalllyexonomically important ecosystems,
such as forest and permanent grasslands. Howekéngtinto account the uncertainties of
future emission scenarios and those inherent maté models, and the multitude of climatic
and abiotic factors affecting performance of a mschowever, it seems not to be very
realistic to look for one single “best-adapted”y@nance or ecotype. Furthermore there might
be a trade-off between adaptation to stress faetwdsphenotypic plasticity, what means that
concentrating on a single highly-adapted provenamcecotype might lead to decline in
performance under favourable conditions and theeefanit the effectiveness of such

measures (Richter et al. 2012).

First of all the difficulty of choosing an adequamission scenario and the model-inherent

uncertainties of climate predictions, especiallfenrms of precipitation extremes, limits the
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prospects of success of such a strategy. Moreg@vevenances or ecotypes that are well-
adapted to certain extreme climatic events (e.gugiit) may be sensitive to other climatic
factors, such as late frosts.

The timing and interaction of several climate fastm a changing climate, especially on the
background of warmer average conditions and lomggewing seasons, proofed to be of
importance, as they can magnify or reduce the ilpaeach single factor, and need more
attention in future climate change experiments.ehilse non-climatic factors, such as soll
properties or biotic factors, such as herbivoresntr-specific competition interact with a

changing climatic environment. Especially the img&ign of biotic antagonists and other
distrurbances will be one of the major challengefsiture climate change experiments (Beier
et al. 2012).

It could be demonstrated that some of the effettdimate extremes on the performance of
plant species can be substantially delayed. Eccdbgnertia must be considered. Responses
can become evident one year after the actual egtex@ant took place, as the events may alter
e.g. soil processes that can have delayed and téong-impacts on ecosystems, what

underlines the importance of the establishmenbd{term experiments and observations.

The mixing of provenances and thus the facilitataingenetic diversity and phenotypic

plasticity is one promising attempt for climate pi@#ion in ecosystem management. Our
results suggest that the more provenances aredeutiithe higher the chances of having a
“best-performer” in your portfolio of ecotypes feach possible climate event. Furthermore
genetic diversity and phenotypic plasticity fodtes capacity of rapid evolutionary adaptation
to changing environments. However, this strategype® not without any risks, as the

introduction of new genetic material may lead téboeeding depression or the loss of genetic

diversity across the entire distribution rangepdd@es in future plant generations.

Nonetheless, the maintenance and support of ipgaHsc diversity is important in the face of
changing environmental conditions, and should ogumsetly be included in future climate
change and adaptation research, as the adaptatjombitity of species might else be
misinterpreted.
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Abstract

Assisted colonization as an adaptation strategyotserve or restore biodiversity in the face
of climate change deservedly evokes controversgisted colonization is perceived by some
as a last option for conserving endangered spemeésby others as a risky and unwise
management effort due to current gaps of knowle®zsed on the pros and cons of the
recent debate, we show that the current discussainly focuses on the assisted colonization
of rare and endangered species beyond their naamgk of distribution. We suggest that a
more useful approach for the conservation of end@atspecies could occur by focusing on
the relevant foundation or keystone species, whitdure ecosystem integrity for a multitude
of dependent species by governing the habitat tsir@icand micro-climate of the site.
Examples of foundation species include dominarm $ggecies in forests or dominant corals in
coral reefs. For a given conservation or restonatieed (e.g. conservation of rare species), we
recommend the assisted colonization of pre-adaptadypes of the relevant foundation
species from climates similar to future expectatiéor the target site. This approach could
lead to climate-safe habitats for endangered speadith minimal adverse effects on recipient

ecosystems.
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Introduction

Assisted colonization as a conservation tool agdhes adverse effects of climate change on
biodiversity is currently receiving a lot of attemt (see Hoegh-Guldberg et al. 2008 or
Ricciardi & Simberloff 2009 and the various replteshese articles). This debate is based on
the notion that global climate change leads to mgdional extinction risks for species’
populations (Thomas et al. 2004). Naturally rarecggs and species already exposed to
habitat decline are assumed to be especially #medtby climate change (Ohlemidiller et al.
2008). Yet, the degree to which such species angeld directly by climate or by biotic
(Pelini et al. 2009) or other environmental factdktarsch et al. 2009) remains largely
unexplored. As a consequence of limited informatiadvocates and opponents of assisted
colonization differ in their perception of the bétseeand risks of this approach. Although, it is
usually regarded as a final option for conservafmg. Hoegh-Guldberg et al. 2008), assisted
colonization has to be considered as one manageopdian if preventing climate-driven
extinction is a conservation priority (McLachlanagt2007; Richardson et al. 2009).

We define assisted colonization as ‘the intentiomadvement of focal units (ecotypes,
species, taxa, functional types, life forms) toip@mt localities, where these focal units are
currently absent, and where they cannot be expdotedlonize by natural means within a
short time frame (i.e. years or decades). We aguté Hunter (2007) that assisted
colonization is a more appropriate term than asdistigration, because the final goal of this
approach is not only to assist dispersal but ratiersuccessful establishment of individuals
and the subsequent development of self-sustainiogulptions, which is much more
demanding. ‘Managed relocation’ or ‘managed traretion’ are further used as synonyms
for this approach. However, these terms are noesszrily confined to the context of
adaptation against climate change (Ricciardi & Srtddf 2009).

Evaluation of the applicability of assisted colatizn needs to focus on the impacts of
conducting (or not conducting) assisted colonizatia a given focal unit and the impacts of
assisted colonization on the recipient ecosystamlugding aspects such as novel biotic
interactions with other taxa, rapid genetic evolatat the recipient locality, changes in niche
space within the recipient ecosystem, functionalurelancy or complementarity to other
species in the recipient community). Furthermobhes practical feasibility of conducting
assisted colonization and the societal acceptabilted to be considered (Richardson et al.
2009).

Assisted colonization is already taking place inioauas instances and therefore scientifically
sound recommendations are urgently needed. Comathenaiseries in Europe, for example,
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have successfully assisted the colonization otastl 260 native European plant species by
ornamental planting at an average of 1000 km noftthe species’ natural northern range
limits (van der Veken et al. 2008). During the ¢d0Dth century various cases of assisted
colonization of plant species occurred in Centratdpe. Their aim was to establish mainly
thermophilous species in special microhabitats. (stgep south facing slopes) in order to
enrich regional floras (e.glris variegatg Linum austriacum Verbascum phoenicegm
Several of these species are still present withles{gopulations (Walter 2003). Here, it should
be noted that Pleistocene history provides evidetlee importance of localities differing in
their microclimate from the predominant macroclienaf a region for species survival (Bush
2002). In forestry, there is an extensive histofysaoccessful and unsuccessful assisted
colonization trials (Zobel et al. 1987). Forestarave genetic resources from their point of
origin to locations beyond their natural dispersalges in particular during regeneration after
timber harvesting. Here, managers are already rgakiportant decisions about the climatic
tolerance and transferability of tree seeds (Mckgnet al. 2009). In Canada, legislative
recommendations concerning assisted colonizatioa m&nagement tool to address climate
change are already in place for British ColumbidNgll et al. 2008).

Here, we shortly present the arguments for andhagassisted colonization. We then discuss
the proposed schemes for the selection of focalks wamd recipient localities. We suggest
focusing on local adaptations of foundation or keye species (Ellison et al. 2005) and
moving them within the species range in order twdpce climate-safe habitats upon which
endangered or rare species depend, rather thastlglirelocating endangered species. This
approach provides a new dimension to the receratdedn assisted colonization and might
help to reach a consensus between supporters aatenus of assisted colonization because

it can be applied with minimal risks, especiallymany restoration efforts.

Arguments in favor of assisted colonization

The paramount argument for the intentional movenoéribcal units is to mitigate elevated
extinction risk due to climate change (Thomas e2@04). The underlying assumption is that
focal units lack adaptation and dispersal abilitescope with rapid climate change. Other
arguments that support assisted colonization (Tablare generally subordinate. Several
points merely aim at defending the overall approasich as the notion that low risk
situations can be identified and that a movemerspeties is generally not accompanied by
any detrimental effects in the majority of studebes. All of these considerations are based
on the assumption that the risk of no action wdaddgreater for biodiversity than the risks
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involved in assisted colonization. Most authors ubcon the species level, but the
maintenance of genetic diversity within certain@eg is also recognized as a goal of assisted
colonization (del Castillo et al. 2009).

A different view prevails in forestry, where econonbenefits (i.e. a high and stable
productivity of ecosystems) are given top priofi@hapin et al. 2007; McKenney et al. 2009).
This reasoning shifts the focus of attention froaxohomic units to the stability and
productivity of a given geographic unit. The dissios about assisted colonization among
conservationists might benefit from an acknowledgehof this view, as the creation of

habitats adapted to climate change might meet abg@nservation goals.
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Table 1: Arguments for assisted colonization.

The Pros References (hot comprehensive)

Reduced risk of extinction of focal units which lack Davidson & Simkanin 2008; Hoegh-Guldberg et al. 2008;

adaptation and dispersal abilities to cope with climate Hunter 2007; McLachlan et al. 2007; Mueller & Hellmann

change (intensified by fragmentation) 2008; Pelini et al. 2009; Ricciardi & Simberloff 2009;
Richardson et al. 2009; Willis et al. 2009

Conservation of genetic diversity del Castillo et al. 2009
Identification of low risk situations possible Hoegh-Guldberg et al. 2008; Willis et al. 2009
Risks generally low, as the majority of studied Mueller & Hellmann 2008

historical species introductions were not detrimental

Risk of adverse effects on biodiversity from inaction =~ Schwartz et al. 2009

higher

Conservation and restoration of diverse forests in the Chapin et al. 2007

face of climate change

Maintenance of the productive potential and stability = Chapin et al. 2007; McKenney et al. 2009
(of forests)

Active conservation as opposed to documentation of Ricciardi & Simberloff 2009

losses for conservationists
Technical feasibility (at least for some taxa) van der Veken et al. 2008; Willis et al. 2009

Pragmatic and cost-effective approach Willis et al. 2009

Arguments against assisted colonization, includingpen research questions

Intended and unintended species introductions eaultrin unpredictable consequences for
the recipient ecosystems in terms of their nutryding, productivity, disturbance regime,
biotic interactions, and dispersal patterns (Ricti& Simberloff 2009). These notions serve
as the main arguments against assisted coloniz@liaole 2). A primary focus of invasion
biology over recent decades has been the seargbrddictors of the invasive potential of
taxa. Thus far, these predictors have remainedvelkevine et al. 2003) although some trait
based risk assessments have been made (e.g. Refclamilton 1997 for woody plants or
Kolar & Lodge 2002 for fish). It has to be stresskdwever, that the majority of unintended
introductions do not lead to successful establistinoé populations and only very few of

those that establish do become invasive (Richaré@sBysek 2006).
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Table 2: Arguments against assisted colonization

The cons

References (not comprehensive)

Risk of adverse effects on native species
composition and ecosystem functioning (as shown by

examples of invasive species)

High risks for recipient ecosystems even for short
distance translocations

Single species approach untimely in conservation
Ex-situ conservation more effective

Impediment of efforts to preserve or restore habitats

Problematic identification of recipient localities with

imperfect knowledge on ecology and climate change

Technical feasibility generally questionable

Technical feasibility for rare and endangered species

not provided
Lack of predictive methods for risk assessment

Some current climate conditions are without future
definition, assisted colonization for species from

these climates is not feasible
Unknown costs and acceptability
Creation of a biased flora or fauna

Biological homogenization

Chapin et al. 2007; Davidson & Simkanin 2008; Hoegh-
Guldberg et al. 2008; Hunter 2007; McLachlan et al.
2007; Mueller & Hellmann 2008; Ricciardi & Simberloff
2009; Richardson et al. 2009; van der Veken et al. 2008;
Willis et al. 2009

Davidson & Simkanin 2008; Mueller & Hellmann 2008;
Ricciardi & Simberloff 2009

Davidson & Simkanin 2008
Davidson & Simkanin 2008

Hunter 2007; Ricciardi & Simberloff 2009; Richardson et
al. 2009

del Castillo et al. 2009; Hunter 2007; McLachlan et al.
2007

Pelini et al. 2009; Ricciardi & Simberloff 2009

Hunter 2007; Mueller & Hellmann 2008

Ricciardi & Simberloff 2009

Williams et al. 2007

Richardson et al. 2009
Schwartz et al. 2009

van der Veken et al. 2008

An important research question with regard to #sdisolonization is whether the target
species are directly limited by specific climatanditions. A direct dependence of species on
current macro-climate is questionable for many gse(Pearson & Dawson 2003; Guisan &
Thuiller 2005). Even current patterns of ectothelistributions are far from equilibrium with
current macro-climate (Araujo & Pearson 2005). Dimic environment with its associated
micro-climates may be of higher relevance to maaye rspecies than macro-climatic
conditions (Ellison et al. 2005; Harsch et al. 20@8lini et al. 2009).

Another contribution to uncertainty is the limitéshowledge on effective dispersal rates
(Clark et al. 2003; Higgins et al. 2003). Raritydastochasticity inherent in long distance
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dispersal strongly limit our ability to forecasttlspread of focal units (Nathan et al. 2008).
Finally, recent findings indicate that environménthange, including climate change, can
even cause rapighenotypic change through both ecological and ewmolary processes

especially in small populations (Ozgul et al. 2008pmmon species, on the other hand,
generally possess high genetic variability whidbvalfor adaptation via selection (Bischoff et
al. 2010). Species reproducing primarily througlyetative means, however, may be at a
disadvantage. Such kind of biotic adaptations aggatted in scenarios of biodiversity loss.

Focal units — what should be moved?

Rare and endangered species are challenged mobiraye change and are therefore usually
discussed as focal units for assisted colonizatda.see, however, three reasons why rare
and endangered species are not well suited fastadstolonization efforts:

(1) For many rare and endangered species no a@ecegpient locality can be found. Current
centers of rare species distributions are locatedareas with highly specific climate
conditions, which are predicted to shrink dispréjooately under future climate change
(Ohlemdiller et al. 2008) or even be lost globaWyiliams et al. 2007). Novel conditions may
further be produced by interactions among climlaiggl static environmental conditions (e.qg.,
soils), and local species compositions.

(2) The collection of sufficient numbers of indivials for establishment needs is hardly
possible without harming local populations of ergkred species. Willis et al. (2009) used
two butterfly species and demonstrated the sham-té6 years) feasibility of assisted
colonization in a field experiment. They worked witommon species and translocated 500
and 600 individuals of the two species respectivBlgsed on a meta-analysis of published
studies, Traill et al. (2007) suggest a minimum1@50 — 100,000 individuals for viable
population sizes of insects in order to gain a iptmsce probability of 99% within a time
frame of 40 generations. Collecting such numbersildvacause extirpations of source
populations without the insurance of successfubmmiaation at the new locality.

(3) Declining populations may have already paskeaugh a genetic bottleneck and assisted
colonization is doomed to fail in such cases. Rampapulations (Eriksson 1996) represent
only a limited part of the previous gene pool. Arcess extinction risk of naturally small
populations of butterflies, for instance, can Hdatesl to inbreeding depression (Saccheri et al.
1998). The history of reintroduction projects (Maek Hellmann 2008) implies that the risk
of failed translocations is considerably higher fare species (54% failing) than for common
species (only 14% failings) (Griffith et al. 198®/lf et al. 1996). Such failings are not only
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detrimental to the translocated individuals, bugoato the source populations due to its
depletion of individuals.

Based on these concerns and taking also the dedrsie provided by Hoegh-Guldberg et al.
(2008) into account, assisted colonization mighy dr@ an option for a very limited number
of endangered species with sufficiently large g@oels and well-known climatic and
ecological constraints that can be met in new tdagmlities. Those species most threatened
by climate change would not appear to be suitablaast cases. The problem of a global loss
of rare species cannot be addressed by this méémsonclude that assisted colonization of
rare and endangered species themselves is rigdjedtive and probably hazardous for both
the focal units as well as for the recipient ecteys in many cases.

The creation and conservation of climate-safe h#hiti.e. habitats that can be expected to
withstand climate change without changes to thearall structure and functionality, may be
more profitable in many cases. We already discutizada direct dependence of species on
current macro climate appears questionable for nsg®cies. Fine scale distributions can
further be expected to depend strongly on micnmalic variation within a landscape.
Temperature variation due to exposition and vegetatover within the same region and
elevation is stronger than the projected increasesean temperature until the end of this
century (Scherrer and Korner 2010). Based on tleessiderations, rare species might be
conserved without the need to move them by adaptweg habitats. Such climate-safe
habitats depend mainly on the climatic tolerancehef dominant plants, which determine
structure and micro-climate. According to Ellisanaé (2005), such species could be called
core species, keystone species, structural spemtesystem engineers or, as further used
here, foundation species, i.e. “single speciesdbfihe much of the structure of a community
by creating locally stable conditions for other @ps, and by modulating and stabilizing
fundamental ecosystem processes”.

Forestry has a long tradition in assisted coloronadf foundation species (Zobel et al. 1987,
Chapin et al. 2007; McKenney et al. 2009). Althodlgd main concern in forestry is not the
preservation of biodiversity, forest trees provgpeecific environments that serve as habitats
for entire communities of plants, animals, and oucganisms. Ensuring the presence of
these species supplies climate-safe habitats fiaulatude of dependent species. For instance,
several thousand species, such as plants, insedtm@, depend on the European beech
(Fagus sylvaticaas a foundation species (Koélling et al. 2005)e Téss of such foundation
species is expected to have cascading, adversetsefte biodiversity and ecosystem

functioning. Replacing native species by exoticsoney safeguard biomass production in
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forestry, but would negatively affect conservatiemlue. Furthermore, pollinator systems
provide ample examples of rare species performamietimes even survival, depending on
the presence of common species (e.g. Gibson 20@6). Coral species (Acroporidae) with
wide ranges may serve as another example hereorhaisc low-latitude populations exist
which show higher temperature tolerances than tab$egher latitudes (Berkelmans & van
Oppen 2006). The latter have already declined ed diff due to increased thermal stress.
Introducing lower-latitude, heat-adapted ecotypethése degraded sites may therefore serve
as a useful management strategy (Berkelmans & vape® 2006). These examples and
several related reviews (e.g. Simberloff 1998; Bobgt al. 2006) suggest that foundation
species and their relationships with biodiversity @mmon phenomena. The main question
is therefore how to retain or restore the foundamsipecies in times of change.

Moving foundation species out of their natural rarfge., the potential current range in the
absence of human interference), can be expectedetie even larger ecological problems
(e.g., invasiveness) than moving rare speciesaltiegtgenerally higher competitive power of
foundation species (Hunter 2007). Foundation sgeare commonly wide ranging species
(Ellison et al. 2005) that exhibit large genetiagigaon (Hamrick 2004). This is commonly
displayed in strong local adaptation, especiallth® climate (Joshi et al. 2001, McKay et al.
2005). Ecotypes can be found within the currentrithigtion of the foundation species that are
adapted to future climate conditions at locatiamghier north or at higher altitudes (Figure 1).
Moving such pre-adapted genetic resources to sitegse the species is already present or
where it was present before human interferencase of sites subjected to restoration efforts
would ensure ecosystem integrity by conservingpresence of foundation species and by
providing climate-safe habitats for a host of dejsen species. Within-species range

translocation might also minimize potential probsewith invasiveness (but see below).
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legend

V target locality
current distribution
of Fagus sylvatica

mm current climatic
equivalents to
future climate at
target locality within
current distribution
of Fagus sylvatica

| isozyme groups

- | (Magri et al. 2006)
" 4 dendrogram

Figure 1: The proposed assisted ecotype colonization of fationl species exemplified for a given
site at Bayreuth, Germany (triangle) where Europgesech Fagus sylvaticgis the foundation species
for the maintenance of (semi-) natural forests wigontain a high number of specialiced species
(Kdlling et al. 2005). Its current distribution acding to EUFORGEN (2009) is shown in dark grey.
Current climate equivalents for the target siteahat end of this century (regional climate model:
REMO-BfG (MPI-M Hamburg); SRES: A1B) based on meamual temperature +/- 0.5°C, colder
mean winter temperature, and lower summer pretigitaare shown in black (current climate based
on worldclim; Hijmnans et al. 2005). Outlined atiffetent genotypes of the target species (based on
isozyme similarity; Magri et al. 2006) which impthat pre-adapted ecotypes of different genetic
heritage would be available.

Genetic diversity of target species increases rastm success (Bischoff et al. 2010). It has
also been proposed that a wider selection of “megwf genotypes from climatically local
populations” might benefit short-term establishmemid long-term adaptation potential
(McKay et al. 2005). We suggest moving one steth&rby adding genetic resources from
ecotypes of current climatic conditions compardbléhe expected future climate of the target
area (Figure 1). Including this approach into geheestoration concepts seems to be a
promising scheme for the ecological adaptatioranfiscapes to climate change, which is an
inevitable challenge for any restoration effort maays. Based on all arguments made above
and on the associated uncertainties, the assisiedization of pre-adapted ecotypes may
more often be a successful management strategytliganssisted colonization of rare and

endangered species (Figure 2).
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rare and endangered species pre-adapted ecotypes
of foundation species

1 Selection of target species 1 Selection of sites
(= endangered species) (= recipient localities)
« risk of extinction « availability for restoration

* invasive potential

2 Selection of recipient locality 2 Identification of foundation species

« future climate at recipient
locality similar to current
climate at origin

 adequate biotic conditions .
3 Selection of pre-adapted ecotypes

- availability for conservation of the identified foundation species

3 Sampling of seeds/ individuals

* availability of seeds/ 4 Sampling of seeds/ individuals
individuals _
« availability of seeds/

individuals

4 Establishment at recipient locality . L .
5 Establishment at recipient locality

« establishment « establishment

certainty of success
o

Figure 2: Conceptual comparison of the basic steps in adscsinization for different focal units.
The “pre-adapted ecotypes” approach starts fromvanglocation which either is available for
restoration or contains an endangered species i & the climate-safe adaptation of this given
location. The expected certainty of success foh estiep is based on subjective expert knowledge by
the authors.

This assisted ecotype colonization of foundatioecggs does not come without risks. Two
major aspects of genetic pollution, i.e. the intrcitbn of non-native genetic information,
have to be considered according to McKay et al0%20The first concern is that the
introduction of nonlocal genotypes will create egiagenetic load that causes the restoration
to fail. To counter this, we strongly advise totteke suitability of target ecotypes
experimentally beforehand and to use origins fromtamng climatic and environmental
conditions (Figure 1). The usage of more than argroappears to be a further insurance for
success. The second concern is that the nonlocaltyyees will eliminate locally adapted
genotypes. Here, we argue that a high percentagestiration efforts should be carried out
after the target species is already lost from tteeand local adaptation, consequently, is lost
as well. If the target species is still presenty anperiority of local adaptation should also

result in better fitness and (re-) selection ofltlbeet adapted genotypes.
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The consequences of an assisted colonization edigapted ecotypes within the range of the
target foundation species should be predictableatierse effects on the recipient system
comparable to the expected major risks of movirecigs outside of their natural range and
even outside of their biogeographical context aqgeeted simply because the species is or
was already present, even dominant, in the systeford the action (Figure 2). Figure 1
displays an example of the proposed approach.dardance with Hunter (2007), we strongly
warn against the assisted colonization of foundaipecies outside their biogeographical
contexts.

There are further caveats to the idea of assigikmhization in general, as it might not suffice
to select recipient localities based on the sintylaof their expected future average climate
conditions (i.e. mean temperature and precipitasiom) with the climate of the focal units’
origin. Extreme weather events might put much higtedective pressure on survival than
average climate conditions while hardly being gifi@mie at a sufficient spatial resolution
both in the past and in future expectations (Jan&dBeierkuhnlein 2008). Experimental
testing of the tolerance of target genotypes in fdoee of expected extreme events is,
therefore, recommended.

Furthermore, the problem of targeting recipiengliies with suitable climate conditions is a
guestion of the appropriate time scale, as th@iet localities themselves are also subject to
a changing climate. McKenney et al. (2009) sugtiestthe selection of recipient localities in
forestry should depend on the silvicultural rotatiengths of the focal units, with climate
conditions similar enough to the climate preferanoé the focal units to enable a good
survival rate while also ensuring good adaptatewatrds the end of the rotation. Comparable
suggestions for the conservation of endangeredesgpace missing. It is therefore important
to explore how far species’ distributions lag behiihe shifting climatic conditions, especially
in the anthropogenically modified landscape. Plagne-adapted ecotypes of species at the
leading edge of their current distribution may Ibe tmost effective (and conservative)

intervention.

Conclusions

The debate about assisted colonization as a mamegeool to conserve biodiversity in the
face of climate change is based largely on two sigparguments. On the one hand, high
extinction risks are projected due to the fact flogal units might not adapt fast enough to
climate change through migration or genetic adaptatnvasion biology, on the other hand,
provides evidence that the intentional introductidrspecies may adversely affect recipient
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ecosystems. A more important consideration mayhlag¢ assisted colonization will not be
feasible for many endangered taxa due to theirtddniavailability and due to missing
recipient localities. We conclude that the assist@dnization of single endangered species is
risky and not useful in many cases.

Therefore, we propose that the structure and ndbinoate of habitats containing rare and
endangered species could be the focus for climhtnge adaptation (i.e. climate-safe
habitats) via the establishment of pre-adaptedypestof the relevant foundation species. We
suggest moving ecotypes of foundation species mithe species’ natural range in order to
minimize possible adverse effects. The assistednction of foundation species ecotypes
might provide for a means for sustainable climdtange adaptation in restoration efforts.
The history of conservation biology informs us ttieg restoration or conservation of suitable
habitat including its dynamic processes (e.g. disince regimes) is the only sustainable
option to manage endangered species. Building tdisafe habitats by the use of pre-
adapted ecotypes of foundation species may therdfer a better investment toward the
conservation of biodiversity than aiming at singielangered species.

Examples from forestry show that this approach pgplieable with regard to societal or
legislative dimensions. We see a strong need furduresearch on the role of foundation
species, and on biotic interactions for ecosystemetfoning in changing climates. Ultimately,
the human dimension of assisted colonization, spgcies selection, societal acceptance,
legislative frameworks and costs require detailetisideration even if a consensus on

ecological questions can be achieved.

Implications for practice

Assisted colonization of rare and endangered spésiasky for the target species and
the recipient localities and cannot be recommeralgeéneral.

Some endangered species could be conserved orbysitkeveloping climate-safe

habitats through the assisted colonization of pipted ecotypes of the relevant
foundation species (e.g. major forest trees orlgprahis approach would conserve
structure and micro-climate of the habitat and dvwioving species out of their

natural range.

Regardless of the conservation approach, restoratiforts need to design climate-
safe communities. The integration of ecotypes ahpi the expected future climate

should become one part of restoration concepts.
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Abstract

Climate extremes are expected to increase in fre;yuand magnitude as a consequence of
global warming, threatening the functioning, seegi@and goods of forest ecosystems.

The introduction of species from drier and warnienates is one option that is discussed to
adapt forest ecosystems to these adverse effedaaite change. The (sub)-mediterranean
Pinus nigrais a potential candidate for such assisted mgnatespecially for dry sites in
Central Europe. The high genetic diversity withimst species and thus the potential
differences in adaptive capacity, however, makeedessary to assess the respongtirmfs
nigra provenances to climatic extremes and identifyatlié populations or ecotypes which
are better adapted to projected future climates iimdigenous species.

Here, we tested juvenile plants of 6 provenancdimmis nigrafor their response to different
climate change scenarios (42-days drought and wagribyy 1.6K) in a full-factorial common-
garden experiment in Bayreuth, Germany. In thersggear only the warming treatment was
imposed. Height, shoot quantity, mortality and regihenology were determined for the two
consecutive years.

Provenances differed in absolute growth (from 6.00.8 in 2009 and from 4.4 to 5.9cm in

2010) and survival rates (from 78.6% to 97.6%), bat in terms of shoot quantity and,
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surprisingly, sensitivity to drought and warminghel drought treatment showed a delayed
impact on height growth, as a significant growttiugtion was detected for the second year (-
2.6cm), but not for the first year, when the actwaeatment took place. Drought decreases
survival rates by 20.6%. The drought treatmentri@dffect on needle phenology.

Warming did not impact growth performance (heigioot quantity). However, warming in
combination with the drought treatment decreasedsthvival rate (-13%). Plants exposed to
the warming treatment showed an earlier onset eflleedevelopment (-10.6 days).

Our results imply that no significant local adaatof growth and survival to drought and
warming occurs irRPinus nigra.Performance and growth response in face of warram)
drought cannot be predicted by the climate at faegs of origin. We therefore recommend
that an introduction oPinus nigrato regions outside its natural distribution raisgeuld not
aim at introducing a single best-adapted provendmuteat establishing populations with a
high genetic diversity, e.g. by promoting naturalgeneration in native stands or by
intermixing with different genotypes in order to imtain a high adaptive capacity to climate
change.

Introduction

In addition to the general warming trend, an inseem magnitude and frequency of extreme
climatic events is expected during ongoing climatenge (Min et al. 2011). This is
especially relevant for long-living species andspsent ecosystems such as trees and forests.
These can be strongly affected during their lifeleyand successional trajectories and may
react with declining performance or even breakdoMsia result, also the goods and services
delivered by them are imperilled in face of inciegsclimatic extremes (Jentsch et al., 2007,
Lindner et al., 2010, Allen et al., 2010).

Ecological responses to climatic extremes may beifoild (Jentsch & Beierkuhnlein, 2008).
In a longer time scale, natural adaptation processk take place at various levels ranging
from molecular processes in the individual planthe functioning of ecosystems. However,
the pace of change is expected to exceed the didaptmapacity of current ecosystems.
Depending on species and rate of change the ir@draatablished populations and the limited
natural dispersal rates of trees may not allowctliresponses to shifts in the climatic extreme
events regime (Thomas et al., 2004, Lindner ekallQ, Nathan et al., 2011). This mismatch
has to be addressed by forest management.

In Central Europe, economically important coniferospecies such aBicea abiesare
expected to suffer strongly under increased tentpers and reduced water availability in
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summer (Maracchi et al. 2005). The cultivable ageeaf this species may decrease
dramatically (Kdlling 2007; Kélling 2009). One pdse adaptation strategy is the controlled
introduction (or human assisted range shift) of tspecies to sites out of their natural range.
In the face of warming tendencies trees that aepted to regionally projected warmer and
drier conditions are taken into consideration (MoKey et al. 2009, Bolte et al. 2010,
Kreyling et al. 2011b).

The European Black Pind’iius nigrg is a drought tolerant conifer (Isajev 2004, Huber
2011) with (sub)-Mediterranean distribution. Thitshas been identified as one potential
substitute for indigenous Central European conifargler future climatic conditions.
Martinez-Vilalta et al. (2002) showed that mortalf Pinus nigrais significantly lower after
two natural droughts than mortality Binus sylvestrian Eastern Spain. Saplings Bfnus
nigra exhibit effective water stress regulation by sttaheontrol of transpirational water loss
(Lebourgeois et al. 1998), which results in higbudyht tolerance. This adaptation strategy,
however, is connected to reduced growth during m&ttess. Especially latewood formation
seems to be especially sensitive to the amounuwinger precipitation (Biel et al. 2004,
Martin-Benito et al. 2008, Martin-Benito et al. Z1Besides direct drought effects, delayed
or lagged responses are documented. The climalegspecially precipitation of the previous
year, impacts the growth in the early phase oftieeving season (Lebourgeois 2000, Martin-
Benito et al. 2008). Similar influences of preaibn and temperature conditions of the
previous year on growth éfinus nigra, Pinus sylvestrisndPinus uncinataare reflected by
correlations between tree-ring chronologies anchafic records (Andreu et al. 2007). A
strong influence of precipitation in the year priorobserved growing season on early wood
formation is also reported fd?inus sibiricaand Larix decidua(de Grandpre et al. 2011).
Therefore, ther is a need to examine long-term atgpaf climatic extreme events beyond
current vegetation periods. However, all these istudeport lagged drought response for
mature trees. Juvenile stages may lack stored mesoallowing for such a delayed response,
yet, investigations on this aspect are lacking.

Dendrochronological data show that warming effemtsthe growth ofPinus nigradiffer
between geographic regions (Martin-Benito et aD1®. In the temperate parts of its
distribution, growth is stimulated by warming, weas in the Mediterranean region warming
increases water stress and thus has a negativeenc# on the growth of this species.
Comparable results are reported Rinus contortain a Canadian provenance trial network
(McLane et al. 2011). Experimental warming cantartore shorten the time until drought-

induced die-off oPinus edulidrees (Adams et al. 2009).
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Warming affects phenology, too, leading to eafiedburst in forest trees (e.g. Menzel et al.
1999). Especially species that have large rangedileely to differ in phenology between
geographical provenances, which has been showonmmon garden experiments (Viveros-
Viveros et al. 2009, Kandemir et al. 2010; Lu et28l11, Kreyling et al. 2011a). Therefore,
the reciprocal control of provenance and globalmag on phenological response has to be
taken into account, when considering an assistettiward transfer of forest trees.

Phenotypic plasticity and the adaptive capacityfaest trees to climatic stressors, like
drought, depend strongly on genetic composition @imdrsity (Hosius et al. 2006, Schaberg
et al. 2008)Pinus nigrais known to exhibit a relatively high genetic disky (Jagielska et
al., 2007; Soto et al., 2010), with highest intrayenance diversity in Serbian provenances
(ssp. nigraARNOLD) (Lucic et al. 2010) and lowest in Corsicarovenancessgp. laricio
MAIRE), most probably due to pleistocene geograpsidation (Aguinagalde et al. 1997).
Differences in genetic diversity within provenancas populations, most likely, display
differences in adaptive capacity between provermneovenance trials revealed a diverse
performance of provenances from various geographgns (Varelides et al. 2001, Seho et
al. 2010). Differences in germination rate withimdaamong provenances in an experiment
with five provenances and two habitat type$ofus nigrasuggest local adaptation to abiotic
conditions, like soil type. (Mataruga et al. 201B)yrthermore, cold hardiness differs strongly
in Pinus nigraprovenances, with provenances from colder regshiasving a higher level of
cold hardiness (Kreyling et al. 2012).

Considering the outlined intraspecific variabilityperformance and the potential differences
in the response to climate, it is important to tifgrwhether certain provenances Binus
nigra are better adapted to the expected future avetagatic conditions and extremes. Such
provenances might be potential candidates for tistgution of indigenous conifer species
suffering under climate change.

Here, seedlings of six provenancesPafius nigraARNOLD were exposed to drought and
warming in a full factorial common garden experimewer two years. We hypothesized that
(1) provenances differ in terms of growth perforegmmortality and phenological behaviour,
and that (2) drought negatively impacts growth,reases mortality and delays needle
phenology in general. We further expected thatv@)ming has a positive impact on growth
and survival, when there is no water shortage,aanegative impact under drought conditions
due to increasing evapotranspiration and watersstré-inally, we assumed that (4)

provenances exhibit local adaptations in their isitg to drought and warming.
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Material and Methods

Experimental Site

The provenance-trial (EVENT 3) was established iardh 2009 in Bayreuth, Germany, in
the Ecological-Botanical Gardens of the UniversifyBayreuth. It is part of the EVENT-
experiment series (Jentsch 2010).

The mean annual temperature at the site is 8.2fiCannean annual precipitation of 724 mm,
which is distributed bimodally with two major peaks June/July and December/January

(data : German Weather Service).

Subspecies and Provenances

Seeds of six provenances Binus nigrawere obtained and brought to germination at the
Bavarian Institute for Forest Seeding and Plant{®$P)in Teisendorf, Germany in April
2008. The provenances stem from autochthonal popuosa except the provenance from
Northern Italy for which the status is unclear ahé German provenance, which most
probably has an Austrian origin. Two provenanctsdydS, France) belong to the subspecies

laricio, the others (Germany, Austria, Italy-N, Serbia) attributed to the subspecragra.

Table. 1: Site information (DE Germany, AT Austria, SRB Ssary IT Italy, FR France) for the
provenances of Pinus nigra used in the EVENT 3-Bwpmnt (Huber, 2011). Temperature (T),
precipitation (P) and precipitation of warmest qea(PJJA) represent long-term mean annual values
(source: WorldClim).

. Elevation P P
Location Ssp. Autochthonous Lat Lon (m.as.l) T () (mm)  JIA(mm)
DE Zellingen nigra no 49%53'17" 0943'16" 290 9.2 587 206
AT Dreistetten nigra yes 4746'00" 16°11'00" 369 8.4 712 256
SRB Kremanske  nigra yes 43%9'39" 1935'22" 866 8.7 964 265
IT-N Triestino nigra  unclear 454200 13%9'00" 372 11.4 1212 301
(Carso)
Calabria

IT-S (Sila laricio  yes 39°18'08" 1620'22" 1500 9 1300 105
Cosenza)

FR Ponteils-et-  laricio 442418" 035839" 581 108 745 171

Bresis (Corse)

In April 2009, the seedlings were transported tgrBath and individually planted into 4-litre
pots in a sandy loam substrate from a local foi@gstsoil dug-out (pH 7.27, total C 1.89%,
total N 0.15%, plant-available NFi#.79 mg L', plant-available NO322.50 mg ).
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Individuals were selected randomly for each promeraor subspecies from all living plants

at planting date. Mean plant size at the starhefexperiment was 12.2 cm (x 2.5 cm SD).

Experimental Design

The potted individuals were exposed to a tempezdteatment (warming and control) and to
a precipitation treatment (extreme summer drought @ntrol). The two climate treatments
were fully crossed, resulting in four climate margiions (control, drought, warming,
warming and drought), which were replicated thigees, resulting in 12 experimental units
in total. The provenance treatment was nested nvigaich experimental unit, resulting in a
split-plot design. Each provenance was furthericafg#d with seven plants per experimental
unit (nested replicates), resulting in 21 individuper factorial combination of the three-
factorial design and 672 plants overall.

Each experimental unit was covered by one largeaat shelter constructed of a steel frame
(GlasMetall Riemer GmbH, Rahden-Sielhorst, Germaay)l covered with a transparent
polyethylene sheet (0.2 mm, SPR5; Hermann Meyer Rélingen, Germany). The edge of
the rain-out shelters was 80 cm tall and permitteal penetration of nearly 90% of the
photosynthetically active radiation.

The control precipitation regime simulated the lataly 30-year average precipitation. The
application was done twice a week with collectad veater.

In 2009 the drought treatment consisted of a 42-gdasiod without irrigation, which
represents a local drought event with a statistiealirrence probability of 1000 years. The
treatment started on May 272009. Soil moisture was measured hourly over thelev
duration of the experiment using three ECH20 ECebsture sensors (Decagon Devices,Inc.,
USA) per treatment. The permanent wilting point wietermined via soil type using a
pedological soil survey manual (Ad-hoc-AG Boden 20 pproximately three weeks after

the start of the treatment soil moisture droppddva¢he permanent wilting point (pF = 4.2)
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Figure 1: Air temperature at plant height and soil moistover the two years of manipulations. From
October 2009 to April 2010 no warming treatmentkiptace. However, the plants were under snow
cover, so they were sheltered from the temperatinémums in winter 09/10. In the upper graphic
(air temperature) the dotted line represents OACthe lower one (soil moisture) the dotted line
represents approximately the permanent wilting pdptr = 4.2). The grey area represents the
warming treatment in the upper graphic and the glioperiod in the lower.

In the re-watering phase after the drought peraxhendividual received 240 ml and another
300 ml four days after the first re-watering in@rdo prevent the soil moisture from dropping
below the permanent wilting point again. After thise pots were watered according to the
control precipitation treatment.

In the second year (2010), no drought treatmentapaéied and all plants received the same
watering in order to examine the long-term effeuftshe previous year (2009) experimental

drought event.

The warming treatment was applied from May 26thl ¢tober 2%'in 2009 and from April
1%'to December ¥in 2010. Warming was affected passively by windkgs, which reduced
wind speed by 70 %, and by black floor-covers imtcast to white floor covers. This
increased the average air temperature in the wartngatment at plant height by 1.5 K on
average (Figure 2) compared to control. In the s@g@ar additional IR-lamps were installed
(IR-radiation with approximately 30 W per m2), whionly resulted in a warming by 1.6 K on
average (Figure 2). Within the control treatmend¢ temperatures were 1.5K higher on
average than the ambient conditions outside of ékperimental units. The moderate
additional warming effect due to IR-lamps most @doly resulted from different weather
patterns in the second year, as the warming effieetto passive means was most pronounced

under direct sun light. The fourth treatment wambination of drought and warming. The
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additional warming elevated the drought treatmdfece by reducing the soil moisture by

about 1.5% of total soil moisture on average comgbao the drought only treatment (Figure
2).

During the winter 2009/2010, plants were kept algdihe shelters in-ground in a sand bed

from October to April and received natural pre@pan.

Response Parameters

In 2009 the height of the plants was measuredaattiplg time in April and after the growing
period in October 2009. In 2010 height was measagain at the end of October. Increment
was calculated by subtracting the initial valuenirthe value at the end of the growing period.
Individuals that died after the first year were t®md with increment set to zero for the second
year. In order not to underestimate height growtle ¢b the zero increment of the dead
individuals, the model was run again with the diealiividuals left out completely and yielded
similar results.

The number of lateral shoots was recorded in betirs/at the end of the vegetation period.
Mortality was quantified at the end of both yeaysbunting the living individuals.

For the phenological analyses, the date of the Gtaedles clearly visible in leaf sheath) and
the end (needles as long as or longer than lastsyeeedles) of foliation was recorded for
each individual in 2010. Phenological data for 2@0%nissing because the foliation process

was already in progress when we received the plants

Statistics

Analysis of Variance (ANOVA) combined with linearixad effect models (packagéme
were applied to test for the main and interactiffectés of the three factors drought, warming
and provenance on height growth, number of shootk @henology. Data was tested for
homogeneity of variance and normality of the reaiduprior to analysis and met the
prerequisites for linear models. The experimentdll was included in the model as a random
factor, accounting for the split-plot design (Pimbe& Bates 2004). Post-hoc tests were
carried out with the General Linear Hypothesis fiorc glht (packagemultcomp (Bretz
2010).

The main and interactive effects of the three factmmproising of drought, warming and
provenance on mortality were tested by Analysis/afiance (ANOVA) combined with a

Cox proportional hazards regression model (packagéval) (Therneau 2000). Furthermore,
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to verify the results of the Cox proportional haiaregression model, generalized linear
mixed models using a binomial distribution wereleggh The experimental unit was included
as a random factor again. Post-hoc tests wereedaotit with the General Linear Hypothesis
function glht. All statistical analyses were conducted with thdtware R.2.13.0 (R

Development Core Team, 2011)

Results

Growth

Absolute height growth differed significantly bewve provenances in both years of the
experiment (ANOVA: 2009: F = 6.1, p =< 0.001; 20E0= 3.9, p = 0.002; Fig. 2 a and b).
Especially the French provenance exhibited sigaifily less increment than the two Italian
provenances in 2009 and significantly less tharSinéthern Italian provenance in 2010.

No significant differences between the provenamga® found for relative growth (ANOVA:
2009: F = 2.1, p =0.065; 2010: F=0.9, p = 0.F@; 2 c and d).

For both, absolute and relative growth, no sigaifictreatment effect was detected in the first
year (Fig. 2 a and c). However, in the second yeatrong effect of the drought of the
previous year was found (ANOVA: absolute growth= B.8, p = < 0.001, relative growth: F
= 15.1, p = 0.005). Plants grown under the coritedtment increased in height by 6.2 cm or
51% on average, whereas the plants that were exgodbe drought in 2009 only grew 3.6
cm or 30% on average (Fig. 2 b and d).
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Figure 2: Response of Pinus nigra to warming, drought almdgnance. a) shows the annual growth
in cm as a function of treatment and provenan@909 and b) in 2010. c) shows the annual growth in
per cent of the initial height for 2009 and d) #8¥10. e) Depicts the number of shoots per indididua
as a response to treatment and provenance in 2@D§) &n 2010 and g) illustrates the percentage of
surviving individuals in 2009. In 2010 almost afidividuals survived (>99%). Lower case letters
represent significant homogeneous groups as rel/dslehe post-hoc tests. F- and p-statistics are
provided for provenance, warming, drought and titeraction between warming and drought (w:d).
Significant p-values (<0.05) indicated by bold dettg. No significant interactions between
provenance and weather treatments were found. DReptportional hazard model does not provide
F-satistics. Provenances are arranged accordithgitogeographic origin from east to west.

Warming had no significant impact on height growtlejther in 2009 (ANOVA: absolute
growth: F = 0.0, p = 0.976; relative growth: F 9,0p = 0.380), nor in 2010 (ANOVA:
absolute growth: F = 0.3, p = 0.582; relative gtavi = 0.0, p = 0.986).

Sensitivity to warming and to drought did not diffamong the provenances (ANOVA:
interaction between provenance and drought: 20B9plate growth: F = 0.9, p = 0.483;
relative growth: F = 2.1, p = 0.068; 2010, absolgtewth: F = 1.3, p = 0.262; relative
growth: F = 0.9, p = 0.478; interaction betweenvprance and warming: 2009, absolute
growth: F = 0.8, p = 0.546; relative growth: F 4,1p = 0.379; 2010, absolute growth: F =
0.7, p = 0.613; relative growth: F = 0.5, p = 0.)69

Number of Shoots

The provenances did not differ significantly inner of the number of shoots in any year
(ANOVA: 2009: F = 2.1, p = 0.060; 2010: F = 1.9510.096). Drought, however, reduced the
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number of shoots (ANOVA: 2009: F = 11.1, p = 0.2Q@10: F = 13.3, p = 0.007; Fig. 2 e and
). In 2009 the control plants had 3.3 shoots oerage and the plants undergoing drought
treatment 2.8 shoots on average. In 2010 it wagcérirol) to 4.1 (drought) on average.
Number of shoots was not significantly affectedwarming in any year (ANOVA: 2009: F =
3.1, p = 0.119; 2010: F = 4.2, p = 0.075). Overhie provenances showed no significant
variation in their response to the weather manipara (ANOVA: 2009: interaction between
provenance and drought: F = 1.0, p = 0.413; intema®detween provenance and warming F =
0.8, p = 0.554, 2010: interaction between proveeaacd drought: F = 0.5, p = 0.765;

interaction between provenance and warming F =@0:60.730).

Needle Phenology

The onset of needle foliation in 2010 did not diegnificantly among the provenances (Fig.
3) (ANOVA: F=1.1, p =0.377).

The warming treatment led to a earlier bud bursgtedle foliation started 10.6 days earlier
when the plants were exposed to warming comparéd aeintrol individuals (ANOVA: F =
49.1, p = <0.001). Needle foliation was complete&idays earlier on average for plants under
warming treatment, though this was an insignifictreind at the 95% confidence level
(ANOVA: F = 3.6, p = 0.079). The influence of theodght treatment on the phenological
development of leaves was not significant at aNQVA: F = 0.2, p = 0.655).
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Figure 3: Needle foliation in 2010 for the different provecas. Circles represent bud burst and
triangle the completion of needle flushing. Thdatént shades of grey illustrate the four treatment
The horizontal bars represent the standard errarmivig siginificantly impacted bud burst (ANOVA:
F=49.1, p=<0.001).

Generally, the provenances showed no significantaitran in their response to the weather
manipulations in terms of needle phenology (ANO\iAteraction between provenance and
warming: F = 1.3, p = 0.262; interaction betweenvpnance and drought: F = 0.6, p =
0.738).

Mortality

Provenances exhibited a significant differenceeimis of mortality in 2009 (ANOVA: p = <
0.001. The German provenance showed the lowesivalirate (78.6%), while the Austrian
provenance showed the highest survival rate (97(6%g) 2 g).

Drought significantly increased mortality (ANOVA: $ < 0.001). Only 79% of the plants
subjected to the drought treatment survived, wie@6% of the plants that were not
exposed to drought (control and warming) were alfter the first season (Fig. 2 Q).
Warming significantly decreased surivival (ANOVA:#$ 0.011). However, the decreased
survival only occurred in combination with the dgba treatment (- 13%), though no
statistically significant interaction between drat@nd warming could be detected with any
of the two statistical methods applied (ANOVA:drdction warming and drought: p = 0.137;
Fig. 5 a, Tab. 2).

The provenances showed no significant variation their response to the weather
manipulations (ANOVA: interaction between proveraand warming: p = 0.444; interaction
between provenance and drought: p = 0.840).

In 2010 mortality was negligible (<1%) and no trenohsed on treatment or provenance
effects became visible. The GLM model qualitativgilgided the same results.

Discussion

Within-species variation in the absence of climatperturbations

Pinus nigrahas a very fragmented distribution range acrosgghb-) Mediterranean region.
It is split into six subspecies, which are agairbdivided into varieties (Isajev 2004).
Especially in the western part of its range,nigra populations most likely survived the last
glacial maximum in refugia (Afzal-Rafii et al. 200%hich implies a long-term separation of
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populations.P. nigra shows a high genetic distance between populatiSoaltsoyiannes et
al. 2009) and thus it can be expected that phertgifferences also occur between
populations and provenances. The different perfooeadf the six provenances in terms of
height growth in our experiment is therefore nafpssing. The southern lItalian provenance
showed the highest total height increment in bathary, whereas the performance of the
French provenance was lowest in 2009 and 2010.sigweficant disparity between the two
provenances is unexpected, because they both bwaing same subspeciksicio (Huber
2011). This variation in growth may indicate a ihist inter-population genetic variation even
within a subspecies.

In 2009, the Northern Italian provenance perforraethe same level as the Southern Italian
provenance with high growth rates across all treats) despite the fact that it originates
from a site with high annual precipitation and aklsgh precipitation during the vegetation
period (Tab. 1), where a potential local adaptatgiould lead to a higher drought-
susceptibility than for sites with low precipitatioHowever, Soto et al. (2010) found a
positive correlation between summer precipitatiod svithin-population diversity foPinus
nigra, as regions with regular precipitation would supparger and demographically more
stable populations, than regions with a higher semainought frequency. This probable high
genetic diversity may be the reason for the reddyivstable growth and relatively high
survival rate within this provenance.

Another surprising pattern is revealed by the saiviates. The German provenance exhibits
a significantly lower survival rate than the Auatri provenance. However, the German
provenance was founded in 1909/1910 with seeds ffarstria (Huber 2011). Climatic
conditions and elevation are also similar betweka places of origin of these two
provenances. Nevertheless they show distinct peences, which may point again to the fact
that populations strongly vary genetically, despitdose spatial relationship.

Budburst was not influenced by provenance. Though Northern Italian provenance
completed needle foliation significantly later théme other provenances, it seems that
provenance or genetic differences do not influepkbenological behavior as much as the
temperature signal does. This is in accordance fivithngs for other tree species (Vitasse et

al. 2009) and indicates a strong potential for &atégn to changing climatic conditions.

Species Response to Drought and warming

A reduction in summer precipitation by about 20%iisjected for Central Europe according
to the A1B scenario (BfG 2009), with an increasisét of drought periods (Rowell 2009).
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These altered climatic conditions will have a strampact on temperate forest ecosystems.
Especially indigenous conifers will suffer most endiry summers (Koélling 2009, Lindner et
al. 2010).Pinus nigrahas to be able to cope with the projected climatiaditions, in order to
come into consideration as a potential substittéhfe endangered locals.

Drought was the main source of variation in groaial survival across all provenances in our
experiment. Yet, considering the extremeness ofdiwight treatment (42 days without
precipitation and more than two weeks soil moistoetow the permanent wilting point),
survival and growth rates remained remarkably higbrprisingly, there was no drought
effect on height growth in the first year, when tagtual drought treatment took place.
However, in the second year height increment styodgcreased for individuals exposed to
drought in the previous year, despite no furtheugdht treatment. Across the provenances the
saplings ofP. nigraexhibited a lagged response to water shortageadiytaining high growth
rates in the drought year and a height growth dnothe subsequent year. Similar lagged
effects of drought are reported by other studiesbdurgeois (2000) found significant
correlations between early radial growth and tewrmjpee (negative) and precipitation
(positive) in October of the previous year in adstwn climatic impacts on the growth of
Corsican PineKinus niga ssp.laricio var. Corsicang. Analogous results were reported by
Martin-Benito et al. (2008). They show that thelgawvood growth ofPinus nigrain
Southeastern Spain was negatively impacted byague® year drought event. During water
stress, newly fixed carbon is rather used for ogamtjustment to improve drought resistance
or is allocated to root growth in order to acquirere water. This physiological response may
reduce carbohydrate reserves which are necessangft year's growth (Lebourgeois 2000,
Martin-Benito et al. 2008). Such lagged responses been confirmed for other conifers
(Andreu et al. 2007, de Grandpre et al. 2011). Haneall these focused on adult trees, with
significant storage capacity for carbohydrates. edaged growth response for seedlings, as
presented in our study is a novel finding. Compaoeddult trees, seedlings have less storage
capacities, due to a smaller share of woody tisSuerefore, a reduced carbohydrate
production or a reallocation of assimilates shdelad to a more immediate height growth
reaction. Maintaining a high growth rate despitéenatress might therefore be related to the
strong increase in mortality of juvenile stagesinyiand after water stress. Furthermore the
drought period might alter soil organic matter daposition and nitrogen mineralization
processes, what can lead to carry-over effectstirgmext years (van der Molen et al. 2011).
The survival of the pine seedlings in 2009 depensdigghificantly on water conditions.

Nevertheless the overall survival rate was reltivegh (79%) in the drought treatments,
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considering the young age of the seedlings (one).y&ae warming treatment amplified the
negative drought effect on survival, confirming thssumption that in regions with low
precipitation and water shortage during the vegetgieriod additional warming makes water
stress more severe (Martin-Benito et al. 2010, NdelLet al. 2011), probably due to increased
evapotranspiration.

In general, the two reactions to drought, die-affl ggrowth reduction, happened temporally
separated. Drought-induced mortality solely toakcplin the drought year, whereas reduction
in growth did not become significant until befohe tfollowing year. It seems that most of the
plants could deplete stored carbohydrates to sexwmaval during the first year, but these
plants lacked in reserves necessary for growthhé riext year. However, to explain the
physiological reasons for this behavior, it is impat for upcoming studies to provide a
higher temporal solution of growth and to determine exact cause of death (cavitation or
starvation (Adams et al. 2009)).

The number of lateral shoots was also significambgatively impacted by the drought
treatment. However, effects of the treatment becaimeady visible in the first year and
maintained until the year after the treatment. Ao growth takes place later in the growing
season, the influence of current year conditiotsgber (Lebourgeois 2000, Martin-Benito et
al. 2008) than for height growth.

The warming treatment led to an earlier bud burebss all provenances. This might lead to a
higher annual increment, due to a prolonged pevwiittt more photosynthetically active
biomass. Yet, such a response to increased terupesatould not be observed in our
experiment. The caveat of earlier budburst is tloeeiased late frost sensitivity, especially as
the period until completion of foliation was coresidbly elongated by the warming treatment.
Viveros-Viveros et al. (2009), Kandemir et al. (BDbr Kreyling et al. (2011 a) assume that
the impacts of late frost will grow in a warmer \bas it may hit vegetation that is further
developed. They point out that the timing of sugkres is crucial, as foliage is especially
susceptible shortly after bud burst. Moreover, algrged needle maturation period might
make the tree more susceptible to herbivory, angeuneedles are usually more nutritious
and contain less defensive compounds and theref@ee up a superior diet for insects
(Ruusila 2005). Even if we could not find any diffieces in timing of flushing between the
provenances, these aspects have to be taken iep@deonsideration before introducing this
species into novel climatic or more late frost @roegions in Central Europe.

In general the additional warming treatment hagbssingly little influence on performance,

indicating that water shortage is the main driverdeclining performance. The negligible
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effect of warming could be due to the fact that ewdy applied a moderate increase in
temperature (about 1.6 K compared to Control). wWaeming was not intended to be extreme,
but to simulate the expected average backgroungdeature in the second half of the®21

century. Extreme heat waves are expected to octhmpnobably similar effects on vegetation
than drought events (Clark et al. 2010, DeBoeclk0201

Provenance-specific Response to Drought and Warming

The provenances responded uniformly to our droagltwarming treatments, implying that
no variation in sensitivity to climate change oscwamong provenances. Consequently,
drought or mean temperature does not appear tosengignificant selective pressurelimus
nigra populations up to now. High drought tolerance ssrpopulations (Lebourgeois et al.
1998, Martinez-Vilalta et al. 2002) seems to prevsimong selection. Only the German
provenance exhibited a non significant trend towdrgher drought induced mortality. Yet, a
high mortality rate can support a faster adaptatibforests to changing climatic conditions,
than earlier maturation age or dispersal ability, the most drought-tolerant individuals
survive (Kuparinen et al. 2010). The relatively dqgmerformance of the surviving individuals
of the German provenance may underline these f@sdin

Our findings are supported by previous studiesoiiier pine species. Lamy et al. (2011)
found no significant differences in cavitation stance of six populations &inus pinastein

a provenance trial in Spain. Similiar results wgiedded by Maherali et al. (2000) fétinus
ponderoswhich showed no signs of intraspecific variationarms of cavitation vulnerability
as well. In a common garden experiment with twig@tion regimes including two montane
and two desert populations Binus ponderosdetween-population differences in biomass-
allocation and hydraulic architecture did not ctat® with the climate at the places of origin
of the populations (Maherali et al. 2002). Martinédialta et al. (2009) detected local
adaptation to drought in 1Rinus sylvestrigoopulations for some hydraulic traits, but for
cavitation vulnerability and leaf physiology no mijcant interaction with climate dryness
could be accounted for.”

However, local adaptations to climatic conditionsild already be detected fBmus nigrain
terms of frost-tolerance, showing a correlationhwibinimum temperatures at the site of
origin (Kreyling et al. 2012). Winter conditions ghit therefore impose a higher selective
pressure oPinus nigrapopulations than the climate during the vegetatienod, and winter
climate change might consequently play a much rmop®rtant role in population dynamics

than previously assumed (Kreyling 2010).
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The transplantation or assisted colonization ofgufapted provenances of key tree species
within their natural distribution range might be adequate tool for the conservation of
ecosystem functioning and services in the faceliofate change (Kreyling et al. 2011 b).
However, especially Central European conifer sgedike Picea abieswill most probably
face climatic conditions that they have not yeteasignced within their distribution range
(Kdlling 2007; Kolling 2009) and pre-adapted ecaypnight therefore not exifinus nigra

as a drought-tolerant species, might be bettertaddp the future conditions, and might thus
serve as a substitute for conifers at dry sitegSantral Europe (Huber 2011). The introduction
or transplantation of exotic species has a londitican in forestry. Still, numerous examples
of failed transplantation warn against rushed actgobel et al. 1987).

Our results suggest that looking for a single pravee, which is “best-suited” to the future
climate and other site conditions at a certaintiooa might be too narrowly considered. We
did not find any local adaptations in growth andvswal response to drought and warming
between provenances on a continental scale. Yedpnyeincluded a relatively small selection
of provenances in our experiment and did not tesintfor the multitude of possible changing
climatic variables, such as heavy rain, storms rostf events. For example the Italian
provenances, which performed well in terms of growhd survival in this study, exhibit a
low cold hardiness (Kreyling et al. 2012), whichgmi make them susceptible to frost
damage. This means a provenance that copes wéll ami¢ climate extreme might react
negatively to another one. Furthermore we did ndude the important aspect of forest pests.
Herbivory and diseases might become increasingpontant aspects of forest ecology in the
face of climate change (Watt et al. 2011) and redoke taken into consideration before the
introduction of novel species. Also, economic asped tree growth like wood quality and
straightness in growth need to be examined in staliwkd provenance trials (Huber 2011),
which help to detect the whole spectrum of spespes:ific responses (Kreyling et al. 2011
a). Still, results of such experiments might naildg change when interacting drivers like

multiple climatic variables or biotic interactioase considered in a multi-factor experiment.

Conclusions and Outlook

Delayed growth response after drought in juverolest trees needs to be considered in field
observations and common garden experiments whelyistuthe consequences of climatic
change. Short-term studies have to be conductett gitat care in order to avoid

misinterpretation of initial drought tolerance.
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Pinus nigrashows a high drought tolerance and appears walbtad to the future climate

conditions in Central Europe. Provenancesohigra differ strongly in their performance,

while exhibiting a surprisingly uniform sensitivitp drought and mean temperature showing
no sign of local adaptation. These results sugtjest the search for a “best-adapted”
provenance for transplantation based on equivalenates is not useful, especially regarding
the multitude of possible changing climatic parametand their interactions. Furthermore,
herbivory and diseases might become increasingportant in the face of climate change.
We therefore suggest management actions aiminigeatdnservation or increase of genetic
diversity of populations, e.g. by promotion of maluregeneration in native stands or

intermixing of different genotypes, as this enalaldaptation to novel growing conditions.
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Abstract

Climate extremes are expected to increase in fre;yuand magnitude as a consequence of
global warming, threatening the functioning, seegi@and goods of forest ecosystems. Across
Europe, the ecologically and economically importaeé species Fagus sylvatica is expected
to suffer particularly under such conditions.

The regional introduction of provenances from daed warmer climates is one option to
adapt beech forest ecosystems to these adversetsefté climate change. Marginal

populations from the drought-prone southern andthreastern edges of the species’
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distribution come into focus in search of suitatéedidates for Central European deciduous

forests.

Here, we test three marginal provenances (Spailgaa and Poland) and three provenances
from the centre of the distribution range (Germafoy) their response to drought in two
different soil types (sand, loam) in a full-facedricommon-garden experiment in Landau,

Germany.

Drought impacted all growth parameters negatividgf(damage +22% (percentage points),
height -40% and diameter increment -41%) and timel\saubstrate exacerbated this effect.
However, provenances differed in their responsigreoght and soil type. Evidence for a local
adaptation to summer drought was detected, espedmlterms of mortality rates. The
Bulgarian and Spanish provenance showed a stablerp@nce under drought conditions
(BG -27% in diameter increment; ES -32%), compaedhe Polish (-48%) or the most
sensitive German provenances (-57%), yet for Bidgam a low level of total increment. This

may indicate a trade-off between drought-toleraara® growth.

Therefore, a sole focus on drought-resistant margirovenances seems to not be conducive,
as they might be less adapted to other climatid¢ofac e.g. frost, as well. However,
intermixed with local Central European provenaribese may act as functional insurance in

future drought-prone forest stands.
Introduction

Alongside an increase in average temperature, GMEming is expected to trigger an
increase in magnitude and frequency of climaticesres such as prolonged drought events
(IPCC 2012). This will especially affect the furmting of ecosystems with long-living
organisms, such as forests, and may lead to andeglprovision of forest goods and services
(Allen et al. 2010, Lindner et al. 2010). The véipcof these changes in ecosystem
functioning may exceed the natural dispersal rafeees and the speed of evolutionary
adaptation processes (Bertrand et al. 2011, Chah 2011).

Fagus sylvatica is a naturally dominant and econalbyi important, but drought-susceptible
tree species in Central Europe that deserves $pteation in the face of these changing
conditions (Fotelli et al. 2009). Even though Hvatica is considered a high-risk species in
the face of climate change (Ohlemuller et al. 2@xherrer et al. 2011), the area stocked with
F. sylvatica constantly increases in Central Eul@panany due to forest conversion from

coniferous to mixed stands. According to Polleple{2009) beech is the species in Germany
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with the highest increase in stocked area betw@&2 and 2007 (83.000ha). Drought events
most probably determine the southern edge of tl#ilolition range (Jump et al. 2006).
Especially at lower elevations growth and distribtof F. sylvatica is expected to decline at
its southern limits (Matyas et al. 2009, Hlasnylet2011,Jezik et al. 2011) and on xeric sites
in Central Europe (Czucz et al. 2011). The observecent decline in beech forest
productivity in France could be linked to low waterailability, especially in early summer
(Lebourgeois et al. 2005, Charru et al. 2010). karmore Piovesan et al. (2008) showed that
basal area increment of European beech standsadedr&vith decreasing water availability in
the Apennine Mountains in Italy. The exceptionaD2@rought period over Central Europe
generated distinct negative effects on the perfoneaf F. sylvatica (Czajkowski et al. 2005,
Leuzinger et al. 2005, Betsch et al. 2011). Moreaveseems that F. sylvatica loses its
competitive advantage to less drought-sensitivecispe e.g. Quercus petraea, under water
limited conditions in Southern and South-Easterrt phits distribution range (Bonn 2000,
Fotelli et al. 2001, Friedrichs et al. 2009, Clatkal. 2011, Scharnweber et al. 2011), whereas
positive impacts of climate change on competitiomyrprevail on the northern distribution
edge in Sweden (Bolte et al. 2010). Drought periald® increase pathogen- and fungi-
susceptibility of F. sylvatica, as shown by Jung0@) for the post-2003 years in a Bavarian
beech stand. Therefore, Rennenberg et al. (20@#{zassler et al. (2007) consider the focus
on F. sylvatica in the ongoing forest conversionay risky.

However, F.sylvatica, with its wide geographic disition, covers a broad range of climatic
conditions (see Kolling 2007). The introduction fef sylvatica provenances from warmer,
more drought-prone regions, especially from theesdgf its distribution range to Central
Europe might therefore be one potential adaptatiiah to dampen the adverse effects of
future climatic environments (Bolte et al. 2009,elling et al. 2011). The genetic
composition of forest trees determines the phenotglasticity and with this their adaptive
capacity to environmental stressors such as dro(fgtitaberg et al. 2008, Matyas et al.
2009). In Central Europe, F. sylvatica exhibitsighhgenetic diversity within populations
(Konnert 1995, Vornam et al. 2004), whereas onrdicental scale the genetic differentiation
between populations becomes more distinct (Com. et990, Magri et al. 2006). These
differences in genetic configuration between pototes, most likely, display differences in
adaptive capacity between provenances. In numgnaygnance-trials over the last decade, a
contrasting performance of provenances from differgeographic origins has been
demonstrated (e.g. von Wuehlisch et al. 1995). Heumiore, it was shown that different

provenances exhibit specific responses to abittessors such as late frosts (Kreyling et al.
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2012) or drought (Schraml und Rennenberg 2000, €etilal. 2006). In a European —wide
provenance-trial network, macroclimatic adaptatoould be detected: The performance of
different provenances was negatively correlatedh witmatic distance (absolute differences
in certain climatic parameters) between test-git@ @rigin of the provenance (Matyas et al.
2009). Czajkowski and Bolte (2006) found a sigmifitty higher transpiration and therefore
higher water stress under drought conditions fom@& and West-Polish provenances than
for provenances from the more continental CentddiisR eastern distribution edge of F.
sylvatica. In the extraordinary dry year 2003, NWe€k beech populations only experienced
mild drought stress compared to the reported damagdeech forests in Central Europe,
despite comparable climatic conditions (Fotelli a¢t 2009), thereby indicating a local
adaptation of Greek populations to water shortagéerefore, such marginal populations
from the dry edges of the current distribution g F. sylvatica may come into focus in
search of drought-resistant ecotypes (Rose e0@b,Xreyling et al. 2011) The susceptibility
to climatic stressors such as drought, howeveongty depends on the interaction with
additional biotic or abiotic factors (Messaoud &dlden 2011). The impact of drought and
water stress on the performance of F. sylvaticadép on air ozone concentration (Pollastrini
et al. 2010), carbon dioxide concentrations (Pesuett al. 2008), light availability
(Czajkowski et al. 2005, Lof et al. 2005) and ssiemistry (Weitner et al. 2007). Evidence
suggests that, in general, drought reduces nutagatlability and uptake in forest soils
(Rennenberg et al. 2009, Kreuzwieser and Gessl&0)20'he interactive effects of soaill
nutrient balance and water availability on finetspanicroorganisms and soil nutrient cycling
processes are poorly understood (Kreuzwieser asgl&e2010). However, especially for F.
sylvatica which grows on various soil types throougits distribution range (Ellenberg and
Leuschner 2010), the occurrence of drought conitar water stress is a complex interactive

mechanism between climatic and edaphic factorsr{@areet al. 2008).

Considering the reported negative impacts of drooghthe performance of F. sylvatica and
the intraspecific variability in drought response,is important to know whether certain
provenances of F. sylvatica are less susceptiblindse negative effects and whether site
factors such as soil type influence specific respenThis knowledge is crucial to assess the
potential of selective transplanting of droughtiset provenances as a tool to dampen

negative impacts of such climate extremes in thessoof climate change.

Here, seedlings of six provenances of F. sylvaticeee from the centre of its distribution

range end three from the margins (SE, SW, NE) werp®sed to drought in two different soill
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types (with contrasting nutrient availability anieéld capacity) in a full factorial common
garden experiment. We hypothesized, that (1) praveses differ in the extent of leaf damage,
height and diameter growth and (2a) drought and @mndy soil substrate negatively
influence these performance indicators. We furissumed that (3) marginal populations are
less drought sensitive, and we expected (4) thatcsmditions and drought interactions

significantly affect plant performance.

Material and Methods

Experimental Site

The provenance-trial (EVENT 3-Landau) is a subptogé the EVENT-Experiment series in
Bayreuth, Germany (Beierkuhnlein et al. 2011). #svestablished in 2010 in the vicinity of
the University of Koblenz-Landau, at the Julius Kélhstitut (JKI), Federal Research Centre
for Cultivated Plants, Siebeldingen (49°13'03” ND8'47” E, 202m a.s.l.). The mean annual
temperature at the site is 10.2°C and the meanahrprecipitation is 643mm, which is
distributed bimodally with two major peaks in Maihk and November/December (data:
German Weather Service). Annual average temperet@epected to increase by 3.7K by the
end of the century (2080s compared to 1950-200@),paecipitation is expected to decrease
by about 50mm per year, with a major decrease mnser (JJA) precipitation (- 60mm),
according to the A1B scenario of the MPI-ECHAM5-reb(tlata: worldclim).

Plant Material

Seeds of six provenances of F. sylvatica were oéthin autumn 2009 and brought to
germination at the Bavarian Institute for Foresedeg and Planting (ASP) in Teisendorf,

Germany in spring 2010. All six provenances steomfrautochthonous populations (Fig. 1,
Tab. 1). The provenances were chosen to reprasermentre of the distribution range (DEL1,
DE2, DE3) and the south-eastern (BG) and southenegES) edges, where drought limits
the distribution of the species, and the northexasedge (PL), where besides summer
precipitation winter conditions and late frost argortant limiting factors (Tab. 1, Fig. 1). In

January 2011, the seedlings were transported teelSi@gen and in March 2011, they were
planted in 12-litre pots with two different soilpigs. Individuals were selected randomly for

each provenance and treatment from all living gattplanting date. Mean plant height at the
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start of the experiment was 22.1 cm (£ 6.6cm S¥amplant diameter 2cm above the root
collar 4.7mm (4.4 — 5.3mm) with a standard deviatd+ 0.8mm SD (0.6-0.8mm).

Summer heat moisture index
Lo

[ 1
2
[ 40
B 0
B =0
B 0
B 20
| REN
B 0
I <0
I o0

Figure 1: Geographic origins of provenances used in the éxpeit. Grey scales display the Summer Heat
Moisture index based on worldclim data (HijmangleR005). Distribution range . sylvaticais outlined
according to EUFORGEN

Table 1Site information for the provenances used in theeerment. Summer Heat Moisture index derived from
WorldClim (Hijmans et al. 2005).

Code Location Country Latitude Longitude elevation SHMI
(ma.s.l.)

BG Kotel Bulgaria N 42°51'59" E 26°26'40" 600 61

ES Montejo de la Spain N 42°01'00" W 03°05'00" 1463 68
Sierra

DE1 Hengstberg Germany N 50°08'00" E 12°11'00" 569 47

DE2 Johanniskreuz Germany N 49°18'00" E 07°50'00" 70 5 42

DE3 Kempten Germany N 47°44'48" E 10°08'54" 803 26

PL Mragowo Polen N 53°52'00" E 21°20'00" 137 51
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Experimental set-up

The potted individuals were exposed to a fully seasexperimental design consisting of a
precipitation treatment (drought and control) awd different soil types (sandy loam, loamy
sand). Each treatment combination (drought withdgalmam, drought with loamy sand,
control with sandy loam and control with loamy spn@s replicated with 9 individuals. For
two provenances (Spain, Poland) the number of cagls had to be reduced to 8 and 7
respectively, due to mice damage, resulting in @idts overall. The experiment was set up
completely randomized in a concrete bed filled wstind. All pots were put on plastic
saucer

5. Drought sand

Control sand
—— Drought loam
........ Control loam

N
(6]
|

N
o
|

Soil moisture (%)

05 06 07 08 09 10
Month

Figure 2: Soil moisture for all four treatment combinatio$ie light grey area shows the artificial drought
period, the dark grey area shows the re-waterirgs@hThe two horizontal lines depict the approxédat
permanent wilting points for the loamy (black) @ahd sandy substrate (grey).

On April 13th the experiment was covered by a mihshelter constructed of a steel frame
(GlasMetall Riemer GmbH, Rahden-Sielhorst, Germaay)l covered with a transparent
polyethylene sheet (0.2mm, SPR 5; Hermann Meyer R@lingen, Germany). The lower

edge of the rain-out shelter was 80 cm above grotline shelter permitted the penetration of
nearly 90% of the photosynthetically active radiati Additionally, as seedlings of F.

sylvatica are sensitive to direct radiation, a shgdanvas (Quadra 105ME, 105g, DM-Folien
GmbH, Reutlingen, Germany) was attached to thelénef the polyethylene sheet, resulting
in a penetration of about 55 % of the photosyntiadiyr active radiation. As the shade-tolerant
species European beech has shown to yield higmesitly rates when exposed to medium
light levels (e. g. Schall et al. 2012) most likeky limitation by light availability occurred in

our experiment. From the planting date until then-aut shelter was set up, the plants

received the ambient precipitation and were addlitliy watered with groundwater (March
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14th, 18th, April 1st, 4th 8th and 11th). After tran-out-shelter was set up, the plants were
watered with groundwater on April the 18th, 28thil &0th, so that a sufficient water supply
and root growth was guaranteed. From May 2nd omplalts were exposed to the control
precipitation regime which simulated the local @a#lO-year average precipitation. The

application was done twice a week with groundwater.

The drought manipulation consisted of a 36-dayqokewithout irrigation. It started on May
9th end was completed when 20% of the plants shatredg drought damage (76-100% of
the leaves damaged), on June 13th. Approximatelyai/2 after the start of the treatment soil
moisture dropped below the permanent wilting pdpf = 4.2; Fig.2) for the loamy sand
substrate and about one week later for the sarady Eubstrate. In the re-watering phase after
the drought period the plants were exposed to thrdral precipitation treatment again.
Additionally they received the amount of water whigas given to the control plants over the
36-day drought period, evenly distributed over aeek, so that at the end of the experiment
both the individuals in the control as well as he tdrought treatment received the same

amount of water.

The volumetric soil water content was measured witectric permittivity sensors (EC-5
soil water sensor, Decagon Devices, Inc., Pullnid®A). Altogether 10 sensors with two
data loggers (ECH20, Decagon Devices, Inc. Pullmus¥) were installed in the pots in 5-
10 cm depth, three for the two soil types eacthendrought treatment and two each in the

control treatment.

The soil treatment consisted of two different dgpes. The first one was a sandy loam

substrate from a local forest top-soil dug-outpfroow on called loam or loamy substrate.

The second soil type was a loamy sand substratsjstimg of a mixture between the loam
and arenaceous quartz sand from a local sand@8it €ach), from now on referred to as sand

or sandy substrate (Tab.2).

Table 2 Nutrient content and pH-values fort he two soildgmsed in the experiment

K Mg P NO3 NH4  Corg. pH-CAT pH-water N
mg/kg mg/kg mg/kg mg/kg mg/kg % %
LoamySand 54,8 121 11,1 14,1 2,02 0,56 6,3 8,5 <
SandylL.oam 118 267 48,3 31,0 3,98 1,92 4,7 7,6 0,14
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Response Parameters

Short-term response to the treatments was detednbgevisual estimates by assigning the
average percentage of damaged leaves per plant tdasses (0%, 1-5%, 6-25%, 26-50%,
51-75%, 76%-100%). A leave was counted as “damagesi’'soon as it exhibited necrotic
tissue. The share of necrotic tissue of the whedeé was not taken into consideration. This
assessment took place at the last day of the dtaregtiment. For each individual, mid points
of the six classes were used for further statistinalyses.

Long-term effects of the treatments were determibgdmeasuring height and diameter
shortly after planting time in April and after tlggowing period at the end of September.
Increment was calculated by subtracting the inkgues from the values at the end of the
growing period. The statistic were conducted bothabsolute and relative increment values.
As the initial plant dimensions were very similareo the provenances and thus the relative
values yielded similar results we concentrate osokfbe values in this study. Dead
individuals were counted and the percentage of dedididuals per treatment, soil type and
provenance was calculated. Furthermore, the Sunikheet Moisture Index (Wang et al.
2006) was calculated ((mean temperature of warmmestth)/(mean annual summer (May-
September) precipitation/1000)) for each geograptigin of the provenances (data:
WorldClim; Hijmans et al. 2005).

Statistics

Analyses of Variance (ANOVA) combined with lineamodels were applied to test for the
main and interactive effects of the three factawenance, drought and soil on height and
diameter increment and on leaf damage. Data waaregaot transformed in order to
improve homogeneity of variance and normality clidaals prior to analysis if necessary. In

case of significant effects, post hoc comparisoasewun (Tukey’'s HSD).

To test for the long term impacts of short term dga) an ordinary least squares regression
was applied between the reduction of height andheiar increment in the drought treatment
compared to control (in %) and the percentage ohadped leaves per plant averaged per
provenance. Generalized Linear Models were usetktermine the effects of treatment, soill
and provenance on mortality, Least Squares Regressd correlate mortality with increment

rates.

Least squares regressions were also used to dbsesarrelation between the Summer Heat

Moisture Index (SHM) at the geographic origins loé provenances and increment reduction

86



6 Manuscripts

(drought compared to control in %), leaf damage &) mortality (%) in order to detect

local adaptations to drought events.

All statistical analyses were conducted with théveare R.2.13.0 (R Development Core
Team 2011).

Results

Leaf damage
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The provenances differed in the percentage of dathbaves per plant (ANOVA: F = 2.5, p
= 0.035; Fig. 3a). The German provenance from KempbDE3) showed the highest share of
damaged leaves (23%), whereas the Bulgarian pracenaxhibited a significantly lower
percentage of damaged leaves (6.5%). The droughtnent increased the percentage of
damaged leaves significantly from 4% in the contreatment to 26% on average for plants
under the drought treatment (ANOVA: F = 30.9, p.80d; Fig. 3b). Plants grown in sand
showed a significantly higher share of damageddsg22.1%) than plants in loam (7.8%)
(ANOVA: F=16.1, p < 0.001; Fig. 3c).

Solil type significantly impacted the drought effect leaf damage (ANOVA: soil x drought:
F =9.0, p = 0.003; Fig. 3d). In the loamy substrdtought caused 4.7 times (D: 12.8%, C:
2.7%) more damage compared to control, whereasama slrought caused 7.2 times (D:
39.1%, C: 5.4%) more damage than the control treatnProvenance-specific reactions to
drought or soil type could not be detected (ANO\*ovenance x drought: F = 1.3, p =
0.283; provenance x soil: F = 2.3, p = 0.128).

40, a) provenance _ b)drought _ c)saoil R b) drought - soil
interactions

F=25 p=0.04 F=30.9p <0.001 F=16.1p<0.001 F=9.0 p <0.001
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Figure 3: Leaf damage oF. sylvaticaat the end of the drought manipulation (June 18tl8% in response to a)
provenance, b) drought and c) soil type. All sig@ift main and interaction effects (d) of the thiaetorial
ANOVA are displayed. Provenances are arranged nitteasing SHMI
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Height increment

Provenances differed in terms of height increm&MNQ@VA: F = 18.5, p < 0.001; Fig. 4a).
The Bulgarian and the German provenance from Jaslneniz (DE2) showed significantly
less increment than the other provenances (BGnj.D&E2: 5.7cm). The German provenance
Hengstberg (DE1) performed best with 14.9cm heigbtement. The drought treatment
reduced the height increment significantly from5t8a under control conditions to 8.1cm on
average for plants exposed to drought condition¢@XA: F = 32.9, p < 0.001; Fig. 4b). Soll
did not influence increment in height (ANOVA: F #12p = 0.149; Fig. 4c).

The provenances showed different height incremeaxitemps across the two soil types
(ANOVA: provenance x soil: F = 2.6, p = 0.026; Hgl). The Bulgarian provenance reacted
positively to sandy soil, whereas all other proveres showed no or a negative reaction to the

sand compared to the loam.

Provenance-specific reactions to drought or interaceffects of drought and soil could not
be detected (ANOVA: provenance x drought: F = p.4,0.235; drought x soil: F=2.3, p =
0.132).
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Figure 4: Height increment of~. sylvaticain response to a) provenance, b) drought and it)tygme. All
significant main and interaction effects (d) of tHeee-factorial ANOVA are displayed. Provenances a
arranged with increasing SHMI

Diameter increment

The Bulgarian provenance (BG) grew significantlyrseo(2.0mm) than all other provenances
in terms of diameter (ANOVA: F = 3.1, p = 0.011gFba), while all others showed similar
growth rates (2.6-2-9mm). The drought treatmentuced the diameter increment

significantly from 3.4mm under control conditioris2.0mm on average for plants exposed to
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drought conditions (ANOVA: F = 89.7, p > 0.001, Figp). The sandy substrate also had
negative impacts on secondary growth, reducingement from 3.1mm in loamy substrate to
2.2mm in sandy substrate (ANOVA: F = 37.3, p <Q,d8g. 5c).

The two solil types triggered a provenance-specdaction in terms of diameter increment
(ANOVA: provenance x soil: F = 2.6, p = 0.027; Figd). The Bulgarian and Spanish
provenances responded with a relatively stable eiamincrement to sandy substrate
compared to the loam, whereas all other provenasitesed higher growth rates on loam.
The German provenance Hengstberg (DE1) exhibitetbtably strong decline in mean

diameter increment on sand (even if not signifiadifferent from reactions of other German
and Polish provenances). Furthermore the provesasbewed a different tolerance to
drought with regard to diameter increment (ANOVAoyenance x drought: F = 2.7, p =
0.020, Fig. 5e). Only a minor decrease could beatletl for the Bulgarian provenance, while
the German provenances Hengstberg (DE1) and Ken{ptie8) showed strong cutbacks in
diameter increment in response to drought. Soile tyggnificantly impacted diameter

increment in response to drought (ANOVA: droughsoil: F = 7.7, p = 0.006). The sand
fostered the negative impacts of the drought peoiodliameter increment (control: 3.1mm;
drought: 1.3mm), whereas in the loamy soil the ghdumpact was more moderate (control:

3.6mm; drought: 2.6mm).

91



6 Manuscripts

4. a) provenances _ b) drought _ ¢)soil
F=3.1 p=0.01 F=89.7p = < 0.001 F=37.3p = <0.001
1
T
e % % | | J_
: | o
£
9 T
£ 2 - " | _
Q2
[}
S
©
©
14 A A
a a|la a|lbi||a
0 DE3DE2DE1 PL BG ES _ Control Drought _ Loam Sand
d) provenance-specific e) provenance-specific f) soil = drought
reaction to soil reaction to drought interaction
F=2.6 p=0.03 F=27 p=0.02 F=7.7 p=0.006

++ i ++ L _I

= T

U

£ 3 ] %

15 %7 1

(0]

£ + 1

o %4

5

€2 || 2 | ] |

5]

®

§ }L J(

g T
1 ] ] %
0. L] JUE | 7

DE3 DE2 DE1 PL BG ES DE3DE2 DE1 PL BG ES cL CS DL D-S

Figure 5: Diameter increment of. sylvaticain response to a) provenance, b) drought and it}ygme. All
significant main and interaction effects (d-f) d¢fetthree-factorial ANOVA are displayed. Provenanaes
arranged with increasing SHMI.

Mortality

Mortality occurred solely within the drought tream, and within the drought treatment
mainly in the sandy substrate (drought/loam = 7.8%ught/sand = 25.5%; ANOVA: p =
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0.012). Provenance did not impact mortality sigaifitly (ANOVA: p = 0.097), even though

mortality correlated significantly with summer dghi conditions at the places of origin of
the provenances (see Results, Local adaptationytaMyg tended to increase (non —
significantly) with diameter increment reductiorj{asted r2 = 0.39, p = 0.110) in the drought

treatment compared to control.

Correlation of leaf damage with increment

The average percentage of damaged leaves per prmesrwas strongly correlated to a
reduction in diameter increment (adjusted r2 = 099% 0.001). The reduction in height
increment exhibited a non-significant trend towaasisincreasing reduction with increasing
leaf damage (adjusted r2 = 0.42, p = 0.097).

Local adaptation

The Summer Heat Moisture index (SHM) at the gedgraprigin of the provenances did not
influence the reaction to drought with regard tagheincrement (adjusted r2 = 0.01, Fig. 6a).
However, even if non-significant, provenances framgins which are more prone to summer
drought events (higher SHM) tended to be more drbuglerant in terms of diameter

increment and leaf damage, as SMH at the geograpigins explained 25% of the variance
in diameter increment reduction (Fig. 6b), 31% lu# variance in leaf damage (Fig. 6¢). A
significant correlation (p = 0.041) could be detecbetween the SMH index and mortality
(Fig. 6d). Here the summer heat moisture indekeatgeographic origin explains 69% of the

variance in mortality.
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Figure 6: Correlation between the summer heat moisture iatiéxe origin of the provenances and the mean

reduction in a) height and b) diameter incremeninean leaf damage per provenance and d) morfadity
provenance.

Discussion

Intra-specific variation

The current distribution of F. sylvatica is a reésoll multiple glacial periods. F. sylvatica
survived the last glacial maximum in several refageas in Europe (Magri et al. 2006). Most
probably, refuge areas in the South-Western andri2irAlps played an important role in the
re-colonization of Central- and Western Europe, nele the Mediterranean populations seem

to have survived in several geographically distinefuges on the Iberian and Italian
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peninsulas and in the Balkan (Magri et al. 2006gM&008, Brus 2010). In particular the

Balkan (and Italian) populations are geneticallstidct from the other European populations
(Magri 2008). This post-glacial migration pattenmdagenetic differentiation, most probably,
also resulted in phenotypic variation between pnawees. Distinct performances of
European beech provenances grown in common garxieerieents are well-known and

often demonstrated (e.g. von Wuehlisch et al. 1988lsen and Jorgensen 2003, Giannini
and von Wuehlisch, 2009). The differences betwemvegmances in all of the examined
parameters in this study are consistent with th@eeious findings and likely express the

differences in genetic make-up.

Especially the Bulgarian provenance showed a distperformance in all parameters.
Bulgarian beech populations are genetically distinom Central European populations
(Magri et al. 2006), which may explain the sigrafitly lower increment. Surprisingly, one
German provenance (DE2) performed significantly sgoin terms of height increment than
the other two German provenances (DE1, DE3), despitost likely similar post-glacial

history and assumingly comparable genetic makefap.in Central Europe genetic diversity
is higher within populations than between poputsidKonnert 1995). Furthermore, the
silvicultural history of particular beech standsoften hard to be reconstructed. In addition,

local soil conditions and small-scale rainfall-patis may be also responsible (see below).

Effects of drought and soil on tree performance

Drought adversely impacted all measured paramejeifisantly: It increased the amount of
leaf damage and decreased height and diametermeaote This is in compliance with
numerous studies reporting on the drought sersitofi F. sylvatica (Rennenberg et al. 2004,
Lebourgeois et al. 2005, Jump et al. 2006, Piovesah 2008, Friedrichs et al. 2009, Betsch
et al. 2011, Hlasny et al. 2011, Jezik et al. 2@kherrer et al. 2011).

As expected, the sandy substrate with lower nut@eailability and water storage capacity
resulted in more severe negative impacts on theneance of plants, compared with loamy
substrate. The drought impact on leaf injury raed diameter increment was more severe for
plants grown in the sandy substrate, which showsriportance of the interaction between
precipitation rates and soil properties (Gaertrieal €2008). The soil moisture in the sandy
substrate dropped below the approximated permaméitg point one week before this point
was reached in the loamy substrate. Plants indahdyssubstrate, therefore experienced ~24

days of water stress, whereas plants grown indaeny substrate only ~17 days. The reduced
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nutrient uptake due to lacking water absorptionrduthe drought might furthermore have
weaker impacts in nutrient-richer soils than in m@oosoils. Apart from nutrient uptake,
evidence suggests that also nutrient availabilitytree soil is reduced due to drought
conditions (Rennenberg et al. 2009, Kreuzwieser@essler 2010).

In this study we did not investigate biomass alfiora to above- and belowground
components of the tree seedlings. Especially &edlsg age, the ability of European beech
to plastically react to environmental/drought caiodis in terms of reallocation of resources is
quite high, as Schall et al. (2012) demonstratagrogean beech seedlings increased the
investment into belowground biomass as a reactodrought. According to the balanced-
growth hypothesis (Hunt 1975, Shipley and Mezia@@2} plants reallocate resources to the
organ that exploits the limiting resource, in owse the root system. Such potential
reallocation effect of a drought treatment migladeo over-estimation of growth reduction,
as it might mask a constant biomass production,nwhst observing above ground-growth.
When trees get older this morphological plastidigreases and physiological acclimatization
processes becomes more important (Schall et aR)20herefore a transfer of results from
seedlings to mature trees should be backed by rmesearch, e.g. in long-term provenance

trials.

Provenance-specific reactions and local adaptatioio drought and soil

Drought-sensitivity in terms of diameter incremearied between the provenances in our
experiment. The Bulgarian provenance (BG) showekak performance under the control
treatment, yet the smallest reduction of diameterement due to the drought treatment. The
increment reduction between drought and controbtimer provenances (DE1, DE3, PL)
amounted to 50%. However, their absolute incremahies under drought conditions were
still higher than for the BG provenance. This bebaw of provenances correlates strongly
with leaf injury rates (r? = 0.99). The interactigéfiect of provenance and drought treatment
was not significant in this case, yet this is dodhe fact that leaf injury almost exclusively
occurred under the drought treatment. Given thativelly small number of provenances in
our trial, significant correlations between theudybt response of increment and leaf damage
with the climate at the origin of the provenancesld not be established. Yet, the reactions
of both parameters tended towards a correlatioh wie long-term summer heat moisture
index at the origin of the provenances. This tremdupported by previous findings by

Czajkowski and Bolte (2006) who demonstrate a taticen between the drier, continental
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climate at the origin of a beech provenance fromtreé Poland with low water stress
sensitivity and the moister climate of provenanttesn Germany and West Poland with
higher drought stress sensitivity. It is furthercompliance with the results of Nielsen and
Jorgensen (2003) who found a significant interachetween soil water content and diameter
increment for 14 provenances in a common gardeererpnt in Denmark. However, these
authors found a greater adaptability of southeavg@nances to changing water conditions. In
our experiment, the Bulgarian provenance showeava bbut stable increment over the
treatments while most northern provenances (eXoggt Johanniskreuz) performed at similar
low levels under drought conditions but showed @immore positive response to favourable
conditions than the Bulgarian one. Similar to theégarian provenance the Spanish one is not
very responsive to drought in terms of leaf damagder dry conditions and showed the
lowest mortality rates, however, in contrast to tBelgarian provenance on a higher
increment level and more notable reductions inement. Surprisingly the performance of
the German provenance from Johanniskreuz (DE2)meles the more the southern
provenances (than the other two German and thesHPalirovenances, which are
geographically closer) with low leaf injury ratdew height growth and lower drought
induced growth reductions. Nielsen and Jorgens@832show in their study that northern

provenances display a low but stable growth lemadl southern ones a more plastic response.

The results of our study and the results of Nielaad Jorgensen might be superficially
interpreted as inconsistent. On closer inspectimwever, the mere geographic division of
provenances into North and South might not refthet actual climatic and site conditions
populations were exposed to in past and presenheit places of origin. The southern
provenances used by Nielsen and Jorgensen (2008dtdstem from the very edges of the
distribution range, except one from Mount EtnajlidT) and the places of origin of these
southern provenances have relatively high precipita rates, whereas the northern
provenances come from regions with relatively gmertial climate with low precipitation

sums (e.g. eastern Germany and Central Polandy. minght be even more exposed to dry
conditions at their origins. The same might be @pple for the concept of geographically
marginal and central populations, as this concgpludes micro- and mesoclimatic effects,
and small-scale differences in soil and site comast Even in the centre of the distribution
range, very unfavourable and ‘marginal’ sites canfbund, whereas on the geographic
margins favourable growth conditions can occur malsscale, e.g. at the wind-ward side of

small mountain ranges with orographic rainfall-pats.
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In this study the summer heat moisture index ofESeprovenance is even higher than for
BG, still the drought-tolerance in term of stabtewth is not as high as in BG, which may be
due to edaphic reasons (Gaertner et al. 2008). ddusd mean that the actual drought
severity, derived from precipitation and soil cleesistics, might be lower at the origin of the
Spanish provenance (ES). The behaviour of the Gepnavenance (DEZ2) is also similar to
the marginal provenance from BG, although it stémms the centre of the distribution range
with climatic conditions comparable to the othem@an provenances. DE2 stems from the
Palatinate Forest, a German mountain range witledolwiassic sandstone formations. The
sandy soil there might create much drier conditidhan what the other two German
provenances experience at their point of origintlf@rmore information on slope, exposition,
soil depth and substrate at the exact locationeefissampling (i.e. of single mother trees)

might improve explanatory power in future analyses.

Additionally, these intricate findings might indteaa complex pattern of within and between
population variations, developed from the interptaypost-glacial history, local climatic
adaptation, local growing conditions and humaniailNural practices. Herbette et al. (2010)
and Wortemann et al. (2011) claim that phenotymdability in drought tolerance, here
measured in cavitation resistance, is mainly causgdghenotypic plasticity and not by
genotypic differences between populations. Yet, data point towards some degree of
inherited local adaptation to climate conditiongha origins of the provenances even when
considering our small selection of provenances.ofdiaogly, marginal beech populations
which face more adverse conditions are under sémoggnetic selection (Wortemann et al.
2011) than populations on favourable sites. In study, the Bulgarian provenance (BG)
shows the most distinct provenance effect and pravee-specific reaction. It stems from the
very south-eastern distribution edge of F. syhatwhere summer drought is most probably
the range-limiting factor (Jump et al. 2006). Tligain emphasizes the importance of

marginal beech populations in the search of drotggistant ecotypes (Rose et al. 2009).

A trade-off between survival under drought conaiiaand high increment under favourable
conditions has been shown for four broad-leavectiepein Kenya (Kondoh et al. 2006).
Accordingly, F. sylvatica displays the lowest mbtyaunder shade, yet the lowest growth
rate under light compared to other deciduous trgastritan et al. 2007). Likewise, a
continental and a Mediterranean Pinus sylvestrisvgmmance did not differ under dry
conditions, whereas under wetter conditions theigental provenance showed higher root

biomass allocation and seedling recruitment ralRghfer et al. 2012). This confirms
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previous findings, that high phenotypic plasticiyppears beneficial in highly variable

environments.

The drought manipulation in our experiment can deswered as relatively mild. Only few
individuals died due to the treatment. Provenanak mbt impact the mortality rate
significantly in general. However, there is a claad significant correlation between summer
drought and mortality, with lower mortality ratektbe southern marginal provenances due to
drought treatment (BG = 11.1%, ES = 0%, all proveea 15.3%), providing evidence for an
adaptation to local climate conditions. Given theove mentioned potential trade-off
mechanisms this slight trend towards higher madytaWith stronger diameter growth
reduction, could point towards higher survival satef less plastically responding
provenances. A stronger genetic selection in dropgine ecotypes (Wortemann et al. 2011)
could lead to lower genetic diversity (Kawecki 2p@8d thus low phenotypic plasticity
(Schaberg et al. 2008, Matyas et al. 2009), thdCaecki (2008) also reports that for some
marginal species no genetic depauperation for gaaby relevant traits could be detected.
Therefore marginal populations could potentiallgwse ecosystem persistence under very
extreme climatic events, yet might increase thke oislower growth rates under favourable

conditions.

Nagy et al.(in prep.) found a similar pattern istady in which Bulgarian and German Beech
provenances were exposed to drought condition$) leiv growth, but stable reaction to
drought in some provenances and higher growth ,rdias strong reduction for other

provenances. Yet, the reaction did not depend emtigin of the provenance.

Furthermore, the Bulgarian, Spanish and the Genpnavenance from Johanniskreuz (DE2)
showed relatively stable responses in height aachéier increment in the sandy substrate
compared to the loamy substrate. This might indi¢chat these provenances are not able to
exploit the improved water and nutrient conditionthhe loam. It could also indicate a local
adaptation to certain soil characteristics, whi@sw.g. found for Pinus nigra (Varelides et al.
2001). Still, such a potential trade-off betweerest-tolerance and high performance under

more favorable conditions is yet to be supportedhioye evidence in future provenance trials.

At the north-eastern edge of the distribution ratigeSHM is not as high as at the southern
edge. The Polish provenance (PL) originates from ¢hotone between beech dominated
forest and boreal forests. Beech dominates on metaamy soil, while Scots pine dominates
on drier and sandier soils (Bolte et al. 2007).desgdly at the north-eastern margin where

continental climate conditions are becoming momvailing correlations with single macro-
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climatic factors fail to explain distribution mangi of F. sylvatica (Bolte et al. 2007). There,
winter conditions and frost are at least as immrégs drought. Giving the clear response to
drought in our experiment it seems that a stromgcten towards drought-resistant ecotypes

does not take place.

Like mentioned above, below-ground biomass produactvas not determined in this study,
yet there might be differences in plasticity of hmss allocation between the provenances
(Richter et al. 2012), which deserve more attenticiuture studies.

Conclusion and implications for research and forestnanagement

Provenances of F. sylvatica differ in increment artibit differences in their sensitivity to
drought. This intraspecific variability can probgalde used to adapt forest ecosystems to
future climate conditions. Yet, the impact of timerplay between climatic and soil and site
characteristics on the emergence of drought camditihave to be accounted for as
provenances react specifically to contrasting sgés. Therefore the concept of marginality
should be extended from a geographical to a mdeersiated concept; yet, especially
marginal populations from the drought-prone southedges of the distribution range are
potential targets in the search for drought-resisécotypes. However, a potential trade-off
between high phenotypic plasticity with high penfi@nce rates under favourable conditions,
and stress-tolerance and survival under droughdlitons and its impact on forest growth
requires future research. Long-term provenancéstrigth a greater number of central and
marginal (maybe also from ‘marginal’ sites in thentre of the distribution range)
provenances, where the performance of trees cambéored beyond the seedling age, could
contribute in approaching these open questiondeinfy from existing trials, a hypothesis-
based selection of provenances and the optionlifoate manipulations in later ontogenetic
stages should be applied. Furthermore, a singlegtitomanipulation does not reflect a
change in long-term mean values and changes indrexy of extreme events and there long-
term impacts. Therefore, a network of several dicadly different trial sites, including

marginal sites is needed.

Furthermore, more multi-factorial experiments coattiress the problem that resistance to
one abiotic factor such as drought does not nedlssaply resistance to other climatic or

abiotic factors such as frost (Kreyling et al. 2D&Pforest pests. However, the establishment
of multi-factorial, multi-site and long-term trialnd experiments will take longer than there

is time to start adaptive actions in forest manag@mvith regard to the velocity of climate
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change. Evidence suggests that the selection inigée oest drought-adapted provenance for
transplantations is not reasonable, consideringjitieed knowledge of the long-term effects.
Nonetheless, marginal and drought-adapted ecotyjggs be intermixed, together with local
provenances and ecotypes adapted to other abexior§, in order to secure yield and
stability under more extreme climatic conditionstire future. Forest management should
therefore aim at increasing the genetic diversitfjooest stands to secure populations against

breakdown due to climatic extremes.
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6.4. Manuskript 4:

Ecotypes of European grass species respond diffetgnto warming and

extreme drought

Journal of Ecology 99, 703-713 (2011)
SPECIAL FEATURE: ECOLOGICAL CONSEQUENCES OF CLIMATEXTREMES
Carl Beierkuhnleih Daniel Thiet, Anke Jentsch Evelin Willnef and Juergen Kreylirfg

'Biogeography, University of Bayreuth, 95440 Bayne@ermany;

2 Leibnitz Institute of Plant Genetics and Crop Rl&esearch, Inselstr.9, 23999 Island of
Poel, Germany;

3Geoecology and Physical Geography, University oblkoz-Landau, Fortsstr. 7, 76829
Landau, Germany
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Summary

1. Extreme climatic events are expected to increasdraguency and magnitude as a

consequence of global warming.

2. Managed permanent grasslands cover a large sunf&eope and contribute substantially
to agricultural production. These managed plant roamities are dominated by perennial
clonal species. Their capacity to adapt to rapatignging environmental conditions may be

limited.

3. We hypothesize that those plant populations thae ladready been exposed to conditions
that are expected to occur due to future climasngh, particularly conditions that would be

‘extreme’ in the target area, are able to copeebetith these conditions.

4. For a common-garden experiment we selected ecotfresenances as supported by
accessions in seed banks) of important Europeass gspeciesArrhenatherum elatius

Festucapratensis Holcus lanatus and Alopecuruspratensis Southern target locations of
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ecotypes (populations) were identified based anate model projections for the local site in

Northern Bavaria, Germany.

5. In a controlled experiment, the plants were exgosewarming and extreme drought.
Drought conditions(16-19 days, depending on theispewere imposed starting from the end
of May in combination with and without an increasdhe average temperature from May to
September 2009 (+1.5 K compared to control; +2¢pKipared to ambient conditions outside
of the experimental units).

6. Ecotypes and drought manipulation had significampacts on biomass production and
tissue die-back. Significant interactions betweeontype and drought indicated a different
drought tolerance of the ecotypes in some cases. Warming treatment yielded a less
significant response. The local ecotype generatlyndt perform significantly worse than the

presumably better-adapted southern ecotypes.

7. SynthesisThe selection of ecotypes that are adapted to mxreme climatic conditions
could be an option for maintaining future ecosystemctioning in temperate managed
grasslands, as was indicated by the clear diffe®metween ecotypes in our experiment.
Based on our data, however, performance cannotdaicped from climatic origin. Therefore,

we recommend enhancing the genetic variability wigopulations of species in general.

Introduction

One of the consequences anticipated from globaimway and the subsequently stimulated
energy exchange in the atmosphere is an increabe iimequency and magnitude of extreme
climatic conditions (Meehtt al. 2000; Beniston & Stephenson 2004; IPCC 2007; &tim&
Roeckner 2008; O’Gormann & Schneider 2009). Theseeme events are expected to have
above-average impacts on plants and ecosystemsaand contribute to the surpassing of
ecosystem thresholds (Gutschick & BassiriRad 2@&uschet al. 2005; Jentsch 2006;
Jentsch & Beierkuhnlein 2008; Knamgb al. 2008; Jentsclet al. 2011; Smith 2011). The
approach of many ecological projections is to liokg-term trends in average climatic
conditions (e.g. 30-year mean precipitation) to #verage behaviour or site selection of
organisms as a result of established biotic intemas. This does not take into account the

increasing temporal variability in climatic regimes

The current understanding of atmospheric globahvirrg processes results in the expectation

of increased occurrence and risks of extreme weathents (Smittet al. 2009). Heat waves,
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floods, droughts and wildfires in particular aregpesgted to become even more frequent and
intense than was expected some years ago (for sudnmgght in Europe see Rowell 2008),
with alarming consequences for terrestrial ecosyste

Responses of ecosystems to climatic changes cdoubd in various biomes of the earth,

ranging from species to communities (Waltbeal.2002). Effects are modified by vegetation

structures, plant species composition and diversityl the key plant species that dominate
the functioning of communities. Experimental apjgttes to simulate the impacts of extremes
in the precipitation regime (periods of droughthmavy rain) and of warming have been

established in various ecosystems (Beteal. 2004; Jentsch, Kreyling & Beierkuhnlein 2007;

Fayet al.2008; Smith 2011).

It is most likely that warming will increase bionsgsroduction in various ecosystems (Rustad
et al. 2001). However, projections of ecosystem perforreaane difficult mainly because of
uncertainties in the future distribution of wat&he projected speed of climate change can
exceed the dispersal capacities of many plant epeEiven if long-term adjustments can be
expected, on the time scale of decades and perbags centuries, regional losses of
biodiversity are likely to occur. Furthermore, m@mhifts towards novel site conditions at a
given site may not be followed by the organismstréire events can cause the local
breakdown of populations (Bresheatsal. 2005). This could result in declining ecosystem
functionality. Consequences for ecosystem senacesherefore to be expected.

Hay meadows are of high importance for Europearncalgure in temperate and humid
regions and occupy a large proportion of the laapss (13.2% of the total area or 568 042
km? within the EU 27) (EUROSTAT 2010). Permanent geasss are defined in the EU as
agricultural surfaces that are under land use doeal, usually more than five, consecutive
years and are covered by herbaceous forage critipsy raturally (through self-seeding) or
through cultivation (sowing). They are not includedthe crop rotation scheme on the
agricultural holding (EUROSTAT 2010) and can bé@itmanaged as pastures with grazing
livestock or through mowing for hay or silage. Sgehsslands are dominated usually by only
a few key species. In order to evaluate the fupgdormance of grassland ecosystems, it is
crucial to understand thresholds for the populagarvival of these species. In contrast to
managed grasslands that are annually ploughed awth $e.g. with Lolium perenng

permanent grasslands are rich in species and boteriargely to regional biodiversity.

In spite of being subject to anthropogenic land oger a long time period, key European

grass species in permanent grasslands display-saeje genetic patterns (Michalsd al.
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2010). In extensively used hay meadows of Centtabjge, the selected species for this
experiment—Arrhenatherum elatiugL.) P. Beauv. ex J. Presl & C. PreBkestuca pratensis
Huds. s.l.,Holcus lanatud., and Alopecurus pratensis.—play a major role. These species
were part of the German BIODEPTH experiment (He&brl. 1999), which is located
nearby the EVENT-Experiment.

Individuals of local and regional populations deyela pool of phenotypes that can be
assumed to be best adapted to their specific anwvieot if time is sufficient and the
environment is stable. In fact, only an incomplgpectrum of phenotypes of a taxon can be
represented in a local pool, and genetic divessitiiin the population is limited by dispersal
history or filters. Only a few studies have conseadiegenotypes or phenotypic responses in
grass species experimentally (e.g. Fetcher & Sha960; Ryser & Aeschlimann 1999). In
fact, the role of within-species genetic and fumdil diversity for the response of a species to
climate change has been widely neglected in reoesgarch. Especially for widespread

species, spatial and genetic distances betweerigtimms have to be taken into account.

The objective of this study was to explore mechasiscritical for understanding the
preservation and adaptation of ecosystems in the & climate change. We wanted to
identify whether ecotypes (represented in local utetions) of certain key species from
different locations (provenances) also differ iritlresponse to extreme climatic conditions.
If this were found, species populations or ecotygmdd be sought that are better adapted to
the expected climate of the future than regiongubations. Here, we focus on plant traits

related to the key ecosystem function productisbipmass and necrotic tissue.

Material and Methods

Experimental Site

This common-garden experiment (EVENT 3) is parthed EVENT-experiments (Jentsch,
Kreyling & Beierkuhnlein 2007; Jentsch & Beierkudm 2010) and was established in
March 2009. It is located in Bayreuth, Germany tloa property of the Ecological-Botanical
Gardens of the University of Bayreuth in direct pnoity to EVENT 1 and EVENT 2

(49°55’19” N, 11°34’55” E). The long-term mean aahtemperature for the site is 8.2 °C,
whereas the long-term mean annual precipitatior2& mm. Precipitation is distributed bi-
modally with a major peak in June/July and a secpadk in December/January (data:

German Weather Service).
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Under the A1B scenario (IPCC 2007) regional climatedels (REMO, BfG 2009) have
projected the following climatic conditions for tisge. Annual average temperature (30-year
mean) is expected to increase by 2.4 K by the raidéithe century (2041/2070 compared to
1971/2000) and by 3.5 K by the end of the cent@7(/2100 compared to 1971/2000).
Precipitation is not expected to change considgrattording to the annual mean values (+ 2
mm yeal' 2071/2100), but summers are expected to becone (37 mm) over the same

period.

Selection of Species and Ecotypes

The species that were selected for this study amnwn in Central European managed
grasslandsArrhenatherum elatiugs a tallgrass that contributes substantially tontass
production in meadows. It is a widespread and commpecies in Europe, with a high
abundance in permanent temperate grassland.dumglfon moist to moderately dry nutrient-
rich soils (Oberdorfer 2001). Due to its importarae a forage plant, this phenotypically
variable grass was cultivated and planted outsides matural rangef-estuca pratensigyith

its wide distribution across Europe, is a high-gualorage plant that is also suitable for
pastures. It grows predominantly on fresh soil$ iilc nutrients and humus and has been
promoted through cultivation (Oberdorfer 200Holcus lanatusoccurs in all European
countries, predominantly on wet and boggy soilsgi@brfer 2001), where it is of a certain
importance as a forage plant; it is less common pastures compared to meadows.
Alopecurus pratensiss a common grass found throughout most of Europenoist and
nutrient-rich soils (although also less common astpres) that produces abundant and high-
guality forage (Oberdorfer 2001). For this reasbis also planted and cultivated outside of
its natural range. As perennial clonal grassegpal species share comparable life cycles and

strategies for resource allocation.
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Figure 1: Selected ecotypes of (3&rrhenatherum elatiys(3b) Festuca pratensis(3c) Holcus
lanatusand (3d)Alopecurus pratensisThe shaded area indicates the species distribuBilack areas
mark the regions with current climatic conditiommitar to the projected future climate of the Germma
location. The local ecotype is displayed as ta(f& Germany). The filled circle shows location of
the ecotype from northern reference populations $8Eden). The empty circles indicate southern
ecotypes from regions that are climatic analoguefuture expectations for the local climate (ES
Spain, IT Italy, HU Hungary, BG Bulgaria).

Besides local ecotypes of these four species fremm@ny (DE), we selected other European
ecotypes of these grasses on the basis that thateliof the region of origin was similar to
the local projections for our site in northern Baaan the future. Local projections of mean
annual temperature, mean winter temperature andahmmecipitation for the period 2071-
2100 were taken from the regional climate model REMBfG 2009) based on the A1B
Scenario (IPCC 2007). Regions with current climatmnditions similar to the future
projections for the target area were located basedorldclim data (Hijmangt al, 2005).
Seed material was obtained from these target regibiy. 1), abbreviated below as Spain
(ES), ltaly (IT), Hungary (HU) and Bulgaria (BG)ufhermore, in order to test whether
northern populations differ, we added a region fribv@ northern part of the species’ ranges

(in our case Sweden, SE). Far elatiusandF. pratensisecotypes were available from seed

110



6 Manuscripts

banks for all target regions. FHr lanatusandA. pratensionly four ecotypes were available
(Table 1).

Table 2: Site information (DE Germany, SE Sweden, & Spain, IT Italy, HU Hungary, BG Bulgaria) for

the accessions of ecotypes (provenances)ofhenaterum elatius Festuca pratensisHolcus lanatusand
Alopecurus pratensisised in the EVENT 3 experiment. Temperature (T) ad precipitation (P) represent
long-term mean annual values (source: WORLDCLIM). Accession responds to the code of the seed bank
at IPK Poel (codes beginning with GR from IPK seedbank, codes with Pl from USDA-ARS-GRIN, codes

with NordGen, Bf and RCAT from Eurisco)

Location Accession Latitude Longitude Elevation T P
(masl) (€) (mm)
A. elatius DE Blaufelden, GR 12752 49°17'46"N  09%8'25"E 460 8.3 732
Hohenloher Ebene
SE Uppsala P1235543 59%1'25"N  1738'22"E 20 5.7 551
ES  Montalban Pl 234465 40%0'07'N  0047'55"E 900 110 450
IT Rizzolo, Emilia- GR 12733 44%5'12"N  09%44'46"E 110 129 739
Romagna
HU Lékuat RCATO064783 47°12'00"N  17%52'00"E 440 8.9 621
BG NA BGR: 2008-ARR- 4200'00"N  24%0'00"E NA NA NA
EL-1
F. pratensis DE Blaufelden, GR 12753 49°17'46"N  09%8'25"E 460 8.3 732
Hohenloher Ebene
SE Martenstorpet, NordGen: 1191 6000'00"N  1500'00"E 350 4.3 738
Grangesberg
ES San Anton Bf 1592 4237'08"N  0009'47"W 1250 6. 8 989
IT Lago Nero, Ferriere Bf 1078 4433'00"N  0927'00"E 1600 8.5 981
Piacenza
HU  Vérteskozma (Géant) RCATO040707 4727'00"N  1828' 00"E 270 10.2 571
BG Dolna Banya GR 6976/99 42°19'05"N  2345'07"E 710 9.6 585
H. lanatus DE  Blaufelden, GR 12750 4917'46"N  09%8'25"E 460 8.3 732
Hohenloher Ebene
IT Torrano, Emilia- GRA 312 44%3'33'N  0941'20"E 160 12.6 758
Romagna
HU  Horvéthertelend RCATO040972 46°10'00"N  17%55'00" E 200 10.9 675
BG Mihiltsi GR 6632/00 423T1'19"N  24%48'52"E 330 109 581
A. pratensis DE  Blaufelden, GR 12751 4917'46"N  09%8'25"E 460 8.3 732
Hohenloher Ebene
SE  Martenstorpet, NordGen: 1183 6000'00"N  15900'00"E 350 43 738
Grangesberg
HU  Lokut RCATO064581 47°12'00"N  17%52'00"E 440 8.9 621
BG Iskar Dam GR 6635/00 4226'29"N  2335'20"E 810 9.0 593

The Cultivation of the Plants

The target ecotypes were cultivated at the brarfbeoof the Leibniz Institute of Plant
Genetics and Crop Plant Resear@PK) in Poel, Germany, from February 2009 to Apri
2009. The seedlings were then transported to B#yrand individually planted into 4-L
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plastic pots filled with a local forest-topsoil. @oil substrate was sandy silt (pH 7.27, total C
1.89%, total N 0.15%, plant-available NH#.79 mg L%, plant-available NO322.50 mg [).

For the first two weeks after planting, the seegfliwere watered generously with tap water to
ensure growth. All individuals were then cut toeagit of 7 cm in order to create comparable
starting conditions and exposed to ambient preatipit until the start of the experimental
treatments on 25 May 2009. The experiment end&kptember 2009.

Experimental Design

The potted individuals of the selected ecotypesewglanted in pots and exposed to
temperature treatments (warming and control) andprecipitation treatments (extreme
summer drought and control) in a split-plot desighe two climate treatments were fully
crossed, resulting in four climate manipulationsnfcol, drought, warming, warming &
drought), which were replicated three times, résglin 12 experimental units in total. The
ecotype treatment was nested within each experahamiit. Each ecotype was further
replicated with seven plants per experimental gméisted replicates). The available plants
were assigned randomly to the 12 experimental doitsach species. Each experimental unit
was covered by a single rain-out shelter constductea steel frame (GlasMetall Riemer
GmbH, Rahden- Sielhorst, Germany) and covered avittansparent polyethylene sheet (0.2
mm, SPR5, Hermann Meyer KG, Rellingen, Germanyg &tge of the rain-out shelters was
at a height of 80 cm and permitted nearly 90% patieh of photosynthetically active

radiation.

The control precipitation regime simulated the lataly 30-year average precipitation. The
application was done twice a week with collectad veater.

The extreme drought treatment consisted of a pemititbut precipitation. The definition of
duration is based here on the species-specifiorsgpof organisms: A four-stage key (0 to 3,
where 0 stands for ‘completely undamaged’ and Bdstdor ‘totally dried out and brittle’)
was developed to describe the amount of visibleadgntaused by the drought. By the time
two-thirds of the individuals of one species haached stages 2 or 3, or by the time one third
of the individuals had reached stage 3, the drougist stopped. The drought treatment lasted
16 days forH. lanatus 18 days folA. pratensisandF. pratensisand 19 days foA. elatius
The drought treatment resulted in a dropping of smisture below the permanent wilting
point of the soil approximately one week after ket of the treatment (Fig. 2).
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Figure 2: Air temperature at plant height and soil moistigeto -7 cm) during the experiment. Air
temperature was measured in 10-min intervals al@aations within each experimental unit by
sheltered thermistores (B57863-S302-F40, EPCOS)amted to a datalogger (dI2, Delta). Soil
moisture was measured hourly by FD-sensors (Eché/E(Decagon Devices, Pullmann (WA),
USA) at one randomly assigned pot for each spedibén each experimental unit (n = 12 per
treatment). Mean values over all species are stammo detectable difference between species
occurred. The horizontal dotted line representsafigroximate permanent wilting point (pF = 4.2).

The warming treatment was performed continuousigughout the whole experiment. This
was done passively via wind-shelters and blackrftmyvers, which increased the average
temperature by 1.5 K compared to the temperatungr@atreatment and by 2.5 K compared

to the ambient temperature outside of the experiahemits (Fig. 2).

The fourth treatment was a combination of extremmught and warming. The additional
warming increased the drought treatment effectdniteonally reducing the soil moisture by
about 1.5% on average (Fig. 2). In the re-watephgse each individual in the drought and
combined treatments received 350 mL on three comisecdays (1050 mL in total), which
corresponds to 38 mm of precipitation. This re-wateresulted in a steep increase of soil
moisture (up to 28%). Afterwards, the pots were ened according to the control
precipitation treatment. Soil moisture after re-wvatg remained higher in the drought-
manipulated pots than in the control pots for nearle month. Soil moisture fell repeatedly
below the permanent wilting point for short periadsAugust due to unusually high ambient

temperatures.
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Biomass

Based on local agricultural management routinesexiensive grasslands, biomass was
harvested twice over the growing season. The liienass harvest took place ten days after
the drought treatment ended, respectively, for egpcies, in order to account for the
recovery capacity of the plants. Each individuanplwas cut at 3 cm above the soil and the
biomass was dried for 48 h at 70 °C and weighedttitee out of the seven nested replicates
per experimental unit, the biomass was divided intimg and necrotic material and then

processed as mentioned.

The second harvest was conducted 72 days aftdirshdarvest on 3 September 2009 with
the same procedure, except that the harvested iatatexs not split into living and necrotic

biomass.

Statistics

Linear mixed-effect models were applied for eachcsgs separately to test for the main and
interactive effects of the three factors: ecotypmmperature treatment and precipitation
treatment. The split-plot design and the nesteticaps were accounted for by the use of the
experimental unit identity as a random factor (Rint & Bates 2004). Data were log-
transformed to improve the homogeneity of variarees the normality of residuals prior to
analysis, if necessary (Faraway 2006). In casaguiifcant ecotype or interaction effects,
post hoccomparisons (Tukey’s test) were run according athidrn, Bretz & Westfall (2008).
All statistical analyses were conducted with thiéveare R 2.11.1 and the additional packages

‘nime’, ‘multcomp’ and ‘sciplot’.

Results

Biomass

Biomass production differed significantly betweéwe ecotypes for all four species and both
harvests (Table 2). No single ecotype performecsapto the others when viewed over all
four species, and the local ecotype (DE) was dantly outperformed by a southern ecotype
in only one out of eight cased.(lanatusat the first harvest; Fig. 3a). Interestingly, ahility

in biomass production within species was compar#ableariability between species (Table
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3). This pattern was independent from drought aadming manipulations as it did not differ
when data were averaged over the whole data sahalysed per single treatments. At the
first harvest,A. elatiusshowed highest variability between ecotypes, whaghn exceeded

variability between species. The same was truélfédanatusfor the second harvest.

The drought treatment resulted in a significantuptidn of biomass production for all four
species in the first harvest, while orffy pratensisand H. lanatus were still negatively
impacted by the drought in the second harvest €rahl Warming did not alter biomass
production significantly except for a slight incseain biomass production fét. pratensisin
the first harvest (Table 2).

In the first harvest, ecotypes only differed sigrahtly in their drought tolerance fok.
elatius (interaction between ecotype and drought: p = %).06lere, the German, Italian,
Hungarian and Bulgarian ecotypes showed the be#irpeance with similar reductions in
biomass production due to drought, while the Swedisotype exhibited higher drought
sensitivity and the Spanish ecotype generally preduess biomass (Fig. 3).

Differences in sensitivity to drought became moppaent over time, witlA. elatius H.
lanatusandA. pratensisshowing significant interaction effects betweentgpe and drought
at the second harvest (Table 2). Porelatius the ecotypes with a better performance from
the first harvest tended to increase biomass ptamum the drought manipulation compared
to the control (DE, IT, HU, BG), while the otherdawecotypes (ES and SE) showed no similar

trend of compensatory growth (Fig. 3).

The ltalian ecotype ofl. lanatusperformed best at the first harvest (Fig. 3a) atmether
with the German ecotype—also at the second haf¥egt 3b). No interaction was found
between ecotype and the climate treatments fofirsteharvest, while the reaction to drought
differed between ecotypes at the second harvesi€Ts. Here, biomass production by the
Italian and the German ecotypes was not signifigaaffected when comparing control and
drought, while a reduction in biomass due to theudht treatment was evident in the
Hungarian and Bulgarian ecotypes (Fig. 3).

Alopecurus pratensigxhibited the hypothesized pattern of better parémce among the

southern ecotypes (HU & BG) and worse performahea the northern ecotype (SE), with
the German ecotype intermediate and not signifigatifferent from any of the three others
for the first harvest (Fig. 3a). The Bulgarian gp&, however, fell behind in terms of biomass
compared to the Hungarian and the German one, whdeSwedish ecotype no longer

differed significantly from the others at the seddrarvest. It was only for the second harvest
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that a significant interaction between ecotype dmulight was evident (Table 2) with the
German ecotype being most productive in both tloeigiit and the control treatments, while
the Bulgarian ecotype produced less biomass icdh&ol treatment and the Swedish ecotype

produced less biomass in the drought treatment.

Figure 3: Effects of climate
treatments and ecotypes (DE
Germany, SE Sweden, ES Spain,
IT Iltaly, HU Hungary, BG
Bulgaria) on biomass production
in g per individual of the four
grass species. Lower-case letters
below the Dboxplots show
homogeneous groups according to
post-hoc comparisons in case of
significant main effects for the
factor ecotype (see Table 2 for
ANOVA results). Lower-case
letters above the boxplots indicate
homogeneous groups according to
post-hoc comparisons in case of
significant interaction effects
between ecotype and the specified
climate treatment. The upper and
lower edges of the boxes represent
the 25%- and the 75%-quantile,
the black line within the boxes the
median (50%-quantile) and the
upper and lower whiskers the
whole variance in biomass
production. 3a) First harvest
(June). 3b) Second harvest (early
September).
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Table 3: ANOVA results of the applied mixed models. Analysewere run for each species and response parametaparately. Displayed are the degrees of freedom
(d.f.), F- and p-statistics. See Materials and metids for details on model specifications.

Arrhenaterum elatius Festuca pratensis Hslzmnatus Alopecurus pratensis
num Den num num Den num Den
d.f. d.f. F p d.f. Dendf. F p d.f. d.f. F p d.f. d.f. F
1st harvest ecotype 5 470 25,5 <0.001 5 472 13.1 <0.001 3 312 44,5 <0.001 3 311 121 <0.001
drought 1 8 187.0 <0.001 1 8 83.8 <0.001 1 8 559 <0.001 1 8 8.8 0.018
warming 1 8 0.6 0.466 1 8 7.9 0.023 1 8 0.1 0.709 1 8 0.0 0.981
ecotypexdrought 5 470 34 0.005 5 472 1.9 0.100 3 312 04 0.724 3 311 0.9 0.448
Ecotypexwarming 5 470 1.6 0.169 5 472 0.7 0.635 3 312 1.9 0.125 3 311 1.2 0.318
droughtxwarming 1 8 1.0 0.342 1 8 14 0.266 1 8 04 0.570 1 8 0.1 0.739
ecotypexdroughtxwarming 5 470 0.6 0.707 5 472 0.3 0.903 3 312 1.0 0412 3 311 1.2 0.301
2nd harvest  ecotype 5 470 8.3 <0.001 5 472 15.3 <0.001 3 312 20.6 <0.001 3 311 5.9 <0.001
drought 1 8 0.9 0.366 1 8 7.4 0.027 1 8 20.0 0.002 1 8 0.0 0.953
warming 1 8 0.3 0.600 1 8 1.1 0.317 1 8 0.0 0.889 1 8 0.3 0.623
ecotypexdrought 5 470 2.3 0.046 5 472 1.3 0.258 3 312 36 0.014 3 311 4.4 0.005
ecotypexwarming 5 470 0.9 0.508 5 472 29 0.015 3 312 1.2 0.313 3 311 0.6 0.632
droughtxwarming 1 8 0.1 0.793 1 8 09 0.375 1 8 0.5 0.488 1 8 0.5 0.501
ecotypexdroughtxwarming 5 470 1.2 0.330 5 472 0.4 0.852 3 312 0.2 0.873 3 311 0.9 0.433
necrotic
tissue ecotype 5 183 13,5 <0.001 5 183 41 0.002 3 120 11.8 <0.001 3 120 0.1 0.969
drought 1 8 1721 <0.001 1 8 40.4 <0.001 1 8 160.4 <0.001 1 8 747 <0.001
warming 1 8 0.1 0.717 1 8 24 0.164 1 8 04 0.547 1 8 0.2 0.665
ecotypexdrought 5 183 2.1 0.064 5 183 12.8 <0.001 3 120 1.1 0.358 3 120 4.5 0.005
ecotypexwarming 5 183 1.8 0.117 5 183 0.9 0.481 3 120 0.5 0.708 3 120 0.3 0.841
droughtxwarming 1 8 1.8 0.216 1 8 0.8 0.386 1 8 0.6 0.457 1 8 0.7 0.423
ecotypexdroughtxwarming 5 183 0.1 0.996 5 183 0.8 0.585 3 120 0.5 0.663 3 120 0.9 0.447
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Only one species showed an ecotype-specific reattithe warming treatmenf ( pratensis
2" harvest, Table 2). This effect was due to a sicanitt reduction in biomass for the warmed
versus the control treatment for the Italian ecetybig. 3), with no other ecotype showing

such a reaction to the treatment.

Die-Back

Necrotic tissue occurred mainly in the droughttireant (Fig. 4). The variation in the amount
of necrotic leaves between the single plants aatspecies was much higher in the drought
treatments (drought: up to 100% necrotic tissueygint and warming: up to 100%) compared
to control (up to 31% necrotic tissue, two outliacd included) and warming-only treatments
(up to 40%). Nevertheless, the proportion of necrtissue varied significantly between the
ecotypes in all species excentpratensigTable 2). The local ecotype again did not perform
significantly worse than the southern ecotypesafoy of the species (Fig. 4). On the contrary,
it turned out to be one of the best-performing yoes. Warming had no single or interactive
effect on the proportion of necrotic tissue for afythe four species, which indicates that

higher temperatures did not increase water stress.

Arrhenatherum elatius Festuca pratensis
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For F. pratensis the Italian ecotype showed the best performancélms of resistance

against tissue die-back. Only this ecotype andSvedish one did not exhibit a significant
increase in the drought treatment compared to ¢dhéral (Fig. 4). The Swedish ecotype also
showed the least response to droughtXompratensis which was the other species with a

significant interaction between ecotype and drouiggatment (Table 2).

Table 4: Comparison of mean values (g dry weight per pat) standard deviations (sd) of biomass
production within and between species and climatripulations.

harves Arrhenatherum Alopecurus Festuca Holcus

t climate elatius pratensis pratensis lanatus total sd
manipulation
mean sd mean sd mean sd mean sd
first control 3.4 0.89 1.7 0.58 2.0 0.48 2.4 0.61 0.95
drought 2.0 0.66 1.4 0.40 15 0.40 1.8 0.66 0.60
warming 3.4 0.95 1.7 0.46 1.9 0.45 25 0.47 0.95
warming & drought 1.8 0.67 1.4 0.39 1.2 0.37 1.7 0.58 0.58
total 2.7 1.10 1.6 0.48 1.7 0.54 2.1 0.67 0.89
second control 1.6 0.38 15 0.43 1.6 0.40 2.1 0.48 0.48
drought 1.7 0.71 15 0.49 1.4 0.56 1.7 0.94 0.69
warming 1.6 0.45 1.6 0.36 1.6 0.41 2.3 0.51 0.51
warming & drought 1.8 0.96 15 0.64 1.2 0.79 1.6 0.96 0.87
total 1.7 0.66 1.5 0.49 15 0.58 1.9 0.80 0.66
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Discussion

Ecotype Effects

In Europe, the native grass species included & study Arrhenatherium elatiusFestuca
pratensis Holcus lanatus Alopecurus pratensjshave a large distribution area and grow
under highly contrasting conditions (see also Huraphet al. 2006). Perennial species that
cover such a broad range of climatic conditions banexpected to exhibit climatically
adapted ecotypes (Maaatl al. 2007; Ofir & Kigel 2010).

In our study, the geographic origin significantlyfluenced biomass production on both
harvest dates for each of the four grass species.nEcrotic tissue such geographical

influences were observed for three of the spebugisnot forA. pratensigTable 2).

The local ecotype did not generally perform sigmaifitly worse than the respective best
performing ecotype. Macedt al. (2007) found comparable ‘home site advantages’Hor
lanatus.In our experiment, all pots were kept under roefkich enabled us to control the
water supply. Even though we simulated warming @mdight, the environmental conditions
did not differ dramatically from local site conditis. It is likely that the treatments applied

did not exceed the adaptation capacity of locaupatns.

Generally, we found that variability in the biomassduction between species did not exceed
variability within species. In some cases, intragfic variation even exceeded inter-specific
variation by more than 20% (Table 3). This remalidimding indicates that the variability of
ecotypes within a species can hardly be ignorgukaally when projections on the responses

to climatic changes are made or when dispersabidetfied.

Drought and Warming Effects

In this experiment, all grass species respondedfgigntly to drought. This is not surprising

as the duration of the manipulation was based enptant response. However, the applied
drought periods of 16 to 19 days are well withialisgic scenarios for the future and even for
the past on our site (Jentsch, Kreyling & Beierdehm2007). Furthermore, the soil moisture
conditions and the time span below the wilting pam our experiment (Fig. 2) closely

resemble the soil moisture conditions in nearbidfexperiments during the simulation of
local drought events with a 1000-year recurrencgetbaon the local climate data series
(Jentschet al 2011).
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In Central Europe, summer precipitation is expedtedlecrease (BfN 2009). In addition,
climate change is predicted to be accompanied drgased climatic variability, and therefore
there will be a higher probability of drought pelso Our results indicate that European
managed grasslands, which are dominated by the gmesies used in this study, might be
prone to strong fluctuations in biomass productemreported for the drought of 2003 (Ciais
et al. 2005). These effects might compensate the poséffects of an extended growing

season in a milder climate.

In artificial plant communities at the same siteths experiment, Jentsaft al. (2009)
identified species-specific responses to drougltianoreased precipitation, which depended
on species diversity and competition. The effeétsamnmunity type and composition were
also shown for biomass production and tissue dak-baf single species following
experimental climatic extremes (Kreylireg al. 2008). Furthermore, Mirzaadt al. (2008)
found that temporally limited but extreme droughéms may cause strong repercussions in
the carbon cycling of grassland communities. Tleisult indicates that species responses
should be regarded in the context of communitientéthet al. 2011). The advantage of
common-garden experiments is that they can detieet Spectrum of species-specific
responses, which seems to be imperative when gpesges are applied in seed mixtures for
the establishment and management of grasslandg-teom monitoring of drought effects in
grasslands proved that productivity reacted digetl summer drought (Morecro#t al.
2004).

Surprisingly, additional warming in our experimeld not aggravate the reactions, indicating
that water shortage is the major driver of decinperformance. The moderate effect of
warming could be due to the fact that we only agph slight increase in temperature (+ 1.5
K compared to the control and + 2.5 K compared nbiant conditions outside of the
experimental units) for a short duration (May t@®enber). The warming was not intended
to be extreme, but to simulate the expected avebag&ground temperature? in the near
future (middle of the 21st century). Thus, we caither detect nor generalize that warming
would not be relevant. Extreme heat waves are @ggdo occur that could have comparable
impacts to the extreme drought conditions appliedhis experiment (Clark, Murphy &
Brown 2010).

In addition, perennial grass species do not nedgssaach optimum growth at the same age.
Thus, our results on juvenile plants cannot beagxtiated as a general pattern of response to

drought for the respective species. Moreover, viendit analyse the species-specific spatial
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patterns of below-ground biomass. Shallow-rootimgcses might be more affected by

drought than deep-rooting species for example.

Ecotype-Specific Reactions to Climate Manipulations

interaction with the drought or the warming mangiidns per species. This implies that some
ecotypes can cope significantly better with climaéeturbations than others. Remarkably, our
hypothesis that at least one southern ecotype wmiloktter adapted to drought than the local
ecotype could not be supported. The local ecotygendt fare significantly worse than the

best-performing ecotype for any species or resppasameter.

We found differences in the drought response ofegpdead species that can mainly be
attributed to intraspecific variability. Climaticreelope models that are based on the whole
range of species distribution may over-estimateplasticity and adaptation capacity of plant

species in regional species pools. However, gemgEadraphic trends or patterns cannot be

traced on the basis of a small subset of ecotypes.

Additionally, our data suggest that in some spe@eslogical differences between ecotypes
are more important than in others. This was mdinig for biomass and necrotic tissue for the
first harvest after drought. At the second harvesen more significant ecotype—drought
interactions were found (Table 2). Here, some gmxyshowed the ability of compensatory
growth after the drought while others did not (Fegyab).

Implications for Adaptation Strategies

Climatic trends and especially extreme climatic resepose novel challenges to nature
conservation (McClanahaet al. 2008; Feltonet al. 2009). The conservation of managed
grasslands in the context of climate change reguwegly and concerted action because of the
longevity of key species, their clonal nature aheé fack of direct control of species
composition under traditional management. Populatithat are composed of a wide variety
of genotypes can be expected to also include pthatsare adapted to locally novel climatic
conditions (Bischoffet al. 2010). Translating the insurance hypothesis (YahLoreau
1999) to the level of populations and phenotypivedsity, it can be expected that
phenotypically mixed populations could better suppthe maintenance of ecosystem

functions in the face of a higher probability ofnthtic extremes. Our results suggest that
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assisted colonization of ecotypes (Kreylietgal 2011) could increase the adaptive potential
of populations. The positive and negative aspetestablishing populations with enhanced
genetic diversity that are represented in the lepaahge of a species’ distribution area than
the one covered by local populations, however, rhastiscussed. One possibility is that local
gene pools could be eliminated (McKetyal. 2005). Furthermore, the sensitivity of ecotypes
to herbivores and other biotic interactions musb dle investigated.

Nevertheless, for key species, which are respan$dsl maintaining ecosystem functioning,
such as the ones considered in this study, a sogeéor better adapted ecotypes seems to be
a promising tool to ensure the ecosystem performamcl functionality. Climate change is a
moving target (Jump & Penuelas 2005), and whatdesn considered to be natural and

adapted until now, might not necessarily be stvértear future (Chiarucet al.2010).

In our study we focused on drought and warming a@nstressors of plants. However, other
kinds of extreme weather such as periods of heawy hail storms, heat waves and late frost
events are also expected to become more frequentame intense. Therefore, combined
effects between climatic trends and extremes amdahtribution of within-species variability

need to be further investigated.

Conclusions

It can be expected that the overall performancecafsystems is largely dependent on the
functioning of key species. This applies to thesgrapecies of this study, which are able to

contribute substantially to the productivity of Bpean grassland communities.

We conclude that projections of ecological conseqgas of climatic extremes have to
consider within-species variability besides biodsityy, community composition and species
identity. If the environment is modified, as itirsthe context of climate change, then either
evolutionary processes of an uncertain duratioh lveilstimulated or species will be replaced
by better competitors. In the case of permanerdsipads, which are dominated by clonal

species, inertia regarding to the responses wahthbetween species can be expected.

The replacement of local phenotypes by apparendtiteb adapted members of distant
populations from the same species is unlikely tppea by natural means because the
species’ ecological niche is already occupied bgranant population of the same species.
Even if this remnant population was no longer vigag. no longer reproducing) in perennial

clonal species, the legacy of historic establishi&ould be sustained for a long period of

123



6 Manuscripts

time. This could then delay the immigration andabbshment of potentially better-adapted
phenotypes of the same species. Our results ontseélecotypes of key grass species in
managed European grasslands imply that the detwate@ against ‘assisted migration’ has to
be extended to the translocation of phenotypes.idDbly, we need more large-scale

provenance and ecotype trials for the common sp@dipermanent grasslands.
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6.5. Manuskript 5:

Cold hardiness of Pinus nigra Arnold as influencedoy geographic origin,

warming, and extreme summer drought
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Abstract

Adaptation to the adverse effects of climate chaisgbeing investigated more and more
through the introduction of species from warmer ahgbr climates, such as the (sub-)
mediterraneanPinus nigra to dry sites in temperate Central Europe. Wintervisal,
however, may pose a serious threat to this strategycold extremes, which naturally
determine the poleward range limits of forest tyee not expected to follow the general
warming trend in the near future.
Here, juveniles ofP. nigra from eight provenances throughout Europe were ssgdo
different climate change scenarios (factorial camhons of 42 days of drought and warming
by 1.6°C) in a common garden experiment in Bayre@G#rmany. Cold hardiness (LT50) was
determined by the Relative Electrolyte Leakage w@{REL) in two consecutive winters.
Cold hardiness of foliage differed by 10°C betwdbka provenances studied and a local
adaptation to minimum temperature was found. Cadddiness was further affected by
extreme summer drought, increasing cold hardings3.%°C on average in the subsequent
winter, and by summer warming, increasing cold imask by 3.4°C. Year-round warming
had no significant effect on cold hardiness. Coltdiness was related to the content of
soluble carbohydrates and to the composition diy fatids and alkanes in the needles.
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Juveniles ofP. nigra exhibited a comparable cold hardiness as juvepilespecies native to
Central EuropeR. sylvestris, Picea abies, Fagus sylvatarad Quercus petragaunder the
same climatic conditions. Cold hardiness of thee froots ofP. nigra averaged -16.5°C
compared to -23.8°C on average for needles.

Our results imply that the cold hardiness of tHeafe is adaptive to both long-term growing
conditions at the seed origin (genetic heritage) simort-term alterations of these conditions
(individual plasticity), while first hints suggetttat cold hardiness of the roots is high and
might not be adaptive. Fd?. nigra below- and above-ground cold hardiness of sedecte

provenances in mid-winter appear suitable for eatton in temperate regions.

Introduction

Species respond to climate change by poleward rsiniffs (Parmesan and Yohe, 2003). The
speed of warming, however, is expected to excedédralamigration rates in many cases
(Thomas et al., 2004). In forestry in particulanptan-assisted range shifts are proposed to
counter long generation cycles and modest dispatshlies of forest trees (Schaberg et al.,
2008b; McKenney et al., 2009). Yet, the importaoteinter conditions is often overlooked,
especially in the ecology of temperate regions yKmg, 2010). Absolute minimum
temperatures have strong implications for specisgiloutions by often determining their
poleward range limits (Sakai and Weiser, 1973; Retpal., 2008). A single cold extreme can
offset any distributional adaptations to the gehesming trend (Jalili et al., 2010) and in
spite of the mean warming and their decreased émxuof occurrence, both the intensity and
the duration of such cold extremes may even inereagionally within this century due to
atmospheric circulation changes and internal atimesp variability which counteract the
warming trend from greenhouse forcing (Vavrus et24106; Kodra et al., 2011).

Phenotypic plasticity and the adaptive potentiafavést trees are determined by their high
genetic diversity, allowing forest trees to developal adaptations to environmental stressors
(Hosius et al., 2006; Schaberg et al., 2008b). dtld hardiness oPinus devonianafor
instance, increases with increasing frost risk glan altitudinal gradient (Saenz-Romero and
Tapia-Olivares, 2008). Similarly, changes to thé&dwardiness ofagus sylvaticandicate
local adaptation to the prevailing minimum wintemiperatures (Visnjic and Dohrenbusch,
2004) and to late spring frost risk (Kreyling et, &2011b) across Europe, and the frost
tolerance ofTsuga heterophyllas adapted to frost risk along latitudinal anditadtinal
gradients in North America (Kuser and Ching, 198Bjovenance trials demonstrate a

differential performance between the provenancediféérent geographic origins d?inus
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nigra (Varelides et al., 2001), which is the target ggeof this studyP. nigrawas selected
because it is discussed in forestry as target epeor translocations to Central Europe
(Kolling, 2007; Huber 2011) and because of its hyghetic diversity (Nkongolo et al., 2002;
Jagielska et al., 2007). Based on its fragmentédnediterranean range, one could assume
that it lacks adaptation to winter frost, at laastome provenances. Provenance trials suggest
that frost damage occurs around -20°C and in pdatichose provenances from Corsica do
not survive -25°C (summarized in Huber, 2011).

The cold hardiness of evergreen tree species Htesuover the course of the year. During
acclimation in autumn, the plant organs becomeeamsingly tolerant to the damaging effects
of tissue freezing, particularly protecting cellulmembranes which are a prime place of
freezing injury (Bigras et al., 2001). Even thoutjie genetic controls of the protective
processes in conifers are complex and not yetcserfiily understood (Holliday et al., 2008),
data has been summarized on the chemical compathanisre involved (Thomashow, 1999).
During acclimation, lipid composition in the plasmmaembrane shifts towards more
unsaturated lipids (Bakht et al., 2006) in additioraccumulation of soluble carbohydrates,
hydrophilic polypeptides, antioxidants and chapesoim the membranes (Thomashow, 1999).
Increased concentrations of all these chemical compts serve the general purpose of
preventing intra-cellular ice crystallization (Bagr et al., 2001).

Plants grown under generally warmer conditions, éw@y, may lose their functional
adaptations to frost (Eccel et al., 2009). Plaats further cope with different environmental
stressors by similar responses at the cellularmaolécular level when these stressors trigger
similar signal chains. Drought and frost, for imste, lead to similar physiological responses
in a coniferous forest tree - aiming to preventutet dehydration (Blodner et al., 2005).
More frequent drought events may therefore makefanpdiminished acclimation due to
warming.

The (sub-) mediterranean distribution of our targpéciesP. nigra is reflected in high
drought tolerance (Isajev et al., 2004) relativéetmperate species suchRisus sylvestrior
Fagus sylvaticaTherefore, translocation &f. nigrais discussed as one adaptation strategy
against the adverse effects of climate changeyasiti#s in Central Europe (Kolling, 2007).
The minimum temperature in winter, however, is ohthe most important factors setting the
northern boundaries of the natural ranges of forest species (Sakai and Weiser, 1973,
Koerner and Paulsen, 2004). The cold hardinessefsingle provenance &f. nigra was
lowest among eighlinus species (withP. nigra showing the southernmost native range of
the tested species) in a common garden experimentondheim, Norway (Strimbeck et al.,
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2007). As tree species are generally well adaptetheé minimum temperatures of their
environment (Sakai and Weiser, 1973), the rangdradt tolerance ofP. nigra across
provenances needs to be examined in detail befareslocations to other climates are
undertaken. This holds particularly true becauseate modelling implies that cold extremes
will remain stable in their magnitude throughouistieentury in spite of climate warming
(Vavrus et al., 2006; Kodra et al., 2011). Withaefjto the life span of trees, the expected
decrease in frequency of cold spells (e.g. Vaviual.e 2006; Kodra et al., 2011) is clearly
less important than magnitude and duration of iidial cold spells, as even with decreased
frequency the likelihood of experiencing at leask acold spell is still close to 100%.
Furthermore, forests grow slowly and managemenbraciming at stable and productive
forests in future need to be started now. Targetisg for translocations need therefore not
only be adapted to future conditions, but also isencurrent conditions with prevailing
occurrences of cold extremes.

Plant organs differ in their cold hardiness. Gelhgraoots are the least frost tolerant
(Mancuso, 2000; Bigras et al., 2001). The on-gaiagiine ofChamaecyparis nootkatensis
the Pacific Northwest of North America, for instantas been linked to root frost damage
due to climate change-induced reductions in thelatsg snow cover (Schaberg et al.,
2008a). A similar reduction in snow cover is alsojgcted for Central Europe (Kreyling and
Henry, 2011). In addition to shoot cold hardinesst freezing tolerance should therefore be
investigated.

Here, eight provenances Bf nigrafrom autochthonous origins and from southern Gegma
were tested for their cold hardiness in a commaega experiment in southern Germany.
We hypothesized that (1) cold hardiness differsvben provenances, with provenances from
colder origins displaying superior cold hardinemsd that (2) cold hardiness is affected by
climatic experiences of the individuals with drotigicreasing cold hardiness and warming
decreasing cold hardiness. We further expected®)atifferences in cold hardiness between
provenances are physiologically-related to the @oinbf soluble carbohydrates and lipid
composition of the needles, and that (4) the (soiedliterranean speci€s nigrais less frost-
tolerant than tree species native to Central Eyraypde (5) cold hardiness of the fine roots
of P. nigrais high compared to cold hardiness of its foliageit naturally occurs in regions

without continuous snow cover.
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Material and Methods

Juveniles ofP. nigra from eight provenances throughout Europe were segbdo different

climate change scenarios (warming and extreme thitpuig a common garden experiment.
Cold hardiness was determined by the Relative Elgté Leakage method (REL) in two
consecutive winters. The experiment was establisheglayreuth, Germany (49°55'19” N,
11°34’'55” E) in March 2009. The long-term mean anemperature for the site is 8.2°C,

whereas long-term mean annual precipitation isig

Experimental Design

Eight provenances @. nigra(Figure 1; Table 1) were obtained as seeds anatgd at the
Bavarian Institute for Forest Seeding and Plant{A$P)in Teisendorf, Germany from April
2008 to April 2009. These provenances are parhofhternational long-term provenance trial
which started in 2009 (Huber, 2011). The provenarstem from autochthonous populations
of P. nigraexcept for the provenance from Zellingen, Germavtyich was introduced from
Austrian sources in 1909. Subspecies identities tlod provenances are assigned
geographically and morphologically (Table 1), aeje analyses are not yet available
(Huber, 2011). The Croatian provenance stems frdotaion very close to one of the few
autochthonous stands Bf nigra subspecieslalmaticaand its assignment to the subspecies
nigra is somewhat questionable. The seedlings werepoatesl to Bayreuth and individually
planted into 4-litre plastic pots filled with sangit (pH 7.3, total C 1.9%, total N 0.15%,
plant available N@-N 22.5 mg t; plant available N&f-N 1.8 mg 1"). Selection of the plants
occurred randomly for each provenance from all éhplsints alive at the planting date. The
mean plant size at the start of the

experiment was 12.2 cm = 2.5 cm SD.

55 Mean
minimum
temperature
(°C) Figure 1: Origins of the target
provenances (open circles) within the
10.0 distribution ofP. nigra(black lines and
5.0 dots for fragmented populations Isajev et
0.0 al., 2004). X indicates the experimental
' site. Abbreviations of provenances are
-5.0 specified in Table 1. Grey scales display
-10.0 the mean minimum temperature for the
period 1950 to 2000 with a 5’ spatial
resolution (Hijmans et al., 2005).
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Table 1 Origins of target provenances used in the expetimeith corresponding climatic

information. Skie: Identification number in an imtational provenance trial (Huber, 2011). MAT:
Mean Annual Temperature; MinT: Mean Minimum Tempeara; MAP: Mean Annual Precipitation;

Precip. Seasonality: Coefficient of variation inanemonthly precipitation sum. All climate data for
the period 1950 to 2000 from worldclim (Hijmansakt 2005).

Provenance Country  Subspecies Skie North East Altitude MAT MinT  MAP Precip.

(m) (©) (©) (mm)  Seasonality

DE Germany nigra 01 49%53'17" 0943'16" 290 9.2 -3.1 587 18
AU Austria nigra 07 4746'00" 16°11'00" 369 8.4 -4.9 712 33
YU Serbia nigra 12 43%49'39" 1935'22" 866 8.7 -5.6 964 17
HR Croatia nigra/ 14 43%26'00" 17913'00" 256 132 1.2 1108 33
dalmatica
IT.N Italy nigra 17 45%42'00" 1349'00" 372 114 -1.2 1212 17
IT.S Italy laricio 19 39°18'08" 1620'22" 1500 9.0 2.2 1300 48
FR1 France nigra 23 4409'10" 05%2'30" 549 10.7 -2.9 789 16
FR2 France laricio 24 4424'18" 03%58'39" 581 108 -0.9 745 19

The potted individuals were exposed to the fullgssed threefold factorial combination of
(1) a drought manipulation (drought and controljl §2) a continuous warming manipulation
(warming and reference) and (3) the provenancentes@ (eight provenances). The two
climate treatments were crossed resulting in fdumate manipulations (control, drought,
warming, warming & drought), that were replicatbédet times, resulting in 12 experimental
units in total. The provenance treatment was nesti#ioin each experimental unit. Each
provenance was further replicated with seven plpatsexperimental unit (nested replicates),
resulting in 21 plants per factorial combinationtioé three-factorial design and 672 plants
overall. Each experimental unit was covered bynglsirain-out shelter (11 m by 7 m, 3.8 m
high) constructed of a steel frame (GlasMetall Ree@mbH) and covered with a transparent
polyethylene sheet (0.2 mm, SPR5, Hermann Meyer Egmdnabling an almost 90%
penetration of photosynthetically-active radiatidime edge of the rain-out shelters was at a
height of 80 cm.

The control irrigation regime simulated the localilg 30-year average precipitation. The
application was carried out twice a week with acilel rain water. The drought treatment
consisted of 42 days without precipitation, whi@pnesents the local statistical 1000-year
recurrence drought event. Drought duration wasanmiori set before the manipulations. We

monitored plant performance during the treatmerd awuld have stopped the treatment
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when either 66% of the plants showed water strgsgtoms (discoloration of foliage) or
when 33% of the plants exhibited lethal stressyloen the local 1000-year extreme would be
reached. The latter condition was set because suarasthat events with more than 1000 year
recurrence time are not too realistic even whemgimg frequencies of extremes due to
climate change are acknowledged (Schér et al.,)200% same protocol was applied in a
parallel experiment with four grass species (Beibritein et al., 2011), which all showed
severe drought symptoms after about 20 days, enzumgghe high drought tolerance of
Pinus nigra The drought treatment started on Majl' 2009 and resulted in the soil moisture
falling below the permanent wilting point (pF = % &f the soil approximately three weeks
after the start of the treatment (Figure 2). In thewetting phase each individual in the
drought treatments received 240, 280 and 300 nthieae days within one week (in total 820
ml or 36 mm). Following that, the pots were irrigdtaccording to the control precipitation
treatment. Total amount of precipitation in theuwdybt treatment was 13% lower than in the
control over the year. The drought was simulatedhan first year of the experiment only.

Throughout the second year, all plants receivedrobmrigation.

30 — Control

20+ - - Warming NMM
10- Drought

Warming & Drought
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Snow depth (cm) Air temperature (°C)

Soil moisture (%)

Figure 2: Temperature at mean plant height, snow cover athdnsisture (-2.5 to -7.5 cm) over the
course of the experiment. Sampling dates are itetiday arrows.

The warming treatment was performed continuouslhyl @ctober in the first year of the
experiment and from April to the end of the expenmin January of the second year. The
warming manipulation took place both passively @vahelters which reduced the wind speed
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by 70 % and black floor-covers versus white floovers) and actively (IR-radiation with
approximately 30 W per m?), which increased theemmperature at plant height by 1.6°C on
average when the warming treatment was affecteguf€i2). Maximum differences were
5.2°C (single measurements) or 3.6°C for daily nteamperature. The fourth treatment was a
combination of drought and warming. The warmingéased the drought effect, reducing the
soil moisture by another 1.5% on average (Figure 2)

During the first winter of the experiment, plantere kept outside the shelters in a sand bed
from October to April. Figure 2 illustrates thaetplants were covered by snow during the
coldest parts of the first winter. For the secondt&r, plants were kept inside the shelters

with the warming treatment ongoing.

Response Parameters

Cold hardiness was quantified by a slightly modifieersion of the relative electrolyte
leakage method (REL) of ex-situ samples accordmgtrimbeck et al. (2007): Pre-tests
revealed no differences in absolute values whersangples were frozen with or without 1ml
solution containing an ice nucleator, presumablgabse the surface of the samples was wet
and froze at around 0°C anyhow. Furthermore, hiffeezing rates were applied. At a rate of
0.6°C/h (Strimbeck et al. 2007) it would have také® days to reach our minimum
temperature, whereas commonly the rate of 6°C/apied (e.g. Sutinen 1992, Schaberg
2008). Two needles from the current year were sathpér individual in mid-winter of both
years (January 30in 2010 and January 31n 2011), rinsed with de-ionized water, and cut to
0.5 cm. Samples from the seven nested replicategrpeenance and experimental unit were
combined to form one mixed sample, homogenized sutbequently divided into seven
subsamples subjected to different temperatureddeelone hour (+4.5°C, -7.5°C, -14.5°C, -
23°C, -33°C; -40°C, -196°C (liquid N)) using a catled environment chamber (Licht-
Thermostate Typ 1301,RUMED) and a manually corgmblthain of freezers sequentially at
the lowest temperatures. Initial electrolyte leakagas determined in 16 ml 0.1% v/v Triton
X-100_Bidest after 24 h and the final electroly@dakage was determined after autoclavation
of the samples. Electrolyte leakage was quantiiethe conductivity of the solution at 25°C
measured with a WTW inolab pH/Cond 720. Cold hadis expressed as the LT50 for
each mixed sample, estimated by non-linear regnessi the REL versus the temperature

levels using the formula by Anderson et al. (1988):
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Y’max - Y

min

Y7 = Vi + o min
T = Ymn ok D) L)

Yt is the REL at temperature T,,¥ is the asymptotic value of the response variable i
uninjured tissue, ¥ax IS the asymptotic value at maximulow-temperature stress, k
represents the steepness of the response curvelaredthe midpoint of the symmetrical
curve (an estimate of LT50). Curve fitting was @&drout using a quantile regression and the
function “nlrq()” from the software package “quaedi’ (Koenker, 2006).

The multitude of different technical protocols REL used in the literature (freezing with or
without additional solution, various freezing ratesl durations, etc.) limits the comparability
between studies strongly. However, the relativieetéhces within a protocol should be robust
and more or less independent of e.g. freezing (Sesnen et al 1992). Therefore, we stick to
the interpretation of relative differences withinrostudy and minimize the discussion of
absolute values.

Cold hardiness of needles from the current yeaermninal buds was additionally determined
for juvenile and adult individuals of the most innfamt local tree specie® (sylvestris, Picea
abies, Fagus sylvaticand Quercus petrada Samples were taken on'"26f January in the
first winter. Three mixed samples of seven indialdueach were obtained from a nearby
forest (lowland site: 350 m asl) and, for the juleestage of the two conifers, from a highland

site (Waldstein, Fichtelgebirge, 760 m asl) abduk® northwest of the experimental site.

In the second winter, carefully excavated fine soof two provenances (FR1 and IT.S)
exhibiting low and high cold hardiness in theiridgle in the first year were analyzed for their

cold hardiness by applying the same protocol ath®needles.

Mean annual minimum temperatures for the period01@52000 (mean temperature of the
coldest day for the years 1950-2000) for each ggagc origin of the provenances were
retrieved from worldclim (Hijmans et al.,, 2005) anded as indicators for minimum

temperatures (Table 1). We assume that the reldifferences between geographic origins
have been suitably reflected, although these valagseed the absolute minimum

temperatures due to daily averaging (for our expental site the minimum temperature
based on worldclim is -3.5°C while the absolutetmiminimum temperatures between 1998
and 2011 at an hourly resolution ranged between8-abd -25.5°C). An ordinary least

squares regression between this indicator and leatdiness was applied for the control
treatment in order to detect local adaptation te feost events.
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Soluble carbohydrates were quantified in the fivstter for two provenances exhibiting low
and high cold hardiness, respectively (FR1 and)ITMixed samples of one needle from the
seven plants per experimental unit were taken, idiately frozen in liquid nitrogen and
stored at -30°C. Frozen material was ground inllani$l; soluble carbohydrates of 20 mg of
plant material were extracted in 50 % methanol andlyzed using the anthrone method
(Kleber et al., 1997). Extinction was measured2l 6m. We used known concentrations of

Glucose as a standard.

Lipid composition was obtained for the same twovprances (FR1 and IT.S). Epicuticular
wax lipids including alkanes as the most abundax @omponent were recovered by rinsing
needles for 60 seconds in dichloromethane (DCM)iclwliesembles standard techniques
using chloroform (Radler and Horn, 1965). After mml of the epicuticular wax lipids,
needles were ground to a fine powder using a balll(Retsch M200). Internal waxes were
recovered by standard Soxhlet extraction using ature of DCM/Methanol (93:7)
(Wiesenberg et al., 2010). Extracts of internal apicuticular waxes were dried and
sequentially separated using solid-phase extraationipid fractions including fatty acid and
alkane fractions (Wiesenberg et al., 2010). Thimwahg section only discusses the results of
the alkane fraction as a representative comporfeagiiouticular wax lipids and the fatty acids
of internal lipids as the dominant compound classell membranes. Other fractions were
also analyzed, but no significant differences ieirthdistribution patterns were obtained.
Aliquots of deuteriated standardss(D,o acids and BC,4 alkane, respectively) were added
to the lipid fractions for compound identificatiand quantification. Fatty acid fractions were
derivatized using BSTFA (N,O-Bis(trimethylsilyl)iioroacetamide) for 1h at 80°C, whereas
alkanes did not require any further preparationl. fAdctions were measured using gas

chromatography coupled with flame ionization detec{Agilent 7890).

In addition to lipid distribution patterns, moleaulproxies were also determined to evaluate
the differences between provenances and climatapoiations. The average chain length
(ACL) of lipids is influenced by lipid biosynthesasnd regulates the water repellency of
hydrophobic hydrocarbon chains of fatty acids ifi oeembranes as well as fatty acids and
alkanes in epicuticular waxes (Kolattukudy et a4B76). Initially, the ACL was used to
differentiate plant and microbial sources of orgamiatter in terrestrial sediments (Bray and
Evans, 1961):

ACL= (@*n)/ (z) )
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wheren is the number of carbons amadthe amount of fatty acids or alkanes witlsarbons.
Another parameter to obtain the differences in tipgd biosynthesis as affected by
environmental stress is the predominance of oddugeeven alkanes, the so-called carbon
preference index (CPI: Kolattukudy et al., 1976):

CPI=[( n-Cos330dd/ N-Cos32evep + ( N-Cos330dd/ N-Co6-34 evepl/2 (3)

The degradation of alkanes and a less effectivénegis of the predominant odd alkanes in

waxes lead to a reduction of the CPI under enviemal stress (Wiesenberg et al., 2008).

An analysis of variance (ANOVA) combined with limeaixed effect models were applied to
test for the main and interactive effects of thee¢hfactors: provenance, drought, and
warming on cold hardiness (LT50), soluble carbohtelrcontent and lipid composition.
Including the experimental unit as a random faaocounted for the split-plot design
(Pinheiro and Bates, 2004). Data were log transéoito improve the homogeneity of
variances and the normality of residuals if neagssal statistical analyses were conducted
with the software R 2.11.1 (R Development Core Te2a@i0) and the additional packages

“nlme” and “quantreg”.

Results

Local Adaptation in Cold Hardiness

Mean cold hardiness differed between the proversabgeabout 10°C in both winters (Figure
3). The LT50 values ranged between a minimum of2“Z1 for provenance FR2 and a
maximum of -32.1°C for provenance FR1 in the fisshter; and between a minimum of -
23.2°C for provenance FR2 and a maximum of -33fbtG@he provenance from Serbia (YU)
in the second winter. Provenances from colder wsigjenerally displayed superior cold
hardiness (Figure 4). Significant correlations<18.77 in the first winter and r2 = 0.80 in the
second winter) between cold hardiness and meammmiwinter temperature at the origins
were found for the autochthonous provenances ih pears if the provenance from Croatia
was excluded from the analyses. When included,igrf&ant correlation was found in the

first winter, while the correlation was weaker £90.59) while still remaining significant in

the second winter.
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1st year
§ AU DE FR1FR2 HRIT.N IT.S YU Reference  Warming ANOVA: DF F p
k= 04 | | 7] provenance 56 21.0 <0.001
3 warming 8 15.9 0.004
H 104 . drought 8 20.1 0.002
e prov.:warm. 56 1.3 0.272
8 -204 . prov..drought 56 1.9 0.089
£ warm.:drought 8 16.0 0.004
8 -30 L7 | | 5| - prov.warm.:drought 56 1.8 0.107
o
G —40- -

2nd year
§ AU DE FR1FR2 HRIT.N IT.S YU Reference Warming ANOVA: DF F p
< 0+ T provenance 56 4.1 <0.001
3 warming 8 3.5 0.099
F 104 § drought 8 45 0.067
e prov.:warm. 56 0.8 0.609
8 -20+ — prov.:drought 56 1.1 0.388
£ warm.:drought 8 0.7 0.436
c —30+ — proviwarm.:drought 56 0.7 0.673
< ——
§ -404 _| B Control 3 Drought

Figure 3: Cold hardiness (LT50) as affected by geographgiro{provenances; left) and preceding
climatic conditions (drought and warming in intdfaw; right) in the first (upper panel) and second
(lower panel) year of the experiment. ANOVA-resudte provided per year with significant effects in
bold. Mean values and standard errors are showsdfardividuals per bar for the provenances and
168 individuals per bar for the climate treatmehtste that the drought manipulation only took place
in the first summer of the experiment. The warntiegitment stopped three months before sampling
in the first year while running throughout samplinghe second year.
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Figure 4: Local adaptation in cold hardiness depending onne@n minimum temperature at the

origin. Linear regressions are shown for all autbchous provenances (DE, open triangle, not
included) excluding the provenance from Croatia (KBen circle), as its autochthonous status is
questionable. Results of the regression includihg provenance from Croatia are given in

parentheses. Cold hardiness (LT50) displays thenrédhe control treatment per provenance (n =
21).
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Climatic Experiences Alter Cold Hardiness

Cold hardiness was affected by the climatic expeee of the individuals. The extreme
summer drought increased cold hardiness by 3.9°@venage in the first winter and there
was a hon-significant trend in the same directionthie second winter after the drought
manipulation (Figure 3). Unexpectedly, the summarming from the first year resulted in

increased cold hardiness of 3.4°C on average whdeyear-round warming of the second
year resulted in no significant effect, although trend followed the same direction as in the
first year. Interestingly, the drought and the wiagreffect in the first year were not additive
(ANOVA, interaction between drought and warming= B6.0; p = 0.004), resulting in lower

cold hardiness in the untreated variant and conygraigh cold hardiness in the other three

climate manipulations (Figure 3).

Physiological Reasons for Varying Cold Hardiness

The amount of soluble carbohydrates in the needie®ased by 25.9% in a provenance
exhibiting high cold hardiness compared to a pranee showing low cold hardiness (Table
2; ANOVA: F = 15.3; p = 0.004). The drought mangidn had no significant effect on the
carbohydrate concentration (F = 0.0; p = 0.889).

The composition of internal fatty acids (ACL) asimeomponents of cell membranes did not
differ significantly between a provenance exhilgtinigh cold hardiness and a provenance
showing low cold hardiness (F = 3.7; p = 0.092)kelwise, no effect of the drought
manipulation was found (F = 1.7; p = 0.222). Fa épicuticular wax lipids, the provenance
with the high cold hardiness was characterized blyghtly higher ACL (3.9 %; F=5.2; p =
0.051) than that with the low cold hardiness. Theudht treatment led to a general decrease
in ACL (F = 22.0; p = 0.002), which was stronger foe plants with a high (5.5 %) rather
than a low cold hardiness (1.5 %; interaction betwprovenance and drought manipulation:
F=7.7;p=0.024).

The greatest differences among lipids were obsefoethe CPI values of the epicuticular
wax alkanes between the two provenances. CPI valaes 22.7 % lower for the provenance
with high cold hardiness compared to that of thevenance with low cold hardiness (F =
45.8; p < 0.001). Drought led to an increase of @k value by 11.5 % in the provenance
with high cold hardiness, while no effect of thewght manipulation was observed in the
provenance with low cold hardiness, resulting in gignificant effects of the drought

manipulation (F = 2.3; p = 0.166) and the inteactbetween provenance and drought (F =
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3.4; p = 0.104). Hence, the difference between potenances decreased after drought, but
CPI values were still 15.1 % higher in plants wdtv cold hardiness.

Table 2: Comparison of carbohydrate content and average ¢biagith (ACL) of fatty acids of current
year needles between two provenances exhibiting(lowd) and high (FR1) cold hardiness. Samples
taken in the first winter of the experiment, meastandard deviation provided, n = 3.

Cold hardiness of source  Control Drought
Cold hardiness (LT50 in C) high -25.8+2.3 -36.7 £1.0
low -175+1.6 -26.8£45
Soluble carbohydrates (%.TM) high 118.4+9.4 111.9+95
low 89.0+15.9 93.7+3.0
ACL of epicuticular wax fatty acids high 18.8+0.2 17.7+0.2
low 18.1+0.0 17.8+0.1
ACL of internal fatty acids high 17.8+0.5 17.6+0.1
low 17.5+0.1 17.1+£0.3
ACL of epicuticular wax alkanes high 275+0.1 276+0.0
low 275+0.1 275+0.1
CPI of epicuticular wax alkanes high 9.3+0.2 104 +0.2
low 12.0+0.6 119+04

Cold Hardiness among Species

Cold hardiness of the (sub-) mediterrandannigra reached similar levels to the cold
hardiness of tree species native to Central Eumopie vicinity of the experimental site
(Figure 5, ANOVA for all juvenile lowland sampleB:= 2.0; p = 0.163). Needles of adult
conifers, however, showed superior cold hardinesspared to juvenile trees (F = 2.6; p =
0.046; Picea abiesand Pinus sylvestrisand juveniles from highland sites exhibited highe
cold hardiness compared to lowland sites (F = P.4: 0.026; Picea abiesand Pinus

sylvestri3.
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Pinus Pinus Picea Quer. Fag.
nigra  sylvestris abies petr. sylv.
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Figure 5: Comparison of the cold hardiness (LT50)Pofnigrawith common forest tree species in the
vicinity of the experimental site (lowland, 350 ral)aand, for the juvenile stage of the other two
conifers, from a highland site (760 m asl). juuvgniles (2-4 years old); ad.: adults (>30 yead3.ol
Quer. petr.: Quercus petraea; Fag. sylv.: Faguyayta.n = 3 mixed samples of 7 individuals each
per bar (mean and SE). FBmigra provenance DE (Zellingen, Germany) in the cortirehtment.

Cold Hardiness of Roots

Cold hardiness of fine roots &f. nigraaveraged -16.5°C. The two tested provenances (IT.S
and FR1) did not differ significantly (F = 1.6; p0=239) in the cold hardiness of their roots in
the second winter of the experiment (-15.4 + 1.8h@ -17.5 + 1.1°C respectively (z1SE), n
= 12). The drought (F = 0.1; p = 0.805) and warm(iig= 0.1; p = 0.754 ) treatments also

resulted in no significant effect on LT50 of thediroots.

Discussion

Local Adaptation in Cold Hardiness

Cold hardiness differed by about 10°C between thdiesd provenances &. nigra Local
adaptation to minimum temperature regimes was atelic as provenances from colder
origins reached superior cold hardiness. Thesdtsesarrespond well with findings from
other forest trees such & devoniana(Saenz-Romero and Tapia-Olivares, 200gus
sylvatica (Visnjic and Dohrenbusch, 2004)suga heterophyllgKuser and Ching, 1980),
Fagus crenataand Betula ermanii(Gansert et al.,, 1999), all showing local adaptatio
winter cold extremes. Our data indicates furthet tminimum temperature does not only
determine the northern range limits of species #5akd Weiser, 1973), but that within
species variability in cold hardiness also needsettaken into account. The provenance from
Croatia (HR), however, did not fit well into the evall pattern. We assume that this

provenance is either not autochthonous, i.e. caigig from a warmer winter climate, or
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belongs to the subspecidalmaticg which is described for very restricted areas @ltme
Croatian coast. Genetic characterization of theispeand subspecies will shed light on this
question.

P. nigrais known for its high genetic diversity (Jagielskaal., 2007) which surpasses that of
other pines (Nkongolo et al., 2002). Although nasEnsus on its taxonomy has been reached
(Huber, 2011), six main subspecies are recognizéd Rv nigra sspnigra being the most
abundant in Europe (Isajev et al., 2004). Proveesrfarthermore differ in growth and
ecological performance, expressed in local adaptatio soil and mean annual temperature
and precipitation in provenance trials (Varelidésle 2001). The strongly contrasting cold
hardiness in our experiment suggests that minimamperature is another genetically
selective parameter, not only for frost sensitivdspecies such aB. nigra ssp laricio
(Varelides et al., 2001), but also f@r nigra sspnigra, which is usually considered to be the

most frost tolerant among the subspecies (Isajal,,£2004, Huber, 2011).

Climatic Experiences Alter Cold Hardiness

Cold hardiness was affected by climatic experienoésthe individuals with drought
increasing cold hardiness by 3.9°C on average enstibsequent winter and no significant
carry-over effect to the second winter. This firglican be explained by drought and frost
triggering similar responses at the cellular andeawdar level to prevent cellular dehydration
(Blodner et al., 2005). Without experiencing droutiiemselves, the newly formed needles in
the second year of the experiment lacked signifiealditional cold hardiness in the drought
manipulation. More frequent drought events accomip@nclimate change may therefore
increase cold hardiness in single (dry) yearsnbtigenerally.

It has been suggested that trees grown under diener@mer conditions may lose their
functional adaptations to frost (Eccel et al., 200urprisingly, our results contradict this
expectation with increased cold hardiness by 3@i@verage in the warming treatment after
the first season. The warming, however, was stoppe@ctober and acclimation of the
formerly warmed individuals evidently surpassed tioatrol plants when subjected to the
same temperature from October on. Responsivenessrent year climates are also reported
for deciduous forest trees (Repo et al., 2008), Met year-round warming in the second year
of the experiment resulted in no significant difiece between the treatments. Clearly, further
experiments on interacting climatic drivers areemity needed, as the response to such
interactions might differ considerably from sindictor experiments (Shaw et al., 2002;
Kreyling et al., 2011Db).

143



6 Manuscripts

Here, we focused on the realized maximum frostihass, e.g. the hardiness directly after
the coldest days of winter. Much bigger differentesn observed between the provenances
(10°C) or between the climate manipulations (uB.& C) occur within each needle over the
course of the year (more than 60°C in a single gmemce oP. nigra Sutinen et al., 1992).
Cues which drive this strong seasonality involveotpperiod and minimum temperature
experience. Their relative importance, howeverstib unresolved, differs between species
(Kozlowski and Pallardy, 2002; Holliday et al., &)0and may even differ between
provenances in the same species. Our results atlistaliscussion by showing that both
genetic heritage (differences between the provesgnand preceding climatic experience
(here mainly summer drought) can affect the abedhaist hardiness. Potential differences in
the temporal pattern of frost hardiness betweergmances are of high ecological relevance,
especially with regard to early or late frost egead phenological differences within species
(Visnjic and Dohrenbusch, 2004; Kreyling et al. 20 These points call for more detailed
investigations on intra-specific differences inswality of frost hardiness.

Physiological Reasons for Different Cold Hardiness

Differential cold hardiness between provenances waated to contents of soluble
carbohydrates and fatty acids in the needles. @bofesoluble carbohydrates is also reported
to be closely related to local adaptations in ¢@dliness of differerQuercusspecies (Morin

et al., 2007). The lipid contents Bf nigrahave been reported previously for mature trees and
needles collected during late summer (Maffei et2004). In contrast to these mature trees,
wheren-C,9 andn-Cs; alkanes contribute 2.2 % and 37.2 %, respectiveliotal alkanes, the
juveniles of different provenances in our studyevalt dominated by-C,g alkane (36.3 = 2.8
%) and lower contents af-Cs; alkane (9.6 £ 1.0 %). This difference is probable to
different needle and plant age when compared tditdm@ture results, whereas differences
between provenances are not likely as they didiiff@r in their relative contribution af-Cyg
andn-Cg; alkanes in our study. In general, the hydrophopiai the waxes is improved under
water and cold stress to protect plants againsemlass by an increased turnover of wax
components towards hydrophobic aliphatic compountih is not necessarily related to
shifts in the total amount of waxes (Shepherd andffitds, 2006). For trees, such
investigations are still scarce and limited to cidd tree species (e.g. for differdpicea
species: Cape and Percy, 1993;Pinus palustris Prior et al., 1997). Our observations of

small changes in the lipid composition (ACL valueshfirm minor influences of cold and
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water stress on lipid biosynthesis, as describsewdiere (Cape and Percy, 1993; Shepherd
and Griffiths, 2006). The low CPI values of epicutar wax alkanes of the plants with high
cold hardiness, however, indicate a strong biosgithrate associated by a production of
byproducts and degradation products such as ekanes. This increased production of wax
components indicates the role of alkanes to imptbeecold hardiness (Prior et al., 1997).
The drought manipulation led to a reduction infibrenation rates of alkanes (higher CPI) for
the provenance with higher cold hardiness simitaolaserved for sesame plants (Kim et al.,
2007). Hence, biosynthesis of epicuticular wax madlsais influenced by water stress and
appears to be related to cold hardinessPin nigra. Freezing tolerance in plants is
accompanied by lipid remodeling at the outer membdréMoellering et al. 2010), another
aspect fitting well to our data and indicating ttie effect of changes in the lipid composition
might be more important for cold hardening thanvimesly assumed. It should be noted,
though, that both the observed differences in chéddiness and the differences in
composition and concentrations of cell membrane pmamds could be driven by other
factors such as water stress over summer in theepamce with superior frost hardiness.
Seasonality of precipitation and mean annual pittipn were three times lower at the
origin of this provenance (Table 1). Further cawsa functional analyses of frost hardiness
and hardening are clearly required (Holliday et2008).

Cold Hardiness among Species

Juveniles of the (sub-) mediterranean speRiasigra exhibited comparable cold hardiness as
juveniles of species native to Central Europe m\ltinity of the experiment, i.e. under the
same climatic conditions. Under colder conditiom®Niorway it has been shown tHat nigra

is more sensitive to freezing injury than boreatiters (Strimbeck et al., 2007). Its ability to
adjust to prevailing climatic conditions therefaappears limited in comparison to boreal
species such aB. sylvestrisor Picea abies Yet, under the same climatic conditions, these
species did not differ fron®. nigrain our study, implying that realized frost hardiseand
potential frost hardiness need to be discussedaeha It should be emphasized here that
within-species variation in cold hardiness, i.¢fedences among provenancesofigraand
differences between lowland and highland sitesieenile and adult individuals for the other
species clearly exceeded among-species variatitineajuvenile stage. Generally, variation

among species at the same site and under the $ama¢ic conditions appears less important
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than commonly assumed. Within-species variationiadvidual performance might be more
relevant for forest ecology (Clark, 2010).

We used juvenile trees in their second to third yedhis experiment. Our results concerning
P. sylvestrisand Picea abiesconfirm previous findings that seedlings are mseasitive
against frost events than older trees (Bolte e8D7). However, the juvenile stage is of high
importance for the natural regeneration of foréshds. Moreover, the high selective pressure
of single extreme events such as frost or droughtreduce the genetic diversity of future
stands (Hosius et al., 2006).

Cold Hardiness of Roots

Cold hardiness of fine roots &. nigra averaged -16.5°C over two provenances, which is a
high value compared to the cold hardiness of iisde (-23.8°C on average for the control
treatment). This might be an adaptation to theispenatural habitat where soil frost events
occur more or less regularly as no snow cover @iesl the soil against air temperature
fluctuations (Kreyling, 2010)Chamaecyparis nootkatensserves as an example of a forest
tree from temperate rain-forests with low root cdidrdiness (roots do not survive
temperatures below -5°C) in response to deep smaeran its natural habitat (Schaberg et
al., 2008a). Winter climate change, however, iseetgd to lead to reduced snow cover and,
in consequence of the reduced insulation, to caldds despite the general air warming trend
(Groffman et al., 2001). For Central Europe, a otidn in snow cover is already taking
place, while minimum temperature of the soil may aecrease (Kreyling and Henry, 2011).
Interestingly, no response in cold hardiness oé fiaots occurred for the different climate
treatments in our experiment. In addition, we inigeded root cold hardiness for two
provenances with strongly contrasting shoot colddiness and did not find significant
differences in the roots. This supports Schaberglet(2008a) who conclude that no
acclimation occurs in cold hardiness of fine rodfkre detailed investigations concerning
this aspect are clearly needed, especially witheetsto the question if cold hardiness of roots
lacks adaptive potential to changing climate caodg. ForP. nigraour results imply that no

selective pressure is expected as root cold taterangenerally high.

Assisted Colonization
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P. nigra based on its ecology and natural distributioajéi¢ et al., 2004), is well adapted to
warmer and drier conditions expected for parts eht@al Europe under climate change
(Kolling, 2007, Huber, 2011). Here, we show thatildctardiness, at least of some
provenances, is also no limitation for the usehis species in Central Europe even if cold
extremes remain constant throughout this centuanis et al., 2006; Kodra et al., 2011).
Assisted colonization or transplantations are widgbplied in forestry and may serve as
adaptation strategy against adverse effects ofatdéinthange on ecosystem functioning
(McKenney et al.,, 2009, Schaberg et al.,, 2008b).mbdhous examples of failed
transplantations (Zobel et al., 1987), however,nwagainst rushed action. The assisted
colonization of pre-adapted ecotypes of key spewidsn their current range is suggested to
contribute to functional integrity of forest stanaighout the need to introduce exotic species
with unknown risks (Kreyling et al., 2011a). Yegtarally dominating tree species may lack
pre-adapted ecotypes at their warm and dry rangeésli Here, congeneric species from
adjacent climates are preferable over other speRiesylvestrisandP. nigramay serve as an
example, with the latter potentially replacing ttoemer at warmest and driest sites of its
range while maintaining ecosystem functioning. @esults suggest that cold hardiness is
significantly related to climatic conditions at tbhagin of the provenances, implying that the
selection of frost-tolerant provenances could bsebdaon the current climatic conditions
within the species ranges. However, our finding tenatic experiences within the life of
single plants alter cold hardiness indicates thatgnance trials under control conditions may
be misleading under changing climatic mean andeexdr conditions. The multitude of
possible climatic variables to be selected for andertainties concerning future climates
imply that the search for best-adapted provenamstesild not be the only strategy. In
addition, management actions which promote genéiversity (e.g. supporting natural
regeneration and addition of genetically diverseemia) are crucial as genetic diversity
enables organisms to continue adapting and evobaimgew conditions within one or several
generation cycles (Hosius et al., 2006; Schabergl.et2008b). Furthermore, the role of
herbivores and diseases under changing climateresqgetailed investigations. For instance,
a needle blight known as the “red band diseaf®th{istroma septospojais reported to
increase in importance over recent yearB.imigra (Isajev et al., 2004), a development that
may be related to climate change (Watt et al., 2011

Ultimately, tree species responses should be redaim the context of populations under
competitive pressure. The advantage of common gaedperiments is that they can detect
the spectrum of possible species-specific respomiéegertheless, there is a need to test the
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obtained results in communities where the competitbalance might amplify or buffer

responses.
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Conclusions

Cold hardiness oPinus nigrafoliage is highly variable between provenances ahdws
signs of local adaptation to prevailing minimum peEratures at the origin. Both severe
drought events and summer warming can increase hatdiness, indicating that the
interaction of different climate parameters leamsiexpected results and that winter survival
can be altered by climatic events during the grgwseason. Physiologically, cold hardiness
is related to soluble carbohydrate content andl lgpmposition. Interestingly, variation of
cold hardiness of the needles within the (sub-)itegdnean specid3. nigrawas higher than
between this species and other species commoneteethperate zone of Central Europe.
Taken together, our results imply that the colddhass of the foliage d?. nigrais adaptive

to long-term growing conditions at the origin (ggaderitage) and to short-term alterations
of these conditions (individual plasticity), whifiest hints suggest that cold hardiness of the
roots is high and probably not under selective saness currently. Our data from mid-winter
suggests that below- and above-ground cold harslioEselected provenances appear to be
well adapted to cultivation in temperate regiongasdaptation strategy against the adverse
effects of climate change in dry habitats. Howeweith respect to late spring and early
autumn frost events, the temporal pattern of flwstdiness with potential intra-specific
differences should be investigated in more deidfore translocations are recommended,
further investigations are required, e.g. exploritng role of biotic interactions under
changing climatic conditions. Generally, within-sgs diversity should be conserved at the
species level and improved in anthropogenicallynted stands in order to allow for adaption

to climate change.
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Abstract

Fagus sylvaticathe dominant native forest tree species of CeRtneope, is sensitive to late
frost events. Advanced leaf flushing due to climagming may lead to more frequent frost
damage in the future. Here, we explore local admpt&o late frost events at both continental
and regional scales and test how moderate climateming (+1.5°C) affects late frost

sensitivity.

Short-term leaf injury and height growth after tel&ost event were quantified in a common
garden experiment with two-year did sylvaticaseedlings. The fully crossed three factorial
design consisted of a late frost manipulation, @iooous warming manipulation and selected

provenances (three provenances from western Balgad three from southern Germany).

Late frost led to leaf injury and reduced heightvath (-7%). Provenances differed in their
late frost sensitivity at the regional scale andaloadaptation was detected. At the larger
scale, the Bulgarian provenances showed reduceghthgiowth (-17%) while the German

provenances did not exhibit growth reduction. Therming treatment prevented late frost
damage while height growth declined by 19% in tefenrence temperature treatment. This

surprising finding was attributed to advanced taaturity in the warming treatment.
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The impact of late frost events &n sylvaticain a warmer world will depend on timing. An
event that damages leaves immediately after leshihg appears negligible a few days
earlier or later, thereby complicating projectiobecal adaptation to late frost is evident at a
regional scale. Management strategies should ammaatmizing genetic diversity to adapt to

climate change.

Introduction

Frost events in spring can damage plants and leastrong economic impacts (Gu et al.
2008). Fagus sylvaticathe naturally dominant forest tree species oft@erizurope over a
wide range of environmental conditions (Leuschnerale 2006), can tolerate very cold
conditions over winter, but is sensitive to latestrevents after leaf flushing (Dittmar et al.
2006; Ningre and Colin 2007). Such late frost esanfty even determine its northern and
north-eastern range limit (Bolte et al. 2007). dalier onset of the vegetation period and
increased climatic variability due to climate wangni(Walther et al. 2002) may lead to an
increased risk of late frost damage (Gu et al. 260&8mer 1994; Norby et al. 2003; Rigby
and Porporato 2008).

Due to its wide geographic distributiofr, sylvatica covers a broad range of climatic
conditions (4 to 12°C mean annual temperature abd ® 2000 mm mean annual
precipitation according to Kélling 2007). Phenotyiasticity and the adaptive potential of
forest trees are determined by their genetic cormtippgHosius et al. 2006, Schaberg et al.
2008). In Central Europd;. sylvaticaexhibits a high genetic diversity within populatso
(Konnert 1995; Muller-Starck et al. 1992; Vornamaét 2004). This pattern changes on a
continental scale, where stronger genetic difféation between populations becomes evident
(Comps et al. 1990; Magri et al. 2006). Allels itweml in temperature-related adaptive
differentiation of individuals are described férsylvatica(Jump et al. 2006). No comparable
information exists yet concerning drought or fradtess (Bolte 2006). Nevertheless,
provenance trials have a long history in foreseryg(Burger 1948; Krahl-Urban 1958) and
generally demonstrate a differential performanceéwben provenances from different
geographic origins (e.g. von Wuehlisch et al. 19%%pvenances from distinct geographic
locations further show specific tolerance againsiptec stressors such as drought (e.g.
Nielsen and Jorgensen 2003; Peuke et al. 2006;€efbgn al. 1995), ozone (Paludan-Mdller
et al. 1999), and minimum winter temperature (Msand Dohrenbusch 2004). Here, in an
experimental approach we focus on the responserast events in late spring. Local
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adaptation to late frost events has been reporeddeen The Netherlands and Germany
(Kramer 1994) and along a gradient of continentaiiom northern Germany to eastern
Poland, although the differentiation there is snalb°C difference in LT50) (Czajkowski
and Bolte 2006b). Local adaptation to late frostrds appears to be a common feature in
forest trees, as it is also reported for fharix species in Russia (Eysteinsson et al. 2009),
Abies albain Croatia (lvankovic et al. 2007) afiduga heterophyllan the Pacific Northwest

of North America - here accompanied by a tradebstween spring frost tolerance and
growth (Hannerz et al. 1999).

Delayed leaf flushing is a general adaptation egdate frost events (Nielsen and Jorgensen
2003; von Wouehlisch et al. 1995). Leaf flushing Fn sylvatica is strongly linked to
temperature degree sums of the late winter andngpfvon Wuehlisch et al. 1995).
Furthermore, provenances from the east and sostereapart of the natural distribution
range tend to flush earlier than provenances ofatbstern part of the range with respect to
temperature degree sums (von Wuehlisch et al. 1995)

Such differences in phenology within the specieaty matter for the response of temperate
forests in times of climate change (Kramer et @0®. The interaction between warming and
late frost sensitivity, however, has not yet beeplieitly tested experimentally. The response
to such interactions might differ considerably fremgle factor experiments (Norby and Luo
2004; Shaw et al. 2002). For instance, exposuetetated CQincreased freezing sensitivity
in multiple alpine species without affecting theepblogy (Martin et al. 2010).

Here, six provenances & sylvaticafrom Bulgaria and southern Germany (Bavaria) were
tested for their late frost sensitivity in a comngarden experiment. We hypothesized that (1)
late frost events damage leaves and reduce grdwkh sylvaticawith (2) provenances from
origins that are more prone to late frost eveniagbenore tolerant against late frost events
(local adaptation). We furthermore expected thattéBperature conditions prior to the late
frost event alter late frost tolerance, with higlfiast tolerance in colder mean conditions.
Here, we focus on a comparison between the condhagcale (Bulgaria versus southern
Germany) and a regional scale (three distinct pramees from each country) in order to
investigate scale dependencies of local adaptafidns may be a first step towards
identifying provenances adapted to future climatédsch is viewed as a promising adaptation
strategy in forestry and nature conservation infdee of climate change (Kreyling et al.
2011; Nielsen and Jorgensen 2003).
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Materials and Methods

This common garden experiment was established iyreBéh, Germany (49°55'19” N,
11°34’'55” E) in March 2010. The long-term mean adnemperature for the site is 8.2°C,
whereas long-term mean annual precipitation is M24. Between 2001 and 2009, late frost
events in May with minimum near-surface air tempees between -2°C and -6°C occurred
on our field site in every year (data: DepartmehtMicrometeorology, University of
Bayreuth). These events typically occur around daafter clear nights, minimum
temperatures therefore do not last longer thanugsho

Three provenances from Bulgaria and three proveasaftom Germany were selected due to
their silvicultural importance and their inclusion ongoing long-term provenance trials
(Konnert and Huber, unpublished data). Geographgiroand climatic information on the
origins are provided in Figure 1 and Table 1.

Table 1: Origin of provenances used in the experiment aimdatic information (MAT: Mean Annual
Temperature; MAP: Mean Annual Precipitation; Mayhnilean Minimum Temperature in May), all
data for the period 1950 to 2000 from worldclimj(kins et al 2005).

provenance country latitude longitude altitude MAT MAP May min.
(m asl) (T) (mm) (T)
Gotze Delchev Bulgaria N 4138'08" E 2335'08" 1600 114 696 3.9
Petrochan Bulgaria N 43°15'18" E 23714'20" 200 10.4 10 04.1 9.1
Strumjani Bulgaria N 4140'55" E 2300'42" 1450 13.9 6 76 4.3
Hengstberg Germany N 5008'00" E 12°11'00" 569 6.8 7 58 6
Elchingen Germany N 4827'21" E 1003'48" 560 8.1 705 6.6
Weildorf Germany N 47%50'45" E 1252'56" 460 7.9 132 5 7.3
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Figure 1: Location of the target provenances within therttigtion of Fagus sylvaticgblack lines;
simplified from EUFORGEN (2009) to mainly displayter distribution limits) in Germany and
Bulgaria (white outlines). Elc: Elchingen, Hen: Hetberg, Wei: Weildorf, Pet: Petrochan, Str:
Strumjani, GD: Gotze Delchev. Grey scales display minimum temperature in May in 5’ spatial
resolution (Hijmans et al. 2005).

The target provenances were cultivated at Blawarian Institute for Forest Seeding and
Planting (ASP)n Teisendorf, Germany from April 2009 to March POThe seedlings were
then transported to Bayreuth and individually péahinto 12-litre plastic pots filled with
sandy silt (pH 6.7, total C 1.58%, total N 0.13%@ 131 mmolc/kg). Selection of plants
occurred randomly for each provenance from all gglative at planting date. Mean plant size
at the start of the experiment was 12.5 cm £ 5.0Sfn The irrigation simulated the local
daily 30-year average precipitation applied twiceveek with collected rain water (soil

moisture data is provided in Figure 2).

The potted individuals were exposed to the fullgssed threefold factorial combination of
(1) a late frost manipulation (late frost and cohtrand (2) a continuous warming
manipulation (warming and reference) and (3) a @nawce treatment (three Bulgarian and
three German provenances). The late frost manipalabok place in the night from 2&o
27" of May 2010. Based on local climate data, a latstfevent of -5°C for three hours was
simulated by gradual cooling inside a cooler truélom April to October 2010, the plants
were exposed to the warming treatment. The twoldeweé the warming treatment were
replicated three times, resulting in six experimaénhits. Each experimental unit was covered
by a single large rain-out shelter (11 m by 7 8, 18.in height) constructed of a steel frame
(GlasMetall Riemer GmbH) and covered with a transpi polyethylene sheet (0.2 mm,
SPR5, Hermann Meyer GmbH). The edge of the rainsbetters was at a height of 80 cm

157



6 Manuscripts

and the sheets permitted nearly 90% penetratiophaftosynthetically active radiation.
Shading nets reduced radiation by another 30 %. aylvaticaregeneration usually occurs
sheltered below an open tree canopy. The warmingpukation took place both passively
(wind-shelters reducing wind speed by 70% and bfexxk-covers versus white floor covers)
and actively (IR-radiation with approximately 30 pgr m?), which increased the average air
temperature at plant height by 1.6°C (Figure 2)e Thte frost manipulation and the
provenance treatment were nested within each ewrpatal unit. Each provenance was
further replicated with three plants per late frogatment and experimental unit (nested
replicates), resulting in 9 plants per factoriantmnation of the three-factorial design and 216
plants overall. The available plants were assigaadomly to the experimental units.

Figure 2: Air temperature and soil moisture over the courk¢éhe experiment. Permanent wilting
point (pF = 4.2) is indicated by the grey linelve fower panel.

Short-term response to the late frost manipulati@s determined by visual estimates by
assigning the average percentage of chlorotic @edotic leaf area per plant to five classes
(0-5%, 5-25%, 25-50%, 50-75%, 75-100%). This assess took place five days after the
late frost manipulation. For each individual, midge of the five classes were used for
further statistical analyses. Long term effectshef late frost manipulation were measured by
total plant height at the end of the growing seasonOctober. Leaf phenology was
documented weekly based on the BBCH code (Meiet R®fere, we focus on the end of leaf
onset (stage 19 of this code) which is the datermthe leaves are fully developed to their
species-specific size and color. This stage wascts as it was reached around the date of
the late frost manipulation and is presumably the @& the most sensitive phenological phase

against frost. Furthermore, leaf senescence imautuas recorded.
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Mean minimum temperatures in May for the period@ 852000 for each geographic origin
of the provenances retrieved from worldclim (Hijreaet al. 2005) were used as indicators for
late frost occurrences (Table 1). Although thesdues exceed absolute minimum
temperatures considerably due to averaging (for experimental site mean minimum
temperature in May based on worldclim is 7.5°C ehalbsolute minimum temperatures
between 2001 and 2009 ranged between -2 and -6&C3ssume that the relative differences
between geographic origins are adequately captWesuse these surrogates because climate
stations are not available in reasonable vicinidyour geographic origins (> 10 km). An
ordinary least squares regression between thisatmi and late frost sensitivity, expressed as
the difference in leaf damage or height betweertroband frost-manipulated plants, was

applied for each warming treatment in order to cidtecal adaptation to late frost events.

Analysis of variance (ANOVA) combined with linearixad effect models were applied to

test for the main and interactive effects of thee¢hfactors: provenance, late frost, and
warming. Including the experimental unit as a randfactor accounted for the split-plot

design and the nested replicates (Pinheiro andsB2®©4). The same models were run a
second time with provenance used as an additiamalom factor and country (Bulgaria and
Germany) used as a fixed factor to determine iv@nance effects were still visible on the
larger geographic scale. Data were log transfortoathprove the homogeneity of variances
and the normality of residuals prior to analysisnécessary (Faraway 2006). In case of
significant interaction effects, post-hoc compansqTukey’'s test) were run according to
(Hothorn et al. 2008). All statistical analyses &epnducted with the software R 2.11.1 (R
Development Core Team 2010) and the additional gagek “nlme”, “multcomp”.

Results

Late Frost Events AffectFagus Sylvatica

The late frost manipulation caused leaf damage hwbit average affected 14.5% of the leaf
area in the late frost manipulated plants five daysr the manipulation, while no leaf injury
was observed in the control plants (F = 122.2;(p001, see Table 2 for all ANOVA results).
The height of the plants at the end of the grovdagson was reduced by 1.4 cm on average
due to the late frost manipulation, equating teeduction of 7% (F = 4.4; p = 0.038). The

phenology of leaf onset was not affected by the fatst event. Leaf senescence, however,
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was brought forward by 1.6 days for those planés éxperienced the late frost manipulation
(F=10.8; p=0.001).

Local Adaptation

Provenances differed in their short-term late fistsitivity, as expressed by leaf damage 5
days after the manipulation (interaction betweeawenance and late frost manipulation: F =
2.5; p = 0.025; Figure 3A). The German provenaredsbited more frost damage than the
Bulgarian ones (interaction between country anel flast: F = 7.9; p = 0.005; horizontal lines
in Figure 3). The German provenance from Hengstbeogvever, showed a similarly low

level of leaf damage to the Bulgarian ones.

The provenances also differed in height increment 3.8; p = 0.001; Figure 3B). Here, the
provenance from Petrochan performed best underaiacinditions, but also exhibited the

strongest growth reduction after the late frost ipaation. The provenance from Elchingen,
on the other hand, even showed an increased hgrighvth after late frost and performed best
under this treatment. The late frost manipulatioly @ffected height growth negatively in the
Bulgarian provenances, which experienced a reductd 17%, while the German

provenances showed no late frost effect at alefadtion between country and late frost: F =

6.0; p = 0.015; horizontal lines in Figure 3B).

Provenances from origins that are more prone te fabst events (Mean mimimum
temperature in May, Table 2) tended to be moredateagainst late frost events, as indicated
by relatively strong correlations between late ffresnsitivity and minimum temperature in
May at the geographic origin of the provenan@@gure 4). No such correlation, however,
was detected for the height differential in the nvisng treatment.

160



6 Manuscripts

Table 2: ANOVA results of the applied mixed models. Uppanel: regional scale (fixed factors:
provenance, late frost, warming; random factor:egxpental unit). Lower panel: continental scale
(fixed factors: country, late frost, warming; randéactors: experimental unit, provenance).
Significant effects are set off bold.

parameter leaf injury height leaf onset leaf
senescence
denDF* F p F p F p F p
provenance 216 2.4 0.029 3.8 0.001 3.8 0.004 0.6 0.735
late frost 216 122.2 <0.001 4.4 0.038 3.0 0.107 10.8 0.001
warming 216 13.7 <0.001 0.0 0.875 25 0.276 6.2 0.014
provenance:late frost 216 2.5 0.025 1.8 0.093 1.7 0.231 1.3 0.267
provenance:warming 216 0.4 0.869 1.1 0.387 29 0.065 0.8 0.549
late frost:warming 216 13.5 <0.001 12.7 <0.001 0.1 0.987 3.8 0.050
provenance:late frost:warming 216 0.5 0.789 1.8 0.099 1.2 0.772 0.9 0.456
country 14 8.5 0.012 2.7 0.124 0.4 0.643 0.0 0.897
late frost 188 97.2 <0.001 2.7 0.100 2.7 0.125 10.6 0.001
warming 188 11.5 0.001 0.1 0.849 6.9 0.013 6.1 0.014
country:late frost 188 7.9 0.005 6.0 0.015 1.1 0.379 0.0 0.897
country:warming 188 0.1 0.863 0.6 0.447 1.3 0.371 0.2 0.696
late frost:warming 188 10.8 0.001 12,5 <0.001 0.3 0.754 3.8 0.052
country:late frost:warming 188 0.1 0.813 39 0.051 1.6 0.270 0.2 0.696

Figure 3: (A) leaf damage five days after the late frost ipalation, and (B) height in October were
affected by the late frost event which took planéMay 26". ANOVA-results are provided in Table 2.
Mean values and standard errors are shown overdiMduals per bar. Horizontal lines indicate the
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mean response per country. Note that midpointeefive classes are used for calculations of leaf
damage, which leads to mean values above zerbdarantrols.

Figure 4: Local adaptation of frost sensitivity expressgdA) the difference in leaf damage between
reference and frost manipulation and the minimumpierature in May at the origin five days after the
late frost manipulation which took place on May'2énd (B) the difference in height by October
between the reference and the frost manipulatidntfae minimum temperature in May at the origin.
Linear regressions are shown if significant (p<dug to small sample number).

Preceeding Temperature Alters Late Frost Sensitivit

Warming reduced the late frost tolerance. Leafrinjwas significantly higher in plants,
which experienced colder temperatures throughaiexperiment in comparison to those that
were warmed continuously (Figure 5A). Height growmtais reduced by 19% due to late frost
in the absence of continuous warming, while no sdifterence was found with warming
(Figure 5B).

Phenology, which was unaffected by the late froahipulation and which did not differ
between the countries (Table 2), was advancedday? in the warming treatment (F = 6.9; p
= 0.013), again without significant interactiongiwihe late frost manipulation or the country

of origin.
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Figure 5: Preceding air temperature effects on (A) leaf agenand (B) height growth in response to

the late frost manipulation. Lower case lettersdat homogeneous groups as detected by Tukey-post
hoc comparisons. No significant interactions wertedted with country or provenance (threefold
interactions in Table 2). Mean values and standenal's are shown over 54 individuals per bar.

Discussion

Late Frost Events AffectFagus sylvatica

Field observations (Gu et al. 2008; Norby et aD3®0and model results (Kramer 1994; Rigby
and Porporato 2008) indicate that an earlier onéghe vegetation period due to climate
change may lead to an increased risk of late flastage despite the general trend in air
warming. Here, we found considerable short-ternstfidamage to the foliage, while height
growth was reduced moderately (-7%). The strongrtdeom damage was followed by
moderate reductions in the height increment. Thetfaat latent buds were activated may be
one explanation for this effect (Awaya et al. 20@0)r findings emphasize once more that
sylvaticais sensitive to late frost events after leaf flagh(Dittmar et al. 2006; Ningre and
Colin 2007). Hence, frost events of minimal dumatioan impede the general trend of
increased productivity due to an elongation of ghewing season. Furthermore, the results
imply that frost events and other winter procesaes important drivers of temperate
vegetation performance even, or especially, in anwag world (Inouye 2000; Kreyling
2010).

We used juvenile trees in their second year of ld@weent in this experiment. Generally, it
can be expected that seedlings are more sens@@st late frost events than older trees
(Bolte and Ibisch 2007; Ningre and Colin 2007). famdifferences in responsiveness
between juvenile and adult individuals are descritme ozone stress and attributed to higher

stomatal conductance in juvenile trees (Herbingeat.€2005; Nunn et al. 2005). However, the
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juvenile stage is of high importance for the ndtuegeneration of forest stands. Moreover,
the high selective pressure of single extreme evamth as frost or drought can determine the

genetic composition of future stands.

Local Adaptation

The selected provenances differed in their heigbivth and late frost sensitivity (Figure 3).
Late frost sensitivity furthermore correlated witte minimum temperatures for May at the
geographic origins of the species (Figure 4), twerandicating the inheritance of local
adaptation to late frost events, which was exhibig¢ the regional level rather than the
continental level. This corresponds well with thengtic diversity ofF. sylvaticaat the
population level (Konnert 1995; Miller-Starck et B992; Vornam et al. 2004). Observations
along a moisture gradient from Germany to Polandgsst, for instance, that drought
tolerance increases with drier origins of provemsndowever, all the provenances tested
there included highly drought-tolerant individu&Szajkowski and Bolte 2006a), a finding
that emphasizes the importance of local genetierdity. Genetic investigations (isozyme and
neutral microsatellite markers) indicate a high egendiversity within beech populations
from Bulgaria (Cremer et al. 2009), confirming thell known “hot spots theory” (Petit et al.
2003) within the Balkan region. However, no expligenetic differentiation was found
between the German and Bulgarian beech provenaisegksin our experiment (Cremer et al.
2009).

Delayed leaf flushing has been suggested to bemgoriant adaptation against frost in
general (Visnjic and Dohrenbusch 2004) and latestfevents in particular (Nielsen and
Jorgensen 2003; von Wuehlisch et al. 1995). Inexyperiment, however, phenology did not
differ between the Bulgarian and the German prowees while late frost sensitivity did.
Based on a broader climatic gradient covered, prawvees of. sylvaticafrom both regions
have been reported to have especially high resistagainst winter frost, accompanied by
late leaf flushing (Visnjic and Dohrenbusch 200¥Ye can only speculate on further
physiological reasons for the differences in lastf sensitivity. In grasses, for instance, leaf
proteins are reported to accumulate differentidllying cold acclimation between genotypes
with distinct levels of frost tolerance (Kosmalaakt 2009). Likewise, exposure to elevated
CO; increased freezing sensitivity in multiple alpsecies without affecting the phenology
(Martin et al. 2010).
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The climate has been a major driver of communityppositions in the past and will continue
to be in the future (Willis et al. 2010). Assistaalonization has therefore been discussed as a
means to protect rare and endangered species (FHaggberg et al. 2008). The functioning
of ecosystems, however, might be another pressasgl rin times of fast climate change
(Willis et al. 2010). The assisted colonizationpoé-adapted ecotypes of key species might
contribute to this goal without the need to introgluexotic species with unknown risks
(Kreyling et al. 2011). Our results suggest thatvpnances of a key forest tree species in
Central Europe differ in their late frost sensitvi Considering this one factor, the
correlations between home site climate and latst sensitivity (Figure 4) even suggest that
the selection of provenances could be possibledbasehe current climatic conditions within
the species ranges (Nielsen and Jorgensen 2008)eudo, our finding that the provenance
with the best performance under control conditisnBered the most by the late frost event
(Figure 3B) while another provenance with mediggn@wth in the control even increased its
growth after the late frost event indicates thatvpnance trials under control conditions may
be misleading under changing climatic mean andeexr conditions. The multitude of
possible climatic variables to be selected and miaicgies concerning future climates imply
that the search for best-adapted provenances mayb@othe best strategy. Instead,
management actions, which promote genetic diverggglf would appear to be more
preferable as genetic diversity enables organismeottinue to adapt and evolve to new
circumstances within one or several generationesy@Hosius et al. 2006; Jump et al. 2006;
Kramer et al. 2010; Mace and Purvis 2008; Schabead; 2008).

Our results are based on 9 plants per factorialbooation. Results of the late frost effects
therefore comprise 18 plants per provenance aratment. Based on these numbers, the
comparably low within provenance variance and igaiicance pattern of the analyses, we
are confident that reliable results have been nbthiThe regression analysis and the future
discussion, however, would definitely benefit fram increased number of provenances from
a wider range of origins such as southern ltalfFi@nce and Spain which are known to be

more sensitive to frost damage (Visnjic and Dohtesch 2004).

Preceeding Temperature Alters Late Frost Sensitivit

In our experiment warming advanced the phenolodez#l onset by two days irrespective of
geographic origin. A similar phenotypic plasticligs been reported fér. sylvaticaalong a

regional altitudinal gradient (Vitasse et al. 2Q18yainst our expectations, this advance in
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phenology did not increase, but reduced frost danadigr the late frost manipulation (Figure
5). As far as our target speciBs sylvaticais concerned, there appears to be only a short
window of very high frost sensitivity directly aftéeaf flushing. As soon as the leaves
mature, their frost tolerance appears to incregamaThis result implicates that the timing of
frost events relative to phenological developmerdrucial and that this is not a question of a
one-sided threshold (i.e. bud burst). Clearly, lmaturity should also be taken into account.
This complicates the projection of future late framage, as phenology and late frost
incidents need to be predicted with a very highilgdlatemporal resolution. Clearly,
experiments on interacting climatic drivers areemtty needed, as the response to such
interactions might differ considerably from sindéetor experiments (Norby and Luo 2004;
Shaw et al. 2002).

Conclusions

Late frost events affect the performancd-obylvatica It has been suggested that the impact
of such events may even increase in a warmer waddhey might hit vegetation that is
further developed. Our results, however, suggedtttie timing of late frost events even after
bud burst is crucial, as leaves appear to incresgsdly in frost tolerance after leaf flushing.

Therefore, there is a need for reliable projectiohiste frost risks in the future.

F. sylvaticaexhibited local adaptation in late frost sendiyiviot only at the continental scale,
but already at a regional scale. The high withieesps variability should be maintained, or
even increased, for adaption to climate change.

Ultimately, tree species responses should be redaim the context of populations under
competitive pressure. The advantage of common gaedperiments is that they can detect
the spectrum of possible species-specific respomiéegertheless, there is a need to test the
obtained results in communities where the competitbalance might amplify or buffer

responses.

Acknowledgements

This work was funded by the "Bavarian Climate Paogme 2020" in the joint research center
“FORKAST”. We thank Dr. Krasimira Nikolova Petkoy@niversity of Forestry/ Sofia) and
the Bulgarian Forestry Agency for providing seedenal for the Bulgarian provenances. We

166



6 Manuscripts

further thank Elke Konig, Stefan Konig, ChristindsP Christian Schemm and numerous
student workers and interns for their outstandielp lduring the field work.

167



6 Manuscripts

References

Awaya Y, Tanaka K, Kodani Et al(2009) Responses of a bee&lagus crenatdBlume) stand to late spring
frost damage in Morioka, Japan. Forest Ecol Mariag2359—-2369

Bolte A (2006) Zur Zukunft der Buche in MitteleumpAFZ - Der Wald 20:1077-1078

Bolte A, Ibisch PL (2007) Neun Thesen zu Klimawadntiéaldbau und Naturschutz. AFZ - Der Wald 11:572—
576

Bolte A, Czajkowski T, Kompa T (2007) The north4eas distribution range of European beech - a wevie
Forestry 80:413-429

Burger H (1948) Einfluss der Herkunft des SamerisieiEigenschaften forstlicher Holzgewéchse. VI
Mitteilungen: Die Buche. Mitteilungen Schweiz Aksirstl Versuchsw 25:287-326

Comps B, Thiebaut B, Pauledt al(1990) Allozymic variability in beechwood&#&gus sylvaticd ) over
Central-Europe - spatial differentiation among aiiithin populations. Heredity 65:407-417

Cremer E, Petkova G, Huber G, Konner{(2009) Transfer of German beech nuts to Bulgarithvéce versa.
In: Zhelev P (ed) Abstracts of the Internationak8tific Conference "Balkans - hot spots of anciamd
present genetic diversity", Sofia, Bulgaria

Czajkowski T, Bolte A (2006a) Unterschiedliche Riak deutscher und polnischer Herkinfte der Buche
(Fagus sylvaticd..) auf Trockenheit. Allgemeine Forst- und Jagtkadirift 177:30-40

Czajkowski T, Bolte A (2006b) Frosttoleranz deutschnd polnischer Herkiinfte der Bucl@@us sylvatica
L.) und ihre Beeinflussung durch Trockenheit. Axctiir Forstwesen und Landschaftsdkologie 40:119-126

Dittmar C, Fricke W, Elling W (2006) Impact of lafi®st events on radial growth of common bedehgus
sylvatical..) in Southern Germany. Europ J Forest Res 126:289

EUFORGEN (2009) Distribution map of Beedfafus sylvaticg. www.euforgen.org

Eysteinsson T, Karlman L, Frieset al(2009) Variation in spring and autumn frost tole@mamong
provenances of Russian larchkarfx Mill.). Scand J Forest Res 24:100-110

Faraway JJ (2006) Extending the Linear Model with@Generalized Linear, Mixed Effects and Nonparaitet
Regression Models. Chapman & Hall/CRC, Baco Raton

Gu L, Hanson PJ, Post Wht al(2008) The 2007 Eastern US spring freeze: increesktddamage in a
warming world? Bioscience 58:253-262

Hannerz M, Aitken SN, King JM&t al(1999) Effects of genetic selection for growth omst hardiness in
western hemlock. Can J Forest Res 29:509-516

Herbinger K, Then C, Low Mt al(2005) Tree age dependence and within-canopy i@riaf leaf gas
exchange and antioxidative defencé-agus sylvaticainder experimental free-air ozone exposure.
Environment Pollut 137:476-482

Hijmans RJ, Cameron SE, Parraellal (2005) Very high resolution interpolated climatefaoes for global
land areas. Int J Climatol 25:1965-1978

Hoegh-Guldberg O, Hughes L, McintyreeSal (2008) Assisted colonization and rapid climate gsarscience
321:345-346

Hosius B, Leinemann L, Konnert Bt al(2006) Genetic aspects of forestry in the centtabpe. Europ J Forest
Res 125:407-417

Hothorn T, Bretz F, Westfall P (2008) Simultanetnfsrence in General Parametric Models. Biometrical
50:346-363

Inouye DW (2000) The ecological and evolutionagng#icance of frost in the context of climate changcol
Lett 3:457-463

Ivankovic M, Marjanovic H, Franjic 8t al(2007) Variability of Silver fir Abiesalba Mill.) provenances in the
number of lateral buds on terminal sprout and dantmgthe late frost. Period Biol 109:55-59

Jump AS, Hunt JM, Martinez-lzquierdo # al(2006) Natural selection and climate change: teatpee-
linked spatial and temporal trends in gene frequém&agussylvatica Molec Ecol 15:3469-3480

Kdlling C (2007) Klimahullen fur 27 Waldbaume. AFDer Wald 23:1242-1245

Konnert M (1995) Investigations on the genetic ation of beechRagussylvatical) in Bavaria. Silva Genet
44:346-351

Kosmala A, Bocian A, Rapacz kt al(2009) Identification of leaf proteins differentiashccumulated during
cold acclimation betweelRestucapratensisplants with distinct levels of frost toleranceExp Bot 60:3595—
3609

Krahl-Urban J (1958) Vorlaufige Ergebnisse der Bargirovenienzversuche. Allgemeine Forst- und
Jagdzeitschrift 129:242-251

Kramer K (1994) A modeling analysis of the effestslimatic warming on the probability of spring#t
damage to tree species in the Netherlands and Ggriréant Cell Environ 17:367-377

168



6 Manuscripts

Kramer K, Leinonen |, Loustau D (2000) The impodamf phenology for the evaluation of impact ofraite
change on growth of boreal, temperate and Meditean forests ecosystems: an overview. Int J
Biometeorol 44:67-75

Kramer K, Degen B, Buschboned al(2010) Modelling exploration of the future of Eusgm beechRagus
sylvatical..) under climate change-Range, abundance, gedigtcsity and adaptive response. Forest Ecol
Manag 259:2213-2222

Kreyling J (2010) Winter climate change: a crititadtor for temperate vegetation performance. Egpplo
91:1939-1948

Kreyling J, Bittner T, Jaeschke & al(2011) Assisted colonization - a question of fagaits and recipient
localities. Restor Ecol 19: 433-440.

Leuschner C, Meier IC, Hertel D (2006) On the nibheadth ofFagussylvatica Ann. For. Sci 63:355-368

Mace GM, Purvis A (2008) Evolutionary biology andgtical conservation: bridging a widening gap. &tol
Ecol 17:9-19

Magri D, Vendramin GG, Comps & al(2006) A new scenario for the Quaternary historizofopean beech
populations: palaeobotanical evidence and genetisajuences. New Phytol 171:199-221

Martin M, Gavazov K, Koerner €t al(2010) Reduced early growing season freezing eagistin alpine
treeline plants under elevated atmospherig. @bb Change Biol 16:1057-1070

Meier, U (ed) (2001) Growth stages of mono-and t§iedlonous plants. BBCH Monograph, URL:
http://www.jki.bund.de/de/startseite/veroeffentlictyen/bbch-codes.html

Miiller-Starck G, Baradat P, Bergman F (1992) Gentriation within European tree species. New Reres
6:23-47

Nielsen CN, Jorgensen FV (2003) Phenology and diemmgcrement in seedlings of European beé&ay(s
sylvatical..) as affected by different soil water conteniriation between and within provenances. Forest
Ecol Manag 174:233-249

Ningre F, Colin F (2007) Frost damage on the teafrshoot as a risk factor of fork incidence on camrbeech
(Fagussylvatical..). Ann Forest Sci 64:79—-86

Norby RJ, Luo YQ (2004) Evaluating ecosystem respsrto rising atmospheric G@nd global warming in a
multi-factor world. New Phytol 162:281-293

Norby RJ, Hartz-Rubin JS, Verbrugge MJ (2003) Phagical responses in maple to experimental atmasphe
warming and C@enrichment. Glob Change Biol 9:1792-1801

Nunn AJ, Kozovits AR, Reiter IMet al(2005) Comparison of ozone uptake and sensitivétyvben a phytotron

study with young beech and a field experiment it beechRagus sylvatica Environmental
Pollution 137:494-506

Paludan-Mdller G, Saxe H, Leverenz JW (1999) Respsto ozone in 12 provenances of European beech
(Fagussylvaticg: genotypic variation and chamber effects on pyrtthesis and dry-matter partitioning.
New Phytol 144:261-273

Petit RJ, Aguinagalde I, Beaulieu JL elieal (2003) Glacial refugia: hotspots but not meltingspaf genetic
diversity. Science 300:1563-1565

Peuke AD, Gessler A, Rennenberg H (2006) The effedtought on C and N stable isotopes in different
fractions of leaves, stems and roots of sensitigetalerant beech ecotypes. Plant Cell Environ 23:835

Pinheiro JC, Bates DM (2004) Mixed-effects modelS§iand S-PLUS. Springer, New York

R Development Core Team (2010) [R: A Language amdrBnment for Statistical Computing. R version
2.11.1. R Foundation for Statistical Computing. NS8-900051-07-0, URL http://www.R-project.org,
Vienna, Austria

Rigby JR, Porporato A (2008) Spring frost risk inhenging climate. Geophys Res Lett 35:0.12703

Schaberg PG, DeHayes DH, Hawley &.h1(2008) Anthropogenic alterations of genetic divgrsiithin tree
populations: Implications for forest ecosystemiliersce. Forest Ecol Manag 256:855-862

Shaw MR, Zavaleta ES, Chiariello NR al(2002) Grassland responses to global environmehtaiges
suppressed by elevated £€Gcience 298:1987-1990

Tognetti R, Johnson JD, Michelozzi M (1995) Thepmsse of European beedkagussylvatical..) seedlings
from 2 Italian populations to drought and recov@mees-Struct Funct 9:348-354

Visnjic VC, Dohrenbusch A (2004) Frost resistannd phenology of European beech provenan€agys
sylvatical. ). Allg Forst Jgdztg 175:101-108

Vitasse Y, Bresson CC, Kremerek al(2010) Quantifying phenological plasticity to temgiteire in two
temperate tree species. Funct Ecol 24:1211-1218

Vornam B, Decarli N, Gailing O (2004) Spatial dilstition of genetic variation in a natural beecmdt&agus
sylvatical.) based on microsatellite markers. Conserv GBrig1-570

Walther GR, Post E, Conveyéd® al(2002) Ecological responses to recent climate chaNgture 416:389—-395

Willis KJ, Bailey RM, Bhagwat S/t al(2010) Biodiversity baselines, thresholds and iessile: testing
predictions and assumptions using palaeoecolodatal Trends Ecol Evol 25:583-591

169



6 Manuscripts

Wuehlisch G von, Krusche D, Muhs HJ (1995) Variatiio temperature sum requirement for flushing afdie
provenances. Silva Genet 44:343-346

170



6 Manuscripts

6.7. Manuskript 7:

Ecotypic differentiation and past climatic experierce influence the response

to late spring frost in four common grass speciesiCentral Europe
Ecography, 35(3), 268-275 (2012)

Juergen Kreyling Daniel Thiet, Katrin Simmnachér Evelin Willnef, Anke Jentsch Carl
Beierkuhnleirt

'Biogeography, University of Bayreuth, D-95440 Baghe Germany

2 Leibniz Institute of Plant Genetics and Crop RIResearch, Inselstr.9, D-23999 Island of

Poel, Germany

3 Disturbance Ecology, University of Bayreuth, D-888ayreuth, Germany

Keywords

Local adaptation, provenance trial, cold toleranE¥ ENT experiment, climate change,

within-species diversity, intra-specific diversity

Abstract

Late spring frost events can affect vegetation. i#sponse of grassland species, however, is
generally unknown. We explore the late-frost sengit of four common European grass
species and investigate whether these speciesiekhtlal adaptations to late frost on a
continental scale and whether past climatic expegenfluences late frost sensitivity.
Ecotypes ofArrhenatherum elatiysAlopecurus pratensjsFestuca pratensjsand Holcus
lanatusfrom Spain, Italy, Bulgaria, Hungary, Sweden, &@ermany were exposed to late
frost after drought and warming manipulations ie fgreceding growing season in a common
garden experiment.

Late frost reduced the productivity of the grassesaverage by 20%. Ecotypes differed in
their late-frost sensitivity in three of the foyregies and local adaptations to late frost were
identified. Previous exposure to drought and wagmoaused differences in late-frost
sensitivity in some cases.

The impact of late frost events may increase inaanver world due to an earlier onset of

growing and no change in timing of late frost egerithe history of climatic exposure can
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alter the performance of plants, possibly througigenetic mechanisms. Based on the
complex response pattern observed, a maximizatfogenetic diversity is proposed as a

promising adaptation strategy against climate chang

Introduction

Frost events in the spring can damage plants, sme®tcausing strong economic impacts
(Gu et al. 2008). In addition to agriculturally ionpant crops (Cromey et al. 1998), seed
production of the dominant grass species of managed-natural grasslands may also be
reduced (Hare 1995, Niemelainen 1991). The impbaatfor biomass production, however,
have not yet been studied in detail. Generally lspga grasses have the ability to acclimate
to frost through osmoregulation (Liu and Osborn®&0and photosynthetic acclimation
(Rapacz et al. 2004). Molecular mechanisms undeglyvinter frost tolerance in perennial
grasses are reasonably well understood (Sandvk 20HL). Dehardening, i.e., the loss of
frost hardiness that protected the plants overesjriccurs within hours (Rapacz et al. 2000)
leaving the plants vulnerable to short-term frostrés during the growing season. An earlier
onset of the growing season due to climate charaelead to an increased risk of late frost
damage in spite of a general air warming trendthastiming of late frost events is not
changing (Gu et al. 2008, Rigby and Porporato 200@;ye 2008, Woldendorp et al. 2008).
It has furthermore been predicted that plants vail to optimize the trade-off between
increasing their growing season by an earlier stagrowing in a warmer world and the
decreasing, yet still existent, risk of frost dam#@Bennie et al. 2010).

Plants grown under generally warmer conditions maai adaptations to frost (Eccel et al.
2009). However, plants can cope with different emvinental stressors by similar responses
at the cellular and molecular level when thesessties trigger similar signal chains. Drought
and frost, for instance, lead to the accumulatibiow-molecular-weight osmolytes that
prevent cellular dehydration (Beck et al. 2007)igépetic changes and accumulation of
signaling proteins or transcription factors canlifiate fast protective responses to recurrent
or similar stressors (Bruce et al. 2007, Bossdarfale 2008). Gene expressions may
persistently change due to stress and such epigamedifications can even be inherited
through mitosis and meiosis (Aubin-Horth and Re®@®® Bird 2007, Goh et al. 2003,
Verhoeven et al. 2010). Long-term experiments awgn performance, however, are largely

missing as most work on epigenetics up to now leas loelated to molecular mechanisms.
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Due to their wide geographic distribution, perehménperate grass species occur under a
broad range of climatic conditions and are knownntude climatically-adapted ecotypes
(Macel et al. 2007, Ofir and Kigel 2010, Beierkutinl et al. 2011), i.e., distinct genotypes
that are adapted to a local environment (Hufford dazer 2003). The identification of
ecotypes that will be adapted to future climategiesved as a promising adaptation strategy
in agriculture and nature conservation in the facelimate change (Humphreys et al. 2006,
Kreyling et al. 2011). Here, the ecotypes of foative grass speciesairhenatherum elatiys
Festuca pratensjsHolcus lanatus Alopecurus pratensjsfrom contrasting climates across
Europe were tested for their tolerance of latetfenx@nts in a common garden experiment.
The target species are wide-spread across Eurapergortant for agriculture in permanent
grasslands (Beierkuhnlein et al. 2011). These teatgegrass species display large-scale
genetic patterns in spite of being favored in tlagstribution by anthropogenic land use over
centuries (Michalski et al. 2010).

Here, we tested for differences in late-spring tfresnsitivity between ecotypes of four
common grass species from origins all over Eurameu different climate change scenarios
(warming, summer drought) in a common garden erpent. We hypothesized that (1) late-
spring frost events reduce both photosynthetic @gpand biomass production in temperate
European grass species. We furthermore expectdd(2haolerance to late frost events
increases with the occurrence of such events abrilgen of the ecotypes (local adaptation)
and that (3) past climatic experiences alter laistftolerance, with the highest frost tolerance
exhibited by individuals formerly grown in coldeorditions and for individuals that
experienced summer drought in the preceding groa&agon.

Materials and Methods

This common garden experiment was established iyreB#h, Germany (49°55'19” N,
11°34’'55” E) in April 2009. The long-term mean aahtemperature for the site is 8.2°C,
whereas the long-term mean annual precipitation2é mm. Between 2001 and 2009, late
frost events in May with minimum near-surface @mperatures between -2°C and -6°C
occurred on our field site every year (data: Deparit of Micrometeorology, University of
Bayreuth).

The target specieSrrhenatherum elatiugL.) P. Beauv. ex J. Presl & C. Preflestuca
pratensis Huds. s.l.,Holcus lanatusL and Alopecurus pratensid. play major roles in
extensively used hay meadows of Central Eur@dpeelatiusis mainly found on moist to
moderately dry nutrient-rich soil§;. pratensisgrows predominantly on fresh soils rich in
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nutrients and humugj. lanatusoccurs mainly on wet and boggy soils, ahdpratensiss a
common grass in moist and nutrient-rich soils (@béger 2001). As perennial clonal grasses,
all four species share comparable life cycles aradegjies for resource allocation.

The basic experimental design except for the latst imanipulation is described in detail by
Beierkuhnleinet al. (2011). In addition to local ecotypes from Germdby), four other
European ecotypes were selected on the basishbatlimate of the region of origin was
similar to the local projections (REMO A1B) for osite for the period 2071-2100. Seed
material was obtained from these source regionseatated below as Spain (ES), Italy (IT),
Hungary (HU), and Bulgaria (BG), and from the nerth part of the species’ ranges (here:
Sweden, SE) (Online appendix 1). Farrhenatherum elatiusand for Festuca pratensjs
ecotypes were available from seed banks for ajjetaregions. FoHolcus lanatusand for
Alopecuruspratensisonly four ecotypes were available.

The target ecotypes were cultivated atltleéniz Institute of PlanGenetics and Crop Plant
Researcl{IPK) in Poel, Germany from February 2009 to A@M09. The seedlings were then
transported to Bayreuth and individually plantetb id-liter plastic pots filled with sandy silt
(pH 7.27, total C 1.89%, total N 0.15%, plant aabié NH;" 1.79 mg T, plant available N®
22.50 mg 1). From May to September 2009, the potted indivislugere exposed to a
warming treatment (warming and control) and to audht treatment (extreme summer
drought and control) in a split-plot design. Theotalimate treatments were fully crossed
resulting in four climate manipulations (controtpdght, warming, warming & drought) in
three replications each. These experimental ungéie gituated in 12 large rain-out shelters
(7m x 10.5m). All shelters were covered with a $@arent polyethylene sheet (0.2 mm,
SPR5; Hermann Meyer KG, Rellingen, Germany) stgréiha height of 80 cm and permitting
nearly 90% penetration of photosynthetically actiadiation. The duration of the drought
treatment was based on signs of leaf senescencwii@ than 66% of the individuals and
lasted 16 days foH. lanatus 18 days forA. pratensisandF. pratensisand 19 days foA.
elatius The warming treatment was performed continuoustil September 2009 using
wind-shelters around and black floor-covers in tbgpective shelters, which increased the
average air temperature at plant height by 1.5U¢CthEr details on the manipulations and the
plant responses within the first year are proviseBeierkuhnleiret al. (2011).

The plants were overwintered outside in a sandadmeldexposed to ambient conditions for the
remainder of the experiment. Three replicates getofial group of ecotype and pretreatment
were exposed to a late frost event in the nighnfas" to 27" of May 2010 and another three

replicates were used as a reference for the freatmhent. Uncharacteristically for our site, no
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late frost event occurred naturally in 2010. Bagsedocal climate data, a late frost event of -
5°C was simulated for three hours by gradual cgalside a cooler truck.

The temporal pattern of the chlorophyll content wamitored over five weeks after the late
frost manipulation by weekly measurements usingPALZ502 chlorophyll meter (Konica
Minolta Sensing, Inc). Four leaves per plant antk deere chosen randomly for the SPAD
measurements and an average taken for the anaNs&PAD-measurements were taken for
the warming pretreatments. SPAD-readings were reaéld to foliar chlorophyll content for
20 leaves per species. SPAD readings were condtmtédese samples and the leaves were
then removed and kept at low temperatures with@azing for the immediate determination
of the fresh weight. Afterwards, samples were froaad kept at -29°C until chlorophyll
extraction when the leaves were cooled in liquittogien and ground in a ball mill while
frozen. The chlorophyll was dissolved in 1 ml caléthanol for 30 min and shaken every 10
min. Extracts were centrifuged for 5 min at 4°C a&4d00 rpm. The supernatant was stored
in a freezer and warmed for 15 min at room tempeeabefore the absorbance was measured
at 645 and 663 nm using a spectrophotometer (DUBEXCKMANN). The chlorophyll

content per g fresh weight was calculated accorttirfgprra (1989) as:

[ehl],, M9 = (802%E g3 + 20,2XE45m) V (MeOH + Watgrcontmt)[ml]

g 1000 freshwelgh[g]
A linear regression between SPAD and chlorophyiitent yielded significant correlations
for all four species with r2 values of 0.88 fdr lanatus 0.70 forA. pratensis 0.72 forF.
pratensisand 0.68 folA. elatius
Above-ground biomass was harvested twice in 2008lipping at a height of 3 cm above the
soil in June and September, resembling local algwi@l management routines for
extensively used grasslands. In 2010, above-grbiordass was cut or"&luly, 42 days after
the late frost manipulation. On all dates, the memwas dried for 48 h at 70 °C, and
weighed.
The minimum temperature for May for each ecotypeeeed fromWorldclim (Hijmans et al.
2005) was used as an indicator of late frost oecie@s. An ordinary-least-squares regression
between this indicator and late frost tolerancepressed as the percentage reduction in
biomass in the late frost treatment as comparedeaeference, was applied for each species
in order to detect local adaptation to late frostrgs. Due to the low number of data points
(six), significance level was set to 0.1 here. Bigance was tested by a Monte-Carlo
permutation procedure against a null model witlto Zdope in 1000 permutations (Jurasinski
2007).
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Analyses of variance (ANOVA) combined with linearxed effect models were applied for
each species separately to test for the main daadhttive effects of the four factors: ecotype,
late frost, warming pretreatment and drought pattnent. Concerning the chlorophyll
content, repeated measures ANOVA were applied tyding time as random factor in the
mixed model (Pinheiro and Bates 2004). Data werg-tiansformed to improve the
homogeneity of variances and the normality of nesisl prior to analysis if necessary
(Faraway 2006). In case of significant ecotypenteraction effects, post-hoc comparisons
(Tukey’s test) were run according to Hothorn et (2008). All statistical analyses were
conducted with the software R 2.11.1 (R Developni@orte Team 2010) using the packages

“nlme” and “multcomp”.

Figure 1: The late frost event significantly affected thdocbphyll content of the grasses. The late
frost event was applied on May "6three days before the first chlorophyllmeter meesents.
ANOVA-results of the mixed models are provided, digtails see the text. Mean values and standard
errors over 12 individuals and four or six ecotypesdisplayed.
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Results

Late Frost Events Affect Temperate European Grass&cies

The late frost manipulation significantly reducée chlorophyll content of three of the four
grass species (Figure 1).

The only species which did not exhibit a significdate frost effect wa#d. lanatus This
species, however, showed a decreased chlorophyiérbfor two weeks, but this effect was
inverted after four weeks (ANOVA: interaction betmefrost manipulation and time: p <
0.001).A. elatiusandA. pratensisalso showed a temporal development in the lat &fiect,
with the first species recovering after five weeksl the second species after only two weeks
(Figure 1).

The temporal patterns of chlorophyll content wesflected in productivity. Above-ground
biomass was reduced by 23%An elatius(p < 0.001), by 18% i\. pratensis(p = 0.004),
and by 27% irF. pratensis(p < 0.001). No significant effect was foundHin lanatus(6%; p

= 0.409) six weeks after the frost manipulation.

Local Adaptation

Figure 2: Ecotypes showed specific reactions in chlorophgtitent to the late frost event over time.
The late frost effect is given as the percentahgkain mean chlorophyll content between late frost
manipulation and reference per ecotype. The laist fevent was applied on May "2@hree days
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before the first chlorophyllmeter measurements. A@esults of mixed models for the interaction
between the frost event and ecotype over time randded.
Ecotypes differed in their late-frost sensitivity @hlorophyll content forA. elatiusandF.

pratensis(Figure 2). Temporal development of late-frost genty was furthermore affected

by the geographic origin of the ecotypes of these dpecies and also 8f pratensigFigure

2). OnlyH. lanatusshowed no significant differences between ecotgoeserning their late
frost sensitivity, but we note that only three gpais could be analyzed for this species as the

measurements of the fourth ecotype were lost.

Figure 3. Aboveground biomass production per plant is afédy the late frost event. The late frost
event was applied on May 2@biomass harvests took place on JiltyBhe ANOVA-results of linear
models are provided. The mean values and standans ever 12 individuals per bar are shown.

Furthermore ecotypes differed significantly in besa production for all species excépt

elatius(Figure 3). No significant differences in the eteof the late frost manipulation were
detected between ecotypes for any of the speciesecaing biomass production (Table 1:
interaction between late frost and ecotype). Howeseotypes from origins that are naturally
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more prone to late frost events tended to be nodeeaint to experimental late frost events, as
indicated by the significant correlations betweatedfrost sensitivity and the minimum
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Table 1: ANOVA results of the applied mixed models. Uppanel: biomass (fixed factors: ecotype, late frdsbught, warming; random factor: experimental
unit). Lower panel: chlorophyll content (fixed facs: ecotype, late frost, drought, time; randonidiec experimental unit, time). Note that chlorolblopntent in
A. elatiuswas not recorded in the drought pretreatment

Arrhenaterum elatius Festuca pratensis Holcus lanatus Alopecurus pratensis

F p F p F p F p

biomass late frost 21.6 <0.001 31.4 <0.001 0.7 0.409 8.9 0.004
ecotype 1.4 0.221 7.7 <0.001 7.6 <0.001 2.8 0.048
drought 9.3 0.003 5.8 0.018 8.1 0.006 3.0 0.090
warming 7.4 0.008 11.6 0.001 28.5 <0.001 54 0.024
late frost : ecotype 0.3 0.933 0.9 0.481 0.8 0.480 1.2 0.334
late frost : drought 0.2 0.636 0.0 0.842 0.2 0.645 2.3 0.131
late frost : warming 1.3 0.253 15 0.226 3.0 0.088 0.8 0.387
late frost : ecotype : drought 2.4 0.043 0.3 0.910 2.6 0.058 1.9 0.136
late frost : ecotype : warming 0.6 0.679 0.7 0.619 0.6 0.602 0.2 0.862
late frost : drought : warming 0.1 0.850 2.1 0.149 5.2 0.026 0.4 0.531
chlorophyll late frost 8.2 0.005 9.5 0.002 0.5 0.497 8.3 0.004
ecotype 10.0 <0.001 10.6 <0.001 16.6 <0.001 27.8 <0.001
drought 7.6 0.006 7.4 0.007 6.0 0.015
time 6.2 0.089 17.3 0.025 1.0 0.386 2.9 0.183
late frost : ecotype 8.2 <0.001 3.3 0.007 1.0 0.355 0.2 0.913
late frost : drought 1.0 0.309 3.1 0.078 0.6 0.443
late frost : time 4.2 0.043 0.4 0.504 13.4 <0.001 1.8 0.180
late frost : ecotype : drought 2.3 0.043 1.2 0.293 0.8 0.479
late frost : ecotype : time 25 0.034 2.3 0.043 15 0.219 2.7 0.047
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temperature for May at the geographic origin of ¢éleetypes folA. elatiusandF. pratensis
(Figure 4). The non-significant relationships floe bther two species might be related to the

fact that fewer (four) data points (ecotypes) warailable for these species.

Figure 4: Late frost tolerance
expressed as the percental change in
biomass production between reference
and frost manipulation as affected by
the mean minimum temperature in May
(obtained from worldclim; Hijman®t

al. 2005).

Past Climate Experience Alter Late Frost Tolerance

Past climatic experience in terms of drought ormaing affected late frost tolerance in three
of the four species: Fok. elatius experience of extreme drought in the precediroyvirg
season influenced biomass production ecotype-spaityf (Table 1: interaction between late
frost, ecotype and drought, Figure 5A). Here, masiexposure to drought generally tended
to increase late frost tolerance, especially inBhfgarian and German ecotypes, while in the
reference treatment previous exposure to droughttdeincreased productivity in some
ecotypes (DE, ES, IT, HU) and decreased produgtiwvit others (BG, SE)F. pratensis
exhibited a similar pattern of response (significameraction between late frost, previous
exposure to drought and ecotype) in terms of cployd content. Note that chlorophyll
content was not measured in the plants of the gnegewarming manipulation. The third
significant interaction between the late frost rpaation and previously experienced
climatic conditions was found foH. lanatus (Table 1, Figure 5B). Here, the previous
warming treatment reduced biomass production inkioation with late frost, but not in
combination with the reference treatment. Intenggyi the highest biomass production was
found for those plants that had experienced droughtcombination with increased
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temperature in the previous year. This pattern, dvan was irrespective of the late frost

manipulation.

Figure 5: Climate conditions
experienced in the preceding
growing season can alter late frost
tolerance. (A) Aboveground
biomass production of
Arrhenatherum elatius  per
provenance as affected by the late
frost and previous drought
(threefold interaction: p = 0.043). n
= 6 per bar. (B) Aboveground
biomass production of Holcus
lanatus as affected by late frost,
previous drought and previous
warming (threefold interaction: p =
0.026). n = 12 per bar. Mean values
and standard errors are displayed.

Discussion

Late Frost Events Affect Temperate European Grass&cies

Important temperate European grass species dedreagomass production on average by
about 20% in response to a single late frost elasting less than three hours. Late frost
events are known to damage the seed productioeropdrate grass species (Hare 1995,
Niemelainen 1991). Despite the fact that late fants are irregular, but common in the
temperate climate, the productivity of grass speaieresponse to such events has not before
been studied in detail. This is surprising as meadand pastures cover large areas in
temperate regions and are of high economic andgial importance (Beierkuhnlein et al.
2011). Field observations (Gu et al. 2008, Inouy®8 and model results (Rigby and
Porporato 2008, Woldendorp et al. 2008, Benniel.e2@10) indicate that the expected and
already observed earlier onset of the growing seas® to climate change may lead to an
increased risk of late frost damage in spite ofggleeral air warming trend.

The strong impact of late frost events on planfgrarance is due to the fact that they hit the
vegetation at times when the plants have alreashytheir frost hardiness that protected them

during the winter (Liu and Osborne 2008, Rapacalef004). Dehardening in response to
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warming takes place within hours (Rapacz et al02@@d as a consequence the plants are left
in a more vulnerable state. Frost events and otheter processes will continue to be
important drivers of temperate vegetation perforoeaaven in a warmer climate (Kreyling
2010).

Local Adaptation

The selected ecotypes of our target species differéheir growth potential and also, at least
for two species, in their sensitivity to late fragtigures 2 and 3). Late-frost sensitivity
furthermore correlated with the minimum temperauie May at the geographic origins of
the ecotypes (Figure 4), thereby indicating inlkeeritocal adaptation to late frost events. The
selected wide-spread species can be expected tbiteiyh genetic variation within and
across their distribution area (Michalski et al1@f) commonly displayed in strong local
adaptation, especially to the climate (McKay et28l05, Joshi et al. 2001). FbBr pratensis
leaf proteins are reported to accumulate diffeediiytiduring cold acclimation between
genotypes with distinct levels of frost toleran®gmala et al. 2009). Home site advantages
have also been found féf. lanatuswith respect to the full set of climatic parametarsa
transplanting experiment (Macel et al. 2007). Rssftbm our experiment with respect to
drought and warming, however, did not show any igtatlle patterns with superior
performance by ecotypes with short climate trass@eierkuhnlein et al. 2011). This implies
that late frost events have stronger evolutionanpdrtance in these species than mean
temperature or summer drought.

Climate has been a major driver of community contjposs in the past and will continue to
be in the future (Willis et al. 2010). Assistedarikation is therefore discussed as a means to
protect rare and endangered species (Hoegh-Guldihealy 2008). Securing the functioning
of ecosystems, however, might be another pressesgl in times of fast climate change
(Willis et al. 2010). The assisted colonizationpoé-adapted ecotypes of key species with
wide distributions might contribute to this goaltmaut the need to introduce exotic species
with unknown risks (Kreyling et al. 2011). Our résisuggest that ecotypes of important and
widely distributed grass species differ in theinggvity to late frost. With respect to this
single factor, the correlations between home diteate and late-frost sensitivity (Figure 4)
suggest that the selection of ecotypes could plysk#based on the current climatic setting
within the species ranges. However, uncertaintiesoanding the future climate and the
multitude of climatic parameters to select for igntiat the search for best-adapted ecotypes
may not be the best strategy. Rather, those mareageaations that promote genetic diversity
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itself appear to be feasible, as genetic divemsitgbles organisms to continue to adapt and
evolve to novel circumstances within few generai@dMace and Purvis 2008, Bischoff et al.
2010, Hoffmann and Sgro 2011). However, potentagative impacts of this approach, such
as the possibility that local populations and gpnels could be eradicated (McKay et al.

2005), should be taken into account prior to immgatation.

Past Climate Experiences Alter Late Frost Tolerance

Climatic conditions experienced in the precedingwgng season had the potential to alter
plant performance in general and sensitivity t@ labst in particular (Table 1). Although
these effects only occurred in some species an@ smeractions of climatic parameters, they
indicate the potential importance of preconditiovi&alter et al. (2011) have shown tha.
elatius exhibits a "drought memory" over an entire growisgason with increased
photoprotection during drought in those plants tieat already experienced drought earlier in
the growing season, before harvest and resprou@ug. results imply that such memory
effects can also occur between growing seasondeatwkeen different climatic drivers, i.e.,
drought and late frost. We suggest that epigeradtanges and accumulation of signaling
proteins or transcription factors (Aubin-Horth aRénn 2009, Bird 2007, Goh et al. 2003,
Verhoeven et al. 2010, Bruce et al. 2007, Bosseloal. 2008) might be responsible for these
findings. Both drought and frost tolerance relysomilar mechanisms (accumulation of low-
molecular-weight osmolytes, which prevent celldahydration; Beck et al. 2007) which can
explain the change in late frost tolerance aftemfr exposure to drought.

Ultimately, species responses and within-speciealwity need to be regarded in the context
of communities. The advantage of common gardenrexpats is their ability to detect the
spectrum of species-specific responses. Neverthetbgre is a need to test the results
obtained in communities where the competitive badamight be affected and thereby any

differences between species amplified or buffered.

Conclusions

Productivity of ecologically and economically imgemmt grass species in Central Europe is
significantly affected by late frost events. Earkgart of the growing season without change
in the timing of late frost events might even l¢éadhcreased risk of damage in the future.
The target grass species exhibited local adaptatidate-frost sensitivity at the continental
scale. The high within-species variability could bged in adaptation to climate change.
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However, there is a clear need to investigate #spanse to other climatic drivers and
management aimed at maximizing genetic diversitghtyield better results than searching

for the best-adapted genotype.
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Online Appendix 1: Origin of the ecotypes @k. elatius F. pratensisH. lanatusandA. pratensiaused in the experiment. Mean Minimum Temperaturiglay
(Tmin May), Mean Annual Temperature (MAT) and Me&mual Precipitation (MAP) represent long-term citinds (Hijmans et a. 2005). Accession responds
to the code of the seed bank at IPK Poel (codesrgtavith GR are from the IPK seed bank, codesiwit from USDA-ARS-GRIN, codes with NordGen, Bf

and RCAT are from Eurisco.

Location Accession Latitude Longitude Elevation  Tmin May MAT (C9 MAP (mm)
(ma.s.l.) (T)

A. elatius DE Blaufelden, Hohenloher Ebene GR 12752 49°17'46"N  09%8'25"E 460 6.9 8.3 732
SE Uppsala P1 235543 59%1'25"N  173G8'22"E 20 4.7 5.7 551

ES Montalban P1 234465 40%0'07"'N  0047'55"E 900 8.1 11.0 450

IT Rizzolo, Emilia-Romagna GR 12733 44%5'12"N  09° 44'46"E 110 11.6 12.9 739

HU Lékut RCAT064783 47°12'00"N  17%2'00"E 440 8.3 8.9 621
BG NA BGR: 2008-ARR-EL-1  42900'00"N  24%0'00"E NA 7.6 NA NA

F. pratensis DE Blaufelden, Hohenloher Ebene GR 12753 49°17'46"N  09%8'25"E 460 6.9 8.3 732
SE Martenstorpet, Grangesberg NordGen: 1191 60900'00"N  1500'00"E 350 3.4 4.3 738

ES San Anton Bf 1592 42%37'08"N  0009'47"W 1250 35 6.8 989

IT Lago Nero, Ferriere Piacenza Bf 1078 44%33'00"N  0927'00"E 1600 7.4 8.5 981

HU Vérteskozma (Gant) RCAT040707 4727'00"N  1828' 00"E 270 9.6 10.2 571

BG Dolna Banya GR 6976/99 42°19'05"'N  2345'07"E 710 8.5 9.6 585

H. lanatus DE Blaufelden, Hohenloher Ebene GR 12750 49°17'46"N  09%58'25"E 460 6.9 8.3 732
IT Torrano, Emilia-Romagna GRA 312 44%3'33"N 094 1'20"E 160 11.4 12.6 758

HU Horvathertelend RCAT040972 46°10'00"N  1755'00"E 200 10.2 10.9 675

BG Mihiltsi GR 6632/00 4231'19"N  24%48'52"E 330 10.3 10.9 581

A. pratensis DE Blaufelden, Hohenloher Ebene GR 12751 49°17'46"N  09%8'25"E 460 6.9 8.3 732
SE Martenstorpet, Grangesberg NordGen: 1183 6000'00"N  1500'00"E 350 3.4 4.3 738

HU Lékut RCAT064581 47°12'00"N  17%2'00"E 440 8.5 8.9 621

BG Iskar Dam GR 6635/00 42?26'29"'N  233520"E 810 7.9 9.0 593
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Abstract

The enhancement of genetic diversity and phenotpfasticity of forests stands, e.g. by
mixing stress-adapted provenances (e.g. from maorigtit-prone regions within the
distribution range) with local provenances, has nbeecently proposed as adaptation
mechanism to adverse impacts of climate changes Thght be seen as @ortfolio or

insurance effectagainst the negative impacts of diverse climsitiessors. However, there is
no clear evidence whether an artificial enhanceroémttraspecific diversity by “provenance-
mixing” can maintain high yields under favourablenditions, while securing ecosystem

functioning und persistence under extreme condstion

We employed a sampling procedure (maximum selectmmvestigate potential benefits and
the impacts of a mixing of provenances in one stamgherformance under different climate
conditions, with data from a full factorial commgarden experiment with two European tree
species. Results suggest that there is a positiget eof provenance diversity on expected
yield.
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Introduction

The velocity of climate change, especially a maegdient occurrence of climatic extremes
like drought periods, may exceed the ability ofgdiving organism like trees to adapt in a
timely manner in terms of natural dispersal (Thomaal. 2004; Cheret al.2011; Zhuet al.
2012) or evolutionary adaptation processes (Lindytesl. 2010). This will lead to a range
reduction for many species and at the same timesadf genetic diversity (Alsa al.2012).
Declining genetic diversity on the other hand dases a species potential to adapt to
changing environmental conditions (Jurapal. 2009). Therefore counteracting silvicultural
practices that aim on supporting dispersal anditaing adaptability may become necessary
in order to maintain ecosystem functioning and ttigsprovision of forest ecosystem goods

and services (Kolstrorat al.2011).

Forest management has to deal with the risk of micefuture growing conditions, and a
good forest management strategy should be designedinimize risk and maximize the
expected net present value of forest stands (Ypasef& Hanewinkel 2009). However,
unlike economics, forest management has hardlgdotred risk management processes into
decision making (Knokeet al. 2005; Hanewinkekt al. 2011). In economics thportfolio
effect described by Markowitz (1952), states that a difieation of investments reduces the
risk of a complete loss of profits. In ecology, imitar concept, thensurance hypothesis
describes the positive effect of biodiversity om®cstem functioning and reliability, as the
higher the number of species, the more likely thecfion of a failing species can be adopted
by other species in the system (Yachi & Loreau )989forestry the idea of conversion of
forests from single-species stands into mixed tereas a means of risk reduction became
popular again over the last decades (Knekal. 2005). However, intraspecific diversity just

recently came into focus of forest science and pamant.

Up to now the introduction of exotic species framrmer or drier climates or of ecotypes of
native species from warmer or drier regions witthie distribution range has mainly been
proposed to counter the negative impacts of ralmeate change (Boltet al. 2009; Kreyling

et al. 2011; Pedlaet al.2011). Especially highly-adapted populations fritva dry edges of
the distribution ranges come into focus in searcldrought-resistant ecotypes (Roseal.
2009; Kreylinget al. 2011; Wortemanret al. 2011). Then again, recent studies revealed a
potential trade-off between drought adaptation phdnotypic plasticity, what means that

concentrating on single drought adapted speciescotypes might lead to yield reductions
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under favourable conditions and therefore limit éifflectiveness of such measures (Ricleter
al. 2012; Thielet al subm.).

Phenotypic plasticity is genetically controlled ¢Niraet al. 2010), so high levels of genetic
diversity are likely to include genotypes that allplastic responses. On the other hand it
seems that high phenotypic plasticity also fostexgid genetic adaptation to changing
environments (Lande 2009; Nicoted al. 2010). Under very extreme conditions however,
non-plastic highly adapted ecotypes may secur@ehgistence of a population. Furthermore,
resistance to one abiotic factor does not necégsauply a resistance to other environmental
factors (Kreylinget al.2012b; Thielet al.2012).

A mixing of different provenances, i.e. ecotypemirdifferent regions within the distribution
range of a species that might have undergone &mtagtations to the climate conditions at the
origin, has therefore been suggested recently bgrakbauthors (Kolstronet al. 2011; Thiel

et al. 2012; Frascaria-Lacoste & Fernandez-Manjarrés R@k2a promising silvicultural
measure, to dampen the adverse effects of clintedage on forest ecosystem functioning
and the provision of goods and services and to rexghéhe adaptive potential of a species
(Sgroet al. 2011). However, there is no clear evidence whedineartificial enhancement of
genotypic diversity and phenotypic plasticity, eg.intermixing highly —adapted and plastic
provenances from different climatic regions, mayintan high yields under favourable

conditions, while securing ecosystem functioning persistence under extreme conditions.

Here, we focussed on two speciBsus nigra a generally drought-resistant species (Isajev
al. 2004) with a patchy (sub-) Mediterranean distribmtiange, which is a potential candidate
to replace climate change-threatened conifer spéditie Picea abiesn Central Europe. And
Fagus sylvaticawhich is the dominant native forest tree in CanEurope yet considered
highly threatened in the face of climate changes@i&et al. 2007; Ohlemulleet al. 2006).
Therefore the translocation of ecotypes from witltgndistribution range is discussed (Bolte
& Degen 2010; Kreylinget al. 2012a). We employed a sampling procedure (maximum
selection) to investigate potential benefits arelithpacts of high intraspecific variability, i.e.
a portfolio of provenances in one stand, on growth and risfiedl losses under drought and
favourable conditions. Within this sampling procegutrees with the highest increment
survived (maximum selection). Natural regeneraimriorests, however, can follow, under
certain circumstances, a more random path of recemt (lottery sampling) (Lamont &
Witkowski 1995; Busing & Brokaw 2002), which wasaltested. Data was taken from a full

factorial common garden experiment, in which sewdliof eight provenances Bf nigraand
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seven ofF. sylvatica,were exposed to drought conditions (Kreylgigal. 2012a; Thielet al.
2012). Furthermore artificial data sets were cikdte search for relations between basic

properties of data sets and modelling results.

Based on the positive impacts of genetic diversityl phenotypic plasticity on adaptive
capacity (Lande 2009; Nicotret al. 2010), we hypothesized that (1) the more provessnc
were included the smaller the yield losses undeugint and control conditions, but (2) that
the strength of this effect depends on basic pt@sefe.g. differences in within- and among-
provenance variance and medians) of the underlglata sets. Further we aimed to
demonstrate that the decision for an assumptiomtathe selection process of individuals
during their establishment might influence the lssand subsequently implications for

management decisions.

Methods and Material

Experimental data

The data used in this study are derived from a comgarden experiment (EVENT 3) in
Bayreuth, Germany, in the Ecological-Botanical gl of the University of Bayreuth.
Seedlings of eight provenancesRf nigra and seven oF. sylvaticawere provided by the
Bavarian Institute for Forest Seeding and Plantm@eisendorf, Germany. The seedlings
were planted in pots and exposed to drought andralononditions in a full factorial
experimental design 2009/2018.(nigra) and 2010 K. sylvaticg. The P. nigra data-set
includes 42 replicates per provenance and treaimehéreas theF. sylvatica data-set
comprises 18 replicates per treatment and provendine climate manipulations consisted of
two treatments. In the control treatment individuaf both species were irrigated according
to the local daily 30-year average precipitatiohe Bpplication was done twice a week with
collected rain water. The drought treatment waspresad of a 42-day period, starting May
27" 2009, without irrigation, which represents a locabught event with a statistical
reoccurrence probability of 1000 years Rarnigra ForF. sylvaticaa 64-day period, defined
by the response of the plants, constituted theghtreatment. (Kreylingt al. 2012a) and
(Thiel et al. 2012) provide detailed information on provenanc®gyerimental set-up and

climate manipulations.

The height of the plants was recorded before antheatend of the growing season. The

relative increment rate was determined as therdifige between those two in percent.
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An Analysis of Variance (ANOVA) was applied to tést the main and interactive effects of
the factors drought and provenance on relative hteggowth, in order to describe the
structure and properties of the experimental datg. (differences in the performance of
provenances). The data was tested for homogenkiar@ance and normality of residuals
prior to analysis and were log-transformed or seraot-transformed, if necessary. A post-
hoc test (Tukey HSD) was conducted, in case ofifsignt provenance effects, in order to

depict pairwise differences between provenances.

Artificial data

In addition to the experimental data, an artifidata set was created in order to facilitate the
interpretation of simulation results. Those dats seuld also be interpreted as provenances
of one species growing under several conditionsiogudifferent responses of the species in
terms of growth increment. The artificial data setsnsisted of seven provenances
characterized by mean growth and variation (normigkributed data). Means of the
provenances were random numbers drawn from a naistaibution. Variation within each
provenance was the same for all of them (Fig. Blails basic data set (Fig. 3a) was modified
to assess the influence of data structure on thdtse First, means of the provenances were
multiplied with a constant to increase differenbesween them (Fig. 3b, constant was 10).
Further the basic data set was modified by creaimgover-performing” provenance with
significantly higher increment rates than otherg.(E, adding 10 to provenance 7). The next
data scenario was the same as in Fig. 3c, i.e."@rer-performer”, but also contained an
“under-performing” provenance (Fig. 3d). The sameswlone with two “over-performers”
(Fig. 3e), where one data scenario again contaametlinder-performer” (Fig. 3f). On those
data sets the maximum-sampling described below apgdied in the same way as for the

experimental data.

Maximum-selection

The maximum selection mimicked an experiment wisexeeral individuals are hypothetically
planted. The best performing individual (best gmyyiof each plantation was supposed to
survive and its growth was measured. The underlggsgpumption was that growth is closely

linked to competitiveness and survival.
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In the sampling procedure the first step was taaterea data subset for each possible
combination of provenances. H@r nigrawith eight provenances this resulted in 255 suset

and forF. sylvaticawith seven provenances in 127 subsets.

Then, maximum selection was applied for five rantjoselected individuals in each subset.
This was repeated 5000 times for each subset. Rhtmse values the medians of the
minimum, median, maximum and the quantiles 0.035,00.75, and 0.95 were calculated
(from here on, when spoken of “quantiles”, alwalys median of these quantiles from the

sampling procedure is meant).

The results of the sampling procedure were growgmedrding to the number of provenances
in the subsets (Fig. 2). Thereby for pine eight &mdbeech seven groups were created.
Number of data points within the groups differs ading to the number of possible

combinations, which has to be considered in inttgtions.

Maximum-selection vs. Lottery- Sampling

In order to show the effect of the chosen selecfimotess we compared the often applied
lottery-selection with maximum selection at the rapée of theP. nigra data set. The same

procedure as for the maximum selection processapatied and the results were grouped
according to the number of provenances in the subgain. For the lottery-selection instead
of the best performing individual out of five ramdly chosen individuals just one random
individual was selected. For each provenance maxiselection and lottery-selection was
applied and to show the effect of the chosen metimoevaluating the relative performance of

the provenances they were ranked.

Results

Experimental data

Provenances oP. nigra showed significant differences in height growttdenthe drought
treatment (ANOVA: p = 0.046, F = 2.1; Fig. 1a), ysdt under the control-treatment
(ANOVA: p = 0.093, F = 1.8) or across treatmenthN@VA: p = 0.119, F = 1.6). Drought
significantly reduced height growth (ANOVA: p < 0D, F = 85.3) and the provenances
differed in their response to drought (ANOVA: irdetion between provenance and drought:

p = 0.018, F = 2.4). Mainly two provenances wergpoasible for the significant differences
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under the drought treatment; the Hungarian provemafiHU) grew exceptionally well,
whereas the German provenance had the lowest ieataiaes (Fig. 1a).

F. sylvatica exhibited significant differences between provemsn both under drought
(ANOVA: p = 0.014, F = 2.8; Fig. 1b) and controlIN®VA: p < 0.001, F = 4.7) conditions,
as well as across treatments (ANOVA: p < 0.001, b.9). Drought negatively impacted
height growth forF. sylvatica(ANOVA: p = 0.001, F = 11.1), however, differencies
drought sensitivity between the provenances coatdoe detected (ANOVA: p = 0.394, F =
1.1). Within the control treatment two BulgarianGB, BG2) and one German provenance
(DE1) showed high increment rates, whereas the [P&Brmany) provenance grew
significantly worse than these three. Under drougimnditions, again DE1, with the highest
growth rate, significantly differed from the Hungar provenance with the lowest growth rate
(Fig. 1b).

Figure 1: Experimental data with ANOVA results. a) GrowtheabfPinus nigraprovenances in % for control
and drought treatment b) Growth rated-afjus sylvaticgrovenances for control and drought treatment. drow
case letters represent significant differences betwprovenances as revealed by a post-hoc test.

Maximum-sampling of the experimental data showed tar P. nigra for both control and
drought treatment, only the upper quantiles (0f@aximum) increase with an increasing
number of provenances (Fig. 2a). However, the asmein expected growth maxima

(maximum, 0.95) culminated when 5-6 provenance&weluded, more provenances did not
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have additional positive effects. All other quadil(minimum, 0.05, 0.25, 0.5, 0.75) stayed
remarkably stable, independent of the number ofvgmances included. For the drought
treatment, a slight increase in median and its ugpartile (0.5, 0.75) from the subsets with

one to subsets with two provenances became vigtie 2a).

Figure 2: Results of the maximum selection procedure foP ajigraand b)F. sylvatica Lines represent the
medians of the quantiles (0, 0.05, 0.25, 0.5, 00785, 1) of 5000 repetitions of maximum selectgrouped
according to number of provenances included.
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For F. sylvaticathe maximum sampling procedure yielded similauitss Here, the slight
increase from subsets with one to subsets withpweenances could be demonstrated for the
quartiles 0.05 to 0.75 for both treatments (Fig). Zgain the expected maximum growth
(0.95, and maximum) increased with increasing numdie provenances. The control
treatment, with three “over-performing” provenan€Eg). 1b) showed a steeper increase in
expected maximum growth than the drought treatnweith only one “over-performer”.
Subsets with more than four provenances did ndd ydditional positive effects on expected
growth maxima. On the contrary, subsets with sixnore provenances showed a decrease of
the median of the 0.95 quartile (Fig. 2b).

Avrtificial data

The artificial data set with low variance betwedre tprovenances resulted in a stable
behaviour of all quantiles, except a slight inceeabthe expected maximum growth (Fig. 3a).
A higher variance between the provenances ledstwomger increase of the upper quartiles
(0.5, 075, 0.95, maximum; Fig 3b), with a culmipatiat subsets with four or more
provenances included. Adding one “over-performer'thie low variance data set, caused a
steep increase of the upper quantiles (0.5, 0.i8,@95, maximum) of expected growth
response from subsets with three to subsets with foovenances (Fig. 3c), with a slight
decrease of the median with five or more provemsniceluded in the subset. Adding one
“under-performer” provenance did not change theselts mentionable (Fig. 3d). The data
set with two “over-performers” exhibited a steepre@ase of expected growth in almost all
guantiles (0.05 — maximum) from single-provenangdessts to subsets with two provenances
and a stable performance from that point on (F&. Bgain, adding one “under-performer”

did not change the results (Fig. 3f).
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Figure 3: Artificial data sets.
a) low variance, b) increased
inter-provenance variance, c)
low variance data set with
one “over-performer”, d)
with one “over-performer”
and one “under-performer”,
e) with two  “over-
performers” and f) with two
“over-performers” and one
“under performer” on the
right side, and on the left
side the corresponding
results of maximum
selection. Lines represent the
medians of the quantiles (O,
0.05, 0.25, 0.5, 0.75, 0.95, 1)
of 5000 repetitions of
maximum selection grouped
according to number of
provenances included.
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Maximum vs. Lottery- Sampling

Lottery selection in comparison to maximum selettyelded the same results for the
expected maximum growth, yet all other quantileslawer. (Fig. 4). Furthermore the ranks
in expected median growth of the provenances clthigdween the methods, especially
under the drought treatment, where provenancesanitigh variance (Fig. 1a) seem to profit
from the maximum-sampling method. Furthermore #Hrgks change between the treatments
(Tab 1).

Figure 4: Results of the lottery (random) selection proceduareP. nigra Lines represent the medians of the
quantiles (0, 0.05, 0.25, 0.5, 0.75, 0.95, 1) 0d®BOepetitions of maximum selection grouped acewydo
number of provenances included

A DE FR1 FR2 HR IT1 IT2 SRB

control
Lottery selection 2 4 1 7 8 3 5 6
Maximum selection 5 8 1 3 7 6 2 3
drought
Lottery selection 1 8 7 5 3 4 6 2
Maximum selection 4 5 1 3 2 7 7 6

Table 5: Ranks of expected median growth fort he differentvpnances, treatments and selection method. 1
represents highest median growth, 8 the smallest.
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Discussion

Both, the results from the experimental data, &edrésults of the artificial data sets, suggest
that “provenance-mixing” can have positive impaots expected yields under various
conditions, as proposed e.g. by Kolstrom et al1{20Thiel et al. (2012) or Frascaria-Lacoste
and Fernandez-Manjarrés (2012). Particularly trench of high yields can be increased by
provenance mixing whereas the risk of low yieldsas attenuated. Promoting the diversity of
provenances might be one strategy to cope with radvémpacts of climate change,
considering the associated uncertainties (Brarmd, €008).

However, positive impacts of an increasing nhumbeprovenances became visible in the
model, when a high inter-provenance variance exXist@is supports the hypothesis that the
strength of this diversity effect depends on propsrof the input data. In the case of the
artificial data the low variance option did not Igieany substantial improvements in yield
expectations, what is obvious, when adding morergorances does not result in additional
variability. As soon as the differences between ghwvenances became more distinct (e.g.
caused by changing environmental conditions inangasiress), either by increasing variance
or adding one or more “over-performers” the oddkigh yields were rising. The more “over-
performing” provenances included the steeper tke,ras the chances of one of these
provenances to be included in the subset increatbetiaeir increasing number. Given the
multitude of climate factors it will be almost imgsible to identify these “over-performing”
provenances under any potential climatic conditifrsst, drought, heat waves etc.) within
the distribution range of a species. Yet, the diNgrof provenances in a stand might find a
suitable answer to specific environmental condgjamithout the need to know the particular
performance of certain provenances under any gbeemitions. This increase of expected
yield was only evident for the upper quantiles arakima of expected growth; the risk of low
yields was not abated. However, the low yield imtlisals will most probably be the ones to
be outcompeted or removed in later stages of tred& development, so a focus on the upper

guantiles seems reasonable.

The same was true for the experimental data, whegestrongest effect of number of
provenances on expected maximum performance waslesl/for the data set with the most
pronounced differences between provenan€essylvaticaunder control conditions). This

gives the hint that for species with high intra<pe differences throughout the distribution
range or wide altitudinal or latitudinal ranges &gt al. 2011), a mixing of provenances
might ensure productivity of stands under variolumatic circumstances. Fd?. nigrathese
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high intra-specific differences have been demotediran a genetic level (Aguinagaldeal.
1997, Jagielskat al.2007; Sotcet al.2010; Lucicet al.2010), as well as in terms of general
performance (Varelidest al. 2001; Sehoet al. 2010; Thielet al. 2012) and, of special
importance, in response to abiotic conditions (Waja et al. 2010) and climatic stressors
(Kreyling et al. 2012b). The same applies Fo sylvatica,for which a high intra- (Konnert
1995; Vornamet al. 2004) and inter-population genetic diversity (Magjral. 2006) could be
demonstrated. Furthermore general performance réiffe between provenances
(vonWuehlischet al. 1995) and provenances responded differently toatlc stressors such
as late frost (Kreylinget al. 2012a) or drought (Nielsen & Jorgensen 2003; Cragki &
Bolte 2006; Matyagt al.2009; Thielet al. subm.).

The ranks of expected median growth change betvieentreatments. For example the
Hungarian provenance increases its expected medoavth under maximum selection from
rank to 7 under control to rank 2 under droughtemgas one of the Italian provenances (IT2)
fell from rank 2 under control to rank 7 under thieught treatment. This underlines again the
insurance effecbf a high intra-specific variability (Yachi & Loael 1999), i.e. aortfolio of
provenances (Markowitz 1952), as the certain prameas adopt the function of high

production from other provenances under changing@mmental conditions.

Therefore artificial enhancement of genetic diwgrsand phenotypic plasticity, via
“provenance-mixing”, might have potential to counttee variability of climatic stressors in
an uncertain future on forest ecosystem functiantgpecially when different provenances of
a species are well-adapted to different climatresstors that might occur in the future, a
mixing of these provenances might be promising.ifstance Kreylinget al. (2012a) found
that Bulgarian provenances were less late frostdol than German provenances, and Thiel
et al (subm.) on the other hand found a Bulgarian pramee with a more stable growth
under drought conditions compared favourable camttthan German provenances. Often
an adaptation to a certain climatic environment epmt the cost of adaptation to other
conditions (Hereford 2009). A mixing of such diietly behaving provenance might secure
productivity and functioning of stands under selelienatic conditions, what might be called
a portfolio effectin forest management (Knolat al. 2005; Hanewinkeét al. 2011) or can be
considered as a intraspecific implementation ofitsarance hypothesis ecology (Yachi &
Loreau 1999). However, evidence suggest that &-{odidexists between high adaptedness to
certain climatic or abiotic stressors and a lownatgpic plasticity in the absence of these

stressors (Richtest a.12012; Thielet al. subm.), i.e. highly adapted provenances might not
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be able to respond to favourable conditions withnanease in yield. Therefore, a mixture of
highly stress adapted provenances with local, igkBt responding provenances might be

one scenario to focus further research on.

Yet, a certain amount of caution is recommende@,her such a mixing might hold some
problems. An introduction of genetic material (inist case non-local provenance ef
sylvaticg into the local gene pool might lead to the disiup of co-adapted gene complexes
through new recombination and may result in outdiree depression (Eriksson and Ekberg
2001). Still, the existence of such gene-complesapiestionable for this species as the time
elapsed since the colonization of its current digtron range is quite limited (Muhltalet al.
2010). Furthermore translocation of keystone sgewihin their distribution range might
influence the target locality’s community structed ecosystem processes, by changes in
the genetic variation of a species (Frascaria-Lig#c&s Fernandez-Manjarrés 2012), yet a
mixing of provenances is supposed to dampen thetwnfmlly negative effects of specific
genotypes. In general the ecological risk of saaenetic translocation is considered small
(Sgroet al.2011).

Besides the choice of a selection type, maximuntottery (random), impacts the model
outcome. Especially under the drought treatmentgmrances with high variance seem to be
favoured by the maximum selection. Hence it migatimportant to know under which
circumstances a species follows either of the pathsrecruitment, before selecting
provenances. However, recruitment seems to be im@gaoy several biotic and abiotic
factors, such as herbivory or light etc. (Lamont Mditkowski 1995; Busing and Brokaw
2002), that here a diversification of a forest d&mwith several provenances might reduce

negative impacts of these factors on recruitment.

Our sampling procedure is based on data from oawigg season, in which one-year old
saplings were exposed to an extreme drought, ekectsve pressure favoured drought-
resistant individuals from the beginning on. In @rdo draw a more realistic picture data
would be required, in which provenances are exptsdéavourable, local average conditions
of the target locality for several years, in order experience selection towards these
conditions before being subjected to extreme cltmebnditions. Generally it is supposed
that, due to local adaptation processes, a trafde-6ftness exists between local and non-local
environments (Sgret al. 2011). Hence it is important to know how non-losaiess-adapted

provenances would perform under average, non-st@sgditions at the target locality. Yet,

such a trade-off does not necessarily have to ,eais when it exists, is usually weak
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(Hereford 2009). Besides, as mentioned above, wed uividuals at very early stages in
their life-cycles. On the one hand the respondbede stages is very important as, successful
recruitment and regeneration might be a bottle-nexer climate change conditions (Hosius
et al. 2006), on the other hand it is questionable idlBegs-responses to climatic extremes
can be transferred to mature individuals and stani®reover, the experimental data is
derived from individually potted plants, and “proa@ce-mixing” is modelled in the
maximum-sampling procedure. Yet, this neglects gotential below-ground interactions and
competition between individuals or provenances,twhight alter the overall performance of

a given mix of provenances.

Furthermore some model inherent problems existei@ht amounts of subsets are contained
in the sets grouped by number of included proveesné/hereas the sets with intermediate
number of provenance contain the most subsetsséle with few or many provenances
contain less subset (e.g. the set with just on@gm@nce contains seven or eight subsets,
according to the overall number of provenances, taedset with all provenances included

contains just one subset), what impacts the corbpiyaof results for the different groups.

Conclusion

Results from thisand other studies suggest that assisted colonizafi@epecies within their
distribution range, and especially the mixing dfediently adapted provenances, might be a
feasible means to insure forest ecosystem funcigpand the provision of goods and services
in the face of an uncertain future climate. Basycdlseems that gortfolio of provenances

can serve as dnsuranceagainst the multitude of potential adverse climateacts.

Therefore important future climatic stressors hewée identified and different provenances
have to be searched for which are well-adaptechi® rmultitude of future extremes. The
performance of these mixtures has to be testedxperaments, models and in the field,
regarding stages in life-cycles (from recruitmeat nhaturity), competitive or facilitating

interactions between provenances under graduabygihg climatic averages of the target
locality and under climatic extreme events. Furtiae the changing interaction between
climate factors and between climate and other @bt biotic factors (e.g. soil properties,
herbivory) and their impact on these stands hdetoonsidered. Additionally scientific focus
has to be laid on the consequences of such tratglos on local gene pools for future tree

generations. In forestry the discussion about sunchpproach in climate change adaptation is
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in full swing, still, for agriculture, especially ilife-stock farming and pasture or for nature

conservation, e.g. for the preservation of highleatened species, the consideration of intra-

specific and genetic variation might be a reasanaltiernative to classic approaches, as well.
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