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Thesis Summary
Thesis Abstract
Species have to cope with climate change either by migration or by adaptation and acclimatisation.
Especially for long-living tree species with a low seed dispersal capacity (e.g. European beech, hereafter
called beech), the in situ responses through genetic adaptation and phenotypic plasticity play an
important role for their persistence. Beech, the dominant climax tree species in Central Europe, shows
a high drought sensitivity and its distribution range is expected to shift northwards. On the other hand,
projected northward shifts need to be taken with caution, as some studies suggest a sensitivity of
beech to frost events in winter and spring. However, studies on the growth performance of coldmarginal beech populations are still rare. Previous studies on beech populations found local adaptation
to drought and phenotypic plasticity in fitness-related traits as well as phenological traits. However,
studies on the regeneration of beech under natural conditions are yet missing, although germination
and establishment of young trees are a very first selective bottleneck and are crucial for tree
population persistence and for successful range shifts.
This PhD-thesis aimed to identify the potential of plasticity and local adaptation in the important early
life-history traits germination, establishment after the 1st year, and survival after the 2nd year in a
reciprocal transplantation experiment at 11 sites across and even beyond the distribution range of
beech (Manuscript 1). Moreover, this thesis investigated the climate sensitivity and the adaptation
potential of beech populations by conducting dendroecological studies along a large climatic gradient
across the distribution range (Manuscript 2) and along a strong winter temperature gradient towards
the cold distribution margin in Poland (Manuscript 3). In addition, the impact of local climatic
singularities was studied in a local study at the southern margin (Manuscript 4).
Warm and dry conditions limited natural regeneration, which was indicated by very low survival of
young trees, even though germination rates increased with increasing temperature (Manuscript 1).
This was also the case in parts of the distribution centre due to the hot and dry conditions in 2018.
Although the transplantation experiment revealed high plasticity in the early life-history traits, this
plasticity might thus not buffer against climate change under dry conditions. Local adaptation was not
detected for any of these traits along the climatic gradient. In contrast, the results of the
dendroecological study across the gradient (Manuscript 2) hint towards an adaptation potential of
adult trees to drought at the southern margin. Thus, adult trees seemed to be adapted to drought at
the southern margin, whereas tree growth in the distribution centre was sensitive to drought. These
results indicate that parts of the centre may become ecologically marginal with increasing drought
frequency in times of climate change. Interestingly, Manuscript 4 shows that beech growth was

5

positively influenced by frequent fog immersion at the southern distribution margin in north-eastern
Spain. This study underlines the importance of local climatic singularities, as they may allow marginal
populations to grow in climate refugia in an otherwise unfavourable climate.
At the cold distribution margin, the study in Manuscript 1 found a remarkably higher survival of young
trees in Sweden than in Poland. Moreover, the dendroecological studies revealed that beech was
hampered by both drought at the cold-dry margin (Manuscript 2) and by winter cold at the cold-wet
margin in Poland (Manuscript 3). All these results highlight the importance to study climate sensitivity
of adult trees and the response of early life-history traits at the cold margin with a more differentiated
view comparing cold-dry against the cold-wet populations and growing conditions. However, the high
plasticity of the early life-history traits may allow for an increasing germination rate with climate
warming at the northern margin and may thus facilitate natural regeneration there. In contrast, the
dendroecological studies suggest that adult trees at the cold distribution margin may suffer either from
drought or from winter cold and that the risk for spring frost may increase. Thus, the often-predicted
compensation of dry-marginal population decline by a northward range expansion should be discussed
more critically.
In conclusion, my PhD thesis provides new knowledge about the potential of natural regeneration and
about climate sensitivity of adult trees across the distribution range of beech. Moreover, it underlines
the importance to study both the young tree stages as well as adult trees to assess the performance
and vulnerability of tree species under climate change, as both showed differences in their response
to changing environmental conditions.
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Introduction
Species responses to changing environmental conditions
In times of climate change, temperatures are rising and the 30 years from 1983 to 2012 where warmer
than any other period of that duration in the past 1400 years in the Northern Hemisphere (IPCC, 2014).
Moreover, since 1850 no decade has been successively warmer than the last three decades (IPCC,
2014). Furthermore, the frequency of extreme weather events such as droughts and heat waves are
increasing. Summers are projected to become warmer and drier, whereas the pattern of changes in
cold temperatures is likely more complex. According to the IPCC (2014), there has very likely been
fewer cold events, whereas some authors pointed out that the magnitude of cold events is likely to
persist in the longer term and their likelihood might even increase in Europe (Petoukhov & Semenov,
2010; Kodra et al., 2011). In addition, soil freezing might increase in temperate regions due to a
declining insulating snow cover during global warming (Groffman et al., 2001; Kreyling, 2020). In any
case, extreme events like drought or cold events expose ecosystems to higher vulnerability and species
need to respond to these changing environmental conditions to avoid local population decline or even
extinction.
Responses of species to changing environmental conditions can be distinguished between an ex situ
response, namely migration, and in situ responses, namely local adaptation and phenotypic plasticity
(Aitken et al., 2008). Climate warming may lead to population decline and range contractions of species
at the rear edge, as well as to an upward and poleward migration into suitable new habitats (Sykes et
al., 1996; Parmesan, 2006; Lenoir et al., 2008). However, local populations might also be able to cope
with changing environmental conditions through the in situ adaptation strategies phenotypic plasticity
and genetic adaptation. Phenotypic plasticity is the potential to express different phenotypes from a
given genotype in order to reversibly adapt to changing environmental conditions (Valladares et al.,
2006). In contrast, genetic adaptation would imply that the local population shows the highest fitness
at its origin compared to introduced foreign genotypes (Kawecki & Ebert, 2004). These in situ
responses are more important for sessile plants than for mobile animals. This is especially true for
plants with a low seed dispersal capacity and long live spans such as trees, because the ability of
migration in trees can hardly compensate the impact of rapid climate change (Jump & Peñuelas, 2005).
Plasticity and short-term acclimatisation are likely more important for long-living tree species than
local genetic adaptation (Benito Garzón et al., 2019). It is noteworthy, however, that the concepts of
genetic adaptation and phenotypic plasticity cannot be strictly separated, as the capacity for
phenotypic plasticity is a genetically determined trait and this capacity differs among species and
among populations within a species (Kelly, 2019). From an ecological perspective this is important, as
a large genetic variation in plastic responses among or within populations can eradicate maladaptive
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phenotypic responses due to natural selection for adaptive phenotypic responses (Kelly, 2019). This
may lead to a lower climate change vulnerability of this species.

Forest trees under climate change
Climate sensitivity of forest ecosystems is increasing worldwide due to climate change. Drought and
increasing temperatures may lead to higher mortality rates and rapid forest dieback (Breshears et al.,
2005; Allen et al., 2010; Anderegg et al., 2013). Less growth and increased mortality of trees due to
drought is discussed to be induced by physiological mechanism such as hydraulic failure or carbon
starvation (McDowell et al., 2008; McDowell, 2011; Mitchell et al., 2013; Sevanto et al., 2014; Adams
et al., 2017; Schuldt et al., 2020). Carbon starvation refers to stomatal closure and reduction of carbon
assimilation in order to reduce transpiration and to save water reserves during drought, which can
eventually lead to a depletion of non-structural carbohydrates (McDowell et al., 2008; Mitchell et al.,
2013). The theory of hydraulic failure explains drought-induced tree mortality with accumulation of
embolisms in the xylem vessels of a tree, which form when the water demand from transpiration
exceeds water uptake by roots during drought (McDowell et al., 2008; Mitchell et al., 2013). This may
lead to irreversible tissue dehydration beyond a critical threshold. In any case, a combination of heat
and drought in particular can affect trees, as heat during droughts further increases the atmospheric
vapour pressure deficit and thus increases the transpiration losses (Ruehr et al., 2016; Yuan et al.,
2019). Hence, heat can lead to a water deficit in trees, which consequently may decrease carbon
assimilation and growth (Ruehr et al., 2016).
In contrast to the importance of summer drought for the low-latitude rear edge (Pigott & Pigott, 1993;
Sykes et al., 1996; Normand et al., 2009), leading edges of native distribution ranges may be
determined by frost events in winter and spring towards higher elevations and higher latitudes (Sakai
& Weiser, 1973; Lenz et al., 2013; Kollas et al., 2014a; Kreyling et al., 2015; Körner et al., 2016; Muffler
et al., 2016). Temperate forest trees at their cold distribution margin are sensitive to winter
temperature and tree growth may be limited by cold-induced fine root mortality and consequently
reduced root nutrient uptake (Pederson et al., 2004; Sanders-DeMott et al., 2018; Weigel et al., 2018;
Reinmann et al., 2019). Spring frost events, on the other hand, may lead to frost damage of freshly
developed leaves and of flowers, which can cause growth reductions of trees across large areas (Martin
et al., 2010; Kreyling et al., 2012; Lenz et al., 2013). The risk of spring frost damage to trees is likely to
increase, in particular in European temperate forests, during climate change, because leaf-out dates
may be earlier due to increasing temperatures, while single frost events may still occur in the same
frequency and magnitude (Petoukhov & Semenov, 2010; Kodra et al., 2011; Vitasse et al., 2018; Zohner
et al., 2020).
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Theory suggests that climate sensitivity of tree growth increases with the marginality of populations
(Fritts, 1966). It is important that marginality has both geographic as well as ecological relevance and
thus marginality could also be found in the geographic centre of a distribution range (Vilà-Cabrera et
al., 2019). In general, climate change impacts on forest ecosystems will likely affect the provision of
essential ecosystem services such as timber provisioning or the regulation of water quality and climatic
conditions by e.g. carbon sequestration (Millennium Ecosystem Assessment, 2005). Thus, from range
core to range margin, it is important to understand and predict climate sensitivity of forests and tree
populations during global warming.

European beech
European beech (Fagus sylvatica L., hereafter called beech) is the dominant forest tree in Central
Europe (Leuschner & Ellenberg, 2017) and thus beech is essential for the provision of forest ecosystem
services. Beech grows under various environmental and climatic conditions (Fang & Lechowicz, 2006;
Leuschner et al., 2006; Bolte et al., 2007) and its distribution range is projected to shift northwards
and uphill during climate change (Kramer et al., 2010; Saltre et al., 2015). The distribution range of
beech is limited by drought towards the south and by frost events (winter cold and spring frost)
towards the north (Jump et al., 2006; Bolte et al., 2007; Giesecke et al., 2007). Cold events during
winter can cause growth reductions at the north-eastern distribution margin of beech (Augustaitis et
al., 2015, Manuscript 2). Lenz et al. (2016), on the other hand, suggested that the absolute minimum
temperature in winter likely does not determine the northern range limit, as dormant beech buds show
a high frost resistance with an ability to acclimate to winter temperatures. However, studies on aboveand belowground effects of cold events on beech trees at its north-eastern cold margin are still rare
(Manuscript 2). Spring frost can also cause growth reductions in beech, but at the same time beech
seems to be able to recover in the year following such an event (Dittmar et al., 2003; Dittmar et al.,
2006; Príncipe et al., 2017). It was also found that growth of beech is limited by drought (Lebourgeois
et al., 2005; Gessler et al., 2006; Scharnweber et al., 2011; Zimmermann et al., 2015; Harvey et al.,
2019), while studies also report a high drought-resilience of beech and a local adaptation to drought
in some southern dry-marginal populations (Rose et al., 2009; Cavin & Jump, 2017; Stojnić et al., 2018).
This local adaption to drought was found in beech for several growth and physiological traits in
common garden experiments (Peuke et al., 2002; Rose et al., 2009; Eilmann et al., 2014; Thiel et al.,
2014; Bolte et al., 2016). In contrast, for cold and frost events, a phenological common garden
experiment of central and cold-marginal beech populations by Malyshev et al. (2018) suggested no
local adaptation of cold-marginal populations to cold conditions. This contrast is probably due to the
finding that beech is genetically much more diverse at the rear edge compared to the central and coldmarginal distribution range (Magri et al., 2006). The higher genetic diversity at the rear edge, which
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likely results from the formation of separated glacial refugia during the Pleistocene (Magri et al., 2006),
might favour local adaptation.
Plasticity, on the other hand, was found to be the major driver explaining differences in fitness-related
traits such as young tree survival underlining the high influence of the environment (Gárate-Escamilla
et al., 2019). Furthermore, Meier & Leuschner (2008) found for root traits during drought that
phenotypic plasticity was more important than genetic differences between populations, while both
genotype and phenotypic plasticity controlled leaf traits. As a further example, phenology of beech is
largely plastically influenced by the site conditions and plasticity may not even differ between
populations (Vitasse et al., 2010; Kramer et al., 2017). However, there are also studies on phenology
of beech which found a genetic adaptation of spring flushing (e.g. Robson et al., 2013). All this shows
that the mechanisms that may enable beech to buffer climate change impacts, phenotypic plasticity
and local adaptation, likely differ from trait to trait. Given the likelihood of persisting frost stress and
increasing drought exposition (Petoukhov & Semenov, 2010; Kodra et al., 2011; IPCC, 2014), it is crucial
to identify spatial patterns of climate sensitivity and the potential of phenotypic plasticity and local
adaptation in key traits that regulate survival and performance of beech across different life-history
stages and across the distribution range.

Objectives of the thesis
The main objective of my thesis was to identify potentials and limits of the in situ responses plasticity
and genetic adaptation in European beech. The first aim was to assess phenotypic plasticity and genetic
adaptation for the early life-history traits germination, establishment in the 1st year, and survival after
the 2nd year of beech. These traits are related to regeneration and are therefore essential for forest
persistence as well as range expansions (Manuscript 1). My PhD thesis aimed to identify the
environmental parameters that affect these fitness traits both at the transplant site, which would
indicate plasticity, and of the population origin, which would indicate genetic adaptation. Moreover, I
explored the potential of population-specific local adaptation and the importance of plasticity in these
early life-history traits when transplanting different beech populations across and beyond the
southern and northern distribution margin. Doing so, I aimed to simulate the potential of natural
regeneration to understand, firstly to what extent regeneration can enable local population
persistence under increasingly hot and dry conditions. Secondly, I aimed to understand to what extent
natural regeneration can facilitate the expansion beyond the current cold distribution margin into new
future habitat.
The second aim was to investigate the climate sensitivity and adaptation potential of European beech
populations across the distribution range of the species. Besides regeneration success, the ability of
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adult tree populations to cope with changing climatic conditions on different time scales is also crucial
for the persistence of forest ecosystems, in particular under the harsh growing conditions at their
range margins. Thus, I applied a range wide dendroecological study (Manuscript 2) to analyse drought
and frost sensitivity of beech growth across its distribution range from the centre towards the southern
and northern distribution margin. Moreover, I compared the growth synchrony of the sampled
populations as an indicator for the adaptation potential across the climatic distribution range. This
range wide study was complemented by two more focused tree-ring studies, one towards coldmarginal populations (Manuscript 3) and one on dry-marginal populations (Manuscript 4). Manuscript
3 focused on the cold limitation of tree growth and cold-induced extreme growth reductions towards
the cold-wet margin of beech at the Baltic sea. Manuscript 4 aimed to understand how the climatic
conditions at the rear edge in Spain can maintain growth of beech in such xeric environments.

Synthesis and methodological discussion
Regeneration in a reciprocal transplantation experiment
The potential of plasticity and genetic adaptation in the early life-history traits of beech can be ideally
studied in a fully reciprocal transplantation experiment (Kawecki & Ebert, 2004). We conducted such
an experiment by cross-transplanting more than 10 000 seeds across the distribution range from the
southern to the northern distribution margin (Figure 1, Figure 2, and Figure 3; Manuscript 1). The
experiment was installed at 9 sites within the distribution range and at 1 site beyond the northern, 1
site beyond the north-eastern, and 1 site beyond the southern distribution margin. We found that
regeneration (germination, establishment in the 1st year, and survival after the 2nd year; Figure 3 f&g)
responds strongly plastic to environmental conditions. Furthermore, we found differences among
populations only in germination, which decreased from central to marginal populations. Overall, there
were no signs for local adaptation in the early life-history traits. The results suggest that natural
regeneration was hampered under warm and dry conditions due to a very low survival of young
seedlings, even though the germination rate increased with increasing temperature. Low survival rates
were also found in parts of the distribution centre due to warm and dry conditions in 2018. This
indicates that parts of the distribution centre might become ecologically marginal with an increasing
likelihood of drought events in times of climate change (IPCC, 2014). Looking at the cold sites, the high
plasticity in the early life-history traits may allow for increased germination rates with climate warming
and could thus facilitate regeneration at and even beyond the northern distribution margin.
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Figure 1 Situation of the study sites within the natural geographic (EUFORGEN, 2009) and climatic
distribution range of European beech after Manuscript 1 (submitted in June 2020 to Global Change
Biology). The climatic parameters were averaged over the 30-year period 1986-2015 (extracted and
calculated from CRU TS v. 4.03, Harris et al., 2014) and water balance is calculated by precipitationpotential evapotranspiration.

Figure 2 Setup of the transplantation experiment (19 m²). 3 seeds per mother tree and 4 mother trees
of 7 populations were planted on local substrate and on reference substrate (in pots). The local
population and a reference population from the distribution centre were planted on both local and
reference substrate. The experiment was 10 times block-wise replicated and protected by small cages
against rodents (small-meshed wire, 5 mm). The whole experiment was protected by a large fence
against deer and wild boar. The experiment was set up in this manner at 8 sites within and at 3 sites
beyond the distribution range of beech, see Figure 1.
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Figure 3 Field work in autumn 2016, 2017, and 2018: (a) the experimental setup in Poland, (b) & (c)
collecting mother specific beech seeds with the sling shot (Notch BIG SHOT 184 Standard Kit,
SHERRILLtree), (d) planted seeds on local substrate and reference substrate (pot), (e) seeds covered by
standard seedless beech litter (f) beech seedlings after the 1st year in Sweden (VI) in autumn 2017, and
(g) beech seedlings after the 2nd year in France (TL) in autumn 2018. For the experimental setup see
Figure 2. Pictures were taken by Lena Muffler-Weigel, Jürgen Kreyling, Jonas Schmeddes, and Marcin
Klisz.
Manuscript 1 focused on young tree stages, because tree juveniles in particular show a higher climate
sensitivity than adult trees (Walck et al., 2011). To my knowledge, however, there are no studies so far
on beech seed germination along large natural climatic gradients. Consequently, knowledge about
environmental filters of germination and juvenile survival, which is crucial for population persistence,
is lacking. Moreover, many transplantation studies rely on plants that were already bred from seeds in
the greenhouse or nursery before the start of the experiment (Bansal et al., 2015; Sáenz-Romero et
al., 2017; Gárate-Escamilla et al., 2019). This likely results in an artificial setting, because the optimal
greenhouse conditions omit the diverse natural ecological filters during the very early life stages
(Aitken et al., 2008). Thus, this study on germination under natural conditions along a large climatic
gradient across Europe provides new and urgently needed knowledge about population dynamics
related to the very first step of natural selection in the life history of beech trees.
The transplantation gradient with 11 sites depicts a strong climatic gradient across and even beyond
the whole distribution range of beech (Figure 1). Moreover, mother-specific open-pollinated seeds
were collected with a slingshot (Notch BIG SHOT 184 Standard Kit, SHERRILLtree) to allow for individual
based analyses in subsequent studies (Figure 3 b–c). We decided to collect the seeds from 4 mother
trees per population, as this approach already resulted in more than 10 000 seeds needed due to the
large gradient across Europe with 7 populations, 11 sites and 10-fold experiment replication (Figure 1,
Figure 2). One may criticize that 4 mother trees might not represent the full genetic spectrum of a
whole population and this needs to be considered when drawing conclusions from the results.
However, more than 1 400 seeds per population still represent genetic differences within a population,
as father trees also play a role regarding the genetics of a population. Anyhow, the aim of the study
was not to detect how the early life-history traits are genetically controlled. The objective had been to
depict the in situ responses of beech populations across its whole distribution range contrasting the
centre of the range with the range margins.
It has to be noted that the meteorological conditions during the experiment from 2016–2018 might
have been extraordinary dry compared to historical records, e.g. the year 2018 had been one of the
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driest and hottest years ever recorded in Switzerland and Germany (Schuldt et al., 2020). The summer
2018 was the hottest at half of the sites or at least counted to the 10 % warmest summers over the
last 50 years at all sites across the whole gradient of the transplantation experiment (Figure 4). In
addition, the summer 2018 was also among the 10 % driest summers in particular at the central sites
of the beech distribution range (NE, BA, NN, HH) (Figure 5). However, summers will become drier and
warmer in times of climate change (IPCC, 2014) and thus our observation period might stand for the
new future climatic conditions. Still, for establishment beyond the current cold distribution margin, a
longer observation period could reveal information on how beech seedlings will cope with strong frost
at the coldest sites. At the young seedling stage, the individuals were sheltered under the snow pack
and insulated from cold air. It would be important to assess the impact of the regularly occurring strong
air frost of -30 °C and below at our coldest site on aboveground plant organs when the juveniles
outgrow the snowpack (minimum temperatures according to Malung’s climate station data in the
Dalarna region 2000–2020, DWD Climate Data Center, opendata.dwd.de, accessed 2020-05-12).
Further, in the study of Manuscript 1 I aimed at capturing the influence of soil properties, pH and soil
texture, as well as air and soil climatic influences on plant growth, but the measures describing the soil
water regime have not considered the precise soil bulk density so far. However, the soil bulk density
influences the soil water availability, which most likely influences germination in particular. Data on
bulk density, which will be taken in autumn 2020, will offer more precise insights here. Moreover, the
impact of soil against climate should be compared in more detail, because beech populations were
found to be adapted to their local soil quality (Buhk et al., 2016). This will be possible by an analysis
making use of the seeds of each local population and of a reference population which were also
planted in pots filled with a reference soil substrate at each site (Figure 2, Figure 3 d).
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Figure 4 Summer temperature (June to August average) over 50 years from 1969 to 2018 (extracted
and calculated from CRU TS v. 4.03, Harris et al., 2014). Sites are ordered from south to north. Site
abbreviations are according to Figure 1. The red line represents the 10% warmest summers and the
blue line the 10% coldest summers during the observation period.
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Figure 5 Summer water balance (June to August precipitation sum minus Penman–Montheith potential
evaporation sum) over 50 years from 1969 to 2018 (extracted and calculated from CRU TS v. 4.03,
Harris et al., 2014). Sites are ordered from south to north. Site abbreviations are according to Figure 1.
The red line represents the 10% driest summers and the blue line the 10% wettest summers during the
observation period.
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Tree growth–climate relationships across Europe
Besides the response of early life stages to environmental conditions, the performance of adult trees
is crucial for the persistence of forest ecosystems. My PhD thesis includes three dendroecological
studies (Manuscript 2-4), which analysed the climate sensitivity of beech trees across the distribution
range and which focused particularly on climate sensitivity towards the distribution range margins. For
each study, tree cores of the stem were extracted at breast height and tree ring widths were measured
in order to obtain information on climate growth relationships by correlating ring growth with climate
data. Up to 20 co-dominant and dominant trees from the interior were selected for the
dendroecological studies at each study site. Since the aim of the studies was to analyse the main
climate signal of the stand in particular, marginal trees with their special microclimatic situation were
categorically excluded in order to avoid blurring the main climate signal of the entire stand. The study
in Manuscript 2 included the sites within the distribution range of beech of the transplantation
experiment in order to complement the site-specific knowledge about regeneration potential (Figure
1). Growth of beech was consistently summer-drought sensitive across the whole distribution range,
but surprisingly not at the dry distribution margin. Moreover, beech growth was related to winter cold
just at the dry distribution margin, but not in the centre of the range or even at the cold distribution
margin. Growth synchrony, indicated by the size of correlation of tree growth between individuals of
a population, was decreasing towards the dry distribution margin. Sensitivity to spring frost appeared
to increase in recent decades. This is in line with Augspurger (2013) and Vitasse et al. (2018), who
found that the risk for spring frost damage is increasing in times of climate change due to an earlier
leaf-out.
The missing climate sensitivity to drought in combination with a lower growth synchrony hint towards
a higher adaptive potential of beech populations at the dry margin and indicate that at least some
beech individuals seem to be adapted to drought there. Thus, adult trees might be able to cope with
drought conditions at the dry margin due to adaptation strategies (e.g. lower growth rates), which
would be in contrast to the findings of no local adaptation in the early life history traits (Manuscript
1). These contrasting findings highlight the importance to study both young tree stages including
germination as well as performance of adult trees to gain a better understanding of how trees will
cope with climate change. It has to be noted though, that a dendroecological approach, in contrast to
a reciprocal transplantation experiment, does not allow for a differentiation between genetic
adaptation and phenotypic plasticity as response to climatic conditions. This is because population are
just studied in their own environment and local populations are not compared to foreign populations
growing at the same location.

18

The found climate sensitivity to drought in the centre of the distribution range highlights that growth
rates of beech might decrease on average there due to the increasing drought exposition in times of
climate change (IPCC, 2014). This is an important notion, because it shows that climatic marginality
due to environmental stress can also be found right in the centre of a tree species distribution range
(Vilà-Cabrera et al., 2019). Importantly, Manuscript 2 also highlights that beech will likely be stressed
by drought as well as spring frost at the cold distribution margin, which could hamper a north-eastward
distribution range shift.
Manuscript 3 studied climate–growth relationships and explored the climatic reason for extreme
growth reductions along a climatic gradient of decreasing winter temperature from North-East
Germany to the cold margin of beech in Poland along the Baltic sea. The closeness to the Baltic sea
made it possible to study climate sensitivity of beech towards the cold-wet margin, where drought
stress might be negligible. Thus, Manuscript 3 is an important complement to Manuscript 2, because
we discovered in Manuscript 2 that drought was the main factor limiting growth at the cold edge in
the more continental part of Poland. We found in Manuscript 3 an increasing sensitivity to winter cold
towards the cold-wet distribution margin. This result contrasts the finding of missing winter cold
sensitivity at the cold-dry margin in Manuscript 2 and underlines the relevance of differentiated
studies at the range margins, i.e., distinguishing between cold-wet and cold-dry marginal conditions.
Range margins play an important role for species persistence in times of climate change, in particular
poleward leading edges, which have to be transgressed in order to establish in new future habitats.
Summarizing over Manuscript 2 & 3, winter cold, spring frost and increasing drought exposition may
all be important stressors for beech at the cold margin. In view of these multiple stressors, a
compensation of a possible range contraction at the southern margin by poleward range expansion
needs thus to be assessed with caution.
Manuscript 4 analysed the effect of the local climatic singularity of frequent fog immersion on beech
growth at the rear edge in north-eastern Spain due to the closeness to the coastline. We found that
fog water availability significantly maintains growth of beech in this low-precipitation environment.
Thus, dry-marginal beech populations at the coastal range in Spain might persist as climate relicts due
to the beneficial local climatic conditions (Hampe & Jump, 2011). However, decreasing fog frequency
together with increasing temperatures in times of climate change likely favours the less drought
sensitive Holm Oak (Quercus ilex L.), which may become more competitive than beech in the
evergreen-deciduous forest.
Manuscript 4, thus, underlines the importance to also focus on local climate data (e.g. local climate
stations) in dendroecological studies. The high spatial variability in small-scale local climatic
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singularities like fog as additional water source or extreme spring frost events is likely not well
represented even in high-resolution gridded climate data due to the remoteness from climate stations
from which the data are interpolated (Kollas et al., 2014b). In addition, special climate variables, such
as fog water availability, are not available as gridded products. But even precipitation, which is basically
measured at any climate station, is often criticized to be not adequately represented by high-resolution
gridded climate data. This is because the influence of ocean proximity or orography on local
precipitation patterns is too complex to be modelled accurately from distant climate stations (Fick &
Hijmans, 2017; Karger et al., 2017). Following this critique, drought indices might not be captured very
well, too. It is noteworthy that one might correct for this discrepancy by calibrating long-term climate
station or gridded climate data with shorter on-site meteorological measurements, as done for air
temperature in Manuscript 2. Remarkably, the temporal air temperature trends directly measured at
the study sites were already very well represented by gridded climate data (always highly correlated,
r ≥ 0.93; Manuscript 2). Moreover, it always needs to be considered that the sampled trees have
already passed various ecological filters of natural selection during their life span and are therefore
the fittest survivors among their conspecifics in terms of the local ecological conditions. But of course,
this is true and has to be discussed for any ecological monitoring study involving adult individuals.
Concluding, Manuscript 4 shows the importance of local climatic conditions for marginal populations
which can hardly be detected by large gradient studies alone. However, the combination of gradient
studies (Manuscript 2 & 3) and local studies (Manuscript 4), all answering objectives on different
spatial scales, provided new insights into the performance of beech populations across its whole
distribution range and helped to assess the vulnerability of beech to climate change.

Further research implications
The main finding of the transplantation experiment (Manuscript 1) in my PhD-project suggests that
the early life-history traits in beech show a strongly plastic response to environmental conditions.
Timing and speed of germination might also be highly dependent on climatic parameters and studies
on the phenology of germination could thus complement the transplantation study. The phenology of
germination might be crucial for the establishment in the first year, as the emergence and
establishment is likely affected by the climatic conditions during and directly after germination
(Urbieta et al., 2008; Varsamis et al., 2020). Frost events and drought in particular might limit the
emergence of seedlings, which might also be evident in local adaptation to both of these stressors
(Varsamis et al., 2020). Varsamis et al. (2020) studied germination in populations from Greece and they
found that the population with a higher frequency in frost events and lower winter temperatures at
its origin germinated later to minimize the likelihood of frost damage. On the same time, they
germinated faster to still avoid the summer drought. Thus, it would be important to know more about
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the effect of population origin and environmental parameters on the phenology of germination and
about the effect of timing of germination on the establishment, which might be observed by
phenocams.
Besides exploring the time of germination, the timing of seedling die-off should be explored, too, e.g.
again with phenocam observations, with more active involvement of the local supervisors, or with
more regular site visits only at e.g. a few selected cold-marginal sites, in order to identify the direct
causes for mortality. The transplantation study so far (Manuscript 1) could just broadly explain which
environmental parameters might influence the success of regeneration traits, because we assessed
seedling survival only once a year (autumn) due to logistic constraints. Thus, it remained unclear why
e.g. the different cold-marginal sites in Sweden and Poland differed so much in regeneration success.
More regional studies with a more frequent assessment of the early life-history traits could allow for
a more precise exploration of the ecological reasons for the differences in regeneration success
between the northern and north-eastern margin.
The need for further studies on the different types of cold marginality, with cold-dry to cold-wet
conditions, is also supported by the dendroecological studies in my PhD thesis (Manuscript 2 & 3).
Regarding further dendroecological studies, I suggest that the cold margin should be studied in a
smaller spatial scale ranging from the cold-dry to the cold-wet sites to identify the local climatic
limitations of adult tree growth and in order to detect the tipping point from drought to cold limitation.
Climate sensitivity to cold events might be masked at the cold-dry margin due to the strong impact of
drought there. The more differentiated view on the performance of beech at the cold margin could
improve the spatially understanding of the projected poleward range shift.
My dendroecological study (Manuscript 2) across Europe discovered a decreasing growth synchrony
towards and no drought sensitivity at the dry distribution margin. However, without more
physiological studies it remains unresolved, if this might result from microscale topography and
differences in water availability or from individual differences in drought sensitivity. Only the latter
would indicate a high adaptation potential through rapid natural selection of well-performing
individuals. Now, divergent tree-ring growth patterns within dry populations should be used to cluster
the local tree individuals into groups with similar growth signals, e.g., by applying typical
dendroecological ordination approaches, such as implemented in the principal component gradient
analyses by Buras et al. (2016).
Then, an application of physiological and genetic analyses could explore if environmental
heterogeneity, e.g. usage of different water reservoirs, or divergent genetic constitution is the reason
for the different responder groups. For example, differences in water uptake depths between the

21

different responder groups might be identified by applying isotope analyses for hydrogen and oxygen
isotopes of soil and xylem water as described in Brinkmann et al. (2019). This could indicate microhabitat heterogeneity as reason for low growth synchrony. However, different rooting depths between
the responder groups could also be due to differences in drought resistance between these groups
and might be induced either by phenotypic plasticity or genetic variation. On the one hand, high
phenotypic plasticity might also be indicated by highly divergent embolism or xylem cavitation
resistance but little genetic variability and might thus allow for a wide range of acclimatisation
strategies to drought within a population (Wortemann et al., 2011; Stojnić et al., 2018). On the other
hand, high genetic variability between groups of divergent growth patterns within a population
indicated by genetic marker analysis, might hold a high potential for rapid local adaptation through
selection (Dounavi et al., 2016). All this highlights the importance of combining retrospective tree-ring
studies with detailed physiological investigations on plant hydraulics and genetic analyses on intrapopulation level to finally evaluate the vulnerability and resistance of tree populations at their
increasingly drought exposed rear edge.
This perspective on performance of adult trees should be complemented by further insights from the
experimental setup of the study in Manuscript 1, which provides the possibility to study mother treespecific differences within 7 populations at 11 sites across Europe. Here, the response of young beech
trees to changing environmental conditions and whether the responses differ more between
populations or more between different genotypes within a population should be further investigated.
For that, fitness and performance traits such as specific leaf area, growth, and phenology should be
compared between the offspring of the different mother trees.
Field studies such as the large-scale reciprocal transplantation experiment enabled us to study local
adaptation and phenotypic plasticity as responses to changing environmental conditions. The results
of such large-scale field studies may have great potential for generalizability (De Boeck et al., 2015),
but since the environmental conditions are not controlled, the transplantation experiment always just
shows a snapshot of the meteorological conditions during the study period. The study period could be
extraordinary regarding the climatic conditions compared to a longer observation period. Moreover,
without controlling climatic and soil conditions it is difficult to identify the environmental parameters
and their thresholds affecting the studied traits. Thus, common garden experiments simulating
changes of certain climatic parameters related to drought or frost under otherwise controlled
conditions are the basis for a sound understanding of the climatic thresholds for germination,
establishment or die-off. The findings of transplantation experiments could help to identify the climatic
parameters controlling those traits in order to test more precise hypothesis around them. Hence,
common garden experiments could well complement large-scale transplantation experiments. In

22

addition, more specified hypotheses could be studied in common garden experiments dealing with the
aspects of stress-memory or cross-stress tolerance to drought and frost, which are not easily
addressable in uncontrolled field studies. Previous exposure to stress might lead to acclimatisation and
a higher tolerance to another stress event (Walter et al., 2013). Frost and drought events affect plants
in a similar way, as both of them require physiological mechanism to prevent dehydration (Blödner et
al., 2005; Beck et al., 2007). In this context, the finding of the dendroecological studies (Manuscript 2
& 3) that beech is likely to face drought as well as frost events at its cold margin during climate change
highlights the need for a deeper understanding on its cross-stress tolerance to frost and drought.

Conclusion
European beech, the dominant climax tree species in Central Europe, is expected to suffer from
drought during climate change. Thus, the distribution range of beech is projected to contract in the
south and to expand towards the north and uphill. Studies on the climate sensitivity of beech to cold
events at the northern distribution margin have still been rare. Moreover, there have been no studies
so far on the life-history traits in beech related to regeneration under natural conditions, which are a
very-first bottleneck and are therefore of high importance for the persistence and range expansion of
beech. This PhD thesis addressed both the adult climate sensitivity and the juvenile life-history traits.
Therefore, the thesis provides urgently needed knowledge for assessing the performance and
vulnerability of beech during climate change.
The reciprocal transplantation experiment revealed that natural regeneration of beech responded
plastically to changing environmental conditions, but local adaptation could not be detected in any
related trait. Germination increased with increasing temperature, but young tree survival decreased
with heat and drought. Here, the centre of the distribution range was also affected, as 2018 was one
of the hottest and driest years in Switzerland and Germany. Thus, the climatic conditions in parts of
the distribution centre will likely be not beneficial for regeneration of beech anymore, in particular
with the predicted increase in drought exposition during climate change. This would have a major
relevance on population dynamics and forest persistence in the future, because the results suggest
that parts of the central distribution of beech are becoming ecologically marginal. Finding this ‘central
marginality’ in regard to drought is also in line with the dendroecological study and it could explain
why we found a strong drought sensitivity in adult beech trees there.
At the dry margin, the low growth synchrony and the consequently missing common drought response
in adult trees hints towards a high adaptation potential to drought there. This contrasts the lack of
local adaptation in the early life-history traits and demonstrates the importance of complementary
climate change studies on both adult and juvenile tree life stages. Overall, this PhD thesis highlighted
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drought as a prominent stressor for beech now and in future across large parts of the distribution
range of the tree species, which might be mitigated by northward introduction of potentially drought
adapted southern populations. However, this adaptation potential of the studied populations in this
thesis could just be suggested for adult trees and is not consistent across life stages. Moreover, the
impact of persisting cold events on beech growth in particular at the northern distribution margin,
besides drought vulnerability, should be considered as well.
Looking at the cold distribution margin and establishment of new future habitat beyond it, projections
of range expansions towards the north should be considered carefully in light of the multiple stressors
being evident along the cold distribution margin. We found that adult trees at the cold distribution
margin suffered either from drought or from winter cold and that the spring frost risk might increase.
The divergent climate sensitivity in adult trees, cold sensitivity at the cold-wet sites and drought
sensitivity at the cold-dry sites, highlights the importance to differentiate appropriately between the
different sorts of cold marginality in studies on tree species range shifts towards the north. However,
the high plasticity in the early life-history traits found in this thesis may allow for short-term
acclimatisation and may lead to an increased germination rate caused by warming climate at the cold
margin. Thus, this plasticity may facilitate natural regeneration at and even beyond the cold margin in
times of climate change.
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Abstract

28

Distribution ranges of temperate tree species are shifting poleward and upslope to cooler latitudes

29

and elevations in response to global warming. Successful germination and establishment are crucial

30

for range expansion at the leading edge and potentially also for local adaptation and persistence of

31

populations at the rear edge. However, little is known about early life-history traits of forest trees

32

when grown outside their local environment which complicates projections of population dynamics.

33

Here, we investigated how germination, establishment and juvenile survival change across a reciprocal

34

transplantation experiment using over 10’000 seeds of European beech (Fagus sylvatica L.) from 7

35

populations from its southern to the northern distribution range margins in Europe.

36

Germination and establishment at the seedling stage were highly plastic in response to environmental

37

conditions. Germination success increased with increasing temperature and declined with colder

38

conditions, whereas establishment and survival were hampered under warmer and drier conditions.

39

Germination rate differed among populations and was positively influenced by seed weight. However,

40

no sign for local adaptation was detected for any trait.

41

This high plasticity in the early-life history traits found irrespective of seed origin may allow for short-

42

term acclimatisation. However, our results also indicate that this plasticity might not be sufficient to

43

ensure the regeneration of beech in the future under warm and dry conditions due to the low survival

44

rate found there. The future climatic conditions in parts of the distribution centre and at the rear edge

45

might thus become limited for natural regeneration of beech, as the likelihood of extreme heat and

46

drought events will increase. In contrast, the high plasticity in the early-life history traits may allow for

47

increasing germination rates with increasing temperatures and may thus facilitate natural

48

regeneration at the cold distribution margin in the future.

49
50

Keywords: climate change, European beech, fitness traits, forest ecology, germination, life-history

51

traits, local adaptation, reciprocal transplant experiment, range margin

36

52

Introduction

53

Distribution ranges of species are projected to shift polewards or upwards in elevation (Sykes, Prentice,

54

& Cramer, 1996; Parmesan, 2006; Lenoir, Gégout, Marquet, de Ruffray, & Brisse, 2008), whereas

55

populations at the rear edge are threatened due to global warming (Thomas et al., 2004; Thuiller,

56

Lavorel, Araújo, Sykes, & Prentice, 2005). However, these predictions from species distribution models

57

generally neglect the potential of in situ responses of organisms to changing environmental conditions

58

through phenotypic plasticity, local genetic adaptation and demographic processes (Savolainen,

59

Pyhäjärvi, & Knürr, 2007; Aitken, Yeaman, Holliday, Wang, & Curtis-McLane, 2008; Valladares et al.,

60

2014). Local genetic adaptation results in highest fitness of populations at their origin compared to

61

non-local genotypes of the same species at the same location (Kawecki & Ebert, 2004). Thus, genetic

62

differences can explain variation in traits between populations. However, certain traits might also be

63

strongly affected by the environment and thus respond plastically to changing environmental

64

conditions. These in situ plastic responses play an important role especially for plant species with

65

limited migration potential due to low seed dispersal capacity and a long life-span. This is especially

66

true for trees, as they are long-living organisms and can hardly compensate the consequences of

67

ongoing rapid climate change through migration (Jump & Peñuelas, 2005).

68

Successful regeneration plays an essential role for the persistence of populations, in particular for

69

climax forest tree species. Here, germination and establishment at the young tree stage are decisive

70

bottlenecks to ensure the persistence of the population, especially as young trees respond more

71

sensitively to changing climatic conditions than adult trees (Walck, Hidayati, Dixon, Thompson, &

72

Poschlod, 2011). Moreover, germination and establishment are under strong natural selection and

73

might favour local adaptation (Petit & Hampe, 2006; Donohue, Rubio de Casas, Burghardt, Kovach, &

74

Willis, 2010). Hence, studies on artificially established seedlings likely neglect important natural

75

ecological filters during the very early life stages. To model population dynamics, the response of these

76

early life stages to changing environmental conditions needs to be considered. The few studies on

77

germination and establishment of forest trees in face of climate change so far had a local to regional

78

focus (e.g. Dulamsuren, Hauck, & Leuschner, 2013). Further studies accounting for the whole

79

distribution range from the rear to the leading edge are necessary to better understand population

80

dynamics under climate change (Rumpf et al., 2018). Moreover, the response of the earliest life stages

81

to environmental changes should be differentiated into local adaptation, plasticity, and maternal

82

effects. In case of strong local adaptation, assisted migration of pre-adapted populations and assisted

83

gene flow might be considered as an adaptation strategy by forest managers to ensure sustainable

84

forest ecosystem services under rapid change in climatic conditions (Aitken & Bemmels, 2016). In
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85

contrast, highly plastic responses to changing environmental conditions could allow for short-term

86

acclimatisation and thus might buffer the impact of climate change. However, knowledge about

87

plasticity and local adaptation in the early life-history traits is still scarce, though these processes are

88

critical to better predict the potential of natural regeneration, for projecting distribution range shifts

89

and for conservation strategies in times of climate change.

90

European beech (Fagus sylvatica L., called hereafter beech), the dominant native forest tree in Central

91

Europe, grows under a wide range of climatic and environmental conditions (Fang & Lechowicz, 2006;

92

Leuschner, Meier, & Hertel, 2006; Bolte, Czajkowski, & Kompa, 2007). The potential distribution range

93

of beech is limited by late frost events as well as severe winter frost towards the north in Sweden and

94

north-east in Poland, and by heat and drought towards the rear edge in Greece, Italy, and Spain (Jump,

95

Hunt, & Peñuelas, 2006; Bolte et al., 2007; Giesecke, Hickler, Kunkel, Sykes, & Bradshaw, 2007; van der

96

Maaten et al., 2017). Considering the increasing likelihood of drought events in large parts of beech

97

distribution with climate change (IPCC, 2014) and its projected distribution range shift towards the

98

north (Kramer et al., 2010; Saltre, Duputie, Gaucherel, & Chuine, 2015), it is crucial to better

99

understand population dynamics of this species across its whole distribution range. For that, studies

100

are needed which focus on the potential and limits of local adaptation and plasticity at the recruitment

101

stage, as germination and juvenile establishment are crucial life-history traits and thus determine the

102

success of natural regeneration.

103

We here present the results of a unique, fully reciprocal transplantation experiment of European beech

104

along a large climatic gradient from its southern distribution margin in Spain to its northern margin in

105

Sweden and Poland as well as beyond its current distribution range, in order to assess the potential of

106

plasticity and local adaptation to environment during its early life stages. We therefore transplanted

107

more than 10 000 seeds, harvested and sown in the same year at all sites, and determined the

108

germination rate as well as the success of establishment after the first year and survival after the

109

second year as fitness traits for the earliest life stages. The objectives of our study were: (1) to identify

110

which environmental parameters of the transplant site or the population origin affect these earliest

111

life stages; and (2) to assess the importance of plasticity to different environmental conditions, of

112

genetic differences, and of local adaptation in these earliest life stages of different beech populations

113

across a large range of climatic conditions within and beyond its distribution range. Answering these

114

objectives will allow us to investigate the potential of beech natural regeneration across its distribution

115

and provide insights on its response to climate change.
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116

Material and Methods

117

Experimental design and trait measurement

118

We conducted a fully reciprocal transplantation experiment (called hereafter RTE) across and beyond

119

the distribution range to evaluate the importance of plasticity and local adaptation on germination and

120

establishment success of beech. Local adaptation can be ideally tested in a reciprocal transplantation

121

experiment (Kawecki & Ebert, 2004), as each population tested will be exposed to the full range of

122

ambient conditions at the origins of all tested populations. Using seeds instead of transplanting

123

juvenile trees allows to test how natural selection acts at the very beginning of the establishment

124

process, i.e. on germination rate and seedling survival, which are the main bottleneck for future tree

125

establishment, though these two processes are rarely the focus of RTEs (Kelly, Chase, de Bruijn, Fay, &

126

Woodward, 2003; Jump & Peñuelas, 2005). Furthermore, RTE should include populations from the rear

127

to the leading edge of a species distribution, because populations from the different extremes of the

128

distribution range need to cope with different climatic limitations and might thus show different

129

adaptations (Alberto et al., 2013). In addition, transplantation beyond the distribution margins allows

130

to simulate future drought conditions in the south and potential range expansion into colder regions

131

which are not yet realized due to dispersal limitation.

132

Here, our transplantation experiment covered a climatic gradient across Europe with eight sites

133

ranging from the southern distribution margin of beech in Spain to its northern distribution margin in

134

Sweden and Poland (Figure 1a&b, Table 1, see Table S1 for the climatic characteristics of the

135

population origins). Three more sites beyond the distribution range further increased this gradient

136

(Figure 1a&b, Table 1). The strong climatic gradient was chosen on the basis of winter cold (mean

137

coldest month air temperature, Figure 1a), and summer drought (climatic water balance from June to

138

August expressed as precipitation-potential evapotranspiration, Figure 1a) from CRU TS v.4.03 gridded

139

climate data (Harris, Jones, Osborn, & Lister, 2014). This is in accordance with the theory that the

140

distribution range of beech is limited by drought and frost events (Jump et al., 2006; Bolte et al., 2007;

141

Giesecke et al., 2007; van der Maaten et al., 2017). All sites within the range were beech dominated.

142

The external sites beyond the distribution range were surrounded by deciduous trees and they were

143

dominated by oak in Poland (Quercus robur L.) and Spain (Quercus pyrenaica WILLD.) and by mountain

144

ash (Sorbus aucuparia L.) in Sweden. We took care that the canopy cover at the experimental sites was

145

comparable between all sites (approx. 60-70 % canopy closure). In addition, we recorded data on the

146

photosynthetically active radiation directly at the experiment at each site to take differences in light

147

availability into account. The soil texture of all sites varied little from poor silty sand to sandy silt (Table

148

S2 in the supplementary material). Moreover, litter layer was removed before planting the seeds.
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150
151
152
153
154
155
156
157
158

Figure 1 (a) Site locations within (block dots) and beyond (red dots) the distribution range of F. sylvatica
(blue area), source: www.euforgen.org. The climatic gradient is based on differences between the
warmest and coldest site in winter and between the driest and wettest site in summer; water balance
is calculated by precipitation-potential evapotranspiration, the climatic parameters were averaged
over the 30-year period 1986-2015 (Harris et al., 2014, CRU TS v. 4.03), (b) climatic distribution range
of European beech (extracted and calculated from CRU TS v. 4.03, Harris et al., 2014), and (c)
Experiment unit (19 m²) of 10 replicate blocks as it was set up identically at each study site (picture:
site GD, Poland).

159
160
161
162
163

Table 1 Site characteristics following the south-west – north study gradient. Geographic position
(longitude degree (°E), latitude degree (°N), elevation (above sea level), mean annual air temperature,
mean coldest month air temperature, mean warmest month air temperature, and the volumetric soil
water content measured at each site and averaged over the observation period (winter 2016/2017 to
autumn 2018).

Latitude Longitude Elevation
(°N)
(°E)
(m a.s.l.)

Mean
Annual
Temp.
(°C)

Mean
Coldest
Month
Temp.(°C)

Mean
Warmest
Month
Temp.(°C)

Volumetric
Water Content

Site ID

Country

PM

Spain

41.33

1.01

1060

10.9

3.1

21.0

0.15

OM

Spain

41.81

2.41

1041

10.7

3.0

19.8

0.17

TL

France

43.41

2.18

709

10.3

2.7

18.6

0.14

NE

Switzerland

46.98

6.84

707

9.2

-2.4

18.9

0.16

BA

Germany

49.11

8.07

181

11.0

0.2

20.1

0.07

NN

Germany

48.87

10.74

565

9.2

-2.4

17.9

0.18

HH

Germany

54.05

13.51

44

9.3

-0.3

17.9

0.24

GD

Poland

53.30

18.90

113

8.9

-2.5

18.3

0.31

NR

Poland

53.61

20.47

173

8.1

-3.1

18.2

0.19

VI

Sweden

58.03

14.33

135

7.4

-1.6

17.6

0.15

MO

Sweden

60.89

14.38

206

4.0

-7.5

17.2

0.17

164

40

165

Open-pollinated seeds of all populations were collected with a slingshot (Notch BIG SHOT Standard Kit,

166

SHERRILLtree) from four mother trees in close proximity (in a range of not more than 250 m) to the

167

experiment unit at each population site. No seeds could be collected in Sweden due to poor

168

fructification, but the Polish population GD remained representative for cold populations in our data

169

set. Empty beech nuts were discarded after checking the seeds carefully and verifying with multiple

170

destructively opened samples per site. At each of the eleven experimental sites, the experiment was

171

replicated in 10 blocks into which seeds of each population and mother tree were systematically

172

planted in autumn 2016 (N = 11 sites x 10 blocks x 7 populations x 4 mother trees x 3 seeds = 9240

173

seeds in total, Figure 1c). The seeds were covered by standardized seedless beech litter to simulate

174

natural and comparable seed bed conditions at each site. The seeds in each block were protected

175

against rodents and against potential incoming falling seeds using cages with small-meshed (5 mm)

176

wire (Figure 1c) and larger fences protected against deer and wild boar intrusion. Still, three blocks in

177

Poland (site GD) were affected by rodents and had to be excluded from the analysis (252 seeds).

178

In autumn 2017, we measured the germination rate by counting all seeds that ever had germinated

179

(i.e. also dead seedlings) and recovering all unestablished seeds. We measured establishment by

180

counting all seedlings that were still alive when visually inspected in autumn (Table S3 and Table S4).

181

The survival of seedlings was assessed again in the second year (autumn 2018). As response variables

182

for statistical analyses, we calculated the germination rate (the ratio of germinated seeds to planted

183

seeds) as well as the establishment rate in the first year (the ratio of established seedlings in 2017 to

184

germinated seeds) and the survival rate in the second year (the ratio of established seedlings in 2018

185

to established seedlings in 2017). The site OM within the distribution range in Spain had to be excluded

186

for the survival rate in 2018, as the young beech trees were completely buried under litter after

187

removing the cage covers in the second year. Moreover, the average seed weight of 50 seeds per

188

population was measured to account for potential maternal effects by seed provisioning (Donohue,

189

2009; Zas, Cendán, & Sampedro, 2013) (Table S1).

190

Environmental data

191

To characterise the meteorological conditions at the study sites during our experiment, we directly

192

measured air temperature, relative air humidity (RH), and photosynthetically active radiation (PAR) at

193

1 m above ground as well as soil temperature, and volumetric soil water content (VWC) at -3 to -8 cm

194

depth (VP-4 sensor for atmosphere, QSO-S PAR Photon Flux sensor for PAR and 5TM soil moisture

195

sensor for soil in EM 50 Data Logger, Decagon Devices, METER Group, Pullman, WA, USA) (Figure S1-

196

S5). Data were aggregated to quarterly values for winter (December to February), spring (March to

197

May), summer (June to August), and autumn (September to November). For each quarter, we also
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198

calculated for air and soil the growing degree hours (DH) above 5 °C, degree hours below 5 °C, and

199

absolute minimum temperatures. We also derived mean coldest month and mean warmest month

200

temperature. Data gaps due to logger failure were modelled from the linear relationship with hourly

201

0.25o x 0.25o gridded variables in the data of the climate reanalysis by Copernicus Climate Change

202

Service (C3S) (2017), accessed 2019-11-03. Missing PAR values were modelled from surface solar

203

radiation downwards and RH was calculated from dewpoint temperature and air temperature after

204

Anderson, Bell, and Peng (2013).

205

We characterised the long-term average climate at each of the population origins for the 30-year

206

period 1986–2015 with monthly 0.5° x 0.5° gridded CRU TS v. 4.03 climate data, which include

207

precipitation sums, potential evapotranspiration sums, mean, minimum, and maximum air

208

temperatures (Harris et al., 2014). From these data we further calculated the monthly water balance

209

(precipitation minus potential evapotranspiration), summer heat/moisture index ((mean warmest

210

month air temperature)/(mean summer air temperature/1000)) (Wang, Hamann, Spittlehouse, &

211

Aitken, 2006), air temperature range (mean warmest month temperature minus mean coldest month

212

air temperature) and quarterly climate data from winter to autumn.

213

Soil conditions were characterised by analysing pH and C/N ratio in mixed soil samples of each site (3

214

subsamples taken next to the experiment unit) for the top 0–10 cm into the soil (Table S2). The oven-

215

dried samples were sieved (2 mm) and pHCaCl2 (0.01M) was measured in a 1/5 solution 12 hr after

216

shaking. A C/N analyser (vario EL III Element Analyzer, elementar Analysensysteme GmbH, Hanau,

217

Germany) measured Ctot and Ntot mass contents in the sieved and oven-dried (12 hr at 105 °C) samples.

218

We calculated the C/N ratio (strictly Corganic/Ntot) as Ctot/Ntot (g/g), because all our samples were free of

219

inorganic carbon with pHCaCl2 < 6.5. We estimated soil hydraulic properties (parameters according to

220

van Genuchten (1980)) from the measured soil texture classes for each site by deploying pedotransfer

221

functions according to Schaap, Leij, and van Genuchten (2001) using the module "Rosetta light",

222

implemented in the Software RETC (version 6.02, van Genuchten, Leij, & Yates, 1991). The soil water

223

content at the permanent wilting point of each substrate was then retrieved from the estimated

224

retention curves by convention at a water potential of −1,500 kPa (pF 4.2). We estimated the plant

225

available water content at each site by subtracting the site-specific permanent wilting point from the

226

volumetric soil water content (Figure S6) The results of the statistical analyses later on did not differ

227

qualitatively between taking the permanent wilting point of each substrate into account instead of

228

using the raw data (volumetric water content). As the results were robust, we here show results using

229

the raw data only.
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230

Statistical analyses

231

We analysed climatic and maternal effects of the seed populations (long-term average climate

232

variables over 30 years, seed weight for germination and establishment in the first year) and effects of

233

the transplant site (meteorological data from winter 2016/2017 to autumn 2018, soil parameters)

234

(Table S5) on the life-history traits germination, establishment in the first and survival in the second

235

year by Random Forest regressions (Breiman, 2001). For meteorological data, we considered winter

236

2016/2017 to spring 2017 for germination, spring 2017 to summer 2017 for establishment in the first

237

year, and autumn 2017 to summer 2018 for survival in the second year. For each response variable,

238

we built an initial maximal model containing all our environmental data as explanatory variables. In

239

this model, ntree = 200 regression trees were built (regression trees decorrelated by only considering

240

1/3 of all variables randomly as split-variables at each node in a regression tree). Each single tree was

241

trained on individual subsamples (Nsubsample = 1/3 of Ntotal) that were drawn stratified over all site x

242

population combinations without replacement to allow for unbiased variable selection in the final

243

model (Strobl, Boulesteix, Zeileis, & Hothorn, 2007). To account for autocorrelation in the data, we

244

reduced the number of explanatory variables in a two-step approach. First, we removed the least

245

important variable (contributing the lowest increase in Mean Squared Error, IncMSE) from the list of

246

explanatory variables and re-fitted our model. This step was repeated until all variables showed a

247

higher importance for the model than 5 % model importance (IncMSE). Second, the remaining

248

variables were cross-correlated and the least important variable in each highly-correlated pair (r > 0.8)

249

was removed until the set of explanatory variables was free of strong autocorrelation. Subsequently,

250

a final model (ntree = 500) with the reduced set of explanatory variables was fit in order to compute

251

partial response plots for each of the four most important variables. We had a closer look at the four

252

most important parameters, as we followed the least number of parameters explaining one of the

253

response variables. Here, just four parameters explained establishment in the first year. Good model

254

performance was ensured by choosing ntree large enough to minimize the model error rate (Figure S7).

255

The prediction accuracy was tested by k-fold cross validation (over all combinations k = 11 sites x 7

256

population = 77). We used the correlation coefficient (Pearson’s r) of all k = 77 predicted values with

257

the corresponding averaged true values as measure for the prediction accuracy.

258

In case that variables of both population origin and transplant site were important model predictors,

259

we fitted a quasi-binomial generalized linear model to test for significant effects of each factor

260

population origin, transplant site, and their interaction (F-test, p < 0.05). If a factor was significant, we

261

performed post-hoc comparisons between groups (least-squares means).
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262

In addition, the importance of local adaptation was evaluated by regressing (F-test on quasi-binomial

263

model fit with p < 0.05, pseudo-R2 = 1 – model deviance/null deviance, Faraway, 2006) the life-history

264

trait responses against the climatic transfer distances. This analysis was again just applied for the life-

265

history traits explained by population origin as well as transplant site in the Random Forest model,

266

which was only the case for germination. The climatic transfer distance (climatic conditions at the

267

transplant site – 30-years average climate at the population origin) is by definition a direct measure of

268

how far a seed has been moved away from its native climatic origin and constitutes a powerful

269

quantitative variable to test for local adaptation (Bansal, St Clair, Harrington, & Gould, 2015 and Sáenz-

270

Romero et al., 2017). Climatic parameters during germination (winter 2016/2017 to spring 2017) were

271

taken for the climatic conditions at the transplant sites (Harris et al. 2014, CRU TS v. 4.03). The effect

272

of climatic transfer distance was computed for winter cold (mean February air temperature), late frost

273

(minimum air temperature in May), and water balance, which are suggested to be the variables limiting

274

the distribution range of beech (Jump et al., 2006; Bolte et al., 2007; Giesecke et al., 2007; van der

275

Maaten et al., 2017). We aggregated water balance during winter (December to February), as we

276

focused on the climatic parameters during germination (winter-spring) and because water balance in

277

winter was better explaining germination rate in the Random Forest model than water balance in

278

spring.

279

All analyses were executed with the software R 3.6.2 (R Core Team, 2016) and the add-on packages

280

ggplot2 v.3.2.1 (Wickham, 2009), gridExtra v.2.3 (Auguie, 2016), lsmeans v.2.30-0 (Lenth, 2016), ncdf4

281

v.1.16.1 (Pierce, 2019), randomForest v.4.6-14 (Liaw & Wiener, 2001), raster v.2.9-5 (Hijmans, 2019),

282

reshape2 v.1.4.3 (Wickham, 2007), and rworldmap v.1.3-6 (South, 2011).

283

Results

284

The importance of population origin versus transplant site for germination,

285

establishment, and survival

286

Environmental variables related to both transplant sites and origin of population as well as seed weight

287

were important predictors for germination only, while establishment in the first year and survival in

288

the second year were best predicted by variables related to the current site-specific meteorological

289

conditions (Figure 2). There were marked differences in Random Forest model accuracy between our

290

response variables. Model accuracy (coefficient of correlation) was r = 0.63 for germination rate,

291

r = 0.38 for establishment in the first year, and r = 0.60 for survival in the second year.
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292

Impact of climate at origin and meteorological conditions at transplant sites on germination rate

293

In detail, populations originating from regions with wetter winters (higher winter climatic water

294

balance and winter precipitation, Figure 2a&d) had higher germination rates. Looking at the

295

importance of the meteorological conditions at the transplant sites, germination rate increased with

296

increasing air temperature in spring and soil temperature in winter (Figure 2b&c). Furthermore, seed

297

weight as a proxy for maternal seed provisioning was not amongst the four most important variables.

298

However, seed weight remained in the model with an increase in Mean Squared Error of 13.6 % and

299

had a positive impact on germination rate (Figure S8).

300

Impact of meteorological conditions at the transplant sites on establishment in the first and

301

survival in the second year

302

Establishment rate in the first year (2017) increased towards sites with cooler and moister summer (air

303

temperature and relative humidity, Figure 2e&h) and more radiation input from spring to summer

304

(PAR, Figure 2f&g). Seed weight had no relevant effect on the establishment in the first year (IncMSE

305

< 5 %).

306

Survival in the second year (2018) was favoured by cooler summer in 2018 and by higher autumn

307

moisture availability in their first autumn in 2017 (relative air humidity in autumn 2017, soil volumetric

308

water content in autumn 2017) (Figure 2i,j&l). However, survival rate in 2018 decreased again with too

309

moist conditions in autumn 2017 (soil volumetric water content, Figure 2l). Moreover, survival was

310

hampered at sites where the seedlings experienced the lowest number of cold days in their first

311

autumn compared to the other sites (degree hours below 5 °C in autumn 2017, Figure 2k).
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312
313
314
315
316
317
318
319
320
321
322
323
324

Figure 2 Partial plots of the four most important Random Forest predictors explaining (a-d) germination
rate in 2017 (germinated seeds/planted seeds), (e-h) establishment rate in the 1st year (established
seeds in 2017/germinated seeds), and (i-l) survival rate in the 2nd year (established seeds in
2018/established seeds in 2017), respectively. The range of the y-axis in each panel corresponds to the
response range when only varying one predictor, while all other predictors are held constant. The
importance of each predictor (% increase in Mean Squared Error) is given on top of each panel. The
predictors are related to the climatic origin of a population (climate average 1986–2015) or originated
from meteorological data directly measured at the transplant sites. Climate and meteorological data
were summarized to quarterly data for winter (December to February, wt), spring (March to May, sp),
summer (June to August sm), and autumn (September to November, at). Climate and meteorological
data at the site origin and at the transplant site are shown in Table S6 - Table S8. Upward facing ticks
along the x-axis display the population origins or transplant sites.
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325

Transplantation to warmer and dryer sites favours germination

326

Only for germination rate, climatic conditions at both the transplant sites and the population origins

327

yielded important predictors in the Random Forest analysis (Figure 2). While site and population had

328

comparable importance (33 % and 25 % of residual deviance), respectively, their interaction was not

329

significant (Table 2). Across all sites, the populations from the driest winters, i.e. from Poland (GD) and

330

Spain (OM) (Figure 2a&d, Figure 3a, Table S6), showed by far the lowest germination rate (Figure 3a).

331

However, germination rate increased for all populations towards the warmer transplant sites (Figure

332

2b&c, Figure 3b, Table S6). Remarkably, the site beyond the dry distribution margin in the south (PM)

333

had significantly the highest germination rate and the Polish sites within and beyond the cold

334

distribution margin had the lowest germination rates (Figure 3b). Moreover, germination rates of all

335

populations generally increased when transplanting seeds from their origin to environments with

336

warmer winters, with less frost exposition in spring and with dryer winters (Figure 4).

337
338

Table 2 Germination rate explained by each factor transplant site, population origin, and their
interaction (quasi-binomial generalized linear model fit).
Factor

Degrees of freedom

Residual deviance

Null model

748

2988.3

site

10

F

p

2027.0

51.6

<0.001

population

6

1521.2

45.2

<0.001

site:population

60

1373.7

1.3

0.059

339

340
341
342
343
344
345
346

Figure 3 Differences in germination rate in 2017 (germinated seeds/planted) between (a) population
(effect of the population origin) and (b) transplant sites (environment effect). The letters represent
significantly different groups in a least-squares means post-hoc test over a quasi-binomial generalized
linear model fit including the predictors population and site without interaction. Sites and population
are ordered and coloured from the southern (red) to the northern distribution (blue) margin. Shading
indicates transplant sites beyond the southern and northern distribution margin.
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347
348
349
350
351
352
353
354

Figure 4 Effect of climatic transplantation (climatic transfer distance calculated for the 11 x 7 pairs of
all site x population combinations) on germination rate in 2017. Positive values along the x-axis indicate
transplantation to warmer (a & b) or wetter (c) sites, negative values indicate transplantation to colder
or dryer sites, and the zero position represents growth at the seed origin. Populations are coloured from
south-west (red) to north-east (blue) and populations (legend) are ordered from the southern to the
north-eastern distribution margin. The p-values and pseudo R² were calculated from univariate
regression (quasi-binomial generalized linear model).

355

Discussion

356

Environmental parameters affecting the earliest life stages of beech

357

Germination rate was affected by climatic parameters of both, the transplant site and the population

358

origin. Specifically, seeds from driest winter conditions along the gradient, i.e. the distribution margins

359

in Spain and Poland, showed the lowest germination rate, while seeds from the wetter centre of the

360

distribution range showed markedly higher germination irrespective of their transplant site (Figure 2a

361

& 2d, Table S4). Moist winters may indicate a stressful environment for seeds due to an increased

362

likelihood of fungal attack and decay, which are known to increase with moisture in winter at least for

363

grass species (Schafer & Kotanen, 2003; Wagner & Mitschunas, 2008; Mordecai, 2012). Thus, moist

364

winter conditions could possibly trigger an investment into resistant seeds which show a higher

365

germination rate at all sites compared to the seeds originating from dry winter conditions. Our study

366

revealed higher germination rates at transplant sites with warmer soils in winter and higher spring air

367

temperatures. Here, our analyses revealed temperature thresholds above which a sharp increase of

368

the germination rate was observed, i.e. at soil temperature of 1 °C in winter and mean air temperature

369

above 7 °C in spring. These results follow basic biological expectations of temperature enhancing

370

physiological processes. However, the lower germination rate with cooler soils might also be induced

371

by a higher number of freeze-thaw cycles in the seeds, as freezing events occur more often at these

372

sites than at sites with a soil temperature of more than 1 °C in winter (Figure S9).
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373

Establishment in the first and survival in the second year were only driven by the climate at the

374

transplant site, while climate characteristics of the population origins and, hence, local genetic

375

adaptations, did not yield explanatory power. In both years, air temperature in summer played the

376

most important role for the establishment and survival of the young seedlings. However, light

377

availability (PAR) in summer and spring was also highly influencing the establishment rate in the first

378

year, whereas water availability (RH, VWC) in autumn affected the survival in the second year. The high

379

importance of light in the first year contrasts the previous finding that young beech trees were highly

380

shade tolerant in their first two years (Welander & Ottosson, 1998).

381

Average air temperature in summer was the most important parameter affecting the establishment

382

and survival in the first and in the second year, respectively. Establishment and survival rate decreased

383

sharply with average summer temperatures above 16.5 °C in 2017 and above 18 °C in 2018. In hotter

384

summers, a high evapotranspiration demand might cause limited establishment and survival due to

385

drought stress. Higher temperatures increase the vapor pressure deficit which results in stomata

386

closure to reduce the transpiration and hence, reduces photosynthesis and increases the risk of xylem

387

cavitation if the tension becomes too strong (Ruehr, Gast, Weber, Daub, & Arneth, 2016; Choat et al.,

388

2018; Yuan et al., 2019). This corresponds well with our findings of high importance of atmospheric

389

moisture deficit (RH) in summer (first year) and autumn (second year) for the establishment and

390

survival of beech. It appeared that dry conditions particularly in autumn 2017 strongly decreased

391

survival of beech seedlings in the following year in 2018. This might be related to drought-induced

392

reduction of carbohydrate assimilation or depletion of carbohydrate reserves (McDowell et al., 2008),

393

which likely causes higher mortality risk for the young seedlings in the next year given their limited

394

amounts of reserves compared to adult trees. Further, the survival rate in the second year improved

395

remarkably with cold days in autumn of the previous year (threshold at about 1500 Degree hours

396

below 5 °C). Decreasing air temperatures in autumn initiates a change from growth to storage of

397

carbohydrates (Skomarkova et al., 2006) and hence a storage of carbohydrates might be hampered by

398

warm air temperatures in autumn. Moreover, cold temperatures during autumn are required to build

399

up cold hardiness and thus lower autumn temperatures may better prepare young trees for the coming

400

winter (Larcher, 2005).

401

Importance of plasticity, genetic differentiation, and local adaptation in early life-

402

history traits

403

High plasticity in germination rate was indicated by significant differences in this trait between

404

transplant sites. Germination rate further differed among populations. The variation among

405

populations could potentially be explained by genetic differences between the populations or by
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406

maternal effects, as germination was positively affected by seed weight. A positive influence of seed

407

weight on germination was also found in Pinus and Quercus species in Spain (Gómez, 2004; Urbieta,

408

Pérez-Ramos, Zavala, Marañón, & Kobe, 2008; Zas et al., 2013). Seed provisioning is of high importance

409

for the heterotrophic growth of seedlings. However, also other maternal effects (i.e. epigenetic

410

modifications) could possibly influence the germination of beech (Donohue, 2009). As studies on the

411

influence of such transgenerational effects on germination in trees are rare, further research is needed

412

to better understand the mechanism explaining the different germination rates between populations,

413

as germination is a critical life stage and essential for natural regeneration of forests.

414

Focusing on the range margins, we found differences in germination between the northern and the

415

southern distribution margin, as the lowest germination rates occurred at the cold sites (especially in

416

Poland). The germination rate increased by transplanting seeds towards sites with increasing winter

417

and spring air temperatures and with drier winter conditions. Drier winter conditions may lead to a

418

higher germination rate due to a decreased risk of fungal infection as suggested by Schafer and

419

Kotanen (2003), Wagner and Mitschunas (2008), and Mordecai (2012) for grass species. Thus,

420

germination rate was highest at and even beyond the southern distribution margin. The climate

421

transfer distance analysis indicated no local adaptation in the trait germination, as germination rate

422

did not increase with a shorter climate transfer distance. The lack of local adaptation in germination is

423

also supported by our findings of no significant interaction between population and transplant site.

424

Interestingly, the establishment rate in the first and the survival rate in the second year was only

425

affected by the transplant site and not by the populations’ origins, revealing a high plasticity and no

426

indications for local adaptation in these traits. The high plasticity of the early life-history traits found

427

here is supported by other studies finding a high plasticity in beech for growth, young tree survival,

428

phenology, and in root traits (Meier & Leuschner, 2008; Vitasse, Bresson, Kremer, Michalet, & Delzon,

429

2010; Kramer et al., 2017; Gárate-Escamilla, Hampe, Vizcaíno-Palomar, Robson, & Benito Garzón,

430

2019). However, this can be moderated by local adaptation (cf. Gárate-Escamilla et al., 2019), in

431

particular directly at the cold and warm distribution range margins where extreme growing conditions

432

like frost and drought could be decisive for the persistence of this species (Hampe & Petit, 2005;

433

Kreyling et al., 2014; Bolte et al., 2016). It is important to note, though, that high plasticity is not

434

inherently positive for local population persistence (cf. Kreyling, Puechmaille, Malyshev, & Valladares,

435

2019), as it implies strong differences in survival rates with changing environmental parameters, i.e.

436

(almost) no survival at some of our sites.

437

The establishment of beech seedlings in the first and the survival in the second year was only related

438

to the environmental conditions at the transplant sites. Hence, the establishment of beech seedlings
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439

from all populations shows a high level of plasticity. Looking at the germination rate, we could not only

440

identify a plastic response to the climatic conditions at the transplant site, but also differences among

441

the tested populations. Here, populations from the northern as well as southern margin showed a

442

lower germination success than the populations from the centre at all sites including their origin.

443

Focusing on the potential for natural regeneration at the distribution margins, we need to differentiate

444

between the northern and the southern distribution margin. Germination rate increased with

445

increasing air and soil temperatures towards the southern distribution margin, resulting in the highest

446

germination rate with more than 50 % at the site even beyond the range. In contrast, the survival rate

447

in the second year decreased with warmer and drier conditions resulting in less than 10% survival

448

(Table S3). Thus, despite a high germination rate under the warmest conditions observed in this study,

449

natural regeneration was strongly limited by low survival of seedlings after their first year. Hence, our

450

results suggest that the process between germination and survival of young trees can be decoupled.

451

Low survival rates were also found in parts of the distribution center, as the year 2018 had been one

452

of the driest and hottest years ever recorded in Switzerland and Germany (Schuldt et al., 2020). This

453

indicates that marginality is not just induced geographically but rather ecologically (e.g. by climatic and

454

soil characteristics) (Bolte et al., 2016; Vilà-Cabrera, Premoli, & Jump, 2019). Furthermore, growth of

455

southern beech populations may even be favored by local climatic singularities as shown by e.g. the

456

positive influence of fog on beech growth in the region of our southern site OM in Spain (Barbeta,

457

Camarero, Sangüesa-Barreda, Muffler, & Peñuelas, 2019). In contrast, a vulnerability of beech to

458

drought in the central part of its distribution was found for adult trees during the summer drought in

459

2018 (Schuldt et al., 2020). Thus, parts of the distribution range center of beech, e.g. our site BA in

460

southern Germany, are likely becoming ecological marginal for adult trees but also for natural

461

regeneration, as the likelihood of drought events in summer is expected to increase in the near future

462

at mid latitudes in Europe (IPCC, 2014).

463

Interestingly, the potential of natural regeneration differs between the northern and north-eastern

464

distribution margin, as the number of survived seedlings was more than three-fold higher at the

465

transplant sites in Sweden than in Poland (Table S3). Differences in survival in 2018 might be explained

466

by the higher mean summer temperature in 2018 and the exceptional moist conditions in autumn

467

2017 in Poland, because too moist soil conditions are stressful for beech growth (Leuschner &

468

Ellenberg, 2017). However, our study had a larger perspective on the whole distribution range of beech

469

and thus it could not precisely explore the ecological reasons for those differences along the cold

470

distribution margin. This exploration would require more regional studies with more study sites

471

ranging from cold-dry to cold-wet sites, in order to better explain the potential of natural regeneration

472

for the projected natural expansion of beech beyond the current cold distribution margin.
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473

Implications and outlook

474

Our study implied that beech is highly plastic to environmental conditions during germination and the

475

first two years of establishment. Thus, the local environment mainly shapes natural regeneration.

476

Though no sign of local genetic adaptation for early life-history traits was visible, we cannot exclude

477

genetic moderation of this early-stage plasticity in beech. Genetic variation in plastic responses is

478

suggested to be an important predictor of species vulnerabilities to climate change (Kelly, 2019).

479

Plasticity in fitness traits may exceed the role of static local adaptation in adaptive processes towards

480

climate change in species’ central distribution ranges, in particular for long-living trees (Benito Garzón,

481

Robson, & Hampe, 2019). However, the interaction of evolutionary local adaptation and plasticity

482

under extreme weather events remains still unclear and a matter of future research, in particular at

483

species distribution margins with high selection pressure and strong evolutionary dynamics (Hampe &

484

Petit, 2005).

485

Assisted migration of pre-adapted non-local populations is currently discussed as possible adaptation

486

strategy to changing climatic conditions in forestry and nature conservation (e.g. Aitken & Bemmels,

487

2016). Our results, however, demonstrated a surprisingly high plasticity of local beech populations in

488

the early life-history traits and thus probably an ability for short-term acclimatization, at least at the

489

recruitment stage. However, our results also indicate that this plasticity might not be sufficient in warm

490

and dry conditions due to very low survival of beech seedlings after two years.

491

Our seed transplantation experiment across and beyond the distribution range of a wide-spread climax

492

forest tree species indicated that juvenile fitness traits responded plastically to changing

493

environmental conditions, while we did not find any sign of local adaptation in germination,

494

establishment and survival. From the perspective of natural regeneration and range shift, we need to

495

differentiate between the contracting southern and the leading north-eastern edge. While

496

germination was favored by warmer and drier conditions and maximized even further south than the

497

current contracting edge, juvenile survival was strongly decreasing with heat and drought. This

498

suggests that limitations of juvenile survival may exacerbate range loss at the contracting edge and

499

that regeneration may be hampered in parts of the center with increasing drought in times of climate

500

change. In addition, species persistence at marginal sites likely also depends on the competition with

501

better adapted species, such as the less drought sensitive evergreen tree species Quercus ilex L. at the

502

southern distribution margin (Barbeta et al., 2019). At colder sites, the high plasticity in the early life-

503

history traits may allow for increasing germination rates with increasing temperatures and may thus

504

facilitate natural regeneration even beyond the current cold margin in times of climate change.
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Abstract

19

Aim The dominant forest tree in Europe, European beech (Fagus sylvatica L.), covers large areas of

20

continental Europe and thus experiences diverse climatic conditions. In the face of predicted climate

21

change and shifts of distribution ranges, it is important to understand the diverse climate–growth

22

relationships towards distribution margins. Beech is generally reported to be sensitive to summer

23

drought towards dry and continental regions; yet, few studies have investigated climate sensitivity

24

towards the cold distribution margin of beech. We hypothesized that at colder sites i) growth of beech

25

is more sensitive to winter cold, ii) growth is less influenced by summer drought, and iii) stand-wide

26

growth reductions (negative pointer years) are related to extreme winter cold events.

27

Taxon European beech (Fagus sylvatica L.).

28

Location A large gradient of decreasing winter temperature (ΔT > 4 K along 500 km) from Rostock

29

(Germany) to Gdańsk (Poland).

30

Methods We analysed climate–growth relationships and the nature of growth reductions of ten beech

31

stands from more central to cold marginal beech populations.

32

Results Towards the cold marginal populations, growth became increasingly sensitive to winter cold

33

(February temperature) and less sensitive to summer water availability (June precipitation). Likewise,

34

negative pointer years coincided with winter cold anomalies at the colder sites and with summer

35

drought anomalies at the warmer sites. Thus, over the studied gradient, the general sensitivity of

36

beech to summer drought transitions into sensitivity to winter cold.

37

Main conclusions A range shift of beech across the current cold distribution margin is often assumed

38

to compensate for habitat and productivity losses of drought-prone southern and central populations.

39

With respect to the winter cold sensitivity found in our study, such assumptions should be taken with

40

caution. Since winter cold events are predicted to persist with similar frequency and magnitude even

41

during predicted climate warming, beech populations in the newly colonized habitat might be

42

significantly sensitive to winter cold.

43
44

Key words: Cold distribution border, cold events, dendroecology, European beech, forest ecology,

45

range margin ecology, winter cold sensitivity, winter ecology

46
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47

Introduction

48

Tree species distributions are linked to climate through direct effects of climate conditions on tree

49

physiological functioning (Körner et al., 2016). Consequently, potential distribution ranges can be

50

modelled by small sets of bioclimatic variables on a regional to global scale (Sykes et al., 1996; Kramer

51

et al., 2010; Saltre et al., 2015). Generally, climate envelope models suggest that tree growth and

52

distribution range limits are controlled by winter temperature towards the north and by water

53

availability towards the south as well as towards local discontinuities of the distribution range (Sykes

54

et al., 1996). European beech (Fagus sylvatica L.), with its high phenotypic plasticity (Meier &

55

Leuschner, 2008; Stojnić et al., 2015) and intra-specific genetic variability (Kreyling et al., 2012; Kreyling

56

et al., 2014), is the dominant forest tree species in Europe, covering an exceptionally broad ecological

57

range of soil types and climates in its distribution range (Leuschner et al., 2006; Bolte et al., 2007).

58

Beech naturally dominates under moderate soil moisture (dry to moist) and moderate soil acidity (acid

59

to alkaline) conditions (Bolte et al., 2007; Leuschner & Ellenberg, 2017). Depending on the region,

60

drought (water availability in summer) and cold (winter temperature threshold, growing season length,

61

late frost) are the main limiting factors of the potential distribution range of European beech (Bolte et

62

al., 2007; Giesecke et al., 2007).

63

Fritts (1966) recognized that one can observe higher climate sensitivity of tree growth to certain

64

limiting climatic factors towards the margin of a species’ distribution. This may be explained by the

65

assumption that climate sensitivity of plants is greater towards both the dry and cold ends of ecological

66

gradients because climate stress there becomes increasingly limiting to the point that potential

67

distribution limits are expressed due to total growth cessation (Fritts, 1966; Brown et al., 1996;

68

Normand et al., 2009). Based on multi-site dendroecological studies, drought has emerged as a general

69

driver of growth for beech across Europe (Dittmar et al., 2003; Lebourgeois et al., 2005; Jump et al.,

70

2006; Hacket-Pain et al., 2016; 2017; Knutzen et al., 2017), though drought sensitivity has been

71

indicated to increase towards drier sites along continental or elevational gradients (Jump et al., 2006;

72

Scharnweber et al., 2011; Roibu et al., 2017). However, this observation might be biased due to

73

research focusing on the southern to south-eastern dry parts of the distribution range (Dittmar et al.,

74

2003; Roibu et al., 2017), on countries at the southern dry distribution margin (Lebourgeois et al.,

75

2005; Jump et al., 2006), and on gradients from the central distribution range to its southern edge

76

(Hacket-Pain et al., 2016).

77

The cold north-eastern distribution margin (e.g. northern Poland) has so far been underrepresented in

78

studies on climate sensitivity of European beech. With climate change-induced warming, a range shift

79

of beech across the current north-eastern cold distribution border is projected to buffer range losses

78

80

from increasing drought stress at the southern distribution margin (Salinger, 2005; Kramer et al., 2010;

81

Saltre et al., 2015). Besides warming, though, climate will additionally become more variable (Salinger,

82

2005). This means that extreme cold events may persist or even increase in frequency in Europe

83

(Petoukhov & Semenov, 2010; Kodra et al., 2011; Kodra & Ganguly, 2014). For beech, late frost events

84

and subsequent leaf senescence are often followed by a considerable reduction in growth (Dittmar et

85

al., 2006; Príncipe et al., 2017). Although beech populations at colder sites may be locally adapted to

86

cold conditions (Kreyling et al., 2014, 2015), late frost-related growth reductions generally increase

87

towards colder sites where frost severity is greater (Dittmar et al., 2006; Príncipe et al., 2017). Príncipe

88

et al. (2017) suggested that impacts of late frost events may become more frequent in the future with

89

warmer and more variable climate conditions, as early spring warm spells and leaf unfolding may

90

increase the risk of late frost damage.

91

In contrast to the high sensitivity of young leaves to late frost events, dormant buds and cambium of

92

European beech can acclimate well to cold conditions and are thus particularly resistant to winter frost

93

(Lenz et al., 2016). Consequently, direct damage of winter cold events to above ground tissue may not

94

explain the cold distribution margin of beech (Körner et al., 2016; Lenz et al., 2016). Likewise, the cold

95

distribution is probably not limited by regeneration because beech recruits well at the cold distribution

96

margin and young beech saplings can establish successfully beyond the cold distribution margin of

97

adult trees (Vitasse et al., 2012; Körner et al., 2016; Matisons et al., 2017). Although winter cold events

98

may not explain the cold distribution limit alone, resulting soil frost during winter cold events may still

99

indirectly reduce above ground biomass production (Vitousek et al., 1997; Groffman et al., 2001;

100

Reinmann & Templer, 2016). Indeed, at forest plantations across the eastern cold distribution margin,

101

European beech was found to be sensitive to multiple stressors across the year: winter cold, cold and

102

dry springs, as well as hot summers (Augustaitis et al., 2012; Matisons et al., 2017). Thus, experiments

103

and dendroecology have indicated that growth reductions and sensitivity to winter temperature may

104

increase towards colder sites (Groffman et al., 2001; Augustaitis et al., 2012; Reinmann & Templer,

105

2016). However, the issue remains that too few studies have been conducted at the cold distribution

106

margin to appropriately test the assumption that a future range expansion beyond the current cold

107

margin can compensate for habitat loss at the dry margin. Therefore, studies on gradients of winter

108

cold (i.e. towards the north-eastern cold distribution margin) are urgently needed and will complement

109

climate–growth analyses from the southern, south-eastern, and central distribution range.

110

This study analysed the climate sensitivity of European beech along a gradient from the central

111

distribution area of European beech in northern Germany towards the natural cold distribution margin

112

in northern Poland. The focus of our study was winter temperature signals. We hypothesized that i)

113

the growth response to winter temperature is more pronounced at colder sites, ii) with increasing cold
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114

stress, responses to summer drought (water availability) are less pronounced, and iii) relatedness of

115

negative growth anomalies to cold events, rather than to drought events, increases towards the cold

116

distribution margin.

117
118

Methods

119

Study area

120

This study was performed in 11 managed mature forest stands with European beech as the dominant

121

tree species. The stands follow a gradient of winter temperature from Billenhagen near Rostock,

122

Germany (-0.5 °C mean coldest month temperature) to Kartuzy near Gdańsk, Poland (-4.7 °C mean

123

coldest month temperature, Table 1, Figure 1). During the last few decades, there has been a trend

124

towards slightly increasing annual mean temperatures at the six warmest study sites and slightly

125

warmer winters at the moderately cold sites, though there has been no significant warming trend at

126

the coldest sites (Figure S1 in Appendix S1 in Supporting Information). The studied gradient spans from

127

the central to the north-eastern cold margin of the continuous distribution range of European beech

128

(Bolte et al., 2007). With a difference in winter temperature of ΔT > 4 K along 500 km, the study

129

gradient covers a relatively large part of the temperature range of beech; in contrast, the precipitation

130

differences are relatively small between the study sites (Figure 1a). We selected sites with similar

131

proximity to the Baltic Sea and thus comparable seasonal climatic patterns and mean annual

132

precipitation sums (540-669 mm). There has been no trend of changing precipitation at the study sites

133

during the last decades (Figure S2 in Appendix S1). Owing to the same glacial history, all sites are

134

characterised by sandy soils of type Cambisol with comparable soil texture of mostly sandy silt to silty

135

sand (Table S1 in Appendix S1). Thus, our selection focus was on all sites having comparable water

136

holding capacity and a comparable hydrological setting. Within this framework of broader

137

geographical considerations, we selected individual sites with comparable stand structure (tree height,

138

tree diameter, canopy closure, Table 1). This is a prerequisite for our multi-site gradient analysis

139

because climate–growth relationships can depend on the canopy setting (Matisons et al., 2017). To

140

fulfil this major prerequisite of comparable stand structure, tree age varied between sites. We choose

141

typical managed mature beech forest sites, which mostly consist of co-dominant and dominant trees.

142

In doing so, the trees of all sites were similarly linked to soil and atmospheric conditions. Furthermore,

143

intra-specific competition signals, which are typical for supressed trees and may blur climate–growth

144

relationships, were reduced.
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Figure 1: Position of the sample sites in climate envelope of Fagus sylvatica (a), location of the study
area in Europe with distribution range of beech (EUFORGEN, 2009) represented by shading (b), and
site-specific climate–growth relationships (c). Strength of climatic signal (Pearson’s R) is represented
by the size of the circles; grey-tone fillings indicate summer precipitation and winter temperature
signals. At site DA, tree growth was not significantly correlated to any of the shown parameters
(respective point in map is not to scale). Climate-envelope according to Kölling (2007) from species
occurrences data (EUFORGEN, 2009) and climate data (climateEU data, Wang et al., 2012; Hamann et
al., 2013). Map data by South (2011). Winter mean temperature was calculated as mean of monthly
temperatures December–February.
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Table 1: Characteristics of the study sites, which are listed in descending order of winter temperature.
Geographic position (E: longitude degree, N: latitude degree); mean annual precipitation sum (MAP),
mean annual temperature (MAT), and mean coldest month temperature (MCMT) for the climate
normal period 1961-1990; Number of dated trees used to build chronologies (NTree), series length (lSeries)
as an indicator of approximate tree age, tree height (h) and diameter at breast height (DBH).
Site ID Site

°E

BH

12.32 54.12 587

8.0

-0.5

18

83 ± 4

27.1 ± 4.2 43.0 ± 4.6

Billenhagen

°N

MAP (mm) MAT (°C) MCMT (°C) NTree lSeries (years) h (m)

DBH (cm)

HH

Hanshagen

13.51 54.05 569

8.2

-0.9

27

76 ± 5

31.7 ± 2.3 43.2 ± 5.9

NZ

Neustrelitz

13.14 53.39 579

7.9

-1.5

20

141 ± 14

35.6 ± 2.8 44.7 ± 2.9

BB

Afrika in Brandenburg 13.83 53.11 567

8.4

-1.9

18

91 ± 5

32.2 ± 1.5 45.6 ± 3.2

GR

Gryfino

14.73 53.32 567

8.2

-2.6

25

167 ± 35

39.7 ± 2.5 52.8 ± 11.0

DE

Debno

14.56 52.71 540

8.8

-2.9

20

91 ± 3

32.6 ± 2.4 42.0 ± 3.9

WE

Wejherowo

18.08 54.72 622

7.0

-3.0

20

106 ± 8

33.5 ± 2.3 40.9 ± 5.4

DA

Damnica

17.55 54.59 669

7.3

-3.8

22

112 ± 5

35.9 ± 2.9 44.6 ± 4.9

GD

Golub-Dobrzyn

18.90 53.30 558

7.4

-4.1

22

115 ± 14

32.3 ± 2.9 55.6 ± 8.1

KO

Kolbudy

18.43 54.25 592

5.6

-4.4

20

130 ± 8

34.5 ± 1.9 38.6 ± 4.4

KA

Kartuzy

18.15 54.24 620

5.8

-4.7

39

102 ± 8

34.5 ± 3.4 37.0 ± 4.3

160
161

Dendrochronological sampling and sample processing

162

In the autumn of 2015, two increment cores per tree were extracted at breast height (1.3 m) from at

163

least 20 co-/dominant trees per site. Cores were air-dried, glued on wooden mounts, and sanded with

164

progressively finer sandpaper to highlight annual rings. For each site, scanned cores (‘Mikrotek

165

ScanMaker 1000XL Plus’ at 1200 dpi) were measured and cross-dated with the ‘CooRecorder’ and

166

‘CDendro’ software (version 8.1, Cybis Electronic & Data, 2015). Individual tree-ring series, built by

167

averaging two cores per tree, were detrended using a cubic smoothing spline with a 50% frequency

168

cut-off at 30 years, followed by autoregressive modelling. Detrending by a smoothing spline

169

accentuates climate-induced growth fluctuations while removing longer-term trends that may, for

170

example, reflect tree ageing or effects of forest management activities (Cook & Peters, 1981). We

171

chose to subsequently remove the autocorrelation from the data by autoregressive modelling

172

(prewhitening) to further accentuate the high-frequency signal of the tree-ring series, facilitating the

173

detection of climatic signals that fluctuate from year-to-year (Piovesan & Schirone, 2000). Detrended

174

tree-ring series were then calculated by dividing the observed by the predicted values. Stand

175

chronologies were constructed for each site by calculating a bi-weight robust mean of the index series

176

of individual trees, as suggested as a standard dendroecological data preparation step for sound

177

subsequent climate–growth analysis (Cook & Kairikuuǩstis, 1990; Fritts, 2001). A limited number of

178

cores could not be dated due to rotten segments, and were thus excluded (Table 1).

179

Both rbar (Pearson’s correlation coefficient indicating the strength of the common signal in growth

180

series from individual trees within a stand) and expressed population signal (EPS; a measure of quality
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181

of common growth signal within a population, Wigley et al., 1984) were calculated from detrended

182

tree-ring series, whereas the mean sensitivity (indicator for general climate sensitivity of growth) and

183

1st order autocorrelation (indicator for effects of previous-year conditions upon current year’s growth)

184

were calculated from index series (raw ring widths of each tree divided by the average ring width of

185

the tree). These measures were calculated for the robust common overlap period from 1940-2009 and

186

used to assess the quality and characteristics of the chronologies. We applied linear regression

187

modelling to test if these measures changed along the studied temperature gradient. Here and in all

188

following analyses we define a p-value threshold of p < 0.05 for accepting statistical significance.

189

Detrending, chronology building, and calculation of chronology statistics was performed using the

190

‘dplR’ package 1.6.4 (Bunn, 2008) in R 3.3.1 (R Core Team, 2016).

191

Climate data

192

Climate data for the studied sites was obtained using the software package ‘ClimateEU’ 4.63 (Wang

193

et al., 2012; Hamann et al., 2013; available for download at http://tinyurl.com/ClimateEU). Using this

194

software, generated with the Parameter-elevation Regressions on Independent Slopes Model (PRISM)

195

(Daly et al., 2008), we queried Europe-wide monthly, seasonal and annual historical climate data for

196

the years 1929 (restricted by common observation period in our tree-ring series) to 2009 (restricted

197

by availability of climate data). Here, we extracted monthly temperature and precipitation data. The

198

Standardized Precipitation-Evaporation Index (SPEI) was calculated from temperature and

199

precipitation data (R-package ‘SPEI ‘1.6, Beguería & Vicente-Serrano, 2013).

200

Data analysis

201

To analyse climate–growth relationships across the winter temperature gradient, we correlated the

202

tree-ring chronologies, which represent site-specific growth signals in annual resolution, with monthly

203

climate variables (temperature, precipitation) from the previous June to the current September over

204

a common observation period. For the sake of robust site chronologies and robust analysis of climate–

205

growth relationships, we further restricted the common observation period for this analysis (1940–

206

2009, robust chronologies with each NTree > 15 per chronology). A 1000-fold bootstrapping correlation

207

procedure (R-package ‘treeclim’ 2.0.0, Zang & Biondi, 2015) was used to calculate the strength of these

208

relationships (Pearson’s R). Subsequently, we tested how summer drought and winter cold signals

209

differed over the studied gradient. Therefore, we considered the correlation coefficients for

210

precipitation in June (the time at which most growth occurs according to regional dendrometer

211

monitoring, van der Maaten et al., 2018), as indicative for summer drought. The cold sensitivity of

212

plants is not constant during winter but rather changes persistently depending on complex interactions

213

of physiological and environmental drivers (Malyshev et al., 2018), such that we could not define the
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214

month of highest cold sensitivity that represents the winter cold signal a priori. Based on an initial

215

analysis of monthly climate–growth relationships from December to March, we chose to consider the

216

correlation coefficients for temperature in February as the winter cold signal (Figure S3 in Appendix

217

S1). We then tested how those summer drought and winter cold signals differed over the studied

218

gradient. We described the changing responses to summer drought or winter cold across sites with

219

two separate regression models. In each model, mean winter temperature of the sites was used as

220

explanatory variable.

221

Superposed epoch analysis (SEA, Chree, 1913) was used to study climate anomalies in negative pointer

222

years (i.e. years with strong, site-wide growth reductions) that occurred in the period 1929–2009.

223

Using the raw individual tree-ring series of each site, pointer years were defined with the

224

‘normalization in a moving window’ method according to Cropper (1979) as implemented in the R-

225

package ‘pointRes’ 1.1.2 (van der Maaten-Theunissen et al., 2015). In this method, we first normalized

226

the raw tree-ring series by z-transformation (setting mean to zero and standard deviation to one) to

227

Cropper values (C) within a moving window of five years (Cropper, 1976). Then, we defined three

228

intensity classes (weak: |C| > 1, strong: |C| > 1.28, and extreme: |C| > 1.645) according to Neuwirth

229

et al. (2007) for a first descriptive analysis of pointer years. A year was considered a negative pointer

230

year when at least 50% of the trees within a site showed a growth reduction in their previously

231

normalized tree-ring series. For each site, we used SEA to extract the climate data of lag = 0 event years

232

(the previously defined site specific pointer years of at least weak intensity). In this step, all intensity

233

classes of pointer years were treated equally. Afterwards, we applied a 1000-fold bootstrapping

234

procedure to test whether winters were on average abnormally cold or summers abnormally dry in

235

those extracted years. Furthermore, we plotted the winter cold and summer drought anomalies of

236

those extracted years against the mean winter temperature of our study sites and assessed the trend

237

significance by regression modelling.

238
239

Results

240

Chronology statistics

241

As shown by the chronology statistics (Table 2), the highest rbar values (share of common growth

242

signal) were found among the coldest sites (KO: rbar = 0.52; GD: rbar = 0.54); the lowest rbar values

243

were found at the warmest sites (NZ: rbar = 0.28; BH: rbar = 0.39). However, the tendency of

244

increasing synchronicity towards colder sites was not significant (adj. R² = 0.26, p = 0.061). General

245

climate sensitivity (MS) and the 1st order autocorrelation (AC) were not found to be related to the

246

winter temperature gradient and varied strongly from site to site.
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Table 2: Chronology statistics of tree-ring series. Number of trees (NTree), correlation between trees
(rbar), expressed population signal (EPS), mean sensitivity (MS), and mean autocorrelation within trees
(AC) in descending order of winter temperature. rbar and EPS were calculated from detrended series,
MS and AC from index series over the common overlap period 1940-2009 (also used for climate–growth
relationships).
Site ID NTree rbar EPS MS

AC

BH

18

0.39 0.92 0.21 ± 0.04

0.72 ± 0.12

HH

27

0.45 0.95 0.25 ± 0.03

0.69 ± 0.12

NZ

20

0.28 0.89 0.32 ± 0.05

0.66 ± 0.16

BB

18

0.48 0.94 0.29 ± 0.05

0.74 ± 0.10

GR

25

0.47 0.96 0.30 ± 0.05

0.61 ± 0.14

DE

20

0.51 0.95 0.28 ± 0.04

0.70 ± 0.10

WE

20

0.39 0.93 0.23 ± 0.04

0.72 ± 0.09

DA

22

0.48 0.95 0.28 ± 0.07

0.72 ± 0.11

GD

22

0.54 0.96 0.31 ± 0.06

0.50 ± 0.16

KO

20

0.52 0.96 0.23 ± 0.04

0.65 ± 0.13

KA

39

0.46 0.97 0.21 ± 0.04

0.63 ± 0.15

252
253

Climate–growth relationships

254

Summer drought (precipitation in June) and winter cold (February temperature) were identified as

255

important drivers of tree growth. For the six warmest sites, years with low precipitation in June showed

256

reduced tree growth (Figure S4 in Appendix S1); years with low February temperature showed reduced

257

growth at the coldest sites (Figure S3 in Appendix S1). With the exception of site DA, a strong summer

258

precipitation or a strong winter cold signal could be detected at every site (Figure 1). The strength of

259

the summer precipitation signal decreased gradually towards the cold distribution margin (adj. R² =

260

0.53, p = 0.007; Figure 2a), whereas the strength of the winter cold signal increased (adj. R² = 0.54, p =

261

0.006; Figure 2b). Sites GD and WE were outliers far outside the confidence interval in both linear

262

regressions. Growth at GD was much more sensitive, and growth at WE was much less sensitive to

263

June precipitation than predicted, whereas the opposite held true for February temperature.
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Figure 2: Strength of June precipitation signal (a) and February temperature signal (b) in chronologies
of tree growth across the spatial gradient of study sites. The correlation between precipitation and
growth increases significantly from colder to warmer sites, indicated by a blue line with grey bands
representing the 95% confidence intervals of the regression. The correlation between winter
temperature and growth increases significantly towards the colder sites. Significant correlations for
individual sites are indicated by asterisks.

271
272

Negative growth anomalies

273

Negative pointer years occurred at all sites, though only of weak and strong intensity (Figure 3). In

274

1940, 1992, 2000, 2006, and 2011, negative pointer years were observed on multiple sites. SEA

275

revealed that negative pointer years coincided with abnormally cold winters at two of the coldest sites

276

(KA and GD, Figure 4a). The relationship of abnormally cold winters and negative pointer years

277

increased significantly towards colder sites (adj. R² = 0.52, p = 0.011).

278

Abnormally dry summers (negative z-scores of SPEI) during negative pointer years significantly

279

increased towards the warmer sites (adj. R² = 0.62, p = 0.004, Figure 4b). At five (DE, GR, BB, NZ, BH)

280

of the six warmest sites, negative pointer years coincided with summer drought events (significantly

281

negative SPEI anomalies in June). Pointer years on sites with a mean winter temperature below -2 °C,

282

however, did not coincide with significant summer drought events.

86

_______________________________________________________________ _____________________

HH

______________________________________________________________________ __________ __

NZ

_ ___ _ __ ___ __ __ __ ___ ___ _ __ ___ ___ __ __ __ ___ __ __ __ ___ ___ __ __ __ ___ __ __ __ ___ ___ __ __ __ ___ _

BB

___________ ___________________________________________________ _______ _____________

GR

_______________________________________________ _______________ _______ _____________

Site

BH

DE

___ __ _ __ __ __ __ __ ___ ___ _ __ ___ ___ __ __ __ ___ __ __ __ ___ ___ __ __ __ ___ __ __ __ __ ___ __ __ __ ___ _

DA

_______________________________________________ ______ ___________ ____ _____ ____ __

WE

__________________________________________________________________________________ __

GD

_ _________ ______ ____________________________________________________ _____________

KO

_____________________________________ _______________________________________ ____ __

KA

___________ _________________________________________________________________ ____ __

284
285
286

negative extreme
negative strong

1930

283

pointer year class

1940

1950

1960

1970

1980

1990

2000

negative weak

2010

Year

Figure 3: Negative pointer years (negative growth anomalies at site level) for the study sites. Growth
deviations were detected within a moving window of 5 years. On the y-axis, the sites are ordered from
warmer to colder winter conditions (top to bottom).
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Figure 4: Superposed Epoch Analysis (standardized climate anomalies in negative pointer years) for the
period 1929-2009 across the studied gradient of decreasing mean winter temperature. Blue lines with
grey bands represent regression lines with 95% confidence intervals. Dashed lines represent the 95%
confidence interval for site-specific means of climate parameters. Asterisks indicate climate anomalies
significantly deviating from this mean value. Vertical grey lines represent the range of anomalies at a
given site. The site WE is not shown in the regression plots, because no negative growth events occurred
at this site during the analysed time span of 1929–2009.
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295

Discussion

296

This study analysed climate–growth relationships for European beech along a gradient from warmer

297

to colder winter climate (from the centre towards the margin of the distribution range). With strong

298

winter temperature differences of ΔT > 4 K across 500 km, the studied temperature gradient covers a

299

substantial part of the winter temperature range of beech (Figure 1a). In accordance with our initial

300

hypothesis, the sensitivity of beech growth to winter cold increased gradually and became significant

301

towards the cold distribution margin of beech. We observed drought stress at the six warmest study

302

sites, substantiating the general drought sensitivity of beech in large parts of its distribution range

303

(Dittmar et al., 2003; Lebourgeois et al., 2005; Jump et al., 2006; Hacket-Pain et al., 2016). As we

304

further hypothesized, we found that the summer drought signal faded out towards the cold margin,

305

while the winter cold signal became more important. The one exception was the site GR in the middle

306

of the studied temperature gradient. Whereas neighbouring sites were sensitive to drought alone,

307

growth at GR was sensitive to both summer drought and winter cold. Furthermore, the moderately

308

cold site WE was much more sensitive to winter conditions than we had predicted. In contrast to the

309

other, mostly flat study sites, WE was situated in a valley between moraine ridges where a colder

310

microclimate was probably favoured (Vitasse et al., 2017). This highlights, how specific site conditions

311

can pronounce regional winter sensitivity even more locally. The moderately cold site DA was

312

exceptional in that we found neither sensitivity to winter cold, nor to summer precipitation. However,

313

this finding is in line with our regression analysis, which predicted that drought sensitivity alone might

314

be too low and cold sensitivity alone not high enough to be the exclusive driver of growth at locations

315

with mean coldest month temperatures of approximately T = -2.7 °C. Another exception was the third-

316

coldest site GD, where we detected a strong drought signal instead of a pronounced winter cold signal.

317

Despite the many possible reasons for growth reductions of beech (e.g. frost events in late spring,

318

Príncipe et al., 2017, drought or masting events, Hacket-Pain et al., 2017), we could verify our third

319

hypothesis because we could clearly see a relation of growth reductions (i.e. negative pointer years)

320

to winter cold that increased towards the cold margin of beech in our study area. We also observed

321

this relation for GD, indicating that trees at this site react sensitively to multiple stressors in both

322

summer (general growth signal) and winter (exceptional growth reductions), comparable to sites

323

studied by Augustaitis et al. (2012) at the eastern distribution margin of beech. An explanation might

324

be that GD is a cold site more inland from the Baltic (compare Figure 1) with less water availability

325

during summer, but occasionally harsh continental winter conditions (Koźmiński & Michalska, 2001).

326

In conclusion, our findings highlight the study area between north-eastern Germany and northern

327

Poland as a transition zone, where summer drought as a general stressor for beech growth fades out

328

towards the colder sites and the response to winter cold becomes gradually more pronounced.
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329

Sensitivity of beech growth to winter cold is presently seldom reported in dendroecological research.

330

Some multi-site studies also include montane to subalpine beech populations and locally detected

331

growth sensitivity to winter cold for Central European high altitude sites and the Pyrenees (Dittmar et

332

al., 2003), the Eastern Alps (Di Filippo et al., 2007), the Carpathians (Kern & Popa, 2007; Roibu et al.,

333

2017), and the southern Balkans (Fyllas et al., 2017). However, the authors often do not further explore

334

their findings of locally important winter cold sensitivity, but rather focus on the drought sensitivity of

335

beech, which is more important at the regional level (Dittmar et al., 2003; Roibu et al., 2017; Fyllas et

336

al., 2017). Moreover, a local winter cold signal could possibly have altogether gone unreported, e.g.

337

for the high-altitude Apennines, due to the prevalence of the regional drought signal in the multivariate

338

analysis and the strong differences in precipitation amount between sites (Piovesan et al., 2005) or

339

due to the hypothesis-driven focus on drought as the major driver of beech growth from the start

340

(Piovesan et al., 2008). On a regional level, winter cold sensitivity is generally reported for lowland

341

populations of coniferous and deciduous tree species in northern temperate regions of North America

342

(Pederson et al., 2004; Pearl et al., 2017). In line with our findings on higher winter cold sensitivity

343

towards colder sites, Pearl et al. (2017) recognized that the higher latitude populations tended to have

344

higher winter cold sensitivity. However, the authors could not detect a clear spatial trend, probably

345

due to strong differences in local site conditions (Pearl et al., 2017). In conclusion, perspectives on high

346

altitude populations of beech and on other northern temperate tree species clearly show that the

347

spatial understanding of winter cold sensitivity of temperate tree species profits the most from multi-

348

site studies along temperature gradients with comparable precipitation patterns and similar local site

349

conditions.

350

In contrast to the few examples of winter cold sensitivity of high altitude beech populations, impacts

351

of cold events on beech are often reported in relation to growth reductions following damage of young

352

leaves during frost events late in spring (Dittmar et al., 2006; Vanoni et al., 2016; Príncipe et al.,

353

2017).Regarding the findings of these authors, the coherence seems clear: the above ground late frost

354

event damages the above ground photoactive, carbon-assimilating organs of a tree, which

355

subsequently reduces the trunk increment. Our study, in contrast, showed an increasing influence of

356

winter cold during the bud dormancy period on growth of European beech towards the cold

357

distribution margin. However, buds of European beech are hardly damaged even by extreme frost

358

events (Lenz et al., 2016). Lenz et al. (2016) report -40 °C as critical temperature for 50 % bud damage

359

and -34 °C for 10 % bud damage; temperatures that were never or hardly reached within the

360

observation period of our study area. Namely, the lowest minimum temperature (-36 °C) was recorded

361

in 1969 at site KA (according to climateEU data). However, we observed a clear relationship of

362

aboveground growth reductions and winter cold. According to the resistance of aboveground biomass
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363

to cold events found by Lenz et al. (2016), our observed growth reductions are probably only indirectly

364

induced by soil frost damage to fine roots and lower nutrient retention over winter due a disturbed

365

microbial community (Groffman et al., 2001; Yanai et al., 2011; Reinmann & Templer, 2016). With

366

damaged fine roots and lower nutrient availability, less nutrients may be taken up in spring, which can

367

lead to decreased plant growth during the growing season (Campbell et al., 2014; Schuerings et al.,

368

2014; Reinmann & Templer, 2016; Gentilesca et al., 2018). Our findings on winter cold sensitivity of

369

adult trees may even be valid for juvenile beech trees in the understory because juvenile and adult

370

conspecifics show similar frost resistance during the same phenological stage (Vitasse et al., 2014) and

371

experience comparable microclimatic conditions during winter (Vitasse, 2013). In conclusion, our study

372

identified an as of yet largely unnoticed relationship between winter cold and growth reductions. In

373

turn, our study, which revealed this relationship, gives an important motivation for conducting field

374

experiments in forests in combination with extensive ecophysiological and phenological

375

measurements of canopy, trunk, understory, and root compartment to increase the mechanistic

376

understanding of the underlying forest ecosystem processes (Groffman et al., 2001; Lenz et al., 2016).

377

In line with the basic principle of Fritts (1966), which stated that tree growth responds more sensitively

378

to a limiting climatic factor towards the distribution margin, our results suggest that the growth of

379

beech becomes more sensitive to winter cold towards the cold distribution margin. This increased

380

sensitivity might explain the potential distribution border of beech in north-eastern Europe, though

381

the realized distribution borders might also be due to anthropogenic influence or competition with

382

other, better locally adapted species (Brown et al., 1996; Giesecke et al., 2007; Kroiss &

383

HilleRisLambers, 2015). A possible link between climate sensitivity of tree growth and distribution

384

limits of tree species was further supported by transplantation trials beyond the cold distribution

385

margin of beech and by modelling approaches, showing increased sensitivity of beech growth to winter

386

cold (Augustaitis et al., 2012; Matisons et al., 2017; van der Maaten et al., 2017). Towards the dry

387

distribution margin, climate (i.e. drought) sensitivity of beech growth was reported to increase as well

388

(Jump et al., 2006; Roibu et al., 2017). In contrast, other studies showed that mean growth rates might

389

be lower towards the dry distribution margin, but that marginal populations may be more adapted and

390

thus less sensitive to drought than core populations (Weber et al., 2013; Thiel et al., 2014; Cavin &

391

Jump, 2017). While genetic diversity between dry marginal beech populations is high, our study on the

392

climate sensitivity of beech across a large-scale gradient of decreasing winter temperature was

393

conducted in an area where populations were similar due to anthropogenically influenced migration

394

history (Magri et al., 2006; Bolte et al., 2007). With this low between-population diversity, local

395

adaptations to winter cold either do not exist or are not strong enough to overcome frost damage.
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396

As with the relationship between growth sensitivity and distribution margins, the relationship between

397

winter cold and tree distribution limits in Europe is also subject to debate. According to Sykes et al.

398

(1996) and van der Maaten et al. (2017), the eastern distribution margin of common European tree

399

species is signified by abrupt winter cold thresholds. At their cold margin – and at transplantation sites

400

beyond the cold margin – tree species are predicted to respond to winter cold events with a reduction

401

in growth (Sykes et al., 1996). In contrast, the ability of trees to regenerate at their cold margin and to

402

protect their aboveground tissue from frost indicates that winter temperatures do not limit latitudinal

403

tree species distribution ranges (Körner et al., 2016; Lenz et al., 2016). Still, the findings of our study

404

are in line with Sykes et al. (1996) and van der Maaten et al. (2017) by showing an increased sensitivity

405

of tree growth to winter cold towards the eastern margin of European beech. On one hand, winter

406

cold could become a more important driver of growth reductions for European beech in the face of a

407

predicted north-eastward range shift in newly colonized habitat. Winter cold events might persist with

408

similar frequency during projected climate change (Petoukhov & Semenov, 2010; Kodra et al., 2011;

409

Kodra & Ganguly, 2014). On the other hand, summer temperatures are predicted to increase while

410

summer precipitation will likely decrease, possibly putting sites that are currently only sensitive to cold

411

events under growth stress of both summer drought and winter cold.

412
413

Conclusion

414

Studies on the growth and climate sensitivity of European beech towards its eastern cold distribution

415

margin have so far been underrepresented. Here, we showed that winter cold increasingly influences

416

growth of beech and that exceptionally cold winters are related to exceptional growth reductions at

417

colder eastern sites. A north-eastward range shift of European beech is often assumed to compensate

418

for habitat and productivity losses of drought-prone southern and central populations. With respect

419

to the winter cold sensitivity found in the present study, such assumptions should be taken with care.

420

Sensitivity to winter cold might become increasingly important for expansion of beech into colder

421

areas under climate change. Since dendroecological methods can only show retrospective climate–

422

growth relationships, temperature manipulation experiments could further contribute to a deeper

423

mechanistic understanding that can then be used to update model predictions.

424
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