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Abstract

The ability of beech (Fagus sylvatica L.) populations to adapt to the ongoing climate change is crucial
for the maintenance of economic and social benefits and for the conservation of biodiversity in Europe
and especially in the southeastern part of the continent, where environmental change is expected to be
more intense. Beech populations in the region cover multiple ecological conditions at a small
geographical range and have a complex biogeographical background involving several postglacial
lineages originating from distant or local refugia. In this study, we tested the existing adaptive potential
of eight beech populations from two provenances in N.E. Greece (Evros and Drama), under simulated
controlled climate change conditions in a growth chamber and in the field. In the growth chamber,
simulated conditions of temperature and precipitation for the year 2050 were applied for three years,
under two different irrigation schemes, a non-frequent (A1) and a frequent one (A2). Seedling survival,
growth and leaf phenological traits were used as adaptive traits. The results showed that beech
seedlings were generally able to survive under climate change conditions and showed adaptive
differences among provenances and populations. Furthermore, beech genotypes demonstrated an
impressive phenotypic plasticity by changing the duration of their growing season allowing them to
avoid environmental stress and high selection pressure. Different populations and provenances were
connected with different adaptation strategies, that relate mainly to the temporal distribution patterns
of precipitation and temperature, rather than the average annual or monthly values of these measures.
Additionally, different adaptive strategies appeared among beech seedlings when the same amount of
water was distributed differently within each month. This indicates that the physiological response
mechanisms of beech individuals are very complex and depend on several interacting parameters. For
this reason, the choice of beech provenances for translocation and use in afforestation or reforestation
projects should consider the small scale ecotypic diversity of the species and view multiple
environmental and climatic parameters in connection to each other.

Keywords: Fagus sp., phenology, survival, height, adaptation, common garden experiment

1 Introduction

The European beech (Fagus sylvatica L.) is widely considered as one of the most important tree species
in the continent, both economically and ecologically. Its geographical range extends from Scandinavia
to the Mediterranean covering various habitats (Bolte et al., 2007; Willner et al., 2017). It is generally
considered as an oceanic species that can grow in areas with mild winters and moist summers, sensitive
to intense drought periods in the growing season (Fotelli et al., 2001, Leuschner et al., 2001, Granier
et al., 2007, Bolte et al., 2007, PSidova et al., 2015). Several studies report that beech populations in
Southern Europe have faced strong selective pressures during the last decades (Jump et al., 2006,
Piovesan et al., 2008), which are expected to become more intense because of future changes in rainfall
patterns and temperatures under the forthcoming climate change (Charru et al., 2010, Rita et al., 2014),
arising concerns about the survival dynamics of the European populations (Bréda et al., 2006, GeBler
et al., 2007). Fotelli et al. (2009) report that the intense drought in 2003 largely affected beech
populations across Europe but had a rather insignificant effect on Greek beech populations, leading to
the expectation that southern populations may harbor genetic adaptations that allow survival under
conditions of increased water stress. Dounavi et al., (2016) report that Greek beech provenances are
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best adapted to prolonged drought periods and emphasize their potential as a source of reproductive
material for Europe in the face of climate change.

The adaptive potential of tree populations can be described through various parameters such as growth,
survival and shifts in phenology. Seedling growth can be severely affected by abiotic stressors such as
temperature and water deficiency. As climate becomes warmer and summer precipitation is expected
to decline, beech populations may face intense drought periods. Under water stress, plants usually
decrease growth in terms of both height and biomass accumulation because of minimization in carbon
fixation through photosynthesis. In addition, low soil water potential affects hydraulic traits (e.g.
conductivity) and can create xylem cavities leading to plant mortality (Bolte et al., 2016). Survival
under environmental pressure is of primary importance as it directly reflects populations’ regeneration
dynamics which depend both on genetic and environmental factors (Ngulube, 1989, Sexton et al., 2002,
Matias and Jump, 2014).

Although climate is expected to become warmer on average, frost events are not expected to diminish
during the 21st century. These events are especially crucial when they take place too early in fall or
too late in spring. Under natural conditions, plants are preparing their cryoprotection by incorporating
soluble carbohydrates, hydrophilic polypeptides, antioxidants and chaperones (Thomashow 1999) into
their cellular membranes to ensure their survival during winter (Hofmann et al., 2015). Species growing
in warmer environments are expected to invest less in cryoprotection than those from colder
environments. As supported by Kreyling et al., (2012), beech forests in Central Europe are sensitive to
late frost events and climate warming may lead to early leaf flushing and more frequent frost damage
in the future. For this reason, it is important to investigate marginal beech populations that are expected
to be adapted to cold events and extended periods of drought in the growing season at the same time
(St Clair and Howe 2007; Eilmann et al., 2014; Thiel et al., 2014).

Leaf phenology is a key adaptive trait that determines carbon balance (production and accumulation)
and the overall growth of a plant species, while also affecting ecosystem productivity (Kramer et al.,
2000; Larcher, 2003). Bud burst, and leaf senescence are the most important leaf phenological traits
used in studies, since they mark the onset, duration and ending of a species growth period. Bud burst
reflects the transition phase from the winter dormancy to the onset of next year’s growth period and
requires a preceding chilling period (Heide 1993; Kramer et al., 2017). Late bud burst can protect from
late frosts but can also reduce the growth period (Lechowicz, 1984; Visnji¢ and Dohrenbusch, 2004).
Bud burst is referred to be under genetic-provenance control (Robson et al., 2011), while it is also
directly affected by environmental factors such as temperature and photoperiod (e.g. Heide, 1993; Yan
and Wallace 1996; Basler and K6rner 2014; Schiiler and Liesebach, 2015; Kramer et al., 2017). Bud
burst includes various metabolic activities, through which carbohydrate reserves, that were invested in
buds after their formation during the previous growth period, are getting mobilized. It is known that
water deficiency leads to a reduction in carbon fixation and subsequently in diminished growth.
However, a limited number of studies exist on the possible effect of irrigation on bud burst timing of
temperate forest trees (e.g. Morin et al., 2010; Kuster et al., 2014).

The time of leaf senescence determines the end of the growing period and the onset of winter dormancy
and strongly depends on the environmental factors during the current year. For example, premature
leaf senescence can be observed under low summer and autumn precipitation to mobilize leaf nutrients
(Sedigheh et al., 2011; Chen et al., 2015; Tombesi et al., 2015; Gill et al., 2015), while leaf senescence
can be delayed by higher autumnal temperatures (Fu et al., 2017), as well as by an increased
photoperiod (Way and Montgomery 2014; Gill et al., 2015). Furthermore, it is also influenced by spring
leaf phenology (Panchen et al., 2015; Fu et al., 2014; Keenan and Richardson 2015) and at the same
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time it can affect leaf flushing in the next year (Heide et al., 2003). Besides genetic adaptations, plants
may demonstrate plasticity in their leaf phenology as a response to changes in the environmental
conditions (Estiarte and Penuelas, 2014; Mijnsbrugge et al., 2016).

Apart from the existence of specific adaptive variants that fit to the environmental conditions of the
locations of populations, a large genetic diversity within populations is expected to play a significant
role in plant adaptation under future conditions (adaptability). High genetic diversity in a population
guarantees the existence of many alleles at adaptive genes, that may become advantageous when facing
environmental stressors in the future (Nicotra et al., 2010). To describe the patterns of diversity in
quantitative adaptive traits among populations, plants belonging to different provenances need to be
compared in specific common garden tests. When more tests are established on different sites under
varying conditions, they can reveal provenance-environment interactions (Scheepens et al., 2010,
Malyshev et al., 2014, de Villemereuil et al., 2016), contributing to the selection of reproductive
material sources for future restoration and management activities (Caron et al., 2015, Bezdéckova and
Matéjka 2015). Several provenance tests exist in Europe for beech, under field or glasshouse conditions
(e.g. von Wiihlisch et al., 1995; Nielsen and Jargensen 2003; Czajkowski and Bolte, 2006; Gomory
and Paule 2011; Liesebach 2012; Schiiler et al., 2012; Kreyling et al., 2012, Thiel et al., 2014; Harter
et al., 2015; Dounavi et al., 2016; Petkova et al., 2017), providing important information for forest
management and conservation of beech populations.

Beech populations in Greece have been found to demonstrate high levels of genetic diversity in non-
adaptive gene markers (Papageorgiou et al., 2008; Hatziskakis et al., 2009, Dounavi et al., 2016). One
of the reasons for this genetic richness may reside in the existence of several large and small glacial
refugia for beech in the country and the complex migration pattern of beech refugial populations after
the end of the last glaciation period (Hatziskakis et al., 2009; Papageorgiou et al., 2014). This
biogeographical complexity of beech in northern Greece is further enhanced considering a possible
influence from the eastern beech (F. orientalis) that is reported to form a hybrid zone with European
beech (F. sylvatica) on the eastern side of the Balkan peninsula (e.g. Gomory et al., 1999; Hatziskakis
et al., 2009; Houston Durrant et al., 2016).

To overcome the negative consequences of the expected increase in drought on the future performance
of beech forests in afforestation programs in Europe, several authors suggest testing and using beech
ecotypes that are adapted to a less oceanic climate (Nielsen and Jergensen, 2003; Schraml and
Rennenberg, 2002; Meier and Leuschner, 2008; Rose et al., 2009), such as the refugial beech
populations from Southern Europe (Rennenberg et al., 2004; GeBler et al., 2007). The aim of our study
is to describe the existing adaptive potential of beech in the southeastern part of Europe (N.E. Greece),
through the comparison of adaptive traits at seedlings belonging to different provenances with complex
biogeographical background representing different postglacial lineages, under simulated controlled
climate change conditions in a growth chamber and in the field.

2 Materials and Methods

2.1 Area of the study and selection of populations

Northeastern Greece is a mountainous region, with a topographically diverse landscape covering
various altitudes. Mt. Rodopi, a long massif shared between Greece and Bulgaria, dominates this region
and extends from the east to the west. In the lowlands, the climate is subhumid and submediterranean,
with harsh winters and dry summers, while it becomes more humid and temperate with harsh winters
and no summer drought in higher altitudes (Mavromatis, 1980). Beech forests are present all over this
region, covering habitats with a large variety of environmental conditions (Bergmeier and Dimopoulos
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2001, Tsiripidis et al., 2007). According to genetic and ecological studies, beech populations in N.E.
Greece have a complex biogeographic background, since they represent multiple postglacial lineages,
originating from different glacial refugia (Hatziskakis et al., 2009; Papageorgiou et al., 2014). At the
same time, this region is suggested to be part of a possible introgression zone between two beech
species F. sylvatica and F. orientalis (Gomory et al., 1999; Hatziskakis et al., 2009; Kandemir and
Kaya, 2009; Hatziskakis et al., 2011; Papageorgiou et al., 2014; Houston Durrant et al., 2016), with
the former species being present in the western part of the region (west Mt. Rodopi, Mt. Falakro, Mt.
Menikio) and the latter characterizing the eastern part of the Mt. Rodopi (Chistensen 1997, Tiripidis
and Athanasiadis 2003, Papageorgiou et al., 2008).

Two beech provenances were chosen in N.E. Greece, “Evros”, on the eastern side and “Drama” on the
western side of the study area (Figure 1 and Supplement 1). Four populations were selected in each
provenance (E1 - E4 and D1 - D4 respectively), representing different postglacial lineages, based on
genetic studies (Hatziskakis et al., 2009; Papageorgiou et al., 2014; Manolis et al., 2017). Due to the
absence of long term meteorological data from the area of the selected populations, we used current
climatic data available from worldclim.org in a 30-acr seconds resolution (version 1.4) (Hijmans et al.,
2005; Souto et al., 2009). Four basic climatic and 19 bioclimatic variables were extracted for the
coordinates of each sampled seed parent and the average values were used to describe each population
(Supplements 3, 4 and Figure 2). Provenance Evros represents a climatic environment with moist and
cold winters, warm and dry summers with an intense (but not long) drought period. The climate in
Drama provenance appears to be more continental with relatively moist and more severe winters as
well as warm summers with a less intense dry period (Gouvas and Sakellariou, 2011).

2.2 Seed collection and germination

Seed collection occurred in autumn 2012, a non-mast production year for beech in the study area, since
less than 50% of the trees produced nuts. In each population, 60-80 seeds per seed tree were collected
from 30 trees, totaling 240 families. We consider seeds and later seedlings originating from the same
seed tree as a half-sib family. After their transfer to the laboratory, seeds were air-blown to remove the
empty ones. The remaining seeds were immersed for 2 minutes in 35% H202 (Anand and Chanway,
2013) for disinfection and thoroughly rinsed with tap water for several minutes. After the cleaning
procedure, seeds were subjected to cold stratification for 90 days (Baskin and Baskin 2001) at 0°C in
petri dishes filled with sterilized sand. Each dish contained 10 randomly selected seeds per family,
totaling 300 seeds per population and 1200 seeds per provenance. Germination was completed during
the stratification stage. Seeds that germinated were transferred to plastic pots filled with turf, sand and
perlite in a ratio of 4:2:1, respectively. The emerging seedlings were evaluated as normal or abnormal
according to ISTA (1999) specifications. Only normal seedlings were included in the following
experiments.

2.3 Growth chamber tests

In March 2013, the surviving normal seedlings of both provenances were put in a growth chamber
under simulated temperature and precipitation levels estimated from the CSIRO MK3 CGM model,
according to the expected conditions in the year 2050 (downloaded from Climong.org) (Kriticos et al.,
2012) (Supplement 1). The specific model was selected for its relevance with the summer drought
periods in the Mediterranean region (Marcos and Tsimplis, 2008; Syktus et al., 2011; Ziv et al., 2013;
Pulvento et al., 2015). The reference area for the climate simulation in the growth chamber was the
location “Agios Georgios” (Drama, Greece) that corresponds to population D4 in this study. Climate
change scenario Al and storyline A1B were selected, with the assumption that the industrial
development in the areas of the populations of this study will remain minimal and that there will be a

5

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27022v2 | CC BY 4.0 Open Access | rec: 8 Jan 2019, publ: 8 Jan 2019




balanced use of all energy sources until 2050 (IPCC 2007). This model incorporates the indirect effects
of greenhouse gases in the change of the estimated future bioclimatic parameters (Kriticos et al., 2012).
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For each month, the estimated maximum, minimum and mean temperatures, as well as the precipitation
data were extracted from the above dataset using the DIVA-GIS software (www.diva-gis.org)
(Supplement 2). A simulated temperature scheme, with three-hour intervals during a period of 24
hours, was applied in the growth chamber for each month of the experiment, in correspondence with
the extracted temperature variables. lllumination intensity during the day inside the chamber was set
according to in situ observations that took place in the reference location under clear sky. The lengths
of day and night for each month were adjusted to those under natural conditions in the reference area.

The simulated monthly precipitation height (mm) was converted into water volume (ml) to regulate
seedling irrigation, following Brouwer et al., (1985). Besides precipitation height, we tested the effect
of precipitation distribution within a month on seedlings, especially during the summer period, since
climate change is expected to destabilize the current precipitation frequency and intensity and cause
longer drought periods, as well as climate extremes in the Eastern Mediterranean region (Alpert et al.,
2002; Gao et al., 2006; Lelieveld et al., 2012). For this reason, precipitation was distributed within each
month according to two different irrigation schemes:

a. Irrigation scheme A1 (non-frequent): irrigation of seedlings every 20 days with the relevant
amount of water of the corresponding month (50% of monthly precipitation height when
irrigation occurred twice a month, or 100% of monthly precipitation height when irrigation
occurred once a month).

b. Irrigation scheme A2 (frequent): irrigation of seedlings every seven days with 25% of the
simulated monthly precipitation height.

One seedling per family and per irrigation scheme was included in the experiment. Seedlings
representing population D1 were abnormal in a high ratio (66%), producing finally a limited number
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of viable normal seedlings that were not enough to represent D1 in both irrigation schemes. For this
reason, D1 was excluded from the experiment in the growing chamber and the viable normal seedlings
from this population were used only in the common garden test under field conditions.

The growth chamber experiment lasted for 3 years (2013-2016). Measurements included seedling
height, survival and leaf phenological traits (Madsen 1994; Minnota and Pinzauti 1996; Hiura 1998;
Whiteley et al., 2003; Kanaga et al., 2008). Seedling survival was monitored every week and the non-
surviving ones were removed. Seedling height was measured at the end of each growing season from
October 2014 until October 2016. Phenology measurements included bud burst (leaf emergence), leaf
senescence and duration of the growing period. Both parameters were expressed in number of days.
The beginning of bud burst was considered to occur when the bud scales opened in a way that the
newly emerged leaves were visible. Individual plants were considered entering the senescence stage
when at least 50% of their leaves were discolored (Gomory et al., 2015). Measurements of phenological
traits were conducted in 3 day - intervals. Plasticity between the experimental years was also calculated
for all the measured traits by subtracting the interim values.

2.4 Common garden experiment under field conditions

A common garden experiment under field conditions was set up in Agios Georgios (Drama, Greece),
the same location that was used as a reference for the climate simulation in the growth chamber. An
area of 100m? was fenced and a total number of 480 seedlings (2 seedlings/family/population) were
planted in a natural beech stand with dense crown closure (70-80%). Survival measurements were
taken two times per year during the months of October and April for 3 years. The survival percentage
at the end of the three-year experiment was used in this study.

2.5 Basic statistical analysis

A comparison of means between populations and provenances and between irrigation schemes was
performed for all variables. Differences in seedling survival were described through the chi-square test,
since survival was scored as a binary variable. Means in seedling height were compared with the
analysis of variance (ANOVA) and the LSD criterion, since normal distribution and homoscedasticity
of data were shown. Differences in the number of days for bud burst or leaf senescence were calculated
using the non-parametric Mann-Whitney U test, since normal distribution assumptions were not met.
For all comparisons, the software STATISTICA v.10 (STATSOFT inc) was used.

2.6 Hierarchical linear multilevel models (HLM)

To assess the effect of provenance, population and irrigation scheme on the dependent variables (traits),
we utilized a three-level hierarchical linear modelling approach (HLM; Raudenbush and Bryk, 2002),
that considers the nested structure of the data in this study. A major advantage in this type of model
over the standard regression models, is the within group and between groups comparison and the
improved accuracy of point estimates in model parameters (see, e.g., Katahira, 2016). The framework
of the model considers n; ;; responses on the dependent variables, nested within the populations (i =
1,2, ...,8) which are again nested within the provenances of Evros and Drama (j = 1,2). The last level
of this nested modelling structure is completed with the inclusion of the two different irrigation
schemes (k = 1,2). The first level of the model is described as:

Yijk = Boijk + B1ijr X Xijk + €iji (1),
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where y;; is the trait as a continuous response variable, X;;; denotes the level-1 predictor variable of
populations nested within each provenance and e, ~N (0, 02) is the observation-level deviation which

is normally distributed. The B- coefficient of the slope in equation (1) is subsequently used as a
response variable (second level):

Biijk = boji + byji X Xji +1ji 2),

where X is the level-2 predictor factor (provenance) and rj,~N (0, a?) expresses the normally-
distributed deviations at the provenance level. Finally:

bijk = Yok + V1 X Xic + uy 3),

with X, denotes the irrigation scheme factor and u;~N(0, 62).

2 Ce

Variables “population”, “provenance” and “irrigation scheme” were the fixed effects in our models.
For the provenance factors, “Evros” was used as a reference category, while the first population within
each provenance was used as a reference category for the population factors. Finally, we have used the
irrigation scheme Al as a reference category of the irrigation scheme.

Model fit was assessed by initially fitting the null model (Model 0), which includes only the grand
mean as predictor. One new predictor variable is added for each subsequent model. While Model 0
includes only the intercept, Model 1 introduces the factor of the provenances and Model 2 adds the
component of populations. Finally, Model 3 additionally includes the factor of irrigation scheme. Every
next model is compared with the previous one for the assessment of the significance of the predictors
on the dependent variables. The likelihood ratio test (LRT) is used for the comparison of models, which
is calculated through the following likelihood ratio statistic:

D = 2 X (In(likelihoody;) — In(likelihoody;_1)) (4),

where Mi-1 denotes the reduced model and Mi the model with the additional parameter. The Ime4
library (Bates et al., 2012) of the R software was used to fit the HLM models.

3 Results

3.1 Seedling survival

Survival under field conditions was generally low (average 33.74%) and all populations had survival
rates below 60% (Figure 3). Populations E1 and E2 showed the lowest survival in the field (12% and
6%, respectively), while population D3 and the local D4 the highest (57% and 48%, respectively). In
the growth chambers under controlled conditions, average survival was generally higher for irrigation
scheme A2 than Al (87.68% and 71.78%, respectively). Besides E1 that demonstrated equal survival
for both irrigation schemes, all populations showed lower survival percentages under Al. However,
this difference was statistically significant only in populations E4, D2 and D4 (Figure 4).
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Table 1. Differences among populations in total seedling survival under irrigation
schemes in the end of the experiment®.

Irrigation scheme Al

Population ——¢7 E2 E3 E4 D2 D3 D4
El _____ nS * * **%k* *k*k **kk
E2 ns - ns ns * * *
E3 * ns - ns * ns *
E4 * ns ns - ns ns ns
D2 ol * * ns - ns ns
D3 flolel * ns ns ns  --—--- ns
D4 ekl * * ns ns ns -

Irrigation scheme A2

Population El E2 E3 E4 D2 D3 D4
E1l - ns ns ns ns ns ns
E2 ns - ns ns ns ns ns
E3 ns ns - ns ns ns ns
E4 ns ns ns - ns ns ns
D2 ns ns ns ns - ns ns
D3 ns ns ns ns ns - ns
D4 ns ns ns ns ns ns -

¥Significant at *p<0.05, **p<0.01, ***p<0.001

In the growth chamber, seedling survival was generally higher in provenance Evros and this difference
was more profound under the non-frequent irrigation scheme Al (Figure 4 and Table 1). Almost all
seedlings of E1 survived under both irrigation schemes. Under scheme Al, all populations belonging
to Drama showed a significantly lower survival rate than the Evros populations, except for E4 that
showed no significant difference in survival with any population besides E1. No significant differences
in seedling survival were found between populations under the frequent irrigation scheme A2 (Table
1).

The comparison of the HLM models showed that only the irrigation scheme had a significant effect on
seedling survival (Table 2). When the growing environment was considered separately, provenance
demonstrated a significant effect on survival under irrigation scheme Al in the growth chamber, while
no effect was recorded under A2. In the field experiment, population was the only significant factor
affecting seedling survival. Compared to scheme A1, scheme A2 showed significantly higher survival
in the growth chamber and significantly lower survival for beech seedlings in the field experiment
(Table 3). Under irrigation scheme A1, provenance Evros demonstrated significantly higher survival
than Drama. In the field experiment, populations E3 and E4 had a significantly higher seedling survival
than E1 and E2, while seedlings of population D3 and D4 survived better than D1 and D2.

The partition of variance for the overall survival was explained by the different growing environments
(irrigation schemes in the growth chamber and field trial) to a great extend (73%), while provenance
and population had no effect at all (Figure 5). Variance partitioning was explained more by the fixed
effects (population and provenance) in the field trial (36.5%) than in the growth chamber under
irrigation scheme A2 (21.1%). A relatively larger proportion of variance was explained by population
than by provenance under field conditions and under the irrigation scheme Al in the growth chamber,
while under A2 both provenance and population accounted for a small fraction of the overall variance
(10.8% and 10.3%, respectively).
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Table 2. Model comparisons of the HLM models for the survival data via LRT (D:
likelihood ratio statistic; P: p-value of the statistical significance of LRT test).

Model 4
Model Model 2 Model 3
Dependent 1"\l (Population (Model 2 + (Model 3 +
variables Irrigation
Model) effects) Provenance effects)
scheme effects)
D D P D P D P
survival oo g5 487.04 ns. 48517 ns.  469.67  **
(complete)
Survival
under A1 182.39 178.73 n.s. 167.20 **
scheme
Survival
under A2 69.77 61.23 n.s. 59.41 n.s.
scheme
Survival
in field 183.72 165.37 ** 162.13 n.s.
conditions

¥Significant at **p<0.01

Table 3. Parameter estimates for the best selected models (5% level of
significance) for survival data.

Dependent variables

Independent survival Survival Survival Survival in
variables under Al under A2 field
(complete) "
scheme scheme conditions
Intercept
0.76 0.96 0.88 0.23
(,Boj'k)
Plot in Evros (Ref: E1)
E2 n.s. n.s. n.s.
E3 n.s. n.s. 0.15
E4 n.s. n.s. 0.16
Plot in
Plot in Drama (Ref: D2) Drama (Ref:
D1)
D2 n.s.
D3 n.s. n.s. 0.32
D4 n.s. n.s. 0.26
Provenance (Ref: Drama)
Evros n.s. 0.41
Irrigation (ref: Irrigation scheme Al)
Irrigation
scheme A2 0.14
Field
conditions -0.38
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3.2 Seedling height and growth

Seedlings from most populations reached a greater height in the growth chamber under irrigation
scheme A1, but this trend was statistically significant only for populations E1 and D3 during the first
two years of the study (2014 and 2015) and for E3 for the first year (2014) only (Table 4). Population
E4 demonstrated a reverse trend, where seedlings became higher under the frequent irrigation scheme
A2 during all years of the study, but these differences were not significant. No significant difference
in seedling height was observed between the two irrigation schemes after the third year of the study
(2016). In general, height growth was almost cut in half each year for most plants (Figure 6). Seedlings
belonging to different populations demonstrated differences only under irrigation scheme A2. Among
all populations, E4 had on average higher and E1 and D3 smaller seedlings in 2014, while in 2015,
seedlings of E3 and E4 were significantly higher and D3 was less high. In 2016, no statistically
significant differences were observed among populations in seedling height (Table 4).

Seedling height in the growth chamber was not influenced significantly by population or provenance,
according to the HLM model comparison, except for a significant influence of provenance on height
growth between 2015 and 2016 (Table 5), due to D2 demonstrating higher average values than D3 and
D4 and subsequently provenance Drama having lower height growth as compared to Evros during the
same period (Supplement 3). The irrigation scheme significantly influenced seedling height in 2015
and growth between 2014 - 2015 and 2015 - 2016 (Table 5). According to the HLM model comparison,
Al had a positive influence on seedling height in the second year (2015) and the height growth between
2014-2015 and a negative influence on the height growth between 2015 - 2016 (Supplement 3). A large
proportion of the total variance in height and growth traits was explained by the irrigation schemes
after the first (6.5%) and mainly after the second year (24.4%), but not after the third year of the study.
Provenances and populations explained smaller proportions of the total variance in 2014 (3% and 5%,
respectively), had no effect in 2015 and explained a higher proportion of the phenotypic variance in
seedling height in 2016 (6.6% and 9.3%, respectively). Provenances and populations had no influence
on seedling growth between 2014 - 2015 but accounted for a larger fraction of variance in height growth
between 2015 - 2016 (10.1% and 15%, respectively) (Figure 5).
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Table 4. Total seedling height under irrigation schemes for the years of study
(Mean values£SE).

Seedling height (cm)*
Population 2014 2015 2016
Al A2 Al A2 Al A2
10.7142  9.,00AP 155242 1287ABb 1727A2 1542 A2

El (£048)  (£0.41)  (£0.79)  (:0.68)  (+0.92)  (+0.62)
o 1027Aa  0p3ABa  1459Aa 1285ABa 1581 A4 143)Ad
*0.61)  (£0.72)  (£0.63)  (:x1.14)  (+1.08)  (+0.68)
o3 121344 10.73ABd  1546Aa  1475Ba  1756A4 1692 Ad
£0.60)  (£027)  (£0.80)  (:0.94)  (+0.98)  (+0.74)
e 10704 11.08B4 143644  1469P4  1642A4 17.17Ad
(£0.58)  (£0.53)  (£0.83)  (x0.76)  (£0.52)  (x0.73)
,  1L19A 10444+ 149344 13704B+ 1792A% 17.0877
*078)  (£0.72)  (:127)  (20.63)  (£126) (£1.22)
g 1058A%  898Ab 150644 1202°0 1750”7 158377
(£0.99)  (£0.94)  (x1.01)  (20.85)  (£2.13)  (£1.56)
D4 10.92 42 10.60ABa 149042 13.41A4Ba  16064% 16552

(£1.03)  (£0.55)  (£1.46)  (x0.72)  (£1.31)  (+0.83)

* Values within columns followed by the same capital letter do not differ among populations for each irrigation scheme and

year of study. Values within rows that followed by the same small letter do not differ between irrigation schemes per

population for each year of stud separately.
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Figure 6. Plasticity in seedling height between populations under Al irrigation scheme (left) and
under A2 (right) between consecutive years of the experiment.

3.3 Leaf phenological traits

In the spring of 2014, bud burst occurred significantly earlier under irrigation scheme A2, in
comparison to Al, for seedlings belonging to all populations besides E1 and E4 (Table 6). However,
in 2015, only populations E2 and E3 continued to have significant differences in bud burst between Al
and A2, while in 2016, no significant differences could be observed. A similar trend was observed for
leaf senescence, as far as differences between Al and A2 are concerned. Significant differences
between the irrigation schemes were observed in all populations of Drama in 2014 and in some
populations in 2015 (D3 and D4), but not in 2016 (Table 6). In all cases for which significant
differences were observed, leaf senescence under A2 occurred later than under Al. Significant
differences in the length of the growing period between Al and A2 schemes were present for all
populations besides E1 and E4 in 2014 (Table 6). In 2015, only population E3 did not differ
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significantly in leaf senescence between Al and A2 and finally in 2016 no difference between the two
schemes was detected. In all populations and during all years, irrigation scheme A2 was associated
with a longer growing period than Al.

Table 5. Model comparisons of the HLM models for the complete data via LRT (D:
likelihood ratio statistic; P: p-value of the statistical significance of LRT test).

Model 3 Model 4
Dependent Model Model 2 (Model 2 + (Model 3 +
i 1 (Null (Population L
variables Model) effects) Provenance Irrigation
effects) scheme effects)
D D P D P D P

BB 2014  1247.2 1242.2 n.s. 1240.7 n.s. 1232.5 falad
BB 2015 1241.8 1212.8 *x 1191.0 *x 1183.9 *x
BB 2016  1267.4 1230.3 *x 1207.3 *x 1204.2 n.s.
LS 2014  923.05 912.1 n.s. 900.56 *x 893.7 *x
LS 2015 1068.8 1060.9 n.s. 1059.2 n.s. 1052.2 falad
LS 2016 1028.3 1014.7 * 1014.6 n.s. 1014 n.s.
VP 2014 1267.4 1261.5 n.s. 1261.5 n.s. 1252.7 falad
VP 2015 1281.3 1256.3 *x 1233.7 falad 1225.2 falad
VP 2016  1302.3 1270.0 *x 1251.5 *x 1248.1 n.s.
SH 2014 680.42 673.39 n.s. 673.24 n.s. 672.74 n.s.
SH 2015 771.03 763.74 n.s. 763.43 n.s. 758.45 *

SH 2016  772.97 766.08 n.s. 765.00 n.s. 762.97 n.s.

GD 2014- N
oe 69065 68761  ns. 68632 ns.  68LI12
620210514' 527.75 52175  ns. 50635  ** 50070  *

¥Significant at *p<0.05, **p<0.01
Symbols: BB (Bud burst), LS (Leaf senescence), VP (Growing period), SH (Seedling height), GD (Height difference)

Under irrigation scheme A1, differences in bud burst among populations were recorded in all years of
the experiment. Under A2, differences among populations were observed in 2015 and 2016, but not in
2014 (Table6). In the first year of the experiment (2014) in the growth chamber, under A1, population
E1l had the earliest bud burst and D4 the latest. This pattern changed in 2015, with E1 and E4
demonstrating the latest bud burst, while the populations of Drama showed the earliest bud burst. In
2016, bud burst occurred later than in 2015 for all populations, but the same trend as observed in 2015
remained with populations of Drama having the earliest bud burst. Under A2, differences were
recorded mainly at the provenance level, in 2015 and 2016, again with populations of Drama having
the earliest bud burst. Within provenance Evros, E1 and E4 had the latest bud burst in 2015.

For leaf senescence, differences among populations in 2014 were found only under the A2 scheme, in
contrast to bud burst. No difference was recorded in 2015 for both schemes, while minor differences
among populations were recorded in 2016 (Table 6). Under irrigation scheme Al, differences among
populations occurred in the third year of the experiment (2016), with seedlings belonging to population
E3 demonstrating a later leaf senescence than the remaining populations. Under A2, leaf senescence
occurred the earliest in population E2 and the latest in D2 and D3 during 2014, while in 2016 only
population D3 showed a significantly later leaf senescence.
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Table 6. Phenological trait values of seedlings under irrigation schemes for the
years of study (Mean values+SE).

Bud Burst Days*

Population 2014 2015 2016
Al A2 Al A2 Al A2
E1 101 A2 98 A 120 A2 11142 120Aca 119 A2
(4.21)  (£3.26)  (¥2.83)  (¥2.57) (¥2.94)  (+4.60)
E2 114 BCa g7 Ab 114 ABa 103 ABb 122 Aa 120 A2
(£3.90)  (£2.64)  (£2.48)  (#4.01) (¥2.72)  (¥2.28)
E3 117 BCa 94 Ab 113 ACa 100 ABb 119 ACa 119 A2
(+4.71)  (#4.22)  (£520)  (£5.33)  (£3.81)  (5.38)
E4 107 ABa 100 Ab 119 A2 111 A2 123 A2 120 A2
(x4.91)  (£3.01)  (¥4.37)  (£3.01) (£3.09) (+2.87)
D2 115 ABC,a 95 Ab 105 BCD,a 03 B,a 108 BC,a 97 B,a
(£3.27) (£2.24)  (£6.07)  (¥2.24) (£5.17) (£3.27)
D3 116 BCa 99 Ab 96 D2 92 Ba 101 B2 96 B2
(£6.27)  (£3.04)  (#4.19)  (#3.04) (#4.15)  (£6.01)
D4 125 ©2 94 Ab 105 ¢b2 94 Ba 110 AB2 101 B2
(£1.71) (£2.09) (£4.92) (£2.09) (£5.82)  (£4.50)
Leaf Senescence Days*
Population 2014 2015 2016
Al A2 Al A2 Al A2
E1 293 A2 295 AB.a 278 A2 286 AP 298 A2 302 A
(£0.72)  (£1.45)  (£1.22)  (£2.36) (¥2.44)  (¥2.35)
E2 294 A2 293 A2 285 A2 290 A2 303 A2 302 Aa
(£0.93)  (£0.81)  (£2.05)  (¥2.23) (£1.49) (£2.78)
E3 292 A2 297 ABa 286 A2 288 A2 307 B2 300 A2
(£0.10)  (£2.69)  (£2.47)  (£3.69) (£1.82)  (£2.20)
E4 293 A2 296 AB2 282 A2 288 A2 302 A2 302 A2
(+0.70)  (£0.99)  (£3.01)  (£1.54) (£1.09) (£1.27)
D2 295 A 302 Bb 281 A2 288 A2 299 Aa 301 A2
(+2.18)  (£1.62)  (£3.00)  (£2.26) (£1.35)  (£1.90)
D3 292 A2 304 Bb 280 A2 288 AP 304 AB2 310 B2
(+0.10)  (£2.13)  (£4.05)  (£0.10) (¥4.30)  (0.10)
D4 294 A2 299 AB.b 283 A 289 Ab 299 Aa 300 A2
(+1.64)  (£1.80)  (£2.26)  (£1.83) (£1.07) (¢1.33)
Vegetative Period Days*
Population 2014 2015 2016
Al A2 Al A2 Al A2
E1 19142 197 A 157 A2 17440 178 A2 182 A2
(+4.24)  (£3.23)  (£3.15)  (£3.70) (¥4.25)  (+4.05)
9 179 BCa 196 AP 17082 186ACP 18042 18242
(£3.71) (£2.87) (£2.88) (£4.68)  (£2.93) (£3.66)
£3 174 BCa 202 4Cb  172BCa 186 ACa  188ABa 181 Asa
(#4.71)  (£5.75)  (#5.56)  (£6.17) (¥4.22)  (£6.04)
E4 185 AB:a 194 ADa 162 ABa 177 AP 179 A2 182 A2
(+4.64)  (£3.37)  (#4.15)  (£3.45) (£3.14)  (43.10)
D2 179 ABGa o5 BCH 175BCa 194 BCH 191 ABa D5 Ba
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(4.70) (*4.17) (£7.49) (£3.40) (£6.11) (+4.18)
1758¢2 204480 184C*  1958¢P 20382 214 C2
(£6.27) (£5.88) (£1.56) (£3.04) (£8.10) (£6.01)
1682 204 BCPP - 177BCa 194 BCD - 1ggABa 199 BCa
D4 £2.69)  (#3.81)  (£6.01)  (£2.99) (5.87)  (+5.02)

* Values of phenological traits within columns followed by the same capital letter do not differ among populations for each

D3

irrigation scheme and year of study. Values of phenological traits within rows that followed by the same small letter do not

differ between irrigation schemes per population for each year of stud separately.

Populations demonstrated significant differences among each other in the duration of the growing
period for both irrigation schemes and for all years (Table 6). Under scheme A1, populations E1 and
E4, contrary to E2 and E3, had the longest vegetation period in 2014, but the shortest in 2015 and 2016.
On the contrary, populations D3 and D4 had the shorted growing period in 2014, which gradually
increased in 2015 and 2016, as compared to D2. Differences were most apparent between provenances
under irrigation scheme A2, especially during 2016. Populations belonging to Drama provenance had
a longer growing period during all years under A2.

Differences in bud burst between years (plasticity) were found for each irrigation scheme (Figure 7).
The greatest delay in bud burst between years 2014 - 2015 was found for population E1 (+19 days),
while seedlings belonging to D3 and D4 flushed much earlier in the second year of the study (-21 and
-20 days, respectively), under Al. Under irrigation scheme A2, populations E2 and E4 had a significant
delayed leaf flush in 2016 as compared to 2015. For leaf senescence, all populations showed a similar
plasticity trend for both irrigation schemes (Figure 7). Seedlings presented an earlier leaf senescence
in 2015 as compared to 2014, and a later leaf senescence in 2016 as compared to 2015. Results were
more pronounced under scheme Al and the populations showing the largest plasticity were E1, D2 and
D3. Finally, the two provenances had different plasticity reactions for the length of the growing period.
The largest plasticity was observed under Al, where the populations of Evros and D2 had a shorter
growing period in 2015, while D3 and D4 had a longer one for the same year. In 2016, all populations
demonstrated an increased growing period under Al. An opposite trend was observed under irrigation
scheme A2, with all populations having a shorter growing period in 2015 and a longer one in 2016
(Figure 7).

The comparison of the HLM models revealed a similar trend for the timing of bud burst, leaf
senescence and the length of the growing period, during the three years of the experiment (Table 5).
The irrigation scheme had a significant influence on all traits in the first two years of the experiment
(2014 and 2015), but not for the last year (2016). An opposite trend was observed for population and
provenance that had significant effects on bud burst and growing period in 2015 and 2016, but not in
2014. Provenance showed a significant influence on the time of leaf senescence only in the first year
and population only in the last year of the study. Provenance Evros had a significantly earlier bud burst
and a longer growing period than Drama in 2015 and 2016, while Drama had an earlier leaf senescence
in 2014 (Supplement 3). At the level of populations within the Evros provenance, E1 and E4
demonstrated a later bud burst and an earlier leaf senescence and thus a shorter growing period during
the second year of the study (2015). In 2016, E3 showed a delay in leaf senescence in comparison to
the other populations of Evros. Within Drama, the only significant difference among populations was
observed in 2016, when leaf senescence in D3 occurred later than in the other populations. Compared
to Al, the irrigation scheme A2 caused earlier bud burst, delayed leaf senescence and a longer growing
period. Finally, there was a decreasing influence with time of the irrigation scheme on the total variance
among seedlings for all phenology traits and the opposite trend was observed for population and
provenance (Figure 5).
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Figure 7. Plasticity values for populations under Al irrigation scheme for bud burst (a) and under A2
(b), for leaf senescence (c under Al and d under A2) and for the length of the growing period (e
under Al and f under A2) between consecutive years of the experiment.

Irrigation scheme was the only fixed effect explaining a significant proportion of variance in 2014 for
all traits, while in 2016, only (or mostly) provenance and population explained part of the variance.
Provenance explained a larger proportion of variance (28.6%) than population (22.8%) for bud burst
in the third year of the study, while an opposite trend was observed for leaf senescence (14.5% for
population and 11.3% for provenance) and the growing period (28.3% for population and 18.6% for
provenance).
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4 Discussion

4.1 Seedling survival and height growth

In the growth chamber, seedling mortality for all populations and provenances was observed during
the first experimental year only. Seedlings survived better in the growth chamber than in the field,
possibly due to their imminent exposure to winter conditions in the mountainous location of Agios
Georgios, where selection pressure was potentially larger. In the protected environment of the growth
chamber, irrigation frequency proved to be an important factor for seedling survival, since mortality
increased when irrigation occurred after long intervals of drought (A1 scheme). Differences in survival
among populations and provenances were more pronounced under the less favorable conditions, in the
growth chamber due to drought stress imposed by non-frequent irrigation (scheme A1) and in the field
due to the exposure to winter conditions. This trend, where the largest differences in survival among
populations occur when conditions are unfavorable, is common in provenance tests for beech (e.g.
Banach et al., 2015). In the growth chamber, when irrigation occurred less frequently (A1), seedlings
from provenance Evros generally presented higher survival, indicating a possible adaptation to
prolonged drought intervals, since summer drought in Evros lasts longer and temperatures are generally
higher than in Drama.

Among the Evros populations, E4 was the only one demonstrating significantly lower seedling survival
under less frequent irrigation. It is possible that population E4, which is located in an isolated
microenvironment in Evros, is more sensitive to longer periods without rain. Indeed, population E4 is
close to an area covered with beech forests characterized as an “island” of oceanic climate. This is
emphasized by the frequent occurrence of the plant species Galium rotundifolium, a good indicator of
oceanic climate (Ellenberg et al., 1992), which is distributed in northeast Greece along the mountains
facing the Aegean Sea and absent in the whole area of Rodopi, except the area surrounding population
E4. High interpopulation variability in seedling survival and its response to irrigation frequency was
also observed in the Drama provenance. Seedling survival of population D3 was relatively low under
both irrigation schemes and did not increase with more frequent irrigation, unlike for populations D2
and D4. This trend possibly indicates a different local adaptation of beech to the microenvironment of
Ds.

In the field trial, plant loss occurred during the winter, indicating that low temperatures were the
limiting factor for seedling survival. This further suggests the existence of a strong local adaptation
pattern to these factors in beech (see Kreyling et al., 2012, 2014). Populations E1 and E2, that
demonstrated the highest survival rates under drought conditions in the climate chamber, had the
highest mortality rates under field conditions. The highest survival rate was observed for the two
populations with the closest geographical origin to the location of the test site (D3 and D4). In a similar
way, local provenances and populations were superior in survival in other beech common garden trials
(Banach et al., 2015), but also the opposite trend has been reported (e.g. Sulkowska 2004, Hofmann et
al., 2015; Miiller and Finkeldey 2017). It is worth noting that adaptive differentiation to the colder
conditions in the field experiment, as expressed in survival rates, was observed mainly among
populations within provenances. Thus, seedlings from the distant populations E3 and E4 survived as
well as some populations of the local Drama provenance, indicating that environmental heterogeneity
at a smaller geographical scale can create significant adaptive differentiation.

Under both irrigation schemes in the growth chamber, provenance and population were generally not
differentiating factors for seedling height. The only exception was observed in height growth in the
third year of the experiment, which was faster for provenance Evros than for Drama and for populations
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D1 and D2 within Drama in comparison to D3 and D4. Nevertheless, at the end of the third year all
seedlings achieved similar heights without differences among populations and provenances. In contrast
to seedling survival, differences in growth and height among populations were observed only under
frequent irrigation (A2 scheme) in the first two years of the study, while no differences were found
under longer drought intervals (Al). Similarly, Harter et al., (2015) did not find any differences in
seedling height between two beech provenances under water deficit for 60 days.

Various studies report that non-frequent irrigation leads to lower shoot height in seedlings (Arend et
al., 2011, Thiel et al., 2014). However, in the current study seedling height was generally larger under
irrigation scheme Al rather than A2. Thus, it seems that seedlings invest more in increasing shoot
height under longer drought intervals as compared with a more frequent irrigation pattern, since Al
and A2 differ in the distribution pattern of the same water amount per month and not in the precipitation
height itself, indicating that in this case the distribution pattern was more critical than the absolute
amount of water received by the plant. It seems that fewer significant rain events may yield higher
biomass increase than more frequent minor events. Since this kind of irrigation pattern comparison has
not yet been performed in any other common environment study for forest trees, the growth behavior
of beech seedlings in this experiment needs to be further investigated using physiological and
anatomical traits. In any case, these responses to irrigation frequency seem to be temporary and, after
a short time, reversible, as shown in our study at the end of the third year, revealing the existence of
possible trade-offs between different traits as part of a complex adaptive strategy aiming at the best
possible use of the available water.

4.2 Leaf phenological traits

In our experiment, the two irrigation frequency schemes produced different leaf phenological responses
at all traits during the first two years of the study. In the third year, the differences in leaf phenological
traits were influenced mainly by provenance and population. Considering the adaptive significance of
the timing of bud burst and leaf senescence that define the length of the growing period, we assume
that seedlings probably needed a certain period of time until they were able to physiologically adapt to
the growth chamber conditions and irrigation schemes. The results of our study imply that the duration
of the growing period in beech seedlings was mostly determined by the timing of bud burst, while the
differences between populations, provenances and irrigation schemes in leaf senescence were less
pronounced.

Bud burst occurred earlier and leaves matured later under frequent irrigation (A2) especially during
the first years of the study, a trend that was consistent for all populations. Thus, the existence of longer
drought intervals between irrigation events (Al) has shrunk the growing period of plants in the
chamber, an expected response to stressful conditions. However, this shortened growing period of
seedlings growing in the growth chamber under irrigation scheme Al showed an unexpected increase
in height growth, as explained above, in comparison to irrigation scheme A2.

In our experiment, differences in bud burst timing were observed in beech seedlings originating from
different provenances, under less frequent irrigation (Al) during all years and under frequent irrigation
(A2) during the last two years of the study. Bud burst is considered to be under strong genetic control
(Dittmar and Elling 2006; Doi et al., 2010; Abbott et al., 2015; Gomory et al., 2015; Miiller et al.,
2017) and provenances often show adaptive differences in this trait in common environment
experiments, that correspond to specific environmental conditions at the sites of origin (von Wehlisch
et al., 1995; Schiiler et al., 2012; Kramer et al., 2017). Several studies based on provenance tests report
specific geographical and climatic trends for leaf phenology in beech provenances. These trends
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include clines in bud burst defined by longitude, latitude and altitude in European beech provenances
(e.g. Norgérd Nielsen et al., 2003; Robson et al., 2011; Gomory and Paule 2011; Schiiler et al., 2012;
Petkova et al., 2017), with the southeastern ones demonstrating earlier bud burst (Ivankovic et al.,
2011; Ballian et al., 2015). Provenance tests all over the continent describe a general trend of
populations growing in warmer and less continental climates to have an earlier bud burst than
populations from colder climates (Robson et al., 2011). Extrapolating this trend to the provenances and
populations of our study, we would expect provenance Evros to have an earlier bud burst than Drama.
While this was indeed the case for the first year of the study in the growth chamber, the phenological
trend observed reversed during the next two years. Thus, in the first year of the growth chamber
experiment, provenance Evros had an earlier bud burst and a longer growing period than Drama, while
in the next years, bud burst had shifted to a later date for Evros and to an earlier date for Drama. These
findings show that provenances initially demonstrated the expected genetic response matching the
environmental conditions at their sites of origin, with Drama having a cooler and more temperate
climate than Evros. However, the projected conditions of 2050 under climate change applied in the
growth chamber, probably stimulated a differentiated plastic reaction of both provenances. We assume
that the same environmental signals that trigger bud flush in plants, such as day length, temperature,
humidity, had a different effect on the provenances in this study.

Our findings reveal two different strategies of beech seedling plasticity among the populations and
provenances studied. These strategies differ mainly in bud burst timing in spring and less significantly
in the timing of leaf senescence in autumn. Plants that follow a “defensive” strategy, flush later in the
spring of the second year and further delay bud burst in the spring of the third year. A more
“aggressive” strategy occurs when seedlings flush earlier in the spring of the second year and then
delay bud burst in the spring of the third year. In both strategies, leaf senescence occurs earlier in the
autumn of the second year and later in the autumn of the third year. As a result, seedlings following
the defensive strategy reduce their growth period in the second year in order to be less exposed to the
climatic conditions of the growth chamber, while the ones following the aggressive strategy maintain
more or less the same length of their growing period by pushing it earlier in the spring of the second
year. The defensive strategy is probably connected with genotypes better adapted to longer intervals
of summer droughts, such as populations E1 and E4 under non-frequent irrigation and all Evros
populations under frequent irrigation. In contrast, the aggressive plasticity strategy in leaf phenology
is followed by seedlings that are better adapted to temperate sites, such as the ones belonging to
provenance Drama under both irrigation schemes and E3 under non-frequent irrigation.

Most reports from provenance trials in the field for beech show that, unlike in our study, bud burst
timing remains constant and the order of provenances in this regard remains unchanged during years,
without a strong interaction between provenance and test site (Robson et al., 2011). We assume that
stressful environmental conditions, such as the ones simulated in the growth chamber, may trigger
unexpected physiological responses, where trees alter their plant physiological profile in order to
survive. Since phenological traits are complex in nature and in their underlying mechanisms (Vitasse
et al., 2010; Fu et al., 2012; Basler and Korner 2014), further studies of provenances and families of
trees utilizing functional and anatomical traits are needed to understand these adaptation strategies.

4.3 Adaptive and phylogenetic differentiation patterns

The results of our study reveal the existence of high genetic diversity in adaptive traits in the beech
forests of N.E. Greece. These adaptive differences occur at multiple spatial levels, among distant and
neighboring populations. There is a clear geographical and environmental trend in adaptation to
climate. On the eastern side of the study area (provenance Evros), beech populations are better adapted
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to dry climatic conditions with longer intervals of drought during the summer and low probability of
late frosts in the spring. As a result, seedlings from Evros demonstrate higher survival and earlier bud
burst in the first year of the study than seedlings from Drama, under simulated climate change
conditions, especially when irrigation is not frequent. At the same time, most of the Evros populations
show a specific phenotypic plasticity pattern, as a response to the simulated climate change conditions
in the growth chamber, with a shortening of the growth period during the second year of the study.
Respectively, populations located on the western side of the study area (provenance Drama) seem to
demonstrate adaptations to more temperate conditions, characterized mainly by long and cold winters
and more humid summers. Seedlings originating from Drama showed lower survival under long
drought intervals during the summer in the growth chamber and a late bud burst in the first year, but
then shifted their growing season earlier and flushed earlier than the Evros seedlings in the second year
of the study.

Besides the different environmental conditions that may have caused adaptive genetic differentiation
between the two provenances of this study, another reason for the differences in adaptive traits that
exist between Evros and Drama may be the presence of different levels of a possible admixture between
two beech species, F. sylvatica and F. orientalis that presumably form a contact zone in the
southeastern part of Europe (e.g. Paule 1995, Tsiripidis and Athanasiadis, 2003; Papageorgiou et al.,
2008; Govaerts et al., 2013). In N.E, Greece, several authors suggest an increasing admixture trend
towards the east (Moulopoulos 1965; Tsiripidis and Athanasiadis 2003; Papageorgiou et al., 2008;
Hatziskakis et al., 2011), with provenance Evros being genetically and morphologically closer to F.
orientalis and provenance Drama to F. sylvatica. Since the former species grows in warmer and drier
climates than the latter, adaptive differentiation may exist between them, as suggested by earlier studies
(Atalay, 1992; Tsiripidis and Athanasiadis, 2003; Papageorgiou et al., 2008).

Adaptive differences were recorded within provenances as well, indicating that beech populations that
belong to the same geographic region and are located within a small distance exhibit large genetic
differences in adaptive traits. Differences in altitude, aspect and topographical connectivity between
populations probably define an environmental mosaic with semi-isolated patches of beech forests,
where natural selection can locally cause well adapted ecotypes that differ at a small spatial scale. In
Evros, population E1 was proven to be best adapted to warmer conditions and summers with prolonged
periods without rain, as shown by the high survival rate of E1 in the growth chamber, the early bud
burst in the first year of the study and the defensive phenological plasticity pattern in the next years.
Indeed, E1 shows adaptive differences from the neighboring population E2 (only 682 m. apart),
probably because the environmental conditions at these sites are critically different. Population E1 is a
marginal beech stand located on a south facing slope, while E2 is a dense forest on the north facing
slope of the mountain, growing under much more favorable conditions. Furthermore, population E4
showed a different adaptive pattern in seedling survival than E1, which can be attributed to the more
oceanic microclimate of the specific location, as explained above.

Despite the differences in the survival rate between E1 and E4, these two populations demonstrated a
similar defensive phenological strategy, much different to E2 and E3 in the Evros provenance. Besides
the adaptation to environmental heterogeneity at a small scale, another possible explanation may exist
for the adaptive similarities between E1 and E4. According to a fine scale genetic analysis of
chloroplast DNA haplotypes in beech populations in the region (Manolis et al., 2017), both E1 and E4
are monomorphic for the same haplotype, which is connected with a local postglacial lineage. This
means that these populations probably derive from the postglacial expansion of the same beech
population in a local refugium. There is a possibility that populations E1 and E4 have a common
postglacial origin from a close by refugium where beech survived during multiple glacial cycles and
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probably developed effective adaptive strategies that include high phenotypic plasticity. The origin of
a local glacial refugium has been suggested as a possible explanation for late bud burst of the Slovenian
beech provenance Idrija-11/2 in European field trials in, as a possible adaptation to long cold winters
during glaciation (Brus, 2010; Robson et al., 2011). Thus, adaptive differences between distant or
close-by populations may derive from selective evolutionary responses to environmental conditions of
past refugia, in parallel with the ongoing processes of adaptation to current environmental conditions.

4.4 Conclusions

Beech seedlings deriving from populations of N.E. Greece were in general able to survive well under
climate change conditions, simulated and applied in the growth chamber. Plants showed adaptive
differences that allowed them to avoid high levels of mortality in the growth chamber. Furthermore,
beech genotypes demonstrated an impressive phenotypic plasticity as a response to different
environmental conditions and precipitation frequency in particular. These plastic responses allow
beech seedlings to alter the duration of their growing season as a response to environmental signals,
allowing them to avoid environmental stress and high selection pressure. In our study we were able to
describe different adaptation strategies, that relate to the distribution patterns of specific environmental
factors, rather than the average annual or monthly values of these measures. Indeed, fluctuations in
temperature and precipitation within each year seem to be crucial for survival and growth, as well as
the duration of the growing season. For this reason, provenance Evros is considered to be well adapted
to a less temperate climate, due to the low rainfall during summer, despite the high annual precipitation
that occurs mainly during the winter in this region. Furthermore, our study proved the adaptive
significance of the distribution of precipitation at a small temporal scale, since different adaptive
strategies appeared among beech seedlings when the same amount of water was distributed differently
within each month. This indicates that the physiological response mechanisms of beech individuals are
very complex and depend on several interacting parameters that are difficult to study in total. For this
reason, conclusions about the suitability of provenances for translocation and use in afforestation or
reforestation projects should consider the small scale ecotypic diversity of the species and view
multiple environmental and climatic parameters in connection to each other.

Despite the existence of adaptive diversity among the populations of beech in N.E. Greece, the survival
of beech and other temperate forest tree species in the future remains unknown, since the speed, the
uniformity and the intensity of climate change are different in different climate models. We expect
severe climate fluctuation in the near future, with an increased intensity in the forests of the
Mediterranean ecoregion being most at risk. Beech populations in the rear edge of the distribution of
the species have a large adaptive potential and their persistence seems to be of major importance for
forests and forestry all over Europe, pressing for an adjustment of forest management and conservation
policies.

5 Conflict of Interest

The authors declare that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.

6 Author Contributions

GV, ACP and OG developed the original idea of the research, GV, ACP, TM and IT(1) planned the
experiments in the chamber and the field, GV, AM and IT(2) planned sampling and collected the seed,
GV, TM,AM and IT(1) supervised the experiment in the growth chambers, GV, ACP, OG and IT

24

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27022v2 | CC BY 4.0 Open Access | rec: 8 Jan 2019, publ: 8 Jan 2019




analysed the data, CM and ACP developed the models, GV developed the first draft of the manuscript
and all authors contributed in preparing the manuscript in its final form.

7 Funding

This work was supported by the project “ELIXIR-GR: Hellenic Research Infrastructure for the
Management and Analysis of Data from the Biological Sciences” (MIS 5002780) which is
implemented under the Action “Reinforcement of the Research and Innovation Infrastructure”, funded
by the Operational Program "Competitiveness, Entrepreneurship and Innovation” (NSRF 2014-2020)
and co-financed by Greece and the European Union (European Regional Development Fund).

8 Acknowledgments
The authors are thankful to Dr. Panteleimon Xofis for his help on designing the map of study area.
9 References

Abbott AG, Zhebentyayeva T, Abdelali B, Zongrang L. The genetic control of bud-break in trees. Adv Bot
Res (2015) 74: 201-228. doi: 10.1016/bs.abr.2015.04.002.

Alpert P, Ben-Gai T, Baharad A. The paradoxical increase of Mediterranean extreme daily rainfall in spite of
decrease in total values. Geophys Res Lett (2002) 29:1536.

Anand R, Chanway CP. N2-fixation and growth promotion in cedar colonized by an endophytic strain of
Paenibacillus polymyxa. Biol Fert Soil (2013) 49:235-39.

Arend M, Kuster T, Gunthardt-Goerg MS, Dobbertin M. Provenance-specific growth responses to drought and
air warming in three European oak species (Quercus robur, Q. petraea and Q. pubescens). Tree Physiol (2011)
31:287-97.

Atalay, 1. (1992) The ecology of beech (Fagus orientalis Lipsky) forests and their regioning in terms of seed
transfer. Forest Tree Seeds and Tree Breeding Research Directorate, Ankara. 209 pp.

Banach J, Skrzyszewska K, Smetek M, Kubacki K. Evaluating the progeny of European beech (Fagus
sylvatica L.) in the early years of growth. Forest Research Papers (2015) 76(1):49-58.

Ballian D, Juki¢ B, Bali¢ B, Kajba D, von Wiihlisch G. Phenological variability of European beech (Fagus
sylvatica L.) in the International provenance trial. Sumarski list (2015) 11-12:521-33.

Baskin CC, Baskin JM. Seeds: Ecology, biogeogeography, and evolution of dormancy and germination. New
York: Academic Press (2001). 627 p.

Basler D, Korner C. Photoperiod and temperature responses of bud swelling and bud burst in four temperate
forest tree species. Tree Physiol (2014) 34:377-88.

Bates D, Maechler M, Matrix LT. Lme4: Linear mixed-effects models using S4 classes.
http://mirrors.dotsrc.org/pub/pub/cran/web/packages/Ime4/Ime4.pdf. Accessed 27 Feb 2012.

Bergmeier E, Dimopoulos P. Fagus sylvatica forest vegetation in Greece: Syntaxonomy and gradient analysis.
J Veg Sci (2001) 12:109-26.

Bezdéckova L, Matéjka K. The quality and the depth of dormancy of beechnuts in individual stand groups
with varying climatic conditions within a single unit of approval. J For sci (2015) 61(9):382-92.

25

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27022v2 | CC BY 4.0 Open Access | rec: 8 Jan 2019, publ: 8 Jan 2019




Bolte A, Czajkowski T, Cocozza C, Tognetti R, De Miguel M, PSidova E, et al., Desiccation and mortality
dynamics in seedlings of different European beech (Fagus sylvatica L.) populations under extreme drought
conditions. Front Plant Sci (2016) 7:751. doi: 10.3389/fpls.2016.00751.

Bolte A, Czajkowski T, Kompa T. The north-eastern distribution area of European beech-A review. Forestry
(2007) 80: 413-29.

Bréda N, Huc R, Granier A, Dreyer E. Temperate forest trees and stands under severe drought: a review of
ecophysiological responses, adaptation processes and long-term consequences. Ann For Sci (2006) 63:625-44.

Brouwer C, Goffeau A, Heibloem M. Irrigation water management: training manual No. 1- Introduction to
irrigation. Rome, Italy: FAO (1985).

Brus R. Growing evidence for the existence of glacial refugia of European beech (Fagus sylvatica L.) in the
south-eastern Alps and north-western Dinaric Alps. Period Biol (2010) 112(3):239-46.

Caréon MM, De Frenne P, Chabrerie O, Cousins SAO, De Backer L, Decocq G, Diekmann M, Heinken T,
Kolb A, Naaf T, Plue J, Selvi F, Strimbeck GR, Wulf M, Verheyen K. Impacts of warming and changes in
precipitation frequency on the regeneration of two Acer species. Flora-Morphology, Distribution, Functional
Ecology of Plants (2015) 214:24-33.

Charru M, Seynave I, Morneau F, Bontemps JD. Recent changes in forest productivity: an analysis of national
forest inventory data for common beech (Fagus sylvatica L.) in north-eastern France. For Ecol Manage (2010)
260:864-74.

Chen D, Wang S, Xiong B, Cao B, Deng X. Carbon/nitrogen imbalance associated with drought-induced leaf
senescence in Sorghum bicolor. PLoS One (2015) 10:e0137026. doi: 10.1371/journal.pone.0137026.

Christensen KI. "Fagus L., " In: Strid A, Tan K, editors. Flora Hellenica Vol. 1. DE: Koeltz, Konigstein
(1997). p. 40-41.

Czajkowski T, Bolte A. Different reaction of beech (Fagus sylvatica L.) provenances from Germany and
Poland to drought. Allgemeine Forst- und Jagdzeitung (2016) 177(2):30-40.

de Villemereuil P, Gaggiotti OE, Mouterde M, Till-Bottraud I. Common garden experiments in the genomic
era: new perspectives and opportunities. Heredity (2016) 116:249-54.

Dittmar C, Elling W. Phenological phases of common beech (Fagus sylvatica L.) and their dependence on
region and altitude in Southern Germany. Eur J For Res (2006) 125(2):181-88.

Doi H, Takahashiz M, katano |. Genetic diversity increases regional variation in phenological dates in
response to climate change. Global Change Biology (2010) 16(1):373-79.

Dounavi A, Netzer F, Celepirovic’ N, Ivankovi¢ M, Burger J, Figueroa AG, Schon S, Simon J, Cremer E, Fussi
B, Konnert M, Rennenberg H. Genetic and physiological differences of European beech provenances (F.
sylvatica L.) exposed to drought stress. For Ecol Manage (2016) 361:226-36.

Eilmann B, Sterck F, Wegner L, de Vries SMG, von Arx G, Mohren GMJ, den Ouden J, Sass-Klaassen U.
Wood structural differences between northern and southern beech provenances growing at a moderate site.
Tree Physiol (2014) 34: 882-93.

Ellenberg H, Weber HE, Diill R, Wirth V, Werner W, Paulilen D. Zeigerwerte von Pflanzen in Mitteleuropa
(2nd ed.). Scripta Geobotanica (1992) 18(2):1-258.

26

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27022v2 | CC BY 4.0 Open Access | rec: 8 Jan 2019, publ: 8 Jan 2019




Estiarte M, Pefiuelas J. Alteration of the phenology of leaf senescence and fall in winter deciduous species by
climate change: effects on nutrient proficiency. Glob Chang Biol (2014). doi: 10.1111/gcb.12804.

Fotelli MA, Nahm M, Radoglou K, Rennenberg H, Halyvopoulos G., Matzarakis, A. Seasonal and interannual
ecophysiological responses of beech (Fagus sylvatica) at its south-eastern distribution limit in Europe. For
Ecol Manage (2009) 257:1157-164.

Fotelli NM, GeBler A, Peuke AD, Rennenberg H. Drought affects the competitive interaction between Fagus
sylvatica seedlings and an early successional species, Rubus fruticosus: responses of growth, water status and
013C composition. New Phytol (2001) 151:427-35.

Fu Y H, Campioli M, Vitasse Y, De Boeck HJ, Van Den Berge J, Abdelgawad H, et al., Variation in leaf
flushing date influences autumnal senescence and next year’s flushing date in two temperate tree species.
PNAS (2014) 111:7355-360. doi: 10.1073/pnas.1321727111.

Fu YH, Campioli M, Deckmyn G, Janssens IA. The impact of winter and spring temperatures on temperate
tree budburst dates: results from an experimental climate manipulation. PLoS ONE (2012) 7. e47324.

Fu YH, Piao S, Delpierre N, Hao F, Hanninen H, Liu, Y et al., Larger temperature response of autumn leaf
senescence than spring leaf-out phenology. Glob Chang Biol (2017). doi: 10.1111/gch.14021.

Gao X, Pal JS, Giorgi F. Projected changes in mean and extreme precipitation over the Mediterranean region
from a high resolution double nested RCM simulation. Geophys Res Lett (2006) 33. doi:
10.1029/2005GL024954.

GeBler A, Keitel C, Kreuzwieser J, Matyssek R, Seiler W, Rennenberg H. Potential risks for European beech
(Fagus sylvatica L.) in a changing climate. Trees Structure and Function (2007) 21:1-11.

Gill AL, Gallinat AS, Sanders-DeMott R, Rigden AJ, Short Gianotti DJ, Mantooth JA, Templer PH. Changes
in autumn senescence in northern hemisphere deciduous trees: a meta-analysis of autumn phenology studies.
Ann Bot (2015) 116:875-88.

GOmory D, Ditmarova L, Hrivnak M, Jamnicka G, Kmet’ J, Krajmerova D, Kurjak D. Differentiation in
phenological and physiological traits in European beech (Fagus sylvatica L.). Eur J For Res (2015)
134(6):1075-085.

GOmory D, Paule L, Brus R, Zhelev P, Tomovi¢ Z, Gracan J. Genetic differentiation and phylogeny of beech
on the Balkan peninsula. J Evol Biol (1999) 12(4):746-54.

Gomory D, Paule L. Trade-off between height growth and spring flushing in common beech (Fagus sylvatica
L.). Ann For Sci (2011) 68(5):975-84.

Gouvas M, Sakelariou N. Climate and Forest vegetation of Greece. National Observatory of Athens (2011).
243 p.

Govaerts R, Andrews S, Coombes A, Gilbert M, Hunt D, Nixon K, Thomas M. World checklist of Fagaceae.
Kew: Royal Botanic Gardens (2013). Available at : http://apps.kew.org/wcsp/

Granier A, Reichstein M, Bréda N, Janssens IA, Falge E, Ciais P, Griinwald T, Aubinet M. et al., Evidence for
soil water control on carbon and water dynamics in European forests during the extremely dry year: 2003.
Agric For Meteorol (2007) 143:123-45.

27

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27022v2 | CC BY 4.0 Open Access | rec: 8 Jan 2019, publ: 8 Jan 2019




Harter DEV, Nagy L, Backhaus S, Beierkuhnlein C, Fussi B, Huber G, Jentsch A, Konnert M, Thiel D,
Kreyling J. A comparison of genetic diversity and phenotypic plasticity among European Beech (Fagus
sylvatica L.) populations from Bulgaria and Germany under drought and temperature manipulation. Int J Plant
Sci (2015) 176:232-44.

Hatziskakis S, Papageorgiou AC, Gailing O, Finkeldey R. High chloroplast haplotype diversity in Greek
populations of beech (Fagus sylvatica L.). Plant Biol (2009) 11:425-33.

Hatziskakis S, Tsiripidis I, Papageorgiou AC. Leaf morphological variation in beech (Fagus sylvatica L.)
populations in Greece and its relation to their post-glacial origin. Bot J Linn Soc (2011) 165:422-36.

Heide OM. Daylength and thermal time responses of budburst during dormancy release in some northern
deciduous trees. Physiol Plant (1993) 88:531-40.

Heide OM. High autumn temperature delays spring bud burst in boreal trees, counterbalancing the effect of
climatic warming. Tree Physiol (2003) 23:931-36.

Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A. Very high resolution interpolated climate surfaces for
global land areas. Int J Climatol (2005) 25:1965-978.

Hiura T. Shoot dynamics and architecture of saplings in Fagus crenata across its geographical range. Trees
(1998) 12:274-80.

Hofmann M, Durka W, Liesebach M, Bruelheide H. Intraspecific variability in frost hardines of Fagus
sylvatica L. Eur J For Res (2015) 134:433-41.

Houston Durrant T, de Rigo D, Caudullo G. "Fagus sylvatica and other beeches in Europe: distribution,
habitat, usage and threats,”. In: San-Miguel-Ayanz J, de Rigo D, Caudullo G, Houston Durrant T, Mauri A.
editors. European Atlas of Forest Tree Species. Luxembourg: Publ. Off. EU (2016). p. 94-96.

IPCC. Climate change 2007: impacts, adaptation and vulnerability. Cambridge: Cambridge University Press
(2007). 987 p.

ISTA. International Rules for Seed Testing. 1st ed. Ziirich: International Seed Testing Association (1999). 333
p.

Ivankovi¢ M, Popovi¢ M, Kati¢i¢ I, von Wuehlisch G, Bogdan S. Quantitative Genetic Variation of European
Beech (Fagus sylvatica L.) Provenances from the Southeastern Europe. Sumar List (2011): 25-37.

Jump AS, Hunt JM, Penuelas J. Rapid climate change-related growth decline at the southern range edge of
Fagus sylvatica. Glob Change Biol (2006) 12:2163-174.

Kanaga MK, Ryel RJ, Mock KE, Pfrender ME. Quantitative-genetic variation in morphological and
physiological traits within a quaking aspen (Populus tremuloides) population. Can J For Res (2008) 38:1690-
694.

Kandemir G, Kaya Z. EUFORGEN Technical Guidelines for genetic conservation and use of oriental beech
(Fagus orientalis). Rome, Italy: Bioversity International (2009). 6 p.

Katahira K. How hierarchical models improve point estimates of model parameters at the individual level. J
Math Psychol (2016) 73:37-58.

Keenan TF, Richardson AD. The timing of autumn senescence is affected by the time of spring phenology:
implications for predictive models. Glob Chang Biol (2015). doi: 10.1111/gch.12890.

28

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27022v2 | CC BY 4.0 Open Access | rec: 8 Jan 2019, publ: 8 Jan 2019




Kramer K, Ducousso A, Gomory D, Hansen JK, Ionita L, Liesebach M, Lorent A, Schiiler S, Sulkowska M,
de Vries S, von Wiihlisch G. Chilling and forcing requirements for foliage bud burst of European beech
(Fagus sylvatica L.) differ between provenances and are phenotypically plastic. Agric For Meteorol (2017)
234-235:172-81.

Kramer K, Leinonen I, Loustau D. The importance of phenology for the evaluation of impact of climate
change on growth of boreal, temperate and Mediterranean forests ecosystems: an overview. Int J Biometeorol
(2000) 44(2):67-75.

Kreyling J, Buhk C, Backhaus S, Hallinger M, Huber G, Huber L, et al., Local adaptations to frost in marginal
and central populations of the dominant forest tree Fagus sylvatica L. as affected by temperature and extreme
drought in common garden experiments. Ecol Evol (2014) 4: 594-605. doi: 10.1002/ece3.971

Kreyling J, Thiel D, Nagy L, Jentsch A, Huber G, Konnert M, Beierkuhnlein C. Late frost sensitivity of
juvenile Fagus sylvatica L. differs between southern Germany and Bulgaria and depends on preceding air
temperature. Eur J For Res (2012) 131(3):717-25.

Kriticos DJ, Webber BL, Leriche A, Ota N, Macadam I, Bathols J, Scott JK. CliMond: global high resolution
historical and future scenario climate surfaces for bioclimatic modelling. Methods Ecol Evol (2011) 3(1):53-
64.

Kuster TM, Dobbertin M, Giinthardt-Goerg MS, Schaub M, Arend, M. A Phenological timetable of oak
growth under experimental drought and air warming. PLoS ONE (2014) 9(2). e89724.

Larcher W. Physiological plant ecology: ecophysiology and stress physiology of functional groups. New
York: Springer (2003). 433 p.

Lechowicz MJ. Why do temperature deciduous trees leaf out at different times? Adaptation and ecology of
forest communities. Am Nat (1984) 124(6):821-42.

Lelieveld J, Hadjinicolaou P, Kostopoulou E, Chenoweth J, EI Maayar M, Giannakopoulos C, Hannides C,
Lange MA, Tanarhte M, Tyrlis E, Xoplaki E. Climate change and impacts in the Eastern Mediterranean and
the Middle East. Clim Chang (2012) 114:667-87

Leuschner Ch, Backes K, Hertel D, Schipka F, Schmitt U, Terborg O, Runge M. Drought responses at leaf,
stem and fine root levels of competitive Fagus sylvatica L. and Quercus petraea (Matt.) Liebl. trees in dry and
wet years. For Ecol Manage (2001) 149:33-46.

Liesebach M. The International Beech Provenance Experiment 1993/95 - Description of the six chosen
provenances and the two trial sites. Landbauforschung Volkenrode (2012) 62(4):159-67.

Madsen P. Growth and survival of Fagus sylvatica seedlings in relation to light intensity and soil water
content. Scand J For Res (1994) 9:316-22.

Malyshev AV, Henry HA, Kreyling J. "Common garden experiments to characterize cold acclimation
responses in plants from different climatic regions,”. In: Hincha DK, Zuther E, editors. Plant Cold
Acclimation. New York: Springer (2014). p. 65-78.

Marcos M, Tsimplis MN. Comparison of results of AOGCMs in the Mediterranean Sea during the 21st
century. J Geophys Res (2008) 113. doi: 10.1029/2008JC004820.

Matias L, Jump AS. Impacts of predicted climate change on recruitment at the geographical limits of Scots

pine. J Exp Bot (2014) 65:299-310.

29

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27022v2 | CC BY 4.0 Open Access | rec: 8 Jan 2019, publ: 8 Jan 2019




Mavromatis G. Bioclim of Greece: Relations between climate and vegetation. Forest Research (1980) 1 (in
Greek).

Meier IC, Leuschner C. Leaf size and leaf area index in Fagus sylvatica forests: competing effects of
precipitation, temperature, and nitrogen availability. Ecosystems (2008) 11:655-69.

Minotta G, Pinzauti S. Effects of light and soil fertility on growth, leaf chlorophyll content and nutrient use
efficiency of beech (Fagus sylvatica L.) seedlings. For Ecol Manage (1996) 86:61-71.

Morin X, Roy J, Sonie L, Chuine I. Changes in leaf phenology of three European oak species in response to
experimental climate change. New Phytol (2010) 186: 900-10.

Moulopoulos C. The beech forests of Greece. Annals of Agricultural and Forestry School. Thessaloniki:
Aristotle University of Thessaloniki (1965). 85 p.

Miiller M, Finkeldey R (2017) Genetic and adaptive trait variation in seedlings of European beech
provenances from Northern Germany. Silvae Genetica. doi: 10.1515/sg-2016-0018

Ngulube MR. Genetic variation in seed germination and seedling growth of 24 Gliricidia sepium provenances.
For Ecol Manage (1989) 28:1-6.

Nicotra AB, Atkin OK, Bonser SP, Davidson AM, Finnegan EJ, Mathesius U, Poot P, Purugganan MD,
Richards CL, Valladares F. et al., Plant phenotypic plasticity in a changing climate. Trends Plant Sci (2010)
15:684-92.

Nielsen CN, Jargensen FV. Phenology and diameter increment in seedlings of European beech (Fagus
sylvatica L.) as affected by different soil water contents: variation between and within provenances. For Ecol
Manage (2003) 174:233-49.

Panchen ZA, Primack RB, Gallinat AS. Substantial variation in leaf senescence times among 1360 temperate
woody plant species: Implications for phenology and ecosystem processes. Ann Bot (2015) 116:865-73.

Papageorgiou AC, Vidalis A, Gailing O, Tsiripidis I, Hatziskakis S, Boukos S, Galatsidas S, Finkeldey R.
Genetic variation of beech (Fagus sylvatica L.) in Rodopi (N.E. Greece). Eur J For Res (2008) 127(1):81-8.

Papageorgiou AC, Tsiripidis I, Mouratidis T, Hatziskakis S, Gailing O, Eliades NH, Vidalis A, Drouzas AD,
Finkeldey R. Complex fine-scale phylogeographical patterns in a putative refugial region for Fagus sylvatica
(Fagaceae). Bot J Linn Soc (2014) 174(4):516-28.

Paule L. Gene conservation in European beech (Fagus sylvatica L.). For Genet (1995) 2(3):161-70.
Petkova K, Molle E, Huber G, Konnert M, Gaviria J. Spring and autumn phenology of Bulgarian and German
provenances of Common beech (Fagus sylvatica L.) under similar climatic conditions. Silvae Genet (2017)

66:24-32.

Piovesan G, Biondi F, Di Filippo A, Alessandrini A, Maugeri M. Drought-driven growth reduction in old
beech (Fagus sylvatica) forests of the central Apennines, Italy. Glob Change Biol (2008) 14:1-17.

Psidova E, Ditmarova L, Jamnicka G, Kurjak D, Majerova J, Cazajkowski T, et al., Photosynthetic response of
beech seedlings of different origin to water deficit. Photosynthetica (2015) 53:187- 94.

Pulvento C, Lavini A, Riccardi M, d'Andria R, Ragab R. Assessing Amaranth adaptability in a Mediterranean
area of South Italy under different climatic scenarios. Irrigat Drainage (2015) 64:50-8.

30

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27022v2 | CC BY 4.0 Open Access | rec: 8 Jan 2019, publ: 8 Jan 2019




R Development Core Team. R: A Language and Environment for Statistical Computing. Vienna: R
Foundation for Statistical Computing (2014). Available: http://www.R-project.org. Accessed 15 Aug 16.

Raundebush S, Bryk A. Hierarchical linear models. Thousand Oaks, CA, US: Sage Publications (2002). 512 p.

Rennenberg H, Seiler W, Matyssek R, Gessler A, Kreuzwieser J. European beech (Fagus sylvatica L.) - A
forest tree without future in the south of Central Europe? Allgemeine Forst- und Jagdzeitung (2004) 175(10-
11):210-24.

Rita A, Gentilesca T, Ripullone F, Todaro L, Borghetti M. Differential climate-growth relationships in Abies
alba Mill. and Fagus sylvatica L. in Mediterranean mountain forests. Dendrochronologia (2014) 32:220-29.
doi: 10.1016/j.dendro.2014.04.001.

Robson TM, Alia R, Bozic G, Clark J, Forsteuter M, Gomory D, Liesebach M, Mertens P, Rasztovits E,
Zitova M, von Wiihlisch G. The timing of leaf flush in European beech (Fagus sylvatica L.) saplings.
Proceedings of the COST E52 Final Meeting; 2010 May 4-6; Burgos, Spain.

Rose L, Leuschner C, Kéckemann B, Buschmann H. Are marginal beech (Fagus sylvatica L.) provenances a
source for drought tolerant ecotypes? Eur J For Res (2009) 128:335-43.

Scheepens JF, Frei ES, Stocklin J. Genotypic and environmental variation in specific leaf area in a widespread
Alpine plant after transplantation to different altitudes. Oecologia (2010) 164:141-50.

Schraml C, Rennenberg H. The different reactions of beech tree (Fagus sylvatica L.) ecotypes to drought
stress. Forstwissenschaftliches Centralblatt, (2002) 121(2):59-72.

Schiiler S, Liesebach M, vonWiihlisch G. Genetische variation und plastizitét des blattaustriebs von
herkiinften der rot-buche. Appl Agric For Res (2012) 4:211-20.

Schiiler S, Liesebach M. Latitudinal population transfer reduces temperature requirements for bud burst of
European beech. Plant Ecol (2015) 216:111-22.

Sedigheh HG, Mortazavian M, Norouzian D, Atyabi M, Akbarzadeh A, Hasanpoor K, Ghorbani M. Oxidative
stress and leaf senescence. BMC Res Notes (2011) 4:477. doi: 10.1186/1756-0500-4-477.

Sexton JP, McKay JK, Sala A. Plasticity and genetic diversity may allow salt cedar to invade cold climates in
North America. Ecol Applic (2002) 12:1652-660.

Souto CP, Premoli, AC, Reich PB. Complex bioclimatic and soil gradients shape leaf trait variation in
Embothrium coccineum (Proteaceae) among austral forests in Patagonia. Rev Chil Hist Nat (2009) 82:209-22.

St Clair JB, Howe GT. Genetic maladaptation of coastal Douglas-fir seedlings to future climates. Glob Change
Biol (2007) 13:1441-454.

Syktus J, Jeffrey S, Rotstaynb L, Wong K, Toombs N, Dravitzki S, Collier M, Hamalainen C, Moeseneder C.
The CSIRO-QCCCE contribution to CMIP5 using the CSIRO Mk3.6 climate model. Proceedings of the 19th
International Congress on Modelling and Simulation (MODSIM2011); 2011 Dec 12-16; Perth, Western
Australia.

Thiel D, Kreyling J, Backhaus S, Beierkuhnlein C,Buhk C, Egen K, Huber G, Konnert M, Nagy L, Jentsch A.
Different reactions of central and marginal provenances of Fagus sylvatica to experimental drought. Eur J For
Res (2014) 133:247-60.

31

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27022v2 | CC BY 4.0 Open Access | rec: 8 Jan 2019, publ: 8 Jan 2019




Thomashow, MF. Plant cold acclimation: freezing tolerance genes and regulatory mechanisms. Ann Rev Plant
Physiol Plant Molec Biol (1999) 50:571-99.

Tombesi S, Nardini A, Frioni T, Soccolini M, Zadra C, Farinelli D, Poni S, Palliotti A . Stomatal closure is
induced by hydraulic signals and maintained by ABA in drought-stressed grapevine. Sci Rep (2015) 5:12449.
doi: 10.1038/srep12449.

Tsiripidis I, Athanasiadis N. Contribution to the knowledge of the vascular flora of northeast Greece: Floristic
composition of the beech (Fagus sylvatica L.) forests in Greek Rodopi. Willdenowia (2003) 33:273-97.

Tsiripidis I, Bergmeier E, Dimopoulos P. Geographical and ecological differentiation in Greek Fagus forest
vegetation. J Veg Sci (2007) 18:743-50.

Vander Mijnsbrugge K, Depypere L, Michiels B, De Cuyper B. Genetic and temporal plastic variation in bud
burst, bud set and flower opening responses of local versus non-local provenances of Prunus spinosa in a
provenance trial. Basic Appl Ecol (2016) 17:262-72. doi: 10.1016/j.baae.2015.11.005.

Visnji¢ C, Dohrenbusch A. Frost resistance and phenology of European beech provenances (Fagus sylvatica
L.). Allgemeine Forst und Jagdzeitung (2004) 175(6):101-10.

Vitasse Y, Bresson CC, Kremer A, Michalet R, Delzon S. Quantifying phenological plasticity to temperature
in two temperate tree species. Funct Ecol (2010) 24:1211-218.

von Wechlisch G, Krusche D, Muhs HJ. Variation in Temperature sum requirements for flushing of beech
provenances. Silvae Genet (1995) 44:343-46.

Way D, Montgomery R. Photoperiod constraints on tree phenology, performance and migration in a warming
world. Plant Cell Environ (2014):1-48. doi: 10.1111/pce.12431.

Whiteley RE, Black-Samuelsson S, Jansson G. Within and between population variation in adaptive traits in
Ulmus laevis Pall., the European White EIm. For Genet (2003) 10(4):313-23.

Willner W, Jiménez-Alfaro B, Agrillo E, Biurrun I, Campos, JA, Carni A, Casella L, Csiky J, Custerevska R,
Didukh YP, Ewald J, Jandt U, et al., Classification of European beech forests: A Gordian Knot? Appl Veg Sci
(2017) 20(3):494-512.

Yan W, Wallace DH. A model of photoperiod x temperature interaction effects on plant development. Crit
Rev Plant Sci (1996) 15(1):63-96.

Ziv B, Kushnir Y, Nakamura J, Naik NH, Harpaz T. Coupled climate model simulations of Mediterranean
winter cyclones and large-scale flow patterns. Nat Hazard Earth Syst Sci (2013) 13:779-93.

32

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27022v2 | CC BY 4.0 Open Access | rec: 8 Jan 2019, publ: 8 Jan 2019




