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Abstract

A process based or mechanistic understanding of the intraspecific variation in growth/fitness
within tree species is crucial for identifying adapted planting materials under climate change.
For this purpose empirical models, predicting performance in terms of fitness related traits are
commonly used. Two types of empirical models; the site specific Transfer functions and the
provenance specific Response functions are often used. Recent studies have attempted to
combine the strengths of the two modeling approaches into integrated functions termed as
Universal Response Function (URFs), aiming to overcome the site specific and provenance

specific limitations of the traditional empirical models.

A systematic literature review was done on intraspecific variation in climate response of six
widely occurring and economically important forest tree species of central Europe within the
SUSTREE project. In total 190 published literatures were found which studied the intraspecific
climate response based on traits such as growth, phenology, ecophysiological response etc.
Common gardens or provenance trials were found to be the most common assessment
method. Climatic drivers of fitness varied considerably both within and between the
distribution range of the six species. In total 19 studies reported Transfer or Response functions
for five out of the six examined species. No URFs were found to be reported. This review
identified the applicability of the available Transfer and Response functions within Central

Europe.
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Introduction

It has been increasingly realized that understanding intraspecific variation in growth/fitness is
crucial for developing adaptive management strategies for forests under climate change. This
has revived the value of forest provenance trials around the world. These trials are now seen as
important sources of data to understand the adaptive variation within the species that might
enable its success under climate change. Typically, provenance trials consist of experiments
where different provenances of a species are grown under a common environment. When
replicated over a range of planting sites these trials enable modeling the variation in phenotypic

traits due to genetics, environment or a combination of both.

Two major conceptual approaches are traditionally employed to guide the identification of
suitable populations for reforestation under particular climatic conditions: i) climate envelope
approach, ii) empirical response function approach. Conceptually the climate envelope
approach (i) is based on the over arching concept of local adaptation, which means a
population is locally adapted to the environmental conditions in which it occurs. Following this
approach, best performing and fit populations for a given planting location are selected from a
geographic origin which has similar climate as the planting location (Hamann et al. 2010).
Hence, for a given planting location, a climatically identical seed origin is identified by statistical
approaches like regression trees, principal component analysis, canonical correlations, or
minimum environmental distances etc (Lesser and Parker 2006; Isaac-Renton et al. 2014). The
climate envelope approach has been criticized because the assumption of local being optimal
may be invalid if climate of population origin and planting locations are not analogous, which
may be frequently the case in the future (Williams et al. 2007; Williams and Jackson 2007).
Thus, their use may be irrelevant under climate change (Marris 2008; McKenney et al. 2009,

Chakraborty et al. 2015).

The response function approach (ii) is based on empirical relations between climate and

functional traits (Wang et al. 2006; Kapeller et al. 2012) and requires measures of traits related
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to fitness components, such as growth, mortality, reproduction, etc. Potentially it may include
any population genetic processes e.g. selection, demography, drift or gene flow that may have
shaped the expression of the respective trait or the phenotypic plasticity of this trait when
tested within different environments. A limitation of the response function approach is the
availability of extensive data from common garden/ provenance trials to develop such response

functions.

Two types of response functions have been widely used to model the intraspecific variation of
the climate - growth relationship. A transfer function is based on correlations between the
growth performance of several populations and the climate of a particular planting location
(Matyas 1994; Carter 1996; Andalo et al. 2005), but such a transfer function is applicable only to
the site for which it was developed. A response function on the other hand is based on the
correlation between the growth performance of a particular population and the climatic
conditions across a range of planting sites (Wang et al. 2006; Kapeller et al. 2012) and is specific
for the population for which it was developed. To address the limitations of these two models,
Wang et al. (2010) proposed to combine the transfer and response functions into an integrated
model they referred to as Universal Response Function (URF). The URFs are flexible tools and
can be used to identify suitable planting locations for specific seed sources, suitable seed
sources for specific planting locations and also to predict potential distribution areas of
populations (Chakraborty et al. 2015; Chakraborty et al. 2016, Schueler et al. 2016 (unpublished

manuscript).

The main objective of this study is to review the existing knowledge on intraspecific variation in
climate response of six widely occurring, economically and ecologically important tree species

of Europe (Tablel, Figl) with an emphasis on the empirical response functions.
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Table 1. Tree species under investigation within the SUSTREE project framework

Common name Scientific name Geographic distribution

European beech Fagus sylvatica The natural range extends from southern Sweden to northern
Sicily, west to France, southern England, northern Portugal,
central Spain, and east to northwest Turkey, where it
intergrades with the oriental beech (Fagus orientalis).

European larch Larix decidua Native to mountains of Central Europe, in the Alps and
Carpathian Mountains, with disjunct lowland populations in
northern Poland and southern Lithuania.

Norway Spruce Picea abies Native to Northern, Central and Eastern Europe . It is very
closely related to the Siberian spruce (Picea obovata), which
replaces it east of the Ural Mountains, where both the species
hybridizes.

Scots Pine Pinus sylvestris Native to Eurasia, ranging from Western Europe to Eastern
Siberia, south to the Caucasus Mountains and Anatolia, and
Scandinavia in the north.

Pedunculate oak Quercus robur Native to most of Europe west of the Caucasus.
Sessile oak Quercus petraea Most of Europe and into Anatolia and Iran.
Norway Spruce, Siberian Spruce Scots Pine
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g. 1 Geographic distribution of the 6 tree species under investigation within the SUSTREE project framework

according to EUFORGEN Species distribution maps (http://www.euforgen.org/species).
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Materials and methods

We searched literature for studies on intraspecific genetic variation in response to climate for
the six European tree species mentioned in Table 1. For this purpose, we used the search
engine Web of Science with the following key words: “botanical name” or “common name” of
the trees and “provenance” and “climate” and “response”. We focused on Europe and
restricted our search with the cutoff date set to December 31, 2016. The entries returned by
the search engine, which did not conform to the above key words, were eliminated from the
review. For each study, we collected information on geographical location, assessment
methodologies, studied traits, and information on common garden experiment if any. In
addition to SCI listed literature, we also included publication published as reports and
proceedings obtained from the national experts in forest genetics and ecology (i.e. mainly

partners of the SUSTREE project) available in English and the various local languages.

Results

Available response functions in Central Europe
Central Europe is characterized by a wide range of climatic conditions ranging from oceanic,
continental and a hybrid of the two. Under climate change, it would be crucial to identify
climatic as well as genetic drivers of forests growth and development in order to adapt forests
to maintain their ability to provide multiple ecosystem services. The SUSTREE project focuses
on six tree species (Table 1) that occur across a wide range of site and environmental conditions

in Europe.

In total we found 190 publications which investigate intraspecific variation in several traits (e.g.
growth, phenology, fitness, productivity etc.) (Fig. 2) in response to climatic variables. Out of
the 188 publications around 28% were from Germany (Fig.3). Most of the studies were regional
in nature with only a few spanning across the whole of Europe. Scots pine, Norway spruce and
European Beech were found to be the most studied species (Fig. 4) whereas studies pertaining
to European larch and Oaks were relatively few. Assessment methods included common

garden, in-situ ecophysiological experiment genecology model, ex-situ growth chamber
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experiments, molecular-genetics and simulation models. The majority of the studies dealt with

intra -specific variation in growth, utilizing data from common garden experiments (Table S1 in

Appendix).
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Fig. 2. Trait wise share of total number of publications used in this review
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In total we found 19 published transfer or response functions for five out of the six tree species
investigated within the SUSTREE framework (Table 2). In the following sections intraspecific
variation in climatic response of the studied species are briefly discussed along with the transfer

and response functions.

Table2. Available response functions for the tree species investigated under the SUSTREE framework

Species Location Trait type Assessment Response Reference Applicable to
Method function type
RF TF URF
P abies Austria growth common garden v Kapeller etal.2012; Central Europe
Schueler et al.2013
Slovakia growth common garden v GO6mory etal.2012 Slovakia
USA growth common garden v Schmidtling 1994 N America
Hungary growth common garden v Ujvari 1969 Hungary&
Central Europe
Czech growth common garden Y Ulbrichova CzechR&
etal.2015 Central Europe
Finland growth common garden v Beuker2008 Finland
P sylvestris ~ Europe growth common garden v Reich etal.2008 Europe
Russia growth common garden v Rehfeldt etal.2002 Russia
Sweden growth ecophysiological v Persson etal.1998 Sweden
experiment
Poland phenology ecophysiological v Oleksyn etal.1998 Poland&
experiment Central Europe
Finland growth common garden v Beuker 2008 Finland&
Central Europe
Sweden growth common garden v Prescher 1986 Sweden
L decidua Germany, growth common garden v Foff etal.2014 Germany,
Slovakia Slovakia
Canada growth common garden v Rehfeldt etal.1999 Canada
F sylvatica Europe growth common garden v Gomory 2010 Europe
SE Europe growth common garden v Matyas etal.2009 SE Europe
Europe growth, common garden Alia et al. 2012 Europe
survival
Q petraea Europe growth, common garden v Sdenz-Romero Europe
survival etal.2016
Q robur - - - - - - -

RF= Response function, TF= Transfer function, URF= Universal Response Function. See Introduction for details
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1. Norway spruce
Studies on fitness related traits such as dormancy and budburst found that Norway spruce
seedlings are significantly affected by temperature during bud set, and these effects are
modified by chilling and environmental conditions during forcing (Sogaard et al. 2008; Dalen et
al. 2004; Spinnler etal. 2003; Leinonen & Hanninen 2002). In general the effect of provenance
origin was weaker compared to environmental effects such as the temperate during bud set
(Sogaard et al. 2008). However, the climate and photoperiod at the site, where fertilization and
seed development occurs, largely determine timing of spring flushing, autumn growth
cessation, height growth and frost hardiness (Johnsen et al. 2005). Consequently, phenological
behavior can abruptly change between generations (Skrgppa et al. 2009). In addition to climatic
drivers, increasing concentration of green house gases (GHGs) are also expected to play an
important role on the future of forests under climate change (Thuiller et al. 2008; Engler et al.
2011). Dalen et al. (2004) studied the effect of cold and freezing temperatures response under
a CO, enhanced environment and found clear difference between the provenances in terms of
timing of bud set and freezing tolerance. Towards the end of cold acclimation, elevated CO, led
to reduced freezing tolerance in the southern provenance (Dalen et al. 2004; Spinnler et al.
2003). In general, the frost risk was higher in the northern sites compared to the southern one,
especially in genotypes with late bud burst (Leinonen & Hanninen 2002). Using computer
simulations by applying a temperature sum model for predicting the timing of bud burst of
different Norway spruce genotypes, Leinonen & Hanninen (2002) examined two contrasting
theories of adaptedness; i) a fixed threshold for the risk of frost damage, or ii) a tradeoff
between the risk of frost damage and the length of the growing season. They found that the
tradeoff assumption resembles closely the empirical observations of provenance variation in
bud burst in response to cold temperature. Beuker et al. (1998) also found that the northern
provenances hardened earlier but they did not find provenance specific differences during the

dehardening phase in spring.

Tree ring data revealed winter and spring temperatures to be dominant drivers of intraspecific

variation in growth of Norway spruce in the Boreal zone (Suvanto et al. 2016). Unlike northern
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provenances, warm winters led to faster growth in the southern provenances (Suvanto et al.
2016). Altitude was also found to be an important indirect driver of intraspecific variation in
growth and phenology of Norway spruce (Worrall & Mergen 1967). Oleksyn et al. (1998)
investigated the adaptive features of tree populations originating from cold, high-altitude
environments and found that in the common garden, the Norway spruce populations from
colder, high-altitude habitats had higher N concentration and chlorophyll in needles than those
from low altitudes. However in spite of having higher photosynthetic rates in high-altitude
populations, seedling height and dry mass in the common garden declined with altitude of seed
origin. The high respiration rates and high allocation to roots are probably responsible for the
low growth rate potential of high-altitude populations, more than offsetting their higher

photosynthetic rates.

Response functions with dominant height as a function of annual heat moisture index revealed
that the most productive provenances for future climates originate from the warm and dry
areas of the Norway spruce distribution in Austria (Kapeller et al. 2012; Schueler et al. 2013) or
certain provenances, mostly from Southeastern Europe (Ujvari 1969). Kapeller et al. (2012)
further showed that the most productive provenances of Norway spruce in Austria originate
from regions, which are phylogenetically distinct from the Alpine distribution area of Norway

spruce, suggesting the role of population history in their climatic growth response.

Geographic transfer functions developed by Gomory et al. (2012) found height and productivity
of Norway spruce provenances responding positively to transfer into lower altitudes, i.e.,
warmer conditions with less precipitations. Gomory et al. (2012) also revealed that climatic
growth responses of provenances from higher altitudes, colder and wetter climates tend to be
more stable, whereas provenances from lower altitudes, drier and warmer sites are more
responsive to site quality. Schmidtling (1994) developed transfer function of Norway spruce
populations that relate growth expressed as a percent deviation from the "local" source in
response to difference in temperature of planting and source location. However these transfer
functions are based on trials located in the USA and therefore their applicability to Europe is

guestionable. The transfer functions predicted a loss of about 5 to 10% in height growth below
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that expected for a genetically adapted seed source, if the average yearly temperature

increases by 4°C (Schmidtling 1994).

2. Scots Pine
Growth chamber and field experiments revealed that the northern populations ceased height
growth earlier than southern populations (Oleksyn et al. 1998). Stephan et al. (1996) analyzed
the IUFRO 1982 Scots pine provenance experiment in Southwestern Germany with respect to
height growth after several vegetation periods, diameter at breast height, branching, stem
form, and mortality and found a clear tradeoff between height growth performance and stem
form. The fast growing provenances from Poland, Germany, France and Hungary also had a high
percentage of trees with unsuitable stem form (Stephan et al. 1996). Hertel & Schneck (1999)
found that the growth performance of provenances from higher altitudes and Eastern Europe
was poor under the conditions of the test locations. In addition, significant differences exist
between the two test sites for all three traits. Alia et al. (2001) analyzed growth and
phenological traits of several Spanish and German Scots Pine provenances and found that the
rate of height growth of the Spanish is lower than that of the German provenances, whereas for
the other traits such as phenology the best Spanish compare favorably with the Germans. Alia
et al. (2001) also found indications of local optimality whereby provenances closest to each trial
site seemed to be better adapted than more distant ones. Barzdajn et al. (2016) analyzed
variation in growth and survival among European provenances of Pinus sylvestris in a 30-years-
old experiment and found that populations originating from the latitudinal band between 49° N
and 54° N showing the best growth performance. Populations originating from both north and
south of this band showed lower productivity, and survival rates reflecting the lack of
adaptation to the environment of the research site. Aris et al. (2013) found sensitivity to
temperature in May and precipitation in previous July and September; however, fast growing
trees showed higher correlation coefficients and additional sensitivity to summer and seasonal
amounts of precipitation. Palomar et al. (2016) modeled tree height allometry as a combination
of climate at the growing site and geographic characteristics at the origin site of the population.

They found the climate allometry relation in Scots pine is weaker than other Pine species such

10
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as the Pinus halepensis, P.pinaster and P.nigra. In general, Palomar et al. (2016) found that
provenances originating from warmer climate perform better on account of both growth and
survival. Irrespective of the assessment method intraspecific responses of Scots pine were
found to be sensitive towards thermal variables like growing degree days, summer temperature
and moisture related variables, such as annual precipitation and mean summer precipitation
(Rehfeldt et al. 2002, 2008, Aris et al. 2013, Seidel et al. 2016 a, Seidel et al. 2016 b, Richter et
al. 2012).

Phenological and growth response (Taeger et al. 2013, Taeger et al. 2015) of P. sylvestris to
drought was found to have strongest phenotypic plasticity of root growth for southwestern
provenances, indicating a specific drought adaptation at the cost of overall low growth of
aboveground structures even under non-drought conditions. Taeger et al. (2015) additionally
found that warming had a minor effect on growth, but advanced phenological development
depending on water availability. Drought stress responses based on thermal indices (crop water
stress index and stomata' conductance index) (Seidel et al. 2016 a) and drought-induced
mortality experiments (Seidle et al. 2016 b) with Scots pine seedlings from six provenances
(Bulgaria, France, Germany, Italy, Poland, and Spain) revealed that the stress magnitude and
response to soil water deficit depended on provenance. Under moderate drought conditions,
pines from western and eastern Mediterranean provenances (Bulgaria, France, and Spain)
expressed lower stress levels than those from both continental provenances (Germany and
Poland) (Seidel et al. 2016a, Seidel et al. 2016b). However, under extreme drought, all
provenances were equally stressed with almost no significant differences in their thermal
indices. Provenance-specific differences in drought resistance were found to be associated to
summer precipitation at the origin of Scots pine seedlings (Seidel et al. 2016a, Seidel et al.
2016b, Richter et al. 2012). Provenances from the warm and dry origins in Mediterranean
Europe were found to have higher drought resistance under semiarid conditions such as in

Turkey (Kulac et al. 2015).

Provenance specific response functions for Scots pine were developed across specific parts of

the natural distribution of Scots pine such as Russia, Sweden, Poland etc. (Reich et al. 2008,

11
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Rehfeldt et al. 2002, Persson et al. 1998, Oleksyn et al. 1998 and Beuker 2008).Till date none of
the response function studies cover the entire natural range of Scots pine. Reich et al. (2008)
developed climate transfer distance for P. sylvestris in Europe in terms of mean annual
temperature. Rehfeldt et al. (2002, 2008) also developed population-specific response
functions of P. sylvestris growing at 47 planting sites in Eurasia and North America and found
that warm-degree-days > 5 degrees C; mean annual temperature; cold-degree-days < 0 degrees
C; summer-winter temperature differential; a moisture index, and the ratio of warm-degree-
days > 5 degrees C to mean annual precipitation are all important climatic predictors of height
growth. Rehfeldt et al. (2002) generally concluded that populations tend to inhabit climates
colder than their optima, with the disparity between the optimal and inhabited climates
becoming greater as the climate becomes more severe. Persson & Bengt (1998) developed
response function of Scots pine in Sweden with climatic variables, such as temperature sum of
the site and geographic variables, such as latitudinal origin of the provenance. The effects of
latitudinal transfer were influenced by temperature sum at the growing site (Persson 1998,
Persson & Beuker 1997). Persson (1998) found that at the harshest situated sites southward
transfer longer than 3 degree was optimal for survival and yield, whereas transfer effects in a

mild climate were weak.

Reich et al. (2008) found that climate transfers equivalent to warming by MAT of 1-4 °C
markedly increased the survival of populations in northern Europe and modestly increased
height growth, but decreased survival and height growth at sites lower than 54 °N latitude in
Europe. Beuker (2000) also developed transfer functions of Scots pine in Norway and found
that the northernmost provenances showed an increase in wood production when transferred
southwards into a climate with an annual mean effective temperature sum close to that which
is expected in northern areas as a result of the projected climatic change. Frescher (1986)
developed transfer functions for Scots pine provenances in Sweden and found that for southern
Sweden a transfer of £1° MAT combined with an altitudinal downward transfer of 100-200

meters is optimum for enhancing and maintaining adaptive potential of the populations.

12
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3. European larch
Intraspecific variation in ecophyiological response of Austrian provenances of European larch
was studied by Tranquillini et al. (1986). Below 15°C daily mean temperature the
photosynthetic rate of cold-acclimated plants was found to be higher than that of warm-
acclimated plants, but above 15°C an opposite response was observed (Tranquillini et al. 1986).
Studies on transfer functions of European larch both in Central Europe and North America
found climatic variables such as mean annual temperature, degree-days < 0 degree C, mean
temperature in the coldest month, ratio of the mean annual temperature to mean annual
precipitation, and the summer-winter temperature range driving growth and survival of
European larch (Rehfeldt et al. 1999; Foff 2014). Foff et al. (2014) developed transfer functions
for European larch in Germany and Slovakia and found that Sudetic provenances were the best
performing provenances for Central Europe. Rehfeldt et al. (1999) examined the long distance
transfer of European Larch into Canada. Both, Rehfeldt et al. (1999) and Foff et al.(2014) found
indication of local adaptation in European larch, whereby provenances originating from
climatically and geographically similar regions are the optimum for a given planting site. Miller-
Starck et al. (2010) developed transfer functions based on genetic diversity and genetic
multiplicity in response to altitude and found that genetic diversity and genetic multiplicity in
European larch does not seem to respond to transfers across altitudinal gradient. We did not

find any study with provenance specific response function in European Larch.

Both, observed (Giertych 1979; Laffers 1988) and modeled ( Foff 2014; Rehfeldt, 1999) growth
performance of European larch indicated the superiority of Sudetan and West Carpathian

provenances across its distribution range.

4. European Beech
Intraspecific variation in European beech was widely studied in relation to drought sensitivity
and tolerance (Garcia-Plazaola & Becerril 2000; Arend et al. 2016; Dziedek et al. 2016; Baudis et
al. 2015; Knutzen et al. 2015; Psidova et al. 2015). Studies on photosynthetic and phenological
response of beech provenances, in response to artificially simulated severe drought, reveals

high drought sensitivity of Cantabrian beech populations, when planted in southern European

13



Conservation and sustainable utilization of forest tree diversity in climate change HILCIIrecy

(Project n® CE614) A.T1.3,D.T1.3.1 CENTRAL EUROPE &

SUSTREE

sites (Arend et al. 2016; Dziedek et al. 2016). In climatic conditions of southern Europe a high
degree of phenotypic plasticity in growth performance and drought resistance was found within
provenances originating from Central/Eastern Europe and on messic sites, indicating that beech
provenances from warmer sites in Southern Europe may not necessarily be the only source of
drought-resistant ecotypes (Stojnic et al. 2015; Stojnic et al. 2013; Harter et al.2015). Knutzen
et al. (2015) found that intraspecific drought sensitivity of beech shows variable response on
different traits, for example physiological traits were more strongly influenced by water
availability while structural traits were not. Phenotypic plasticity indices were the highest in
regards of stomatal density, potential conductance index and relative stomatal pore surface,
indicating that these traits would be good candidates for improvement in breeding programs
aimed at selection of drought resistant (Stojnic et al. 2015). Thiel et al. (2014) tested the
drought tolerance and growth performance of provenances belonging to the marginal and
central region of the distribution of European Beech and found drought resistance of the
marginal provenances were significantly superior compared to the central provenances. A
slightly opposite trend was observed in case of the growth performance, indicating a trade-off
between drought tolerance and growth. Phenological response to drought in its southernmost

distribution limit in Europe was studied by Robson et al. (2013).

Provenances from continental southeast and Central Europe flush earlier and grow faster
compared to provenances originating from maritime Europe (Robson et al. 2013; Chmura &
RozKowski 2002; Wolf 2011). However provenances from south of Europe, the Balkans and
western Alps were found to have comparatively better growth as well as drought resistance
over a wide range of planting conditions in Central Europe, which deserves some conservation
efforts in order to sustain planting material under climate change (Alia et al. 2010; Robson et al.
2012; Robson et al. 2013; Robson et al. 2010; Vitasse et al. 2013). Kreyling et al. (2012) studied
intraspecific variation in frost sensitivity between Central European and Southern European
provenances when planted in Central Europe and found that Central European provenances
have superior frost resistance indicating local adaptation. Jazbec et al. (2007) found Carpathian

provenances to have higher frost resistance compared to any other provenance when planted
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in Mediterranean conditions of Europe. In spite of this, delayed flushing seems to be the main
mechanism of local adaptation to late frost in European beech (Gémoéry & Paule 2001, von
Woihlisch et al. 1995), and beech provenances show a considerable phenotypic plasticity in this

trait (Kramer et al. 2017).

Modelled transferred functions for European beech were developed for different parts of the
natural distribution range of European Beech such as Central, eastern and south eastern Europe
(Gomory 2010; Matyas et al. 2009; Sutkowska & Matras 2003). Both geographic (latitude,
longitude and altitude) and climate variables of both planting location and provenance origin
were utilized to develop the transfer functions. Matyds et al. (2009) estimated juvenile height
growth response of beech provenances in test sites located in southeastern Europe with
respect to ecological transfer distance based on Ellenberg’s climate quotient. Ellenberg’s
climate quotient is defined as the mean temperature of the warmest month divided by the
annual precipitation. In general, the transfer functions suggest that maritime provenances show
improving performance with warming and dryer conditions,while continental populations
display an opposite trend (Matyas et al. 2009). Gomory (2010) also developed transfer
functions for beech provenances at the southeastern limit of beech. These transfer functions
were based on geographical coordinates (longitude, latitude, altitude) and (mean annual
temperature, total annual precipitation) of the provenance origin. In general the geographical
distribution of the optimum transfer rates was found to be spatially continuous; and both
growth and survival improve with the transfer towards the center of the range indicating local
adaptation (Gomory 2010; Matyas et al. 2009). Provenance specific response functions were,

however, not developed for European beech so far.

5. Sessile and Pedunculate Oaks
Both oak species were intensively studied with respect to intraspecific variation in drought
response. Vander Mijnsbrugge (2016) and Vitasse et al. (2009a, 2009b) studied the response of
Quercus petraea seedlings to water deficit conditions in maritime and Mediterranean European
test sites and found indications of local optimality in provenances. Here, the local provenances

displayed the earliest leaf senescence and the latest flushing, suggesting an adaptation to local
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maritime climate. Local provenances also displayed adaptation to variable and unpredictable
weather conditions, where smaller plants are favoured in drought-prone summers and taller
plants in more normal growing seasons (Vander Mijnsbrugge et al. 2016). Arend et al. (2011)
and Bruschi (2010) however found that growth was more sensitive to drought in provenances
from northern latitudes than in provenances from southern latitudes, suggesting absence of

local adaptation in sites located in central and Mediterranean Europe.

Kuster et al. (2013) found expected drought tolerance behaviors in both Quercus petraea and
Quercus robur where the provenances originating from drier sites produced more root biomass
than those from more humid sites under drought conditions. With respect to responses of leaf
nitrogen and mobile carbohydrates, Li et al. (2013) did not find any intraspecific variations at
the sites located in Switzerland. However nitrogen partitioning in both oak species was found to
exhibit provenance specific variation, whereby provenances originating from drier climate had

higher allocation of leaf nitrogen, a drought adaptation feature (Hu et al. 2013)

Transfer functions models were developed for Quercus petraea across Europe by Sdenz-Romero
et al. (2016) using mixed modelling approach. They also found local adaptation within Quercus
petra population in general. However, there was also significant clinal population
differentiation for height growth with winter temperature at the site of origin (Sdenz-Romero et
al. 2016). To our knowledge there is no published response function for Quercus robur and

Quercus petraea in Central Europe.

Conclusions

As discussed earlier the concept of transfer function is limited to the sites where they were
developed and response function to the provenances. In our review we found mostly transfer
functions and only a few response functions (Table 2). However, we did not find any study that
integrates the Response and Transfer functions to an Universal response function. For Quercus
species the available transfer function may not be applicable for a wide range of sites in Central

Europe. For Norway Spruce, Scots Pine and European beech on the other hand, substantial
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information with respect to both response and transfer functions are available and can be

readily utilized in the project.
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