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Abstract
& Introduction Xeric (trailing) forest range limits are
particularly vulnerable to impacts of predicted climate
change. Regional modelling studies contribute to the
identification of potential local climatic threats and may
support appropriate management strategies.
& Methods We carried out bioclimatic distribution model-
ling of two climate-dependent, dominant tree species, beech
and sessile oak, to determine the most influential climatic
variables limiting their distributions and to predict their
climate-induced range shifts over the twenty-first century in
the forest-steppe biome transition zone of Hungary. To
exclude confounding effects of edaphic conditions, only
data of zonal sites were evaluated.
& Results For both species, temperature and precipitation
conditions in late spring and summer appear as principal
variables determining the distribution, with beech particu-
larly affected by summer drought. Projections from the
applied fine-scale analysis and modelling results indicate

that climate change may lead to drastic reduction in
macroclimatically suitable sites for both forest types.
& Conclusion Regarding the stands in zonal position, 56–
99% of present-day beech forests and 82–100% of sessile
oak forests might be outside their present bioclimatic niche
by 2050. Phenotypic plasticity, longevity, endurance of
non-zonal stands and prudent human support may brighten
these dire predictions. Nevertheless, an urgent adjustment
of forest management and conservation strategies seems
inevitable.

Keywords Climate change . Trailing edge . Range
retraction . Aridity . Ensemble modelling

1 Introduction

Climate projections of the Intergovernmental Panel on
Climate Change (IPCC) forecast a general increase of
seasonal temperatures in the present century across the
temperate zone, aggravated by decreasing amounts of
summer rainfall in certain regions at lower latitudes
(Christensen et al. 2007). These changes imply serious
ecological consequences, especially in biome transition
zones (Fischlin et al. 2007). Due to their economic
importance, as well as their major contribution to support-
ing, regulating and cultural ecosystem services, predicted
changes and shifts in temperate forest ecosystems receive
wide public attention. It’s no surprise that dominant forest
tree species are frequently modelled in bioclimatic impact
studies (e.g., Sykes et al. 1996; Iverson, Prasad 2001;
Rehfeldt et al. 2003; Ohlemüller et al. 2006). However, most
studies focus on continental-scale effects of climate change,
using low resolution climatic and species distribution data.
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More detailed regional studies focussing on specific endan-
gered regions are also needed (Benito Garzón et al. 2008).
Such regional studies have already been prepared for several
European regions, including the Swiss Alps (Bolliger et al.
2000), the British Isles (Berry et al. 2002) and the Iberian
Peninsula (Benito Garzón et al. 2008).

In this study, we aim to (1) identify the limiting
macroclimatic factors and to (2) predict the future bound-
aries of beech (Fagus sylvatica L.) and sessile oak (Quercus
petraea (Mattuschka) Liebl.) forests in a region highly
vulnerable to climatic extremes. Both tree species form
extensive zonal forests throughout Central Europe and
reach their low altitude/low latitude, xeric (Mátyás et al.
2009) distributional limits within the forest-steppe biome
transition zone of Hungary. The rise of temperature, and
especially summer rainfall deficits expected for the twenty-
first century, may strongly affect both species. Neverthe-
less, regarding the potential future distribution of these
important forest tree species along their xeric boundaries in
Central Europe, there has been no detailed regional analysis
before. Experimental studies and field survey data suggest a
strong decline in beech regeneration (Czajkowski et al.
2005; Penuelas et al. 2007; Lenoir et al. 2009) and
increased mortality rates following prolonged droughts
(Berki et al. 2009). Mass mortality and range retraction
are potential consequences, which have been already
sporadically observed in field survey studies (Jump et al.
2009; Allen et al. 2010; Mátyás et al. 2009). With the study,
we intend to assist in assessing overall risks, locating
potentially affected regions and supporting the formulation
of appropriate measures and strategies.

Beech and sessile oak forests of Hungary are to a large
extent “trailing edge” populations (Hampe and Petit 2005),
which should be preferably modelled using specific
modelling strategies (Thuiller et al. 2008). Most modelling
studies do not differentiate between leading and trailing
edges and rely on assumptions and techniques which are
intrinsically more appropriate for “leading edge” situa-
tions. Being aware of these challenges, we compiled a
statistical methodology customized to yield inference on
influential variables and providing robust and reliable
predictions for climate-dependent populations near their
xeric limits. We laid special emphasis on three features in
the course of the modelling process: (1) screening of the
occurrence data in order to limit modelling to plausible
zonal (i.e. macroclimatically determined) occurrences, (2)
avoiding pitfalls of statistical pseudoreplication caused
by spatial autocorrelation (a problem to which regional
distribution modelling studies are particularly prone;
Dormann 2007) and (3) simultaneous use of several initial
and boundary conditions in an ensemble modelling
framework (Araújo et al. 2005; Araújo and New 2007;
Beaumont et al. 2007).

2 Materials and methods

2.1 Study area

Hungary lies in the centre of the Carpathian Basin; the
larger half of the country is flat and below 200 m a.s.l.
elevation, and less than 1% rises above 800 m. The
temperate continental climate is characterized by relatively
frequent summer droughts, and there is an aridity gradient
across the country towards the central part of the Great
Hungarian Plain, where the closed forest belt gives way to
open woodlands (forest steppe).

From the forest steppe limit upward, in sequence of their
moisture requirement, Turkey oak (Quercus cerris), sessile
oak (Q. petraea), hornbeam (Carpinus betulus) and
European beech (F. sylvatica) dominate the zonal forests
as climate indicators. Out of the four, only European beech
and sessile oak distributions were modelled, the other two
play a lesser role in forest management.

2.2 Forestry data

Data of stands containing the two species were derived
from the National Forest Inventory database of the State
Forest Service. This annually updated database holds data
of practically all forest stands within the country on an
individual stand (i.e. compartment) basis. For the analysis,
data of version 2002 were used. Non-zonal stands (e.g. on
shallow soil, steep slope, etc.), or heavily disturbed (with
significant proportion of alien tree species), as well as
small, fragmentary stands (<1 ha) have been excluded. The

Table 1 List of the selected climatic variables and abbreviations

Climatic variable Abbreviation

Annual precipitation Pa

Summer half year precipitation (Apr–Sep) Ps

Summer season precipitation (Jun–Aug) Ps3

May precipitation P05

June precipitation P06

July precipitation P07

August precipitation P08

Annual temperature Ta

Mean temp. of summer half year (Apr–Sep) Ts

Mean temp. of summer season (Jun–Aug) Ts3

Mean temp. of winter half year (Oct–Mar) Tw

Mean May temperature T05
Mean June temperature T06
Mean July temperature T07
Mean August temperature T08
Ellenberg’s Climate Quotient EQ

Führer’s Forest Aridity Index FAI
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remaining stands were regarded as representative for
climate-dependent occurrences under moderate human
influence. It has to be noted here that the term “zonal
stand” is used in the whole paper in the strictest sense,
defined as occurrence primarily determined by macro-
climate; therefore, instead of “extrazonal” or “azonal”, the
term “non-zonal” is used for sites not fulfilling this
requirement.

For the spatial determination of compartment locations,
the inventory grid system of the Forest Service was utilized
(∼1.5×1.9 km grid cells covering the entire country). The
geometrical centre of the grid cell served as a reference
point to estimate local climate parameters from digital
climate surfaces. This was considered sufficiently precise
for the aims of the study.

In order to set the focus unilaterally onto the xeric margin
of distribution, two specific aspects were considered for
presence/absence interpretation. (1) For each compartment,
we decided whether the given species plays a (co)dominant
role (proportion ≥20%) in the stand. (2) As interspecific
competition is governed at the xeric limits by available water
resources, a "humidity requirement ranking" (Führer and Járó
1992: beech>hornbeam>sessile oak>Turkey oak) between
these species was applied. We considered a site suitable
(which is humid enough) for the species, if it was (co-)
dominated by the species in question or by another major
species with higher humidity needs. Thus, for sessile oak,
zonal forest stands dominated or co-dominated by hornbeam
or beech were also considered as "presence" irrespective of
the proportion of sessile oak in the compartment. Due to its

a) Beech (Fagus sylvatica) Basic

Tree depth Tree width κ ROC/AUC Root split

1 3 5 0.35 0.77 P05 (76.8 mm)

2 6 8 0.39 0.83 T05 (13.4°C)

3 5 7 0.38 0.82 T05 (13.7°C)

4 5 8 0.40 0.82 T05 (13.7°C)

5a 4 7 0.34 0.79 T05 (14.0°C)

6 4 7 0.35 0.80 T05 (14.1°C)

7 5 9 0.43 0.82 T05 (13.7°C)

8 4 7 0.36 0.81 T05 (13.6°C)

9 6 9 0.45 0.84 T05 (13.7°C)

10 5 8 0.38 0.82 T05 (13.6°C)

b) Beech (Fagus sylvatica) Extended

1 3 6 0.41 0.81 EQ (26.2)

2a 3 5 0.40 0.83 EQ (26.1)

3 5 6 0.41 0.81 EQ (26.4)

4 4 6 0.47 0.83 EQ (25.8)

5 4 7 0.36 0.80 T05 (14°C)

6 5 6 0.41 0.80 EQ (26.2)

7 4 7 0.41 0.80 T05 (13.7°C)

8 2 4 0.47 0.84 EQ (26.0)

9 4 6 0.45 0.83 T05 (13.7°C)

10 3 5 0.43 0.83 EQ (26.9)

c) Sessile oak (Quercus petraea) Basic and extended

1 5 8/7 0.37 0.76 P05 (60.2 mm)

2 4 7 0.39 0.76 P05 (60.8 mm)

3 6 10 0.35 0.74 P05 (58.8 mm)

4a 4 6 0.37 0.75 P05 (58.8 mm)

5 4 8 0.40 0.76 P05 (58.9 mm)

6 4 9/8 0.35 0.71 T08 (19.4°C)

7 4 9 0.31 0.74 P05 (65.6 mm)

8 3 7 0.33 0.73 T08 (19.2°C)

9 4 7 0.32 0.72 P05 (61.6 mm)

10 3 7/6 0.33 0.73 T08 (19.5°C)

Table 2 Parameters of each of
the ten bootstrapped decision
tree models on the xeric limits
of beech and sessile oak-
dominated zonal forest stands
calculated without (“basic”) or
with (“extended”) aridity indices
(see details in text)

Tree depth the maximum num-
ber of nested levels (partitions);
tree width the number of termi-
nal nodes (“leaves”); κ maxi-
mum of Cohen’s kappa; ROC/
AUC area under the receiver
operating characteristics curve
of the model projections on the
evaluation data set; root split the
splitting variable and the
corresponding split value
selected for the first partition
a The marked models are shown in
detail in Fig. 1
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distribution in the country, this interpretation was unneces-
sary for beech.

Consecutively, the screened zonal, semi-natural compart-
ments have been grouped by grid cells, defining the
response variable as the percentage of presence in the
respective grid cell. Thus, the data set was reduced from the
originally selected 31,113 stands to 5,925 “observations”,
each one belonging to a different cell.

2.3 Climatic data

Interpolated climate surfaces of the decades 1961–1990
have been provided by the Hungarian Meteorological
Service. We used 14 basic climatic variables listed in
Table 1. In addition, we also considered two simple aridity
indices routinely used in Hungarian forest research:

1 Ellenberg’s climate quotient (EQ; Ellenberg 1988),
defined as the mean temperature of the warmest month
(July, T07) divided by annual precipitation (Pann):

EQ ¼ 1; 000 � T07 � P�1
ann

2 Simplified forest aridity index (FAI; Führer and Járó
1992):

FAI ¼ 100 � T07�08 � P05�07 þ P05�08ð Þ�1;

where P05–07 represents the precipitation sum of the rainiest
months of May to July, T07–08 and P07–08 are the mean
temperatures and the precipitation sums of the so-called
critical months of July and August (thus, the precipitation
value for the crucial month of July is weighted by a factor
of 2 in the denominator).

Owing to the screening process, sites with soils with less
than medium deep tilt or with other defects were omitted,
so the introduction of a separate variable ‘water holding
capacity of soil’ was considered unnecessary. Elevation and
aspect were considered indirectly through the use of digital
climate surfaces.

For predicting future distributions, climatic projections
of the Fourth Assessment Report (AR4) of the IPCC
(Solomon et al. 2007) were applied. We used combinations
of three emission scenarios and four general circulation
models (GCMs), thus, representing both socioeconomic
and climatic uncertainties in the outputs (see later Table 3).

Based on the available monthly means of the model runs,
we calculated 30-year monthly averages for near-surface air
temperature and total precipitation for the periods 2010–
2040, 2035–2065 and 2070–2100 (referred to as projections
for 2025, 2050 and 2085, respectively). Applied climate
surfaces have been adjusted according to projected changes.

2.4 Handling spatial autocorrelation

Spatial autocorrelation is a common problem for inferences
based on statistical models. These rely on the assumption of
independence of the residuals. Even though our modelling
approach, conditional inference-based regression trees (see
later), is immune to most problems of statistical inference (see
Zuur et al. 2009 for a comprehensive list, Hothorn et al.
2006b), it is still sensitive to spatial autocorrelation, which
inflates the risk of type I error in the permutation tests used
for variable selection and as a stopping rule. Significant
autocorrelation can accordingly result in oversized trees,
which are difficult to interpret and may contain irrelevant or
misleading relationships. To avoid problems of autocorrela-
tion, we fitted a conditional inference-based regression tree
on the entire data set and calculated Mantel correlograms
(Legendre and Fortin 1989) of the residuals using Euclidean
distances for both the ecological (relative frequency of
species by grid cell) and the geographical variables. The
calculations were performed with the ecodist add-on
package (Goslee and Dean 2007) in the R statistical
environment (R Development Core Team 2007). The
results of the Mantel test (not shown) indicate that
autocorrelation of the residuals disappears at a distance
of ~8 km. Nevertheless, as high sampling distance results
in reduced sample sizes, we chose an average sampling
distance of 6.8 km (four grid cells) as a sensible
compromise (providing ~700 samples).

2.5 Statistical analysis

We fitted several regression tree models to subsets of the
forestry data in a bootstrap-like framework, using different
calibration and evaluation data sets each time. To this end,
we randomly selected two disjunct subsets of the initial data
pool in the following way: (1) we divided the forestry grid
into groups of 4×4 adjacent grid cells (according to the
autocorrelation threshold estimated above), and (2) from
each cell group, we randomly placed one grid cell into each
(calibration and evaluation) subset. We repeated this
sampling process ten times, evaluating each model and
constructing projections with them for all scenarios and
time horizons in an ensemble framework (Araújo and New
2007).

As the main modelling tool, we used conditional
inference-based regression trees (Hothorn et al. 2006a).

�Fig. 1 Examples of the decision tree-based bioclimatic models for
xeric limits of the zonal forest stands dominated by a beech (basic
predictors only), b beech (with EQ included) and c sessile oak. In the
terminal nodes, bar diagrams visualize the probability of being above
the aridity limit, with the partition of objects from the training data set
among the leaf nodes on the top of the diagram boxes (n) See Table 1
for variable names
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The response variable was the relative frequency of
presence within the grid cells of the calibration data set.
To test the effectiveness of climate/aridity indices, the
decision tree models were calculated both with (“extended
models”) and without (“basic models”) their inclusion
among the covariates. The computations were performed
by the ctree algorithm in the party add-on package
(Hothorn et al. 2006a) in the R statistical environment.
The conditional inference-based algorithm of Hothorn et al.
(2006a); 2006b) is a significant recent improvement of
classification and regression tree algorithms (e.g. Breiman
et al. 1984), implementing unbiased variable selection
based on explicit permutation test and a statistically sound
stopping rule, thus, completely eliminating the need for
post-induction pruning.

The accuracy of the models was estimated by two
different statistical measures using the evaluation data set.
First, the threshold independent skill measure of the area
under the curve (AUC) statistic of the receiver operating
characteristic (ROC) curve (Fielding and Bell 1997; Manel
et al. 2001) was computed. Secondly, we calculated the κ
statistics, using a threshold-search algorithm optimized for
the value of this statistic (Monserud and Leemans 1992). To
transform probability values into binary projections of
climatic suitability, we used a threshold maximising the
sum of sensitivity and specificity of the predictions over the
evaluation data set (Jiménez-Valverde and Lobo 2007;
Kramer et al. 2010).

Future projections were calculated only for the “extended”
models. Having an ensemble of GCM scenarios (boundary
conditions) and bootstrapped models (initial conditions), it
was possible to prepare a high number of projections of the
future potential distribution of the tree species (6×10
projections for each time horizon). To obtain consensus

forecasts, we took unweighed averages of the individual
projections (committee averaging: Araújo and New 2007). To
get a simple overview of the reliability of the consensus
projection, we also calculated a map of standard deviations
for each forest type and time horizon, thus, representing the
uncertainty of projections.

3 Results

Evaluation statistics of the fitted models are shown in
Table 2 for both “basic” and “extended” models for all ten
replications. It is only in the case of beech that the inclusion
of the climatic indices changed the results considerably; the
models for sessile oak were hardly affected. Fortunately,
despite of the limited overlap between different boot-
strapping rounds, there is a fairly high level of coherence
among the resulting decision tree models. This, together
with the ROC AUC statistics, which are generally consid-
ered as fair between 0.7–0.8 and good between 0.8–0.9 (see
e.g. Thuiller et al. 2003), suggests that the patterns
observed are real, and the predictive power of the models
is satisfactory for both tree species. Examples for the
described cases are presented in Fig. 1.

The projected potential distributions of the two species
are shown in Figs. 2 and 3. The results show that climate
change may lead to drastic reduction in macroclimatically
suitable sites for both beech and sessile oak forests.
Applying the calculated thresholds to the probabilistic
projections reveals that 56–99% of present-day zonal beech
forests and 82–100% of sessile oak forests might be outside
their optimal bioclimatic niche by 2050. Potential area
reduction is highest for scenario HadCM3-A2 and lowest
for CSMK3-A2 (Table 3). However, CSMK3 scenarios are

Fig. 2 Actual distribution of
beech-dominated zonal forest
stands in Hungary (a), consen-
sus projection maps for the
probability of presence (b–e)
and their uncertainty (f). Time
horizons for the mean projec-
tions: 1975 (b), 2025 (c), 2050
(d), 2085 (e). The intensity of
shading indicates the probability
of the location to be above the
xeric limit for stable zonal
stands. Tile (f) demonstrates
uncertainty by the standard
deviation of the ensemble runs
for the 2050 time horizon

104 B. Czúcz et al.



milder than all other scenarios, projecting less summer
warming and no significant decrease in precipitation during
either half year.

4 Discussion

In the case of beech, late spring (May) temperature appears
to be the most influential predictor out of the basic set of
climatic variables (Table 2a). In addition, subsequent splits
show that annual precipitation also plays a significant role
in the presence of beech near its xeric limit (see Fig. 1a for
an example of such a tree). Grid cells with high late spring
temperatures (T05>13.5–14°C) contain relatively few beech
stands. Alternatively, cells with the highest probability of
presence had relatively cool May temperatures (T05<14°C)
and received a relatively high amount of rainfall (>740 mm)
per year.

The inclusion of aridity indices resulted in a definite
change. Whenever Ellenberg’s climate quotient (EQ) was
included among the predictor variables, it almost always

appeared as the most distinguishing predictor (Table 2b,
Fig. 1b). FAI, the other composite index, never occurred
among the splitting variables. Apart from EQ, May
temperature, annual temperature, and, less frequently,
annual precipitation and July temperature values appeared
in the bootstrapped decision tree models (the latter two are
nevertheless included in EQ). Our results, underlining the
importance of May–July water availability in the survival
of beech, are coherent with results obtained from dendro-
chronological analyses (Dittmar et al. 2003; Lebourgeois et
al. 2005; Di Filippo et al. 2007).

For sessile oak, the inclusion of aridity indices has
hardly caused any change in the models. Minor differences
are caused by the disappearance of marginally significant
splits as Bonferroni-corrected significance levels change
with the increasing number of predictors tested in lines 1
and 10 in Table 2c or the appearance of EQ in one of the
branches in line 6 in Table 2c (not shown). It seems that in
this case, neither EQ nor FAI is a better predictor than the
primary climatic parameters. May precipitation is the
climatic parameter with the highest potential to discriminate

Fig. 3 Actual distribution of
sessile oak-dominated zonal
forest stands in Hungary (a), and
consensus projection maps for
the probability of presence (b–e)
and their uncertainty (f). Time
horizons for the mean projec-
tions: 1975 (b), 2025 (c), 2050
(d), 2085 (e). The intensity of
shading indicates the probability
of the location to be above the
xeric limit for stable zonal
stands of the forest type. Tile (f)
demonstrates uncertainty by the
standard deviation of the
ensemble runs for the 2050 time
horizon

Table 3 Expected changes of climatic conditions by 2050 and estimated area loss of zonal beech (Δbeech) and sessile oak (Δsessile oak) forest
stands in Hungary

HADCM3 A2 HADCM3 A1B HADCM3 B1 CNCM3 A2 CSMK3 A2 GFCM21 A2

ΔTs +2.9 +3.3 +2.6 +2.4 +1.8 +2.1

ΔTw +2.3 +2.6 +2.3 +2.1 +1.5 +1.6

ΔPs −13.4% −10.9% −12.4% −9.6% +0.4% −11.4%
ΔPw +7.0% +9.4% +3.5% −0.8% −3.3% +6.2%

Δbeech 97–99% 94–99% 97–99% 97–99% 56–96% 92–99%

Δsessile oak 96–100% 97–100% 90–100% 95–100% 82–96% 85–100%

Projected changes in summer/winter half year temperature (ΔTs/ΔTw, °C) and precipitation (ΔPs/ΔPw, percents) are shown for Hungary for six
IPCC AR4 climatic scenarios (Solomon et al. 2007) for the period 2035–2065

Xeric forest limits in Central Europe 105



between presence and absence of sessile oak stands. August
temperature, annual temperature and June precipitation
seem to be further important splitting variables (Fig. 1c).
The importance of May and June precipitation is in
agreement with the investigations of Lebourgeois et al.
(2004) in Western France, where they found only a limited
effect of temperature. Late spring and early summer
precipitation were also identified as main climatic variables
governing growth of holm oak (Quercus ilex) in dry
woodlands of Spain (Gea-Izquierdo et al. 2009).

Terminal nodes with zero (or close to zero) probability
for sessile oak presence are remarkably absent from all tree
models. This can be attributed to the scarcity of semi-
natural zonal forests in the lowlands and foothills caused by
a combination of ecological and historical factors.

Table 3 reveals surprisingly high levels of range
reduction in the case of both species. To interpret these
figures correctly, one must remember that only zonal forest
stands were included into the analysis. Accordingly,
occurrences considered non-zonal may harbour populations
for a long time into the future.

The fundamental role of summer precipitation in
determining future aridity is further illustrated by the
projections for the different climatic scenarios (Table 3).
The outlying CSMK3 scenario points to the consequences
of high uncertainty of precipitation trends. Hungary lies
very close to the climatic division line separating areas of
increasing (N. Europe) and decreasing (S. Europe) precip-
itation both in summer and winter (Christensen et al. 2007).
Close to the xeric limits, relatively slight deviations in the
climate pattern may seriously affect summer precipitation-
dependent beech.

The more drought tolerant sessile oak (Führer and Járó
1992; Raftoyannis and Radoglou 2002) is also projected to
suffer large-scale losses, although the probabilistic maps of
Fig. 3 reveal a considerable level of uncertainty. Uncertain-
ty is higher for sessile oak than for beech. Beech forests are
more climate-determined (as can be seen also from the
AUC values of Table 2), but uncertainty is rather caused by
the above mentioned incertitude in climate predictions. On
the other hand, uncertainties for sessile oak arise primarily

from the data used for modelling: occurring generally at
lower elevations, their actual distribution contains more
human-induced “noise”, indicated by the probabilistic
projections (Fig. 3).

Due to the constraints of the analysed data, a realistic
comparison of the obtained results with other published
ones was possible only for beech. Table 4 shows published
climate data for low latitude/low altitude limits of beech
partially derived from climate envelops. For obvious
reasons, the majority of studies used readily available
annual means, in two cases only a single factor (Bolte et al.
2007). The study of Fang and Lechowicz (2006) analysed a
larger number of climate factors and indices, among them
Ellenberg’s index. We explain the relatively wide scatter of
data on climatic limits partly with the large size and the
climatic diversity of the investigated regions of distribution,
and with the lack of focus on zonal occurrences. The
limited availability of precise distribution and climate data
certainly contributed to this. Despite of the differences in
volume and quality of the evaluated dataset, the closeness
of the estimated EQ limit of Fang and Lechowicz (2006) to
ours is surprising, although an accidental similarity cannot
be excluded.

5 Conclusions

In this paper, we present an approach to analyse climate
factors determining the drought-prone, xeric limits of
distribution in a human-dominated environment, based on
extensive data screening and a novel combination of
applied modelling methods. Late spring and summer water
balance conditions appear to primarily determine the fate of
the species. The power of Ellenberg’s climate quotient as a
predictor corroborates the sensitivity of beech to summer
drought whereas sessile oak seems to be responsive
primarily to late spring–early summer precipitation and late
summer temperatures. Projections based on IPCC scenarios
indicate a dramatic reduction of the macroclimatically
suitable areas for both beech and sessile oak in the
following decades. Field observations near the xeric

Table 4 Comparison of results of the present analysis with literature data on xeric limits of beech occurrence

Source Temperature limit (°C) Precipitation limit (mm) EQ index limit (°C/mm)

Fang and Lechowicz 2006 Ann. mean, 13.5; warmest month, 23.0 Ann. mean, 900 29.0

Kölling 2007, cool–dry limit Ann. mean, 9.5 Ann. mean, 500 –

Kölling 2007, warm–humid limit Ann. mean, 13.5 Ann. mean, 850 –

Goetz in: Bolte et al. 2007 – Ann. mean, 500 –

Hoffman in: Bolte et al. 2007 July mean, <19.0 – –

Present analysis Ann. mean, 9.3 Ann. mean, 680 28.9
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distributional limits of these species already confirm
symptoms of this process (Jump et al. 2006; Berki et al.
2009; Penuelas et al. 2007).

In addition to the uncertainties discussed in the previous
chapter, it has to be noted that statistical models using
climate data do not reckon with specific biological features
of forest tree populations, such as their persistence due to
adaptability, longevity and intermittent regeneration. The
authors believe that the suggested future distributions
represent rather pessimistic scenarios which may be
moderated not only by the mentioned characteristics but
also by the existence of non-zonal refugia and the effect of
prudent human support (e.g. artificial regeneration and
other silvicultural measures). This calls for relevant, well-
designed field studies and further development of predic-
tion methods and modelling (Mátyás 2010).

However, challenging the analysis of climate impacts at
the xeric limits certainly needs more attention. Lowland
regions are particularly threatened, as potential vegetation
shifts may affect large tracts of land (Jump et al. 2009).
Large-scale shifts of vegetation cover may have far-reaching
consequences on land use and ecosystem services, including
exchange processes between ecosystems and the atmosphere.
Considering the rapid shrinking of suitable bioclimatic space
and the increasing selection pressure of abiotic and biotic
stressors at the xeric limits, the results underline the
importance of adaptive strategies both for management and
conservation of forest resources (Millar et al. 2007; Koskela
et al. 2007; Mátyás 2007). The strengthening of long-term
efforts to maintain forest-related socioeconomic and ecosys-
tem services is therefore indispensable.
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