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Abstract: Future of beech (Fagus sylvatica L.) in a changing climate is one of the greatest debates in Europe
among the studies dealing with the climate change generated xeric limit shifting. We investigated a sub-
montane beech stand’s growth response to climate change in Northern Hungary during the past 60 years
following dendrochronological methods. Tree-ring width data were processed using three alternatives of
standardization. To recover the basic climate-growth relationships for beech we analyzed the correlation be-
tween the tree-ring width indices and monthly precipitation and temperature data, furthermore two drought
indices were employed. Late spring-early summer precipitation was the primary climatic factor governing
the beech growth at the study site since the early 1950s, while summer heat played a secondary obstructive
role documented by the significant negative correlation. A 30-years running window correlation was used to
identify whether the climate-growth connections changed due to the unfavorable climatic trends. The results
indicated no evidence of a distinct decline in radial increment, however, a significant increase in climatic
impact on growth has been detected including probable changes and shifts in the vegetation period.
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limit shifting. Being one of the most dominant tree
species across European forest stands (Fig. 1), a prob-

Forest ecosystems undoubtedly play an important
role in the mitigation of the climate change, however,
climate change can be a threatening process to them
(Bonan 2008; Fiihrer 2010; Gdlos et al. 2012). The
present and forecasted decline of beech (Fagus sylvat-
ica L.) is one of the greatest debates in the European
forestry due to the climate change generated xeric

able mass decline could cause significant ecological
changes (maybe ecological catastrophe as well) in
the anthropogenically heavily affected forests of the
continent (GelBler et al. 2007). The decline has been
already shown out at the southern edge of distribu-
tion (Jump et al. 2006a; Pefiuelas et al. 2007) and the
problem is investigated in Central and East Central
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Europe as well (eg. Diaci 2007 in Cufar et al. 2008a;
Czicz et al. 2011; Stojanovi¢ et al. 2013). There are
very different opinions about the future of the spe-
cies (van der Maaten 2012). Many studies argued that
even radical decrease can be predicted (eg. Geliler et
al. 2007; Mdtyds et al. 2010; Czticz et al. 2011; Hldsny
et al. 2011; Stojanovi¢ et al. 2013), while others sug-
gested more or less adaptation potential (eg. Dittmar
et al. 2003; Jump et al. 2006b; van der Maaten 2012;
Robson et al. 2013; Tegel et al. 2014). In contrast,
some ecological models identified the climate change
generated vegetation period shifting as a potential
benefit for beech on a longer timescale (Sabaté et al.
2002).

The probable beech decline became a highlighted
point of research in Hungary after a mass mortality
event in 2004 in southwestern part of the country,
likely caused by an accumulated eco-physiological
stress due to a couple of dry years (Molndr and Laka-
tos 2009; Madtyas et al. 2010). Although the beech
dominated forests occupy a relatively small area (c.
8% of total forest coverage) in Hungary, the species
plays a significant ecological and economical role be-
sides being also a touristic landscape icon. Consid-
ering the ecological respect, the beech forests repre-
sent the cool and most humid climate zones in the
Hungarian forestry practice besides the further horn-
beam-sessile oak, sessile oak-Turkey oak and forest
steppe ‘climate zones’ (eg. Fithrer et al. 2011).

Although being the ‘climate change and fate of
beech’ topic quite popular, there are very few works
that follow dendrochronological methods to investi-
gate the processes and trends of changing beech phys-
iology. However, these methods could be quite useful
due to the highly variable tree-ring widths of beech
tightly connected to climatic variations (Dittmar et
al. 2003; Lebourgeois et al. 2005). In addition the
climate influence is increasing on the forest stands
approaching their hypothetic xeric limit (eg. Csoka et

al. 2009; Jump et al. 2010; Matyds 2010). To contrib-
ute to this on-going discussion this study investigat-
ed a submontane beech stand’s growth response to
climate change in Northern Hungary during the past
60 years.

Materials and methods

Study area and climate data

The research was carried out in a submontane site
of Biikk Mountains, Hungary (N 48°01’, E 20°21’)
(Fig. 1). The stand is located on a western slope at
an average elevation of 540 m a.s.l. Although the for-
est stand is mixed with sessile oak (Quercus petraea
(Matt.) Liebl.) and hornbeam (Carpinus betulus L.)
the beech is highly dominant, so disturbances from
other species on growth are weak. The other species
indicate that the stand is situated near to the lower
limit of distribution. The soil type is 0.3-0.5 m deep
Cambisol. Due to the soil type, especially its modest
water holding capacity and water availability, the area
is rather depending on the month by month precipita-
tion. A little ephemeral stream flows in the valley bot-
tom, however it cannot play a significant role in local
groundwater recharge. Considering these facts, we
expected pronounced climate influence on the trees.

Finding the adequate climate dataset for similar
dendroecological studies is usually difficult though,
as measurements from farther situated meteorolog-
ical stations should be used (eg. Cufar et al. 2008a;
Jezik et al. 2011; van der Maaten 2012). Here the ex-
tended daily E-OBS 0.25°)0.25° gridded dataset (Hay-
lock et al. 2008) was used for creating monthly av-
erage temperatures and precipitation sums. In 2006
the Hungarian Forest Research Institute has installed
automatic climate stations for another research inter-
est 2-3 km far from the area (Manninger 2008), so we
could perform a validating and scaling processes with

Fig. 1. Basic site information. Distribution of beech (Fagus sylvatica L.) in Europe (grey shading) (a). The arrow points to
the study area (map source : EUFORGEN, 2009). Site photo of a part of the studied forest stand (b)
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Fig. 2. The climate of the area. Climate diagram (a) shows the average monthly climatic patterns for the 1961-1990
normal period. The long-term variability of annual mean temperature (T ) (c) and precipitation (P, ) (b) during the
study period are also shown. Horizontal lines show the 1961-1990 averages (7,4 °C, 588 mm).

the help of its circa 5 years-long measurements on the
E-OBS records spanning from 1951 to 2011. Consid-
ering the validation results it can be claimed that the
monthly mean temperatures and precipitation sums
of the gridded dataset represent the study site at high
confidence levels. Some basic climate characteristics
of the area are presented in Fig. 2.

Besides using these monthly data, two types of
drought indices were computed based on the prima-
ry climatological data. The Ellenberg Quotient (EQ)
(Ellenberg 1988), that deals with the entire year’s
precipitation sum and the mean temperature of July,
is quite popular in beech and climate change oriented
studies. The other one is the Simplified Forest Aridi-
ty Index (FAI) (Fiihrer et al. 2011). This latter index
combines precipitation and temperature elements of
the months of the vegetation season. As far these two
indices are widely used in case of many similar re-
searches, we used them basically to make our results
comparable with others” works.

Tree sampling and measurement of the
radial increments

Eight disk samples were collected from fresh-
ly exploited logs in autumn and early winter 2012.
Samples were processed following standard dendro-
chronological protocol (Stokes and Smiley 1968; Popa
2004). Disks were sanded and polished to enhance
the visibility of ringwidth structure. Ring width mea-
surements were made with a resolution of 0.01 mm
along two radii per each disk using a LINTAB measur-
ing table and TSAP-Win 4.67 software (Rinn 2005).
Due to the frequent irregularities and scars one disk
was excluded from further analysis. Ringwidth series
were synchronized first by visual comparison (Stokes
and Smiley 1968) and finally measurement errors and
missing rings were checked by COFECHA (Holmes
1983). Measurement and crossdating was done using

the facilities of the Budapest Tree-Ring Laboratory
(Eotvos Lordnd University, Dept. of Palaeontology)
(Kazmér and Grynaeus 2003). The final chronology
spans from 1947 to 2011.

Standardization of tree ring data

A mandatory step preceding evaluation of

growth-climate relationship is standardization (Cook
et al. 1990) in order to remove age related trends and
growth disturbances due to forest dynamics. Howev-
er, there are many alternative standardization tech-
niques and every technique has some advantages and
disadvantages as well. In order to partially eliminate
potential biases of any particular standardization
technique, raw tree-ring width (TRW) data have been
processed following three different routes and each
variant was involved into the further growth-climate
evaluation step. Alternative standardizations were
(Fig. 3):
i) 30-yr cubic smoothing spline (spl30) fitting to in-
dividual series (Cook and Peters 1981). This is a
quite flexible model. Expectedly interannual-sub-
decadal variations can be captured following this
approach.
Hugershoff function (Hug) is an alternative ap-
proach when a polynomial-exponential combined
function is fitted to the measured data and fitting
parameters iteratively tuned (Warren 1980). This
is a classical standardization technique frequently
applied in climate-growth studies and quite popu-
lar in forestry science.

iii) ‘signal free’ standardization (sigF). The classical
data-adaptive techniques could be biased because
the fitted curves may incorporate the climate sig-
nal, which is termed as ‘trend distortion’ prob-
lem (Melvin and Briffa 2008). In this approach
each measurement series was detrended with a
smoothing spline (Cook and Peters 1981) with a
50% frequency cut-off at two-thirds of the series
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Fig. 3. TRW indices (a) for the period between 1947 and 2011 after each detrending method. EPS (b) and Rbar (c) values
using each detrending method with 30 yrs (in case of sigF 31 yrs) running windows from 1953

length. Convergence test was set to 0.0005, mini-

mizing the mean absolute difference between the

current and the preceding chronologies, and the
limit has been reached at the 12th iterative step.

Signal-free methods can improve the resolution

of medium-frequency variance (Melvin and Briffa

2008).

Standardization and index calculation procedure
was carried out using the ARSTAN software (Cook
and Krusic 2006) for i) and ii) while the RCSsigFree
software (Melvin and Briffa 2014) was used for iii).
Individual indices were derived as ratio between raw
measurement and the modeled growth. Regarding
the characteristically modest autocorrelation of beech
(van der Werf et al. 2007), standard version of the
produced TRW chronologies have been used. Vari-
ance adjustment adopting the running window cor-
relation approach (Frank et al. 2007) was applied on
the derived chronologies to minimize variance bias
(Osborn et al. 1997) due to changing sample repli-
cation and the effect of fluctuating interseries cor-
relation. Mean chronology was calculated as biweight
robust mean following each standardization variants.
Signal strength in the index series was controlled
by the Expressed Population Signal (EPS) statistics
(Wigley et al. 1984). EPS estimates how well a finite
number of analyzed samples represent the theoretical
stand average. Although traditionally 0.85 is adopted
as a critical level, a recent evaluation recommended
higher level (approx. 0.90) for chronology acceptance
(Mérian et al. 2013). The more rigorous recommen-
dation was adopted in this study. Mean interseries
correlation (Rbar) and EPS were calculated with 30
yrs (in case of sigF 31 yrs) running windows (Fig. 3).

Results
Tree-ring index variants

Derived index series and the signal strength sta-
tistics are shown in Fig. 3. As only one sample disc

was dated back before 1953, the discussion will be
restricted only to the latter period and the EPS and
Rbar statistics are shown in Fig. 3 beginning with
1953 therefore. Hug and spl30 tracks very closely
each other, while sigF chronology deviates a bit from
them. SigF shows higher values for the late 1970s and
lower values over the 1953-63 decade.

Regarding the interseries correlation (Rbar) Hug
seems to preserve the weakest coherence and usually
sigF showed the best performance. Running values of
EPS are above the traditional signal acceptance level,
however sigF fluctuates around, or frequently above
the 0.95 level. Taking all together, signal strength
statistics suggests that despite the relatively modest
replication the chronology carries a very robust sig-
nal which is practically representative for the studied
stand. In addition, sigF seems to preserve the strong-
est common signal among the three tested standardi-
zation alternatives for the studied beech samples.

Investigating general climate-growth
relationship

To recover the basic climate-growth relationships
we analyzed the correlation between the TRW indices
and monthly precipitation and temperature data. Fol-
lowing dendroclimatogical practice to recover the im-
portance of the previous year’s climate on the growth
(eg. Di Filippo et al. 2007; Kern and Popa 2007; Tegel
et al. 2014), correlation analysis comparing annual
variations of radial growth of beech with the monthly
climate variability were performed from previous May
to October of the current year. Using different stand-
ardization methods were recommended to avoid any
bias due to the probable similar direction of trends
both for growth and changing climate. It was found
that the signal-free iterations play a more effective
role in recovering the medium-frequency growth
deviations than the traditional methods (Fang et al.
2012). However, as can be seen in Fig. 4, the other
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two methods met higher correlations with the cli-
mate data.

It is clearly visible that water availability is the
main determinative meteorological element regu-
lating beech growth at the studied site similarly to
many previous findings (eg. Ellenberg 1988; Geller
et al. 2007; van der Werf et al. 2007), but the high-
er summer temperatures can have also significant
negative impact on radial growth at more xeric sites
of distribution (eg. Cufar et al. 2008b). Naturally
the summer heat partly also influences through the
evaporation impact on water availability and drought
conditions. With precipitation data the spl30 indices,
while with the temperature averages the Hug approx-
imation provided the strongest correlations. Also the
sigF indices showed a more significant relationship
with temperature data. Groups of months with the
most significant growth relationship for each mete-
orological elements were identified out of combin-
ing the months with higher correlation (though not
necessarily above p<0.05 significance level) (Fig.
4). Regarding precipitation the April-May-June sum
seemed to be the most appropriate grouping (P,,,).
(Late) May and June are obviously the main growing
period (eg. Lebourgeois et al. 2005; van der Werf et
al. 2007; Cufar et al. 2008a; Prislan et al. 2013) for
beech in Central Europe so its moisture regime was
expected to be an important factor. The outstanding
role of April is much more interesting and discussed
in detail later. With temperature data the correlations
were fairly lower. The most significant grouping was
May-June average temperature (T), representing
the main growing months again. Although not being
part of the significant group, the limiting role of Au-
gust temperature is clear and has been already ob-
served elsewhere (eg. Cufar et al. 2008a; Fiihrer et al.
2011). It is also notable that the present correlations
show an extremely low importance of July’s weather.
The drought indices characterized the annual growth
at a less spectacular levels then P,, . Nevertheless,
being dominated of precipitation elements it is not

0.7

a surprise that they also show the stronger relation
with spl30. The obtained correlations with drought
indices were the following: with EQ: —0.331 (spl30),
—0.312 (Hug), —0.269 (sigF); with FAL: —0.463
(spl30), —0.415 (Hug), —0.354 (sigF).

Xeric limits for beech and the climate
change

Several studies tried to define climatic limits for
beech distribution, which generally means defining a
xeric limit as the likely most actual threshold shift-
ing due to the climate change. These theoretical xe-
ric limits are widely used for forecasting the future
distribution of beech dominated forests in Southern
and Central Europe (eg. Cztcz et al. 2011, Stojano-
vi¢ et al. 2013); therefore we also employed some of
those definitions to characterize the changing climat-
ic conditions. As far drought indices are containing
information both about precipitation and tempera-
ture, they seem to be the best solution for defining
xeric limit with only one number, if it is possible at
all. Following earlier evaluations EQ<29 (Ellenberg
1988; Fang and Lechowicz 2006) and FAI<4.75
(Fihrer et al. 2011) were considered as an upper lim-
it for beech-favored climatic conditions. The EQ and
FAI values fluctuated around the limits for the entire
1951-2011 periods so 30 yrs moving averages were
calculated to indicate a smoothed trend of climate
(Fig. 5). Making averages is also useful considering
the fact that shorter periods of drought years do not
affect dramatically the physiology of beech (van der
Werf et al. 2007; Fotelli et al. 2009; Jezik et al. 2011).

Both indices were stepping over the limit after the
first 30 yrs average. This process clearly shows the
near-to-the-edge location of the stand, however, it
must be mentioned that the trends of averages are
obviously influenced by the early 1990s’ low precip-
itation years (eg. Palfai 2009). As for the future the
uptrend is likely to go on. Indices were calculated for
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Fig. 4. Growth-climate correlation coefficients of Pearson correlation with monthly precipitation sum (a) monthly average
temperature (b) including the most significant groups of months. Outside the grey area p<0.05 significance level
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Fig. 6. Moving window correlations for precipitation (a) and mean temperature (b). Outside the grey area p<0.05 signif-

icance level.

2071-2100 using seasonal projections for the corre-
sponding climate parameters obtained using different
scenarios (Fig. 5), though the high variability of pro-
jections is clear (for EQ: +12.5-14.5; for FAL: +2.5-
3.5) due to the propagation of uncertainty (Bartholy
et al. 2007; Christensen et al. 2007; Bartholy and Pon-
gracz 2010).

Changing climate-growth relationship

Unfavorable climatic trends raise the question
whether the climate-growth relationships were
changing during the study period as well. For that
purpose a 30 yrs moving window correlation analy-
sis with 5 yrs steps was also employed to track any
potential shifts in the climate-growth correlation
and to find out the ecophysiological tendencies of
the stand. Similar kind of investigations have been
already performed on subalpine and Mediterranean
beech stands, though on a quite different timescale
with different purposes and results (Di Filippo et al.
2007; Tegel et al. 2014). The 30 yrs length for each
window was recommended to gain significant corre-
lation value for each investigated month, period and

meteorological element. The selected months under
this process were those of highest correlations and
July to cover the whole late spring-summer growing
season. Spl30 TRW indices were correlated with pre-
cipitation, while Hug approximation with tempera-
ture. The results of the analysis can be seen in Fig. 6.

Changes of relationships partly follow the trends
of drought indices. The most dominant month in case
of both precipitation and temperature was June, but
there is also observed a strengthening of influence
of May conditions. Over the last 30 yrs period it has
gradually reached the same importance as June. Role
of July steadily stayed below the required significance
level. Precipitation of April and August and average

Table 1. Correlation coefficients with groups of months
and drought indices and their level of significance in
each half of the study period. T, is correlated with Hug,
the rest with spl30

1953-1981

1982-2010

AMJ

MJ
EQ
FAI

0.572 (p<0.01)
~0.123 (p>0.1)
~0.141 (p>0.1)
—0.483 (p<0.01)

0.710 (p<0.01)
~0.617 (p<0.01)
—0.457 (p<0.05)
—0.479 (p<0.01)
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temperature of August also showed a growing impact
on TRW. The significant groups of months and the
correlation with the drought indices themselves have
mostly undergone considerable increase in level of
significance as well, particularly the T, (Table 1).

Discussion and conclusion

The found relationships and trends in beech grow-
ing on marginal areas are widely comparable with re-
sults of other studies dealing with beech ecology. We
could follow the changes in a generally undisturbed
beech stand during the last 50-60 years. The climat-
ic conditions and principally their trends were rath-
er unfavorable for beech growth during this period,
however, no evidence of a distinct decay in growth
could be observed by the tested detrending methods.
Probably due to the more xeric conditions, a signifi-
cant increase in climate impact on growth has been
detected as also described by several other studies
(Csoka et al. 2009; Jump et al. 2010; Madtyds et al.
2010). The projected enhancement in aridity will
surely be a major challenge also to the natural regen-
eration of beech forests (Bilek et al. 2014).

The running window correlation analysis revealed
that strengthening climate impact was not uniform
for the considered months and climate elements.
These tendencies probably indicate some direction of
changes and shifts in the vegetation season (eg. Cu-
far et al. 2012). Strengthening correlations between
TRW index and April/May precipitation most prob-
ably represent the earlier beginning of the growth
season. There is a possibility that vegetation period
shifting also means the appearance of a second, less
remarkable growing peak after midsummer (July)
slowdown (van der Werf et al. 2007; Jezik et al.
2011). In case of certain months, such as May and
August, those only recently gained more importance
regulating annual growth, we can also count with
increased temperature limitation. While these varia-
bility around growing season are recognized in space
of distribution over long timescales (Di Filippo et al.
2007; van der Werf et al. 2007; Jezik et al. 2011; Tegel
et al. 2014) the main point in present study is the fact
that remarkable changes can happen even in a life-
time of a tree generation and a small area of a certain
forest stand. This may be considered as a short-term
response to more xeric conditions.

The differentiating role of growing months also
raises the question whether the drought indices are
useful for accurate forecast of future xeric limits.
Drought indices are undoubtedly good indicators of
the short-term hydroclimatological conditions with
efficient applications in agricultural meteorology in-
cluding forestry meteorology (Dunkel 2009). It is
difficult though, to find the appropriate weight on cli-

mate elements of each month included in a drought
quotient (Fiihrer et al. 2011). Use of inflexible indi-
ces and xeric limits connected to them may lead to
uncertainty around projections of future beech dis-
tribution. Although it is difficult to predict the future
of the investigated beech stand, it is very likely that
due to the recent and projected direction of climate
change, the climatic conditions will even more signif-
icantly affect the annual growth of trees and possibil-
ity of beech decline in the studied region cannot be
excluded as well.
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