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Background and purpose: The purpose of this study was to assess the structural and functional properties of common
beech forest ecosystems in Croatia across a wide macro-climatic gradient (Mediterranean, Alpine and Continental) and to
gain insight into the ways they adapt to progressing short-term climatic extremes and anomalies.

Material and Methods: Research was undertaken by integration of the expert based, country scale typological delineation
of 13 beech ecosystem types, climatic and topographic grids and indices of ecosystem performances such as the JRC FAPAR
(Fraction of Absorbed Photosynthetically Active Radiation).

Results: This study reveals preferential environmental conditions for beech ecosystem types together with limiting
conditions in three margins of the beech distribution area: highest altitudinal zone, south-eastern continental Pannonian
zone and the Mediterranean. The results show that the common beech can adapt to a very wide range of environmental
conditions: annual mean temperatures from 2.1°C to 13.5°C, annual precipitation from 739 mm to 3444 mm, and altitudinal
range from 20.3 m up to 1576 m above sea level. FAPAR reveals some new insight into the adaptive potential and response
mechanisms of the common beech to emerging climate change.

Conclusion: The common beech has great potential to adapt to increasing spring warming by a preterm shift of phenology
onset and retain relatively stable productivity during the phenology peak in July and August, unrelated to external climatic
forcing. These findings indicate that the flexibility of phenological timing, especially during springtime, present one of the
important mechanisms of adaptation and resilience of the common beech.
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INTRODUCTION

The common or European beech (Fagus sylvatica L.) is one
of the major forest trees in the mountain regions of Europe with
an approximated coverage of slightly more than 217,000 km?,
which is less than one third of the potential beech forest cover
of approximately 907,000 km? according to Bohn et al. [1]. It
has an extremely broad climatic and edaphic amplitude, ranging
from the southern regions of the Baltic States to Sicily and
from Southern England, Brittany in France, and the Cantabrians
in Spain to the lowlands in north eastern Poland, east of the

Carpathians in Moldavia EEA 2007 [2]. Penetration of the beech
above the current range of distribution is limited mainly by
climatic conditions. A growing season that is too short, low winter
temperatures and late frost in spring limits beech distribution
at its northern and eastern boundaries and high altitudes [3].
On the other hand, water deficiency limits beech spread to
the southern Europe and Mediterranean. The beech gradually
expanded in response to the local climate, atmosphere and soils
since the last glaciers receded over 10,000 years ago. However,
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climate change and intensification of extreme climatic conditions
(droughts) are predicted to lead to a drastic reduction in suitable
sites for the beech. Regarding the stands in their current zonal
position, 56-96% of present day beech forests might be outside
their present bioclimatic niche by 2050 [4] mainly in the South of
France, Italy and the Balkan Peninsula [5]. Climatic factors limit
the progression of the beech in the south-eastern range, most
directly expressed throughout Ellenberg’s climate quotient [4, 6,
7]. However, future predictions of beech distribution, solely based
on long-term averages are prone to uncertainty because of the
influence of advanced climatic extremes and intrinsic adaptive
capacity of beech. At the xeric edge, subsistence of the beech is
more influenced by short-term dry periods than the long-term
climatic means [8, 9]. Adaptation to the local environment may
lead to genetic and phenotypic structured populations in a few
generations, depending on the forest management system applied
[5]. Therefore, the adaptive capacity of the beech should not be
ignored in the assessment of future distribution. The adaptation
strategy of forest trees is receiving growing attention given
expected climatic changes. The scarcity of reliable information
regarding responses to macroclimatic changes is a central problem
and obstacle in planning for the future [6]. To formulate realistic
predictions, both the nature of adaptation to past and current
climate, and the level of sensitivity to sudden environmental
changes have to be understood and properly interpreted.

Due to its very broad environmental niche, the beech
constitutes a variety of vegetation types across Europe. This is
particularly common in the southern limits of its distribution
range, on the Balkan Peninsula, where beech forests are
characterized by the high diversity of floral components. This
is due to the fact that during the last ice age, the area in the
south-eastern periphery of the Alps i.e. the Balkan Peninsula,
presented microrefugia that are considered as the main source
areas for the subsequent colonization of central and northern
Europe by the beech [10]. Nowadays, beech forests in this area
contain the variety of “lliric” floral elements that cannot be found
in other parts of Europe, which withstood the last glacial period.
Recently, with the goal of placing the EU beech forest on the list
of world heritage property, a comprehensive regionalization and
formation of Beech Forest Regions was brought about [11]. In
the framework of this activity, 12 European Beech Forest Regions
were defined, and one of them includes the lllyric Beech Forest
Region that covers Slovenia, Croatia and Bosnia-Herzegovina.
Another recent comprehensive effort on an EU scale presents the
classification of European forest types, Categories and types for
sustainable forest management reporting and policy (EEA [2]).
EEA classification defines two European beech forest types in the
lllyric Beech Forest Region. The lllyrian sub-mountainous beech
forest prevails in the Dinarides and mid-Pannonic hills, while in
the higher altitudinal range of distribution, beech forests with
silver fir and common spruce, forming Illyrian mountainous beech
forest type prevail. However, on a local country scale in Croatia,
the long-term forest ecosystem studies based on a typological
approach [12] have been undertaken. The goal of these studies
was in identifying, assessing and mapping the specific forest
ecological-managerial types (ecosystems) based on common
soil-vegetation properties. The purpose of this classification was
to define the optimal productivity (yield tables) of forest stands
with respect to site potential and to propose the most suitable
means of forest management and regeneration that can preserve
ecosystem sustainability in the long-term. As a result of these
research activities, a total of 13 beech forest types (ecosystems)
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were identified and delineated across the country. Beech forests
were also categorized in four broader bioclimatic groups with
respect to climate-vegetation relationship.

A broad temperature and precipitation gradient over
the narrow geographical range in Croatia (3-17°C of yearly
average temperatures and 300-3500 mm of total yearly rainfall)
contribute to the variety of macroclimatic conditions. Croatia also
intersects four of the main European biogeographical regions
on a relatively short spatial extent (Continental, Pannonian,
Alpine and Mediterranean). Therefore, delimited beech forest
types cover an extensive environmental range; from optimal
conditions enabling the highest productivity, to limiting conditions
that prevail on the margins of their distribution area. Along the
Adriatic littoral region, there is a very sharp transition from the
warm and dry Mediterranean climate not suitable for the beech.
Beech populations in this boundary region are in environmental
limits, partly adapted to the Mediterranean climate. The
other xeric limit is on the lowest slopes of the eastern parts of
Pannonian hills, in the transition towards the semi-arid South-
Eastern climatic zone. The third boundary for the beech is in the
highest hilltops of the Dinaric Alps, in the upper altitudinal limits
of forest vegetation. This extensive environmental setting across a
narrow area is very suitable for assessment of the beech climatic
niche width, together with its responses to various climatic
anomalies and extreme events that can provide new insights into
beech adaptation potential. The regional scale assessment in the
transitional area of South-eastern Europe and the Mediterranean
could provide important clues as to how beech forest types are
coping with a warmer environment and how they are adapting to
extreme climatic conditions, such as dry spells.

Consequently, the main objectives of this study were to assess
the structural and functional properties of beech forest ecosystems
in Croatia across a wide climatic gradient (Mediterranean, Alpine
and Continental) and to gain some clues about the means of
adaptation to spatio - temporal climatic extremes and anomalies.
This was undertaken by: (1) assessing the main ecological
properties in terms of the yearly mean temperature, annual
precipitation and the Ellenberg climate quotient of 13 previously
delimited ecosystem types; (2) assessing the main typological
properties such as topography (altitude, slope and aspect) and
interactions with edaphic factors; (3) assessing the vegetation
activity of beech forests using the proxy remote sensing indices
such as FAPAR (Fraction of Absorbed Photosynthetically Active
Radiation); and (4) provide an assessment of responses and
resilience of the beech forests to climatic anomalies, based on
FAPAR datasets for the period of observation (1998-2005).

MATERIALS AND METHODS

Study Area

Croatia is situated in Central and Southeast Europe between
latitudes 42° and 47° and longitudes 13°and 20°. The Pannonian
Basin, Dinaric Alps and Adriatic Basin constitute the major
geomorphographic areas (Figure 1). The major mountain ranges
are the Dinaric Alps following the littoral Adriatic zone, ranging
from sea level up to 1831 m and the Pannonian hills (Ivancica,
Medvednica, Bilogora, Psunj, Papuk, Dilj) in the continental area,
ranging up to 1060 m. Parent material in the carstic region of
the Dinaric Alps constitute Mesozoic limestones and dolomites
with protrusions of silicate and silicate-carbonate clastites and
only locally magmatites [13]. Unlike the Dinaric area, the soils
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FIGURE 1. Distribution of common beech in Europe (left); European biogeographic regions with Croatia country position (right)

of the beech forests of the Pannonian hills are characterised by
predominantly physically easily weathered substrates. They are
mainly various unconsolidated clastites, marls, sandstones and
metamorphic rocks. Croatia has per-humid, humid and subhumid
climates according to the Thornthwaite climate classification [14].
A humid climate is prevalent in a large part of the continental
lowlands, a subhumid climate only in the eastern part and a per-
humid climate in the highlands [15]. In coastal Croatia, there are
per-humid, humid and subhumid climates. In the past 50 years,
a significant increase in the mean annual temperature values
(from 0.2°C to 0.4°C per decade) is found in Croatia’s mountainous
region. The overall (annual) positive trend is mainly due to
significant positive summer and spring trends (from 0.3°C to 0.5°C
per decade). In terms of precipitation, the prevailing trends in the
mountains are negative (from -17 mm to -11 mm per decade)
except at the highest-altitude stations where the dominant trend
is positive (32 mm per decade). An analysis of precipitation [16],
based on a dense network of rain-gauge stations in Croatia, reveals
a significant decrease in the total annual precipitation amounts of
-50.6 mm per decade in the mountainous regions. A significant
summer decrease mainly governs the annual trend, and, in the
northern part, also partly a spring decrease. Based on available
literature, it can be concluded that warming of the climate in
the Croatian Highlands is currently occurring, which is especially
evident during the warm half-year (spring and summer). This
warming is accompanied by drying trends, thus indicating that the
mountainous regions in Croatia are prone to significant climate
change.

Geospatial Data of Forest Types, Climate and Topography

The definition of 13 beech forest types (ecosystems) used in
this research was based on the comprehensive forest ecosystem
inventory i.e. typological surveys that were mostly performed
between 1970 and 1990 at the Croatian Forest Research Institute.
Typological or ecosystem-based assessments were comprised
of detail, a plot scale field survey of soil properties including
geological and climate characteristics, floristic composition, and
stand structural properties in numerous locations. Comprehensive
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insights into the results of the aforementioned long-term activities,
concerning determined soil and vegetation characteristics that
constitute beech ecosystems in Croatia, can be found in the
publications of Pernar and Baksi¢ [13] and Vukeli¢ and Baricevi¢
[17]. Geospatial coverage with delineated forest types was
produced throughout 2003-2007 in the framework of the project:
“Development of the Dynamical geo-information system of forest
ecosystems in Croatia”. Delineation of forest cover was provided
from aerial orthophoto images and available remote sensing data.
Further ecosystem stratification was undertaken through expert
knowledge and previously gathered information, forest inventory
data, draft survey maps, study reports and publications. The
resulted map of beech ecosystem types is shown in Figure 2 and
Table 1.

Topographic parameters (mean, minimum, maximum of
altitude, slope and aspect) were derived from the digital terrain
model (DTM) available in 25 m grid resolution (Figure 3), based on
topographic maps of Croatia 1:5000 and 1:25 000. For the purpose
of this study, the DTM was scaled on a 1000 m grid resolution.
The spatial grid of mean annual air temperature (Figure 3) was
based on measurements from 152 main and climatological
stations in Croatia during the period 1961-1990. The grid of the
mean annual precipitation (Figure 3) for the similar period was
based on measurements of the mean daily precipitation from 567
main, climatological and rain gauging stations. The resolution of
temperature and precipitation grids was also 1000 m. In addition,
Ellenberg’s climate quotient (EQ) [18] was calculated from grids of
the mean temperature of the warmest month (July, T ) divided by
annual precipitation (Pa):

EQ = 1000 (T,, / Pa)

Estimation of the FAPAR Values and Resilience Metrics

Freely available, monthly FAPAR (Fraction of Absorbed
Photosinthetically Active Radiation) data [19] was obtained
from the JRC FAPAR website (http://fapar.jrc.ec.europa.eu). Data
was acquired in monthly intervals for the period from 1998 to
2005. Basic manipulation and transformation of the data in a
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suitable format for SAGA GIS spatial analysis was performed by
BEAM VISAT software. Monthly FAPAR images, 96 in total from
1998-2005, were then clipped with the 13 area shape files that
represent envelopes of beech ecosystems. Associated FAPAR
pixels (with a 1 km spatial resolution) were extracted (Figure 5).
However, so as to eliminate the problem of the false high FAPAR
intensity (the appearance of extreme FAPAR values during the
winter season, very possibly as a reflection of snow cover), only
months in seasons with certain vegetation activity (from March
to November) were used for analysis. Average monthly FAPAR
values for each of the 13 area samples, from March to November
within the eight year period, were calculated from related pixels
using “Spatial and geostatistic analysis module” in SAGA GIS.
Further data processing, statistics and graphical representation
were performed in R software for statistical computing.

In order to quantify ecosystem responses indices of resilience
were applied that represent the concepts of resistance, recovery,
resilience and relative resilience following the procedure of Lloret
et al. [20], Sanchez-Salguero et al. [21], Herrero and Zamora
[22] and Pilas et al. [23]. In general, resistance is the inverse of
performance reduction during extreme drought and presents the
ratio between performance during and before drought. Recovery
is the ability to recover relative to the performance reduction
undergone during drought and presents the ratio between
performance after and during extreme drought. Resilience is
the capacity to return to pre-drought performance levels and

presents the ratio between the performance before and after
drought. Relative resilience is the resilience weighted by the
performance reduction during drought. In this study an adapted
approach was applied, previously developed by Pilas et al. [23]
for FAPAR monthly time series. The relationship between mid-
season FAPAR in July (F_) was studied, which is very close to the
maximum extent of photosynthetic activity for the season, as well
as pre and post mid season vegetation performances. The effect
of variations of FAPAR during intensive vegetation growth in the
April-June period (Fpre) on the mid-season FAPAR performance
were analyzed, i.e. resistance (rt7) of F_, and the effect of mid-
season FAPAR on the vegetation activity during the later stage
and the senescence period in August-October, (Fm) i.e. recovery
(rc7). As a follow up to these calculations we estimated the
differences in resilience (rs7) and relative resilience of ecosystems
(rr7) based on intra-annual variations of photosynthetic activity.
We calculated these indices using the following formulae:

M7 =F S F it Foat Pl /3)=F T F
17 = ((F st Froat Pl /3 F = FL [ F
17 = (Fopnt Pt P (ot Pt P = P/ Fo
nm7=F xF /F
post ms pre
where F oo Fooo Fo..are FAPAR values for the mid-season (July),

the previous t months and t months after, respectively, rt7, rc7,
rs7, rr7 (mid-seasonal resilience indices).

TABLE 1. The dominant soil and vegetation pairs constituting the common beech ecosystems

Bioclimate IRETCsE Phytocenoses Dominant soil type (WRB classification)
ecosystem
B 1 (Illyrian) Subalpine beech forest leptic CAMBISOL rhodic
(Ranunculo platanifolii-Fagetum /Ht. 1938/Marinéek et al. 1993)
C 1 Dinaric beech-fir forest folic CAMBISOL, eutric
Omphalodo-Fagetum (Treg. 1957) Marincek et al. 1993
3 Dinaric beech-fir forest lithic, mollic LEPTOSOL, humic
Omphalodo-Fagetum (Treg. 1957) Marincek et al. 1993
4 Pannonian beech-fir forest haplic CAMBISOL, dystric, endoskeletic
Festuco drymeiae-Abietetum Vukeli¢ et Baricevi¢ 2007)
D 1 (lllyric) montane beech forest folic CAMBISOL, eutric
(Lamio orvale-Fagetum sylvaticae Ht. 1938)
2 (lllyric) montane beech forest hypersceletic, rendzic LEPTOSOL, brunic,
(Lamio orvale-Fagetum sylvaticae Ht. 1938) skeletic
3 (lllyric) montane beech forest LEPTOSOL, rendzic, mollic
(Lamio orvale-Fagetum sylvaticae Ht. 1938)
4 (Illyric) montane beech forest gleyic, cutanic LUVISOL, clayic, epidystric
(Lamio orvale-Fagetum sylvaticae Ht. 1938)
5 (Illyric) montane beech forest cutanic LUVISOL, arenic, siltic
(Lamio orvale-Fagetum sylvaticae Ht. 1938)
6 (lllyric) montane beech forest folic CAMBISOL, dystric, endoskeletic
(Lamio orvale-Fagetum sylvaticae Ht. 1938)
7 Submontane Pannonian beech forests gleyic, cutanic LUVISOL, clayic, epidystric
(Cephalathero longifoliae-Fagetum Vukeli¢, Baricevi¢ et Sapi¢
2012)
H 1 Sub-mediterranean beech forest leptic CAMBISOL rhodic (Calcocambisol)
(Seslerio-Fagetum sylvaticae/Ht. 1950/M. Wraber 1960)
2 Termophyilic continental beech forest LEPTOSOL, rendzic, mollic

(Ostryo-Fagetum sylvaticae Wraber ex Trinajsti¢ 1972)
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FIGURE 2. Distribution of 13 common beech ecosystems in Croatia

RESULTS

Main Topographic and Climatic Properties

Table 1 shows a summary statistics of the main topographic
and climatic grids concerning 13 beech ecosystem types. The
results indicate the proportion of area of each individual forest
type. The most abundant is ecosystem C1 with an approximate
area of 2825 km?and the smallest ecosystem is C3 with 41 km?
The obtained results show that the beech appears across a very
broad range of environmental conditions, from locations very
close to sea level (20.3 m) to the highest altitudinal belts of
the Dinaric Alps (1576 m). The average values of the assessed
parameters indicate the preferential conditions of a particular
ecosystem regarding general macroclimatic properties. However,
minimal and maximal values are more influenced by microclimate
and specific topographic settings. This is clearly visible in the
Sub-Mediterranean beech forest (H1) which, in general, appears
at higher average altitudes (886 m) of the coastal zone, but in
specific microclimatic conditions such as in north-western slopes
of Uc¢ka Mountain in the Istrian Peninsula, can reach the lowest
elevations of 20.3 m, the boundaries of carstic field Cepi¢ Field
in the hinterland. Elevation is noticeable (Figure 6), a very strong
differentiating factor of three bioclimatic groups (B,C,D) which
are based on relatively uniform vegetation strata. For example,
at altitudes of 559 m in the Pannonian and 936-1031 m in the
Dinaric region, there is a prevalence of beech — fir mixed forests,
while pure beech forests occupy the zones below and above
this range. At the inner bioclimatic scale, edaphic factors are
more relevant in the differentiation of ecosystem types. Slope
also shows a gradual increase across the ecosystem altitudinal
range - ecosystems in the lower altitudes (bioclimate D) occupy
milder slopes than ecosystems in the higher zones (bioclimates
B and C). Aspect is quite invariant across the ecosystem range
except for ecosystem H2 (Thermophilic continental beech forest),
which presents a specific exception appearing dominantly on the
eastern slopes. However, the prevailing “thermophilic” vegetation
properties of H2 could also be explained by the character of the
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Ellenberg's climate quotient
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FIGURE 4. Snow boundary indicating the limits of the common beech distribution in Mediterranean (left), spatial coverage of
Ellenberg’s climate quotient (right)
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TABLE 2. Statistics of the main topographic and climatic properties of the beech ecosystems

ELEVATION

Ecosystem Bl C1 Cc3 ca D1 D2 D3 D4 D5 D6 D7 H1 H2
No samples 407 2354 34 186 1648 317 55 841 40 1377 792 1219 79
Min 596.1 245.8 789.3 237.0 114.7 158.6 163.9 123.6 194.0 126.9 109.5 20.3 188.0
Max 1576 1557 1198 958 1316 922 957 1041 364 1341 319 1491 940
Range 979 1312 409 721 1202 764 793 917 170 1214 210 1470 752
Average 1160 936 1031 559 672 328 408 252 292 340 181 886 540
Variance 8892 14688 7366 10054 10640 4871 10879 3562 639 5391 417 16567 16531
Stdev 85 108 68 84 89 59 94 38 25 56 18 108 128
SLOPE

Ecosystem B1 (cil c3 Cc4 D1 D2 D3 D4 D5 D6 D7 H1 H2
No samples 407 2354 34 186 1648 317 55 841 40 1377 792 1219 79
Min 0.11 0.05 0.47 0.35 0.02 0.25 0.34 0.03 0.09 0.18 0.04 0.06 0.77
Max 18.98 20.93 20.02 15.50 19.86 12.92 12.28 15.94 3.86 19.37 2.85 23.03 19.68
Range 18.87 20.89 19.55 15.15 19.83 12.67 11.94 15.91 3.77 19.19 2.81 2297 18091
Average 6.81 5.52 8.03 5.83 4.72 3.03 3.79 1.99 1.45 291 0.78 6.27 6.89
Variance 7.36 7.44 2.77 4.60 6.80 2.08 5.19 1.33 0.36 1.94 0.13 7.24 16.32
Stdev 2.48 2.49 1.10 1.66 2.19 1.20 2.04 0.79 0.60 1.07 0.32 2.35 3.90
ASPECT

Ecosystem B1 C1 c3 Cc4 D1 D2 D3 D4 D5 D6 D7 H1 H2
No samples 407 2354 34 186 1648 317 55 841 40 1377 792 1219 79
Min 1.3 0.3 7.9 0.5 0.1 0.2 7.5 0.4 8.2 0.1 0.0 1.8 11
Max 358.5 359.6 358.7 359.0 359.8 359.3 343.3 359.7 352.3 359.9 359.9 360.0 3517
Range 357.2 359.3 350.8 358.5 359.7 3590.1 335.8 359.3 344.2 359.8 359.9 358.2 3505
Average 167.8 178.0 142.0 170.7 164.3 168.7 145.3 159.8 177.1 157.4 183.2 184.5 94.9
Variance 5099.5 10691.6 3450.5 8980.2 8497.1 6801.7 3857.6 84834 85959 7769.3 8601.0 5081.2 8738.3
Stdev 59.3 97.6 37.9 76.5 82.2 69.9 61.3 78.3 86.0 76.0 85.4 58.2 92.2
Facet S S SE S S S SE S S SE S S E
TEMPERATURE

Ecosystem B1 C1 c3 c4 D1 D2 D3 D4 D5 D6 D7 H1 H2
No samples 403 2345 35 188 1661 325 56 841 43 1382 796 1232 78
Min 2.6 2.1 4.8 5.3 4.5 5.2 6.1 4.8 9.2 4.5 8.9 3.0 5.3
Max 10.4 10.6 8.4 9.8 10.8 10.5 10.4 10.6 10.1 10.8 10.6 135 10.7
Range 7.8 8.5 3.6 4.5 6.3 5.3 4.3 5.8 0.9 6.3 1.7 10.5 5.4
Average 6.2 6.8 6.5 7.9 8.2 9.3 9.1 9.7 9.6 9.4 9.9 7.9 8.4
Variance 0.4 0.5 0.3 0.3 0.4 0.2 0.4 0.2 0.0 0.2 0.0 0.7 0.6
Stdev 0.5 0.6 0.4 0.5 0.6 0.4 0.6 0.3 0.1 0.4 0.1 0.7 0.8
PRECIPITATION

Ecosystem B1 C1 c3 c4 D1 D2 D3 D4 D5 D6 D7 H1 H2
No samples 403 2345 35 188 1661 325 56 841 43 1382 796 1232 78
Min 1227 1183 1538 887 912 754 945 739 854 787 816 1145 1396
Max 3444 3234 2643 1343 2816 1930 1904 1581 1101 2300 917 3286 2107
Range 2216 2050 1105 457 1904 1175 959 842 247 1513 101 2141 710
Average 2034 1696 2042 1073 1541 950 1359 968 987 1166 863 1686 1740
Variance 14514 25321 16144 1165 14746 803 3234 934 145 2427 99 20233 10401
Stdev 79 109 93 27 91 22 45 17 11 29 8 100 98
ELLENBERG'S DROUGHT INDEX

Ecosystem B1 C1 c3 c4 D1 D2 D3 D4 D5 D6 D7 H1 H2
No samples 115 1246 41 66 889 163 52 393 23 798 499 668 62
Min 3.82 3.63 4.41 12.29 4.87 14.54 8.04 8.84 16.24 591 21.03 4.51 8.31
Max 13.63 16.95 14.26 19.33 21.39 26.28 21.24 27.90 23.05 25.77 24.97 18.66  18.86
Range 9.81 13.32 9.85 7.04 16.52 11.73 13.20 19.06 6.81 19.86 3.93 14.15 10.56
Average 7.38 9.01 7.56 17.17 12.47 20.51 15.25 19.47 20.73 17.95 23.34 11.28 12.89
Variance 4.11 6.76 4.52 2.73 5.42 5.83 19.05 13.44 5.69 13.38 0.00 6.33 8.47
Stdev 2.03 2.60 2.13 1.65 2.33 241 4.36 3.67 2.39 3.66 0.00 2.52 2.91
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predominant soil type, which is dry and relatively shallow molic,
rendzic leptosol (rendzina). Overall temperature amplitude for the
common beech is between 2.1-13.5°C and precipitation amplitude
between 754-3444 mm. There is evidence of a gradual increase
of the average temperatures and evidence of more alternating
but decreasing trend of average precipitation along bioclimatic
gradients (B-C-D). The estimated maximal value of the Ellenberg
quotient of 27.9 represents the xeric limit for the beech in the
continental region. However, values of the Ellenberg quotient in
the Sub-mediterranean ecosystem H1 do not exceed 18.7 that are
well below continental limits.

Photosynthetic Activity (FAPAR)

Figure 7 presents the average values of photosynthetic
activity of 13 common beech ecosystem types for the period
March-November. The estimated range of average FAPAR is from
minimal 0.43 (B1) to maximal 0.55 (C4). FAPAR is decreasing in
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ecosystems on higher altitudes (B1, C1, C3) and the Mediterranean
(H1). Ecosystem B1 (Subalpine beech forest) has the lowest
activity at the upper limit of beech altitudinal zone in Dinaric Alps.
On the other hand, the highest photosynthetic activity can be
found in ecosystems in the coline belt, D1-D7 (Mountain beech
forests), at low to medium altitudes. Overall differences between
series of mean FAPAR for an 8 year period, 1998-2005, prove
high significance at p<0.001 (AOV test). Multiple comparisons
between groups (Figure 8) provide insight into significance
amongst ecosystem pairs. The performed test confirms overall
differences amongst ecosystems included in bioclimatic hierarchy.
However, there is proven significance on intra-bioclimatic level,
most obvious between beech — fir mixed forests in the Dinaric
and Pannonian region. Productivity of beech and fir forests in
the continental Pannonian hills, C4 (Pannonian beech-fir forest)
significantly exceeds productivity of the beech and fir forests in
the Dinaric Alps, C1 and C3 (Dinaric beech-fir forest). Differences
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FIGURE 6. Preferential environmental properties and limits of the common beech ecosystem types
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inside bioclimatic group D, mountain beech forest vegetation
type (Montane beech forest) can be attributed to edaphic factors.
Higher productivity is found in relatively deeper soils such as
rendzic leptosol (deep rendzina on unconsolidated material),
luvisol and dystric cambisol. There is also a noticeable difference
amongst types H1 and H2 inside thermophylic beech vegetation
group where H1, the sub-Mediterranean beech forest, has one
of the lowest productivity and H2, termophylic continental
beech forest is very near to the most productive ecosystems.
More intrinsic insight into ecosystems performance can be
obtained from the phenological pattern based on monthly FAPAR
average series (Figure 9). Ecosystems follow a general pattern of
seasonality with vegetation onset in May and rapid inclination of
photosynthetic activity during June until maximal values in July.
From July to September there is a prevailing stage of maximal
photosynthetic activity of forests. Cessation of maximal activity

0.55
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0.45
0.40

0.35

Bl C1 C3 C4 D1 D2 D3 D4 D5 D6 D7 H1 H2
FIGURE 7. Average annual values of FAPAR (March-November)

0.30 -

and the onset of senescence is in October and a sharp decline of
activity in November. Apart from this general seasonal pattern
there is a visible shift in phenology along bioclimatic range D-C-B.
Seasonal distribution of FAPAR swings in absolute values from D to
B, retaining a similar shape. The impact of summer drought in the
Mediterranean is evident in ecosystem H1 through a more rapid
reduction of photosynthetic activity in the mid-season.

More pronounced insight into vegetation timing can be
obtained from the contrast of monthly slices of FAPAR (Figure
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10). There is a small but noticeable increase in FAPAR during
vegetation dormancy (March-April), a consequence of activity of
evergreen silver fir in mixed beech-fir forests (C1, C3, C4). Also,
there is evident of a gradual boost of vegetation in May, along
bioclimatic gradient D-C-B, earliest in D and the latest in B. On the
contrary, the start of the senescence period is in November, the
earliest in B and the latest in D.

Intra-Seasonal Variations and Ecosystem Responses

Figure 11 presents normalized variations of monthly FAPAR
values (z-scores) for the observed period (1998-2005). These
deviations are mainly influenced by climatic variations of which the
most pronounced events were drought and a heat wave in 2003
and an extremely wet 2005. All ecosystems show the possibility to
rapidly adapt their photosynthetic activity in a positive or negative
way depending on more or less suitable climatic conditions. From
the presented scores, insight into the behaviour of ecosystems
under a particular climatic extreme can be noted. The drought and
heat wave of 2003 had less influence on FAPAR inside bioclimatic
zones C and B. In conditions of excessive precipitation in 2005,
only a few ecosystems show a more positive response (C4, D2, D4
and D7). On the contrary, ecosystems B1, C1 and C3 show reduced
activity throughout 2005 with the exception of springtime.

Figure 12 presents calculated coefficients of variation for
consecutive months which indicates the time or stage with the
most pronounced fluctuations of FAPAR. The beech exhibits the
highest responses to external anomalies during vegetation onset
in spring. Variations gradually recede towards mid season and
gradually increase at the beginning of the senescence period.
This proves that the beech has very conservative and robust
behaviour in relation to climate anomalies during the mid-season
with maximal productivity. The highest variations of FAPAR during
spring and autumn indicate a specific trait of the common beech
in that it can seasonally adjust the kickoff and cessation of its
phenology, responding with an earlier onset of vegetation to
favourable (warm) climatic settings or forcing a premature drop in
productivity during water shortages and drought, while retaining
relatively constant FAPAR in the mid-season. Less pronounced
variations during the onset of growth were characteristic for C1
and C3 (mixed beech-fir forest) because of the possible stable
influence of the silver fir. There is evidence of a gradual shift in
the maximal variations amongst ecosystem types so that maximal
variations in B1, C1 and C3 (higher altitudes of the Dinaric Alps)
occur in June, in most of the ecosystems inside bioclimates D
and H (except D5 and D7) in May and D5 and D7, in the lowest
positions, in April and March.

Seasonal variations of FAPAR can be applied in a more
suitable way to obtain more perceptive insight into the adaptive
capacity of beech ecosystems by calculating resilience metrics
(resistance, recovery, resilience and relative resilience). Resilience
metrics provide a quantitative insight into the intrinsic capacity
and responses of beech ecosystems to climate alterations (Fig. 12).
The highest resistance is distinctive for ecosystem B1 followed by
the group of ecosystems C1, C3, H1 and D1. On the contrary,
ecosystems inside bioclimate D (except D1) exhibit the lowest
resistance. Recovery, as an inverse of resistance (ecosystems
with a smaller drop of FAPAR also have lower recovery), show a
relatively opposite picture with pronounced ecosystems D5 and
D7. Consequently, the ecosystem with the highest resilience
is ecosystem B1, followed by the group of ecosystems inside
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bioclimate C together with D1, D3 and H1. The lowest resilience
was shown in ecosystems inside bioclimatic group D. With respect
to relative resilience, ecosystems exhibit a very heterogenic image
where only ecosystems D5 and D7 deviate more from others.

DISCUSSION

Remote sensing FAPAR, with a spatial resolution of around 1
km, presents vegetation indices suitable for assessment of land
surface phenology and climatic anomalies on a global or European
scale [25]. By performing a global assessment, information
about vegetation cover is usually generalized and simplified to a
few broad vegetation or land-cover types. By integrating FAPAR
and country scale forest ecosystem classification, the power of
FAPAR seasonal sensitivity can be extended to provide dynamic
linkage with the range of static auxiliary data incorporated into
ecosystem structure. With this respect, the results of analysis of
auxiliary topographic and climatic features of determined forest
types serve to define the environmental conditions and their
limits in a more comprehensive quantitative manner. Additionally,
supported information can be used as a quantitative mean for
evaluation of an empirical classification system such as the forest
typological approach in Croatia. This refers primarily to scientific
works and surveys in the last 80 years by Horvat [25, 26], Horvat,
Glavac¢ and Ellenberg [27], Bertovi¢ and Lovri¢ [28], Cestar et
al. [29-31], Pelcer and Medvedovi¢ [32], Raus and Vukeli¢ [33],
Trinajsti¢ [34], Trinajsti¢ and Franji¢ [35], Vukeli¢ and Rau$ [36],
Vukeli¢ and Baricevi¢ [37], Pernar and Baksi¢ [13] and Mesi¢ [38].

Basic Environmental Properties of Beech Forest Types

The obtained results clearly support determined vertical
differentiation of the beech bioclimates and ecosystem types over
the particular altitudinal ranges, covariant with temperature and
precipitation gradients. Based on the yearly average FAPAR, the
most productive environmental niches are located in bioclimate D,
the area of mountainous and sub mountainous beech forests, in
the hillsides of the mountainous continental belt from 181to 672 m
(ecosystem averages). In this mountainous zone with temperature
averages of 8.2-9.9°C and yearly precipitation of 863-1541 mm,
the beech forms mostly pure homogeneous stands because of its
high competitiveness. At higher altitudes, the beech appears with
the silver fir forming mixed beech-fir forests (bioclimate C). The
average altitudes for beech — fir mixed forests in the Dinaric zone
is 936 m (C1), 1031 m (C3) and in Pannonian zone 559 m (C4).
Respective average temperatures are 6.5°C (C1), 6.8°C (C3) and
7.9°C (C4) and average precipitation amounts to 1696 mm (C1),
2042 mm (C3) and 1073 mm (C4). Above this zone, in the highest
altitudinal range, the subalpine beech forest type (B1) appears
forming pure stands with characteristic bended trunks due to the
long lasting snow on steep slopes. This type prevails at average
altitudes of 1160 m, with an average temperature of 6.2°C and a
precipitation amount of 2034 mm. In the Mediterranean littoral
zone, the only beech ecosystem, H1, exists at relatively higher
altitudes (886 m), with an average temperature of 7.9°C and
precipitation of 1686 mm.

Photosynthetic Activity (FAPAR) of Beech Ecosystems

FAPAR [39], used as cumulative metrics, presents a proxy
for assessing forest productivity (gross primary production). The

http://www.seefor.eu



Ecological, Typological Properties and Photosynthetic Activity (FAPAR) of Common Beech (Fagus sylvatica L.) Ecosystems in Croatia

0.8+ Iv 0.8
0.6 0.6
0.4 0.4

- IIIIIIIIIIIII - IIIIIIIIII I

0.0 - 0.0 I I

B1 C1 C3 C4 D1 D2 D3 D4 D5 D6 D7 H1 H2 B1 C1 C3 C4 D1 D2 D3 D4 D5 D6 D7 H1 H2
vV 08- Vi 0.8
0.6 0.6
0.4 0.4
- IIIIIIII I II -
0.0 - 0.0 -

B1 C1 C3 C4 D1 D2 D3 D4 D5 D6 D7 H1 H2 B1 C1 C3 C4 D1 D2 D3 D4 D5 D6 D7 H1 H2
Vil 081 VIl 0.8 1
0.6 0.6
0.4 0.4
0.2 0.2
0.0 - 0.0 -

B1 C1 C3 C4 D1 D2 D3 D4 D5 D6 D7 H1 H2 B1 C1 C3 C4 D1 D2 D3 D4 D5 D6 D7 H1 H2
IX 08+ X 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0.0 - 0.0

B1 C1 C3 C4 D1 D2 D3 D4 D5 D6 D7 H1 H2 B1 C1 C3 C4 D1 D2 D3 D4 D5 D6 D7 H1 H2

XI 0.8
0.6

0.4
§ III I I
0.0

B1 C1 C3 C4 D1 D2 D3 D4 D5 D6 D7 H1 H2

FIGURE 10. Monthly FAPAR slices

http://www.seefor.eu SEEFOR 7 (2): 73-89 83



PILAS I, MEDVED I, MEDAK J, PERCEC TADIC M, MEDAK D

Y |||

B1
o
I T |

" i

Lo b

[ IHI r iy

. |'|||

c1
o
I

|| I | ..IL.Il

e 1 b

||~'

c3
o
L1111

Al

|II , ‘Illll

||||“II '|'|'[ ||I |I| ”H

c4
o
I I T |

llll.lll .|I,.I

o ||'||| 1||||'

|‘,,|.. i "”l"'

D1
o
L1111

‘.i||.‘ a |I‘
| | |y

D2
o
L1111

m

.llllkl |.|h|. ., |II]|| l'l' |..

1998 2000 2002 2004 2006
year

|I ||I

D3
o
L1111

Z scores

=

2 o o il A ||| I"l | l||| '|"]| ||"| I|||,|II
22
2 —

a 0 . I.|,||.‘ |I|||IF I,I[I.l, ||||I|| || | |||||| '|I|'|| |
2
A

e 9 | | , i “r ||i||| |||l||1 |||| '||"'| W”' byt
2
2 —

5 o, Al |. |.|L / |||,I,, I||||| wp iy ‘i||||
2
2 4

= o] |,,|||..| il ||||,|!_ i I|||| W i I II.|I
2 4
o3 g Ly |

¢ o7, .|\| .||. g, e 1l h ||I|II ||||| "
2

T T T T ]
1998 2000 2002 2004 2006
year

FIGURE 11. Normalized variations (z — scores) of FAPAR during the observation period

results of average FAPAR determine differences in the productivity
of beech ecosystems in relation to climate and topography
including edaphic factors at the intra bioclimatic level. The overall
productivity of common beech forests declines as the altitude
increases and towards xeric environmental margins. The common
property of soils (rendzic leptosol on unconsolidated material,
luvisol, cambisol), in the most productive beech forest types is
intermediate to a larger depth (approximate min 60 cm), free
drainage capability and a very broad range of soil chemical and
physical characteristics that is in accordance with Peters [40] and
Sanders et al. [41]. There is also evidence that soil properties
provide some limitations in productivity. Beech stands on very
shallow soils such as cambisols and rendzic leptosol and partly
waterlogged soils such as gleyic luvisol show lower values of
average FAPAR of all types in the mountainous beech zone (D).
The possible influence of edaphic parameters is even more
detectible in mixed beech - silver fir forests inside bioclimate C.
Very large differences in productivity of mixed stands (C1, C3, C4),
in favour of the continental Panonnian ecosystem type (C4), could
be attributed to more deeper and productive soils (i.e. dystric
cambisol in relation to shallow folic cambisol and mollic leptosol).

There is a common trait that altitude has an impact on the
duration of the vegetation period as can be corroborated in the

84  SEEFOR7(2): 73-89

regional phenology studies of the common beech [42, 43]. The
earliest onset of the spring phenological phases is observed in
the lowest-lying sites and the latest onset in the uppermost sites.
The dynamics of the autumn phenological phases had an opposite
trend compared to the spring phenophases. This is also evident in
our study through an earlier and gradual increase of FAPAR in May
and June across bioclimatic vertical zones (D-C-B). The impact of
altitude in the cessation of vegetation in October and November is
not so pronounced. It is obvious that in the mid vegetation season
(July, August), ecosystem productivity retains more constant
values than in the onset and senescence periods. This indicates
that during mid-season, the peak production of beech ecosystems
is relatively uniform across the altitudinal gradient, with small
differences related most probably to beech stand structural
characteristics. A higher annual productivity in the common
beech at lower altitudes can be associated more to the prolonged
period of growth than the peak productivity potential of forests
by themselves. Ergo, growth duration is most possibly modified
by the climatic variations during springtime, during a period of
the highest phenological sensitivity that is reflected through the
highest FAPAR alternations. Generally, an earlier growth onset is
due to the early spring warming and the delay of onset due to
the spring chill. An accepted understanding of the impact of global
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warming on phenology, given by Rétzer and Chmielewski [44], is
that vegetation onset spreads southward at a rate of about 2 days
per degree of latitude, the rate of change of the growth season
length for forests is in a range of 6.4-6.7 days per °C. Warmer
spring temperatures have advanced flowering dates by about 4
days per 1 °C and leaf unfolding by about 3.2-3.6 days per 1°C in
Europe. As the possible outcome, a recent dendrochronological
study of Tegel et al. [45] detected an unexpectedly rapid boost
of beech growth after 1990 in the southern Balkan Peninsula
(Albania, Macedonia) which is contrary to broad expectations
of warming induced suppression of forests productivity in their
southern Mediterranean limits. The beech is principally sensitive
to excessive summer warming (June-September) that causes a
water deficiency and drought as is confirmed in regional studies
by Dittmar et al. [46], Dittmar and Elling [47], Van der Maaten [48]
and Tegel et al. [45].

The results of our study reveal that the beech is very
adaptable and opportunistic to newly emerging warming
conditions because it can easily drift its vegetation onset earlier
in the springtime and thus it is capable of prolonging the growing
season and increasing its productivity to some degree. However,
the smallest fluctuations of FAPAR during the mid-season (July,
August, September) indicate that during this period of maximal
productivity, the beech is relatively invariant to climate anomalies.
One possible explanation is that the plant available water status
of the majority of beech forest soils in mountain areas (with the
higher total precipitation and lower average temperatures) is not
the limiting factor for growth during this mid phenology stage. The
prolonged droughts can cause soil water shortage which results

in a decline of productivity and earlier senescence of vegetation
in the later stages (October, November) which is obvious due
to recurring higher variations of FAPAR in this period. As a
consequence, this can contribute to reduced productivity of the
beech on an annual scale. In general, according to the provided
seasonality of FAPAR variations, it can be concluded that with
respect to climatic anomalies, the beech phenology behaves like
an intra seasonal teeter, drifting over stable conditions during
the mid-season and adapting to opportunities and limitations in
springtime and autumn. Warmer conditions in springtime, on the
one hand present an opportunity, but on the other, their extension
throughout the year produces limitations for productivity in later
stages of growth.

In the scenarios of the progression of global warming, there
is a strong emphasis on the assessment of the future distribution
range of beech forests which has been the subject of modelling
and regional simulation studies [4-9]. Therefore, an estimation of
environmental conditions on the limits of the beech distribution
range, prone to many uncertainties, is of huge interest for the
forest management. In this study, the boundary conditions of
three marginal limits were assessed: upper altitudinal, south-
eastern continental and the Mediterranean. By applying an
ecosystem based approach, beech propagation also in relation
to prevailing edaphic conditions in the marginal zones can be
discussed, as it is often neglected in climate-vegetation modelling
and simulations. Based on the maximal and minimal values of
topographic and climatic factors, it can be concluded that the
current upper altitudinal limit of the beech in Croatia is 1576
m with a minimal yearly temperature of 2.2°C and maximal
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precipitation of 3444 mm. This shows that the current beech limit
is very close to the upper terrestrial boundary determined by the
upper ridges and hilltops of the Dinaric Alps ranging from 1750
to 1831 m. However, a future vertical succession of the common
beech in this carstic environment is limited by very shallow soils on
hard calcareous substrate and by eroded surfaces with plain rocks.
On the other hand, the xeric limits for the beech in the continental
region is at the lower slopes with a minimal altitude of 109.5 m in
the Pannonian hills (max altitudes 900-110 m), on the junction with
the Pannonian plain (95-115 m). The estimated maximal average
temperature limitation for the beech is 10.8°C and minimal yearly
precipitation is 739 mm, which exceeds the xeric limit of 9.3°C and
is above the limit of 680 mm provided by Czlcz et al. [4]. Maximal
values of Ellenberg’s climate quotient do not exceed values of 27.9
which is below 28.9 [4], the limiting climatic conditions for the
beech in Hungary. Productivity (mean annual FAPAR) of ecosystems
at the lower boundary is, in general, below the average for the
respective bioclimatic group (D) which could be partly attributed
to less suitable edaphic conditions. The lowest lying ecosystem
D7, (109.5-319 m) appears on seasonally waterlogged soil (gleyic
luvisol) and seasonal oversaturation in soils most probably do
not represent optimal conditions for beech growth. The seasonal
modification of the Mediterranean climate, in particular an
alternation of wet and mild winters and hot and dry summers,
present constrains for beech distribution and productivity.

According to Maselli et al. [49], productivity of the Mediterranean
beech forest is strongly determined by the start of the dry season.
The Sub-Mediterranean beech forest (H1) assessed in this study has
one of the lowest productivity. The impact of the summer drought
in the Mediterranean can be identified by an earlier decreasing of
FAPAR seasonal trajectory starting in August. Sub-Mediterranean
beech forest covers the broadest altitudinal range starting from
20 m above sea level up to 1491 m, mostly on the south-western
slopes (average inclination of 6.27%) of the littoral flank of the
Dinaric Alps. The limiting climatic conditions for the presence of the
beech in this region are a mean temperature of 13.5°C and 1145
mm of minimal precipitation. However, the maximal values of EQ
of 18.66, well below the determined EQ limits for the beech in the
continent, provide clues that the generalization of beech climatic
limits using simple climatic indices should be undertaken with great
care. Lower values of EQ can induce that, in addition to summer
drought, edaphic factors such as shallow soils on limestone with
a very limited water retention capacity, contribute to seasonal
drought exposure which hinders the productivity and progression
of beech forests further in the Mediterranean.

Resilience metrics provided in this study present means to
quantify and identify various responses of beech ecosystems to
climatic anomalies in the period of observation. Indices of resilience
are suitable for quantification of the forest responses on an inter-
annual time scale based on some directly measurable environmental
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tree metrics such as a basal area increment or shoot growth and
needle-length in the case of extreme drought conditions. Indices
of resilience are mostly based on a single extreme climatic event
or pointer years as seen in the studies of Lloret et al. [20], Sanchez-
Salguero et al. [21], Herrero and Zamora [22]. However, applying
these indices on an intra-annual scale using a monthly average
FAPAR in July as a reference base [23] enables the inclusion of yearly
responses for the whole period of observation (1998-2005) and
thus, the calculated indices gain more statistical power.

It can be concluded from the calculated indexes of resilience
(resistance, recovery, resilience and relative resilience) that the
most resilient ecosystems are those occurring on the margins
of the beech distribution range that was previously empirically
assumed. Highest resistance is exhibited in marginal subalpine
(B1) and sub-mediterranean (H1) beech forests. Highest resistance
indicates that their springtime phenology is more suppressed by
adverse climatic conditions than in other beech ecosystems. On
the other hand, these two marginal ecosystems exhibit the lowest
recovery rates. There is an obvious gradual increase in resistance
with a rise in altitude and recovery in the opposite way, which
presents a possible way of response of the ecosystems to climatic
hindering and unbounding. Resilience represents a ratio of the
average performance in the second half (August-November) and
the first half of the vegetation season (April-June). Above all, the
most resilient ecosystem is the subalpine beech (B1). Resilience
of the bioclimatic types and ecosystems gradually decline towards
lower altitudinal zones. Also, there is evidence of one of the highest
resilience of the Sub-Mediterranean beech (H1) in comparison
to most continental types at low to mid altitudes. At the present,
there is confirmed evidence of inherited more adaptive behaviour
of beech to droughts in favour of southern populations [50] but
looking over a relatively large spatial scale (Germany, Croatia,
Bulgaria and Greece). Providing more spatially intensive, ecosystem
specific and a confirmatory explanation of beech adaptation, based
on aforementioned results could be of the huge benefits for the
forest management in the future to cope with the challenges of the
global warming.

CONCLUSION

This study confirms the very adaptive potential of the common
beech regarding a broad climatic, topographic and edaphic range.

The common beech can adapt to annual average temperature
limits from 2.1°C to 13°C and precipitation limits from 739 mm
to 3444 mm which presents an environmental spectrum of 11.4°C
and 2705 mm respectively. Photosynthetic activity of beech is
reducing towards the marginal limits of its distribution range.
The most productive beech forest types are in the continental
zone from low to medium altitudes, in medium deep soils. The
common beech also shows a broad tolerance to edaphic factors.
However, some limitations in productivity are observed on partly
waterlogged soils in the lowest continental range and also in
shallow soils on limestone in the upper zonal belt. This study also
reveals how the specific environmental settings of 13 predefined
forest types reflect on common beech productivity and phenology.
Unfortunately, because of a relatively coarse spatial resolution of
FAPAR (1.2 km) and an extensive country scale assessment, this
study focuses on univariate macroclimatic relations rather than on
specific multivariate interactions (i.e. altitude vs. aspect) which are
usually more decisive in the formation of suitable microclimatic
conditions for the common beech out of the optimal range.

Through assessment of variations in phenology, this study
reveals some new insight into the adaptive potential of the
beech to emerging climate change. The common beech has
great potential to adapt to increasing spring warming by a
preterm shift of phenology onset. The beech retains a relatively
stable productivity during the peak of phenology in July and
August, unrelated to external climatic forcings, so during this
period the impact of summer warming could be possibly minor.
By extension of droughts in later phenological stages, the beech
can respond with preterm cessation of vegetation activity. These
findings indicate that the flexibility of phenology timing, especially
during springtime, presents one of the important mechanisms of
adaptation and resilience of the common beech to global warming.
The beech has likewise shown a very opportunistic response
potential to earlier spring warming and in particular circumstances
could achieve even higher rates of production throughout the
season.
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