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Abstract: European beech (Fagus sylvatica L.) is the most important deciduous tree species in Europe.
According to different climate scenarios, there is a relatively high probability of a massive decline
in and loss of beech forests in southern Europe and in the southern part of central Europe. Thus,
the authors of this study explored the dynamics of tree diameter increments and the influence of
extremely dry years on the width of tree rings. This study used dendroecological methods to analyze
the growth and diameter increments of European beech trees at locations in Serbia and the Republic
of Srpska. The sampling was conducted along the vertical distribution of beech forests, at five sites
at the lower limit of the distribution, at five optimal sites of the distribution, and at five sites at the
upper limit of the distribution. Long-term analyses indicate that dry conditions during a growing
season can reduce tree-ring width, but a reduction in tree growth can be expected as a result of more
than one season of unfavorable conditions. Low temperatures in autumn and winter and prolonged
winters can strongly affect upcoming vegetation and reduce tree development even under normal
thermal conditions during a growing season.

Keywords: European beech; climate change; drought; air temperature; precipitation; tree rings;
dendrochronology

1. Introduction

European beech (Fagus sylvatica L.) has a very wide range of distribution, from northern Sweden
and Norway [1] over eastern Poland [2] to western Latvia, southern Lithuania and western Russia [3]
to south of the Balkan Peninsula, central Italy, and mountainous regions of Sicily and Corsica [2] and
to the west to France and southern England and northern Spain [1]. This species occupies the area
from 37◦ to 60◦ N and from 8◦ to 35◦ E. In comparison with others tree species of Europe, this species
remains in a relatively natural condition, and thus, current populations of European beech are suitable
for studying the adaptation strategies of long-living, deciduous species to climate and changes in
climate [4]. Climate change will cause changes in forest structure [5]. A considerable increase in air
temperature, in addition to a simultaneous decrease in precipitation during growing seasons (GS) in
central and southern Europe, will increase the probability of long and intensive summer droughts,
which may severely affect vegetation in natural and managed ecosystems [6]. The current form of
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forest management in all parts of Europe will not be sustainable in the future [7,8], and forestry experts
need to understand the types of forests that will be most suitable under future climatic conditions.

In the next few decades, the maximum lifespan of European beech trees could be shortened at
higher elevations in central Europe because of this species faster growth and in the Mediterranean
mountains (e.g., Apennines) due to drought-induced mortality [9]. Several studies of European beech
forests identify particular sensitivities to summer drought conditions [10–14]. Some studies show that
European beech-dominated forests are not severely endangered to negative climate change effects;
therefore, their key functions can be maintained [15]. In lowland areas, where European beech is often
grown in association with oak (Quercus sp.), each of these species has different ecological requirements.
The dominance of the European beech has begun to decline in locations where the mean annual
temperature exceeds 11.2 ◦C and the annual precipitation drops below 510 mm [16]. European beech
trees near their distribution limit have already adapted to extreme conditions, and we expect changes
in the growth patterns of beech under mesic conditions [17].

The beech forests in Serbia and the Republic of Srpska are not significantly affected by dieback.
Its stands are well-preserved with heterogeneous structures [18]. Because different climate scenarios
predict increasing temperatures and reduced amounts of precipitation, there is a possibility of future
massive dieback and loss of beech forests [19–21]. There have not been any massive declines in beech
stands in the Republic of Serbia and the Republic of Srpska, but there have been sporadic diebacks of
individual beech trees [20]. However, neighboring countries, such as Hungary, have recorded massive
diebacks of beech forests [19].

Some of the most important predictions regarding European beech forest under climate change are
that the natural habitat of European beech will shift northwards and will reach higher altitudes in the
mountains [22]. The dominance of European beech in temperate European deciduous forests will be
lessened in some cases because European beech tends to retreat in upland and submontane landscapes
where the summer seasons will become drier in the future [23]. Long-term simulations of climate change
impacts on forest dynamics in silver fir–European beech stands in Dinaric Mountains in Slovenia [24]
revealed that European beech will be favored by higher temperatures in contrast to drought-induced
growth reduction in silver fir. Growth simulations performed in Slovakia indicate that the productivity
of beech forests in central Europe at altitudes of approximately 500 meters will be reduced by the end of
the 21st century [25]. Dieback of beech forests is expected to increase by 5%, and 70% of its stands will
have reduced productivity [25]. The productivity of beech stands decreases in warm summer periods
and in the periods with a greater number of dry months. Beech continues to grow despite droughts as
long as it has sufficient moisture. However, its increment is reduced [26,27]. Growth simulations for
European beech show that this kind of forest will change in the future in the Czech Republic [28,29].
Changes in climatic conditions in Europe indicate a moving habitat for this species [30,31], but European
beech forests will remain the most important natural forests in temperate Europe during this century [32]

Dieback of beech stands occurs due to increased mean and maximum air temperatures, increased
intensity of evapotranspiration, reduced precipitation and higher sunshine duration [33]. Diebacks
occur in different biomes and in forests with different climate conditions [34]. The heat wave recorded
in 2003 affected central Europe and caused a decrease in the growth and productivity of forests in this
part of Europe [35].

To explain the effects of climate on the growth of beech trees, it is necessary to study the
relationships between the width of growth rings and climate elements (temperature and precipitation)
at a monthly scale [36]. It is assumed that diameter increments reflect physiological processes, while
the mean monthly temperature and the average amount of precipitation are significantly related to
climatic elements that affect the physiology of trees [37].

Vertical zoning of vegetation provides the basis for the definition of bioclimatic units in
dendroclimatic signals [38,39], which provide a quantitative bioclimatic classification of tree
populations. If there are other measurement records, then it is possible to investigate the temporal
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dependence between the climate and tree growth [40] and formulate hypotheses about the possible
effects of climate change on the dynamics of plant communities [41–43].

Hot and dry summers have negative effects on beech growth, while the conditions for the growth
of beech are expected to improve at the upper limit of distribution [44]. Growth of beech trees in
southeastern Europe correlates with summer air temperatures and precipitation [45]. The width of
growth rings is reduced in dry periods and warm summer months. The effect of high temperatures on
the width of growth rings is more noticeable at lower altitudes. Reduced rainfall during the growing
season is a limiting factor to the growth of beech forests at lower altitudes [35].

Climate affects the width of growth rings, and the width depends on the altitude and the latitude
of investigated sites [38,39]. For example, in southwestern Europe, the air temperature in May and
the precipitation in the summer and winter months are the main initiators of tree diameter growth.
High increment values are observed in rainy years [35]. A study of the responses of beech forests in
southeastern Europe [46] found that in June and July, there was no correlation between the growth of
trees and air temperature or between the growth of trees and the amount of precipitation. Notably,
the strongest correlations have been found between the width of growth rings and the amount of
precipitation in the year that preceded growth ring formation.

In Romania, climate change did not affect these forests, although the increment was reduced
in June and September and the amount of precipitation decreased in summer months [35]. The
differences in the temperatures between the hottest and the coldest months and between the mean
annual precipitation rates were proven to be the most important parameters of the resistance and
adaptability of beech forests [47]. The same study noted that precipitation in the winter period will be
an important factor of ecological resistance and adaptability of this species to climate change.

Large amounts of rainfall play an important role in the growth of beech, and the lack of precipitation
and reduced growth are correlated with drought [39,48,49]. The effects drought can have on tree growth
can be either long term or short term. A short term period relates to a period of 1–5 years after a drought,
and this period provides information on forest recovery after a drought [50]. A long-term period refers
to the period of 10–30 years in which the response of forests to drought is observed by comparing the
growth trends of individual trees for several years or decades after a drought, taking into account the
cumulative effects of consecutive droughts [51]. The trees growing in the temperate and Mediterranean
region are more susceptible to short-term and medium-term droughts, while the trees growing in areas
with prevailing continental climates are more sensitive to long-term droughts [52].

Many scientists have addressed the problem of beech forests at their lower distribution
limit [3,21,53–55] and found that there are negative correlations between the width of growth rings
and increased air temperatures during the growing season. This scenario will cause a shift in the range
of the distribution of beech towards higher altitudes [35]. There are positive correlations between the
width of growth rings and the amounts of precipitation [53,56,57].

At the lower distribution limit of beech stands, the growth of beech is limited by high temperatures
and low precipitation during the growing season, as noted by [58,59]. In the stands located at lower
altitudes, the width of growth rings had a negative correlation with the increased precipitation in
April, while in the stands at higher altitudes, the width of growth rings had a positive correlation with
the increased precipitation in the period from July to September [45]. In Romania, at the lower limit of
the distribution of beech forests, negative correlations were observed between the air temperatures in
June and the availability of water and the width of growth rings of beech trees [60,61]. The availability
of water in September of the year preceding the growth increment had a positive effect on growth,
probably due to water reserves in the soil.

The aim of this research was to examine the influence of weather and climate on the dynamics
of growth ring width of dominant European beech trees (Fagus sylvatica L.) in pure stands (stands in
which representation of one species is more than 90%) at different altitude zones (lower limit, optimum
and upper limit of the vertical distribution of beech forests) and to estimate the long-term effects
of drought in the coming years. The working hypotheses of the study are as follows: (a) long-term
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temperature and precipitation regime affect tree-ring width (TRW) changes but sensitivity of plant
depends on location in respect to upper or lower limits of distribution; (b) meteorological conditions
prior to vegetation period can affect TRW development; and (c) effects of adverse weather events can
be identified as a significant change in TRW during a growing season.

2. Methods

2.1. Selected Locations

The study of climate impacts on growth and vitality of trees, depending on the horizontal and
vertical distribution of beech forests, was conducted at a total of 15 sites, 9 sites in the Republic of
Serbia and 6 sites in the Republic of Srpska.

Both countries are located on the Balkan Peninsula, but the northern part of Serbia includes
the Pannonian lowland. The selected locations are situated in the mountain areas of the Dinaric
Alps, the Balkan Mountains and parts of the Rilo-Rhodope system. Only two locations in northern
Serbia (Vojvodina region) are hilly areas in the Pannonian lowland. In addition to their continental
position, the mountains have their own climate characteristics caused by rapidly changing altitudes
and different temperature, precipitation, and sunshine duration regimes. Additionally, mountains are
a barrier for air mass movement and therefore an important climate modifier.

The dominant climate of the selected region is mild temperate/mesothermal climate and
continental/microthermal climate strongly affected by polar air masses penetrating southward and
weather systems coming from Genoa Gulf and the Mediterranean [62]. A detailed analysis of regional
climatology and its changes is presented in Section 2.2.

Sample locations were at the lower limit (LOW) of beech distribution, at the optimum (OPT)
location of beech, and at the upper limit (UPP) of beech distribution. Sampling was designed to include
sites that were distributed to cover the whole territory, the Republic of Serbia and the Republic of
Srpska (Figure 1 and Table 1). For the remainder of the text, we analyzed the area of distribution (LOW,
OPT, UPP) regardless of the country of a certain location.
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Table 1. Sampling sites in the Republic of Serbia and the Republic of Srpska.

Site Altitude (m) Coordinates

Fruska Gora (FG) 417 N 45◦08′09.0”
E 19◦38′29.4”

LOW

Kosmaj (KO) 600 N 44◦27′57.4”
E 20◦34′00.5”

Vrsacki Breg (VB) 583 N 45◦07′55.4”
E 21◦24′52.3”

Lopare (LO) 353 N 44◦41′35.2”
E 18◦48′28.2”

Srbac (SR) 252 N 45◦05′23.2”
E 17◦37′55.2”

Istocna Boranja (IB) 823 N 44◦21′26.4”
E 19◦16′43.4”

OPT

Zeljin (ZE) 1170 N 43◦30′00.2”
E 20◦46′56.3”

Kukavica (KU) 885 N 42◦48′35.1”
E 21◦53′39.9”

Vlasenica (VL) 1050 N 44◦10′06.0”
E 18◦55′10.0”

Mrkonjic Grad (MG) 1030 N 44◦23′53.5”
E 17◦03′46.21”

Golija (GO) 1580 N 43◦19′49.1”
E 20◦14′29.0”

UPP

Vlasina (V) 1600 N 42◦35′38.4”
E 22◦15′57.5”

Stara Planina- Babin zub (BZ) 1640 N 43◦22′23.0”
E 22◦36′41.4”

Jahorina (JA) 1335 N 43◦41′36.0”
E 18◦38′30.0”

Istocni Drvar (ID) 1569 N 44◦23′36.0”
E 16◦37′30.0”

2.2. Sampling and Processing Cores

At individual sites, dominant trees were sampled at approximately equal altitudes and with
approximately the same microclimate conditions. The sample included 15 dominant trees at each
location. After drying, the samples were glued to wooden slats, brushed, and polished so that the
rings were more visible. The samples were scanned at a high resolution by the ATRICS system [63],
and then, using the CooRecorder software [64], the widths of the rings were measured. Then, using
the program C Dendro [64], chronologies were prepared for export to the PAST-5 ™ program (SCIEM,
Austria). Chronologies were crossed and synchronized in PAST-5 ™ dendrochronological software,
using visual screening and statistical parameters.

The chronology of beech trees was used to observe and analyze the years with a decrease in
diameter increment. Then, we analyzed extremely dry years at all sites and examined the decreased
width of tree rings.

Using the climate database e-OBS [65], average monthly temperatures and monthly precipitation
amounts for the period 1951–2013 (2015) were calculated for all the analyzed sites. For the long-term
climate analysis and selection of dry years, climatological data were divided into four different
climatic periods (Clim1: 1951–1980, Clim2: 1961–1990, Clim3: 1971–2000 and Clim4: 1981–2010). The
assessment of dry conditions was made in respect to the deviation in the annual temperature and
precipitation from the normal. The year in which the annual temperature was above the climatological
average and the annual precipitation was below the climatological average was considered as the ‘dry
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condition’ year. The relationship between climate and radial growth of trees is shown using Pearson’s
correlation (bootRes package).

Understanding the causes and consequences of the weather and climate impacts on the
development of beech trees should help us develop a more accurate assessment of the future for this
important forest species in Serbia and the Republic of Srpska. Therefore, a detailed analysis of regional
climate characteristics was conducted, and the observed climate change was expressed through (a) the
deviation in temperature and precipitation in respect to reference climatology (Table 2) and (b) the
coefficient of variation for temperature and precipitation for all climatological periods (Table 3). In all
analysis, 1951–1980 (Clim1) was considered a reference climatology (Table A1, Appendix A).

Table 2. Deviation of temperature (Dt) and precipitation (DH) for selected climatological periods in
respect to 1951–1980 reference climatology (GS—growing season).

Location

Deviation for Clim2 Deviation for Clim3 Deviation for Clim4

Year GS Year GS Year GS

Dt
(◦C)

DH
(%)

Dt
(◦C)

DH
(%)

Dt
(◦C)

DH
(%)

Dt
(◦C)

DH
(%)

Dt
(◦C)

DH
(%)

Dt
(◦C)

DH
(%)

FG 0.0 −4.5 0.1 −3.2 0.2 −3.7 0.2 1.3 0.5 1.0 0.7 5.6
KO 0.0 −2.3 0.0 −3.8 0.2 −1.7 0.1 0.2 0.6 −2.5 0.7 −3.3
VB −0.2 −0.7 −0.2 0.6 0.0 −0.7 −0.1 5.9 0.3 −1.8 0.4 1.7
LO −0.1 −0.4 0.0 0.7 0.1 −2.1 0.1 0.4 0.4 2.7 0.6 4.5
SR −0.1 −1.7 0.0 −1.2 0.1 −4.8 0.2 −1.3 0.5 −2.8 0.7 0.1
IB 0.0 −0.9 0.0 −1.0 0.2 −0.6 0.1 0.7 0.6 2.7 0.7 2.2
ZE −0.1 −1.8 −0.1 −3.9 0.1 −1.8 0.0 −1.7 0.5 −1.6 0.6 −3.7
KU −0.2 −2.8 −0.3 −5.0 −0.2 −3.5 −0.3 −1.6 0.2 −1.5 0.2 −2.8
VL −0.1 2.9 0.0 2.3 0.1 3.5 0.1 4.4 0.5 7.3 0.7 6.3
MG −0.2 2.6 −0.1 3.0 0.1 0.6 0.1 3.9 0.4 1.8 0.7 1.6
GO 0.0 0.8 0.0 0.3 0.2 5.8 0.1 7.1 0.6 7.6 0.7 4.6
VS −0.1 −3.6 −0.1 −6.5 0.0 −7.9 0.1 −8.4 0.3 −4.0 0.4 −7.9
BZ 0.0 −5.8 0.0 −7.8 0.1 −6.9 0.1 −5.8 0.4 −6.2 0.6 −7.2
JA −0.1 3.1 0.0 5.9 0.2 3.1 0.2 5.9 0.5 6.6 0.7 8.4
ID −0.2 3.0 −0.1 3.3 0.1 2.7 0.1 5.4 0.5 3.9 0.7 2.5

Dark blue (lowest value) = -8.4, dark red (highest value) = 8.4.

Table 3. Coefficient of variation of temperature (Vt) and precipitation (VH) for the selected
climatological periods (GS—growing season).

Location

Clim1 Clim2 Clim3 Clim4

Year GS Year GS Year GS Year GS

Vt
(%)

VH
(%)

Vt
(%)

VH
(%)

Vt
(%)

VH
(%)

Vt
(%)

VH
(%)

Vt
(%)

VH
(%)

Vt
(%)

VH
(%)

Vt
(%)

VH
(%)

Vt
(%)

VH
(%)

FG 6.2 18.2 4.3 26.8 5.0 16.6 3.7 24.6 6.3 19.1 4.8 24.4 6.8 23.8 4.1 28.0
KO 5.9 15.8 4.8 23.6 4.5 16.8 4.0 25.1 6.3 17.7 5.4 23.1 6.8 18.5 4.4 22.7
VB 5.9 17.6 4.9 27.5 4.6 18.7 3.8 27.2 6.0 22.0 5.0 26.5 6.7 23.9 4.4 29.0
LO 6.4 15.2 4.6 22.5 4.9 13.2 3.9 21.9 6.6 15.0 5.3 21.8 7.2 18.7 4.5 24.3
SR 5.9 16.1 4.2 23.5 4.9 15.3 3.6 23.6 6.2 16.0 4.8 23.9 6.4 19.5 4.0 24.0
IB 6.6 14.4 4.7 20.5 5.0 12.6 4.1 19.8 7.0 13.8 5.7 18.5 7.6 16.5 4.7 19.9
ZE 6.9 16.1 5.4 22.9 4.6 14.0 4.3 20.9 6.9 14.7 5.8 20.3 7.4 15.3 4.9 19.9
KU 7.0 14.1 5.7 24.8 4.6 13.0 4.4 25.2 6.0 16.0 5.4 24.9 6.9 17.2 4.7 22.3
VL 8.0 14.9 5.8 21.1 5.8 12.2 4.9 20.1 8.4 14.8 6.9 19.6 8.6 16.7 5.5 20.6
MG 8.4 17.7 5.8 25.0 5.5 13.9 4.6 24.4 8.5 14.3 6.7 23.3 8.0 16.8 5.2 19.4
GO 10.4 17.1 6.7 24.5 7.5 14.6 5.6 22.7 10.5 15.8 7.7 21.3 10.2 16.0 6.1 20.0
VS 10.3 13.3 7.0 22.6 7.4 15.0 5.7 26.3 10.6 19.0 7.8 28.6 9.7 23.2 6.1 26.5
BZ 6.5 13.1 4.5 21.1 4.9 12.0 3.8 22.0 6.4 15.8 4.9 22.8 7.5 17.6 4.5 21.8
JA 8.0 16.4 6.0 21.7 5.8 13.3 5.2 19.2 8.8 15.6 7.5 20.6 8.3 16.6 5.8 22.2
ID 10.2 18.0 6.6 25.5 7.0 14.2 5.4 25.2 10.8 14.3 7.9 23.3 9.8 15.6 6.0 18.9

Dark blue (lowest value) = 3.6, dark red (highest value) = 29.
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3. Results

3.1. Observed Climate Change

Deviations in annual and GS normal temperatures indicate a clear and stable increase in
temperature for all regions for Clim3 and Clim4. In all climatological periods, the lowest annual
temperature deviation was identified in the OPT region, while in LOW and UPP regions, almost the
same deviations in temperature were identified in comparison to reference climatology. However, the
changes in annual and GS precipitation were not as straight forward. Importantly, for all examined
climatological periods and regions, deviations were in a range between −8% and 9%. In each region,
we identified (two) locations with a decreasing trend in precipitation, and the remaining areas had
clear increases in precipitation over the time.

The differences between the forests with decreasing and increasing trends in precipitation were
greater from the LOW to UPP region, indicating increasing variability in growing conditions.

Temperature variation for all climatological periods and locations was between 4% and 10%.
Slightly higher values were noted in the UPP region in comparison to the LOW region and over the
course of a year in comparison to that for the GS. Precipitation variation was much greater, ranging
from 12% to 29%. Much more pronounced precipitation in the GS was at slightly higher values in the
LOW region than in the UPP region.

3.2. Chronology of Beech Trees

Figures 2–4 show the chronology of beech trees at the lower, optimum and upper limits of the
vertical distribution of beech forests. Different zones of vertical distribution and different locations
show different variability in the width of growth ring sin the period from 1950 to 2013 (2015). The
localities at the upper limit of the vertical distribution of beech forests had mostly smooth chronologies,
i.e., chronologies with poorly expressed peaks. This result means that the widths of the growth rings
at these locations were mostly uniform. The locations at the lower (Lopare, Kosmaj, and Vrsacki
Breg) and optimum limits of distribution (Mrkonjic Grad, Kukavica, and Istocna Boranja) showed
significant variability in the width of growth rings; therefore, these sites were analyzed in more detail
to determine whether the variability in growth ring width was partially or completely caused by the
weather and/or climate.

Observing the chronologies of trees in all three zones of the vertical distribution of beech forests,
it can be observed that in each zone, there are localities with small variations in the growth ring widths
among trees and low values of growth ring widths. At the lower distribution limit of beech forests,
before 1980, the locations of the forests are in Srbac, Fruska Gora, and the locality of Lopare. The
chronologies with small values of growth ring widths and small variations in the growth ring widths
between tree sat the optimum limit of distribution include Vlasenica and Mrkonjic Grad, while the
locations at the upper limit included Babin Zub, Istocni Drvar, Vlasina, and Jahorina before 1990.

At Lopare (353 m a.s.l.), the average growth ring width of all trees was smaller than 1 mm, and
the variations among the growth ring widths were also small before 1980. Since 1980, the chronology
has increased in terms of the average width of growth rings (2–4 mm), and there has been an increase
in the variation among the growth ring widths. This scenario can be explained by the fact that the trees
had been growing in the shade until 1980. After that year, the shade was removed, and consequently,
they increased their diameter growth.



Atmosphere 2018, 9, 451 8 of 26
Atmosphere 2018, 9, x FOR PEER REVIEW  8 of 28 

 

 

Figure 2. Chronology of beech trees at the lower limit of their vertical distribution. 

The chronology of the Mrkonjic Grad location shows high average values of growth ring width 
(approximately 4 mm) before 1976, after which a sharp decrease was recorded. The decrease was 
caused by an extremely dry year. Then, the values of the average width of growth rings have been 
declining. In 1980, a decision was made to exclude this site from regular management and to declare 
it a nature reserve. Since that time, silvicultural and management measures have not been 
implemented at Mrkonjic Grad, which has led to a reduction in the increment and growth ring 
width. 

Figure 2. Chronology of beech trees at the lower limit of their vertical distribution.

From the chronology of trees at Lopare, an increase in the width of growth rings and increment
was observed since the late 1970s. This situation is atypical because the air temperature has been
increasing and has been followed by an increase in the width of growth rings at the lower limit of
vertical distribution. Thus, it can be concluded that this phenomenon was probably caused by the
more intensive implementation of forest management measures in these stands since the late 1970s.

The chronology of the Mrkonjic Grad location shows high average values of growth ring width
(approximately 4 mm) before 1976, after which a sharp decrease was recorded. The decrease was
caused by an extremely dry year. Then, the values of the average width of growth rings have been
declining. In 1980, a decision was made to exclude this site from regular management and to declare it
a nature reserve. Since that time, silvicultural and management measures have not been implemented
at Mrkonjic Grad, which has led to a reduction in the increment and growth ring width.
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Figure 3. Chronology of beech trees at the optimum of their vertical distribution.

At the locality of Jahorina, the average width of growth rings before 1987 was approximately 2
mm, and then, it increased in the period from 1987 to 2015. This growth indicates that in the period
before 1987, beech trees in the stand in Jahorina were overtopped by rival trees and did not have
enough light and space to grow and develop normally. Since 1987, more intensive cuttings have been
carried out as part of management measures so that the trees have had more intensive diameter growth
and produced wider growth rings.

3.3. Relationship between Climate and Radial Growth of Trees

In this section, relationships between climate and radial growth of trees are shown using Pearson’s
correlation (bootRes package). Figure 5 shows the relationship between temperature and TRW, and
Figure 6 shows the relationship between precipitation and TRW.



Atmosphere 2018, 9, 451 10 of 26Atmosphere 2018, 9, x FOR PEER REVIEW  10 of 28 

 

 
Figure 4. Chronology of beech trees at the upper limit of their vertical distribution. 

3.3. Relationship between Climate and Radial Growth of Trees 

In this section, relationships between climate and radial growth of trees are shown using 
Pearson’s correlation (bootRes package). Figure 5 shows the relationship between temperature and 
TRW, and Figure 6 shows the relationship between precipitation and TRW. 

From Figure 5, we can observe that localities at the lower limit of the vertical distribution 
European beech had mostly negative correlations between temperatures and tree-ring width. The 
exception is the locality of Lopare, which had positive correlations. All localities at the optimum 
locations had negative correlations. Three of the five analyzed localities at the upper limit did not 
show any correlations. The Golija locality showed a negative correlation, while the Jahorina locality 
showed a positive correlation between air temperature and tree-ring width. 

From Figure 6, we can observe that two of the five localities did not have any correlations 
between precipitation and tree-ring width for European beech. Three of the five localities had 
positive correlations. At one of those three localities (Vrsacki Breg), there was a negative correlation 
in May of the current year. At the optimum locations, three of the five localities did not have any 
correlations. Two of the five localities had positive correlations, but the locality Istocna Boranja had a 
negative correlation in September of the current year. At the localities at the upper limit, three of the 

Figure 4. Chronology of beech trees at the upper limit of their vertical distribution.

From Figure 5, we can observe that localities at the lower limit of the vertical distribution European
beech had mostly negative correlations between temperatures and tree-ring width. The exception is the
locality of Lopare, which had positive correlations. All localities at the optimum locations had negative
correlations. Three of the five analyzed localities at the upper limit did not show any correlations. The
Golija locality showed a negative correlation, while the Jahorina locality showed a positive correlation
between air temperature and tree-ring width.

From Figure 6, we can observe that two of the five localities did not have any correlations
between precipitation and tree-ring width for European beech. Three of the five localities had positive
correlations. At one of those three localities (Vrsacki Breg), there was a negative correlation in May of
the current year. At the optimum locations, three of the five localities did not have any correlations.
Two of the five localities had positive correlations, but the locality Istocna Boranja had a negative
correlation in September of the current year. At the localities at the upper limit, three of the five
localities did not have any correlations. At the Golija locality, correlations were negative, while at the
Istocni Drvar locality, the correlation was positive during June of the current year.
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Figure 5. Bootstrapped Pearson’s correlation between tree-ring width and temperature in the period
1951–2013 (2015) for the different elevations. Months marked by small letters are from the year prior
to the growth and capital letters represents the year of the growth. Dark color represents significant
correlation at p < 0.05.
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Figure 6. Bootstrapped Pearson’s correlation between tree-ring width and precipitation in the period
1951–2013 (2015) for the different elevations. Months marked by small letters are from the year prior
to the growth and capital letters represents the year of the growth. Dark color represents significant
correlation at p < 0.05.
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4. Discussion

Devitalization and dieback of trees have been caused by the interaction of a number of factors.
The greatest impact on trees has been exerted by abiotic factors such as drought, extremely high
temperatures, air pollution, underground and flood waters, and CO2 concentration [66–70]. Climate
conditions are considered to be one of the main controlling factors that affect the growth and vitality of
forest trees. The response of trees to climate conditions depends on the species of trees, the origin of
stands, age, competition of other trees, and site conditions [71]. Diameter increment has long been
recognized as an indicator of climate impact [12,72], and it is used to study the impact of climate
conditions on the growth of forest trees [73,74].

Meteorological data measured during the last 65 years in the Republic of Serbia and the Republic
of Srpska indicate clear changes in climate in all selected regions. These changes are not substantial,
but they are steady, particularly during the 1971–2000 and 1981–2010 climatological periods. Certain
differences can be noticed among regions and periods. Temperature variations are higher during the
year than during the GS and greater at the upper limit than at the lower limit of distribution. The
variation in precipitation is higher, particularly in the GS, due to a reduction in precipitation during
summer. However, this variation is much lower than in neighboring lowland areas [75].

For region specific analysis, the stands of beech with optimum growth conditions were negatively
influenced by the precipitation in August and by the air temperature in September of the year preceding
the increment. The precipitation during the growing season of the current year had a positive effect on
growth [11]. The availability of water in May and June of the current year was essential for the growth
and survival of beech trees at optimum conditions [39,55,56].

In the stands at higher altitudes, increased air temperatures in May were positively correlated
with growth, but the correlation was negative for all other months of the growing season. Significant
positive correlations between the amount of precipitation in the growing season and the width of
growth rings in the summer months were recorded in the year before growth ring formation [45]. Low
temperatures in winter, as well as high temperatures in July and droughts in summer, were limiting
factors for the growth of beech stands at the upper limit of distribution [76].

Air temperature and the amount of precipitation are the most commonly used climatic factors that
affect the distribution of species at global, regional and local levels [77]. The amount of precipitation is
an important factor that affects the growth of beech forests at sites that are close to their distribution
limits [78]. To determine whether these variables are important in both the Republic of Serbia and the
Republic of Srpska in regard to the impact of climate on beech growth and to determine which adverse
weather events can decisively influence this development, we identified sites whose chronologies were
distinguished by the significant variability in tree rings width.

4.1. Kosmaj

From 1951 to 1969, there was a significant variation (27%) but a slightly positive trend (0.05 year−1)
in tree chronology (TRW). The significant variability could have been related to cold winters (monthly
temperatures below Clim1) and a permanent decrease in precipitation. This effect was particularly
strong in the 1961–1965 period when a warm GS with average or slight above average temperatures
(Figure 7) could not cause a reduction in development caused by winter temperatures permanently
below Clim1. A large decrease in TRW occurred in 1962 as a result of a very cold and long winter
when the average December—February temperature (DJF) (0.4 ◦C) was below the Clim1 average (0.8
◦C), while from December 1961 to March 1962, monthly average temperatures were below the Clim1
temperature each month. From 1969 to 2010, a negative trend in TRWs (−0.064 year−1) was clearly
observed (Figure 3) and was strongly correlated with GS precipitation. In this period, a decrease in
TRW in 2000 was the result of very dry conditions over the year (Table A2 in Appendix A), while in
2004, this decrease was the result of lower GS temperatures (below Clim4), particularly during the
summer even as the GS precipitation was normal. Decreases in TRWs in 1981 and 1989 cannot be
explained by meteorological conditions.
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Figure 7. GS precipitation and temperature deviations in Kosmaj over the 1951–2013 period. Red
line—GS temperature deviation; blue bars—GS precipitation deviation.

4.2. Vrsacki Breg

The most pronounced characteristic of this location was TRW variability that increased over
time (from 29% (Clim1) to 40% (Clim4)) and coincided with an increase in temperature variability
and negligible changes in precipitation variability (Table 4). The impact of GS precipitation and
temperature deviations was significant, but the differences among these two factors are quite clear
(Figure 8). These differences can be observed in the TRW variation during Clim1, when the average
value was 2.4. In that climatological period, two interesting subperiods occurred. One subperiod was
1957–1963, when GS precipitation was permanently below the average (from 20% to 55%) and TRWs
varied from 1.5 to 2.3 with an average of 1.9. A decade later, during 1967–1979, GS temperatures were
below the Clim1 normal (for 0.2 ◦C to 1.4 ◦C), but the TRW variation was more significant, from 1.2 to
3.9 with an average value of 2.9. The years with some adverse weather events that particularly affected
TRW were the following:

• 1968: period 1966–1968 was very cold in Vrsacki Breg region with only a few months per year
(February–June 1968, for example) with temperatures above normal. A cold winter and late
summer and autumn were particularly important to the dramatic reduction in TRW (1.2) in
this year;

• 1988: the decrease in TRW (0.7) was again caused by a cold period from March 1988 to the end of
the year (except in July and August), when monthly temperatures were below normal and the
precipitation was below average for the GS and over the year;

• 2001: the decrease in TRW (1.2) was the result of a very dry period in February 2000–March 2001,
when monthly temperatures were permanently above normal and the precipitation was far below
average in 2000.
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Table 4. Coefficient of correlation between changes in TRW and temperature and precipitation during
the GS.

Locality Period Temperature (◦C) Precipitation (mm)

Kosmaj

1951–1980 −0.4 0.4

Lower limit

1961–1990 −0.4 0.5
1971–2000 −0.5 0.7
1981–2010 −0.3 0.7

Vrsacki Breg

1951–1980 - -
1961–1990 −0.1 0.5
1971–2000 −0.4 0.6
1981–2010 −0.4 0.6

Lopare

1951–1980 −0.2 0.2
1961–1990 −0.1 0.3
1971–2000 −0.2 0.6
1981–2010 −0.4 0.6

Kukavica

1951–1980 0.2 0.2

Optimum

1961–1990 0.2 0.5
1971–2000 −0.2 0.6
1981–2010 −0.4 0.6

Istocna Boranja

1951–1980 0.1 0.3
1961–1990 −0.1 0.5
1971–2000 −0.4 0.7
1981–2010 −0.4 0.7

Mrkonjic Grad

1951–1980 - -
1961–1990 - -
1971–2000 - -
1981–2010 - -

Some years are removed in the correlation calculation to obtain a clear signal about the impact of GS
average temperature and precipitation on TRW value (Table 4). However, for each location, these years are
specifically analyzed.
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Figure 8. GS precipitation and temperature deviations in Vrsacki Breg over the 1951–2013 period. Red
line—GS temperature deviation; blue bar—GS precipitation deviation.
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4.3. Lopare

A dramatic change in the correlation between TRW development and GS temperature and
precipitation before and after 1980 (Figures 2 and 9) was the result of a change in forest management
(more information is in Section 3.2.). After 1980, TRW was positively correlated with precipitation and
negatively correlated with temperature during the GS. A significant reduction in TRW was observed
in the following periods:

• 1987 (1988) had a very cold period from June 1986 to May 1987 when monthly average
temperatures were permanently below Clim3. The 1988 winter (including November) was
warmer than normal, and the cold spring (Mar–June) with temperatures again below normal
resulted in TRW being far below the 1981–2010 average (3);

• 2003 had a cold period from August 2002 to April 2003, followed by a warm May–August period;
• 2012(2013) had very warm years 2011–2013 when (except February 2011 and 2012) temperatures

were permanently above normal while precipitation was below normal inducing dry conditions.
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Figure 9. GS precipitation and temperature deviations in Lopare over the 1951–2013 period.Red
line—GS temperature deviation; blue bar—GS precipitation deviation.

4.4. Kukavica

The period from 1950 to 1975 was characterized by an increase in TRW (0.09 year−1), particularly
in 1969, as a result of a slightly colder summer and warmer spring and autumn. The coefficient of
variation for annual precipitation was very large (96.5%). After 1975, there was a slight decrease in
TRW with significant decreases in the following periods:

• 1980 was quite a cold year (Figure 10) at this locality with temperatures below normal over the
January–September period;

• 1988 had low temperatures during the March–December period (except in July and August) with
GS precipitation (both in 1987and 1988) at approximately 25% below the GS average;

• 1994 had temperatures above normal during May 1993 to December 1994 (except November 93
and June 94), and 1993 GS precipitation was 40% below average;

• 2001 had dry conditions that continued from 2000 into 2001 in the form of reduced precipitation
(monthly precipitation below average) in 7 out of the 10 first months.
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Figure 10. GS precipitation and temperature deviations in Kukavica over the 1951–2013 period. Red
line—GS temperature deviation; blue bar—GS precipitation deviation.

4.5. Istocna Boranja

The increased TRW trend at this locality in the 1950–1975 period (0.07 year−1) was replaced
with a decrease in TRWs (−0.04 year−1) during the remainder of the analyzed period. A very low
coefficient of correlation for the Clim1 period was the result of TRW trends that could not be explained
by temperature and precipitation regimes in specific years. For example, in 1955 and 1959, both annual
and GS precipitation levels (Figure 11) were almost 50% above average, while temperatures during the
spring and summer (1955), and summer and autumn (1959) were below normal. These scenarios did
not affect TRW changes. Specific reductions in TRWs were recorded in the following years:

• 1988 had a warm autumn and winter of 1987 (September 1987–February 1988) and summer of
1988 (July–September 1988) and significantly (37%) reduced GS precipitation;

• 1994 had average GS precipitation, but from April 1993 to the end of 1994, the temperatures were
above normal;

• 2001 had temperatures above normal from February 2000 to March 2001, and annual and GS
precipitation levels in 2001 were 50% above average.

4.6. Mrkonjic Grad

TRW development is particularly interesting at this locality. From 1955 to 1962, there was a
strong (0.5 year−1), linear (R2 = 0.99) increase in TRWs, and clear variations in GS temperature and
precipitation can be seen over this period (Figure 12) with a decreasing trend in temperature deviations
during a longer period. After 1962, a much slower (−0.06 year−1) but also linear (R2 = 0.84) decrease
over the next 54 years was clearly seen, and even GS temperatures slightly increased, while variation
in GS precipitation was 40%. The exception was 1976, when a dramatic decrease in TC (from 2.9 to 0.9)
occurred due to a very cold period preceding and during this decrease. Specifically, from June 1975 to
December 1976, average monthly temperatures were up to the Clim3 normal or far below it. Even GS
precipitation level during both years were 40–50% above average, but these values were not enough to
stop a large reduction in TC.

This decrease in the width of tree rings was the result of a change in the management. The forest
compartment in which a stand is located was excluded from the system of regular management, and a
proposal was made to declare it a reserve. This scenario means that it was not possible to carry out
silvicultural and management measures, which consequently caused a decrease in the width of tree



Atmosphere 2018, 9, 451 18 of 26

rings; thus, the change in air temperatures did not cause the decrease. For that reason, we do not
present MG correlations in Table 4.
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Figure 11. GS precipitation and temperature deviations in Istocna Boranja over the 1951–2013 period.
Red line—GS temperature deviation; blue bar—GS precipitation deviation.

Atmosphere 2018, 9, x FOR PEER REVIEW  18 of 28 

 

This decrease in the width of tree rings was the result of a change in the management. The forest 
compartment in which a stand is located was excluded from the system of regular management, and 
a proposal was made to declare it a reserve. This scenario means that it was not possible to carry out 
silvicultural and management measures, which consequently caused a decrease in the width of tree 
rings; thus, the change in air temperatures did not cause the decrease. For that reason, we do not 
present MG correlations in Table 4. 

 
Figure 11. GS precipitation and temperature deviations in Istocna Boranja over the 1951–2013 period. 
Red line—GS temperature deviation; blue bar—GS precipitation deviation. 

 
Figure 12. GS precipitation and temperature deviations in Mrkonjic Grad over the 1951–2013 period. 
Red line—GS temperature deviation; blue bar—GS precipitation deviation. 

Similar studies were carried out in some neighboring countries. For example, in Slovenia, at a 
locality near Ljubljana, correlations with climate indicate that precipitation in month of May affects 
TRW and that the TRWs were wider when May was wet [48]. Precipitation in May has both direct 

-2.0

-1.0

0.0

1.0

2.0

3.0

4.0

-100

-50

0

50

100

150

200

1950 1960 1970 1980 1990 2000 2010

Te
m
pe

ra
tu
re

Pr
ec
ip
ita

tio
n

Years

VP precipitation dev VP temperature dev

-2.0

-1.0

0.0

1.0

2.0

3.0

4.0

-100

-50

0

50

100

150

200

1950 1960 1970 1980 1990 2000 2010

Te
m
pe

ra
tu
re

Pr
ec
ip
ita

tio
n

Years

VP precipitation dev VP temperature dev

Figure 12. GS precipitation and temperature deviations in Mrkonjic Grad over the 1951–2013 period.
Red line—GS temperature deviation; blue bar—GS precipitation deviation.

Similar studies were carried out in some neighboring countries. For example, in Slovenia, at a
locality near Ljubljana, correlations with climate indicate that precipitation in month of May affects
TRW and that the TRWs were wider when May was wet [48]. Precipitation in May has both direct
and indirect effects on growth, with the latter effects due to the amount of available water in summer,
which also depends on the water storage capacity of the soil [79]. The most important climatic factor
explaining variations in the growth of beech in Slovenia was the mean of the maximum temperatures
in August. Tree-ring width was also negatively correlated with the minimum temperature in March
and positively correlated with precipitation in May and July. The maximum temperature in the
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previous November and precipitation in the previous September also positively affected tree-ring
width [48].TRW was negatively affected by June temperature and positively by June precipitation [80].
The positive effect of July precipitation and negative effect of July temperature were slightly less
pronounced but still consistent.

5. Conclusions

The long-term analysis indicates that at the climatological level and dry conditions during GS will
reduce TRW, but real reductions in tree growth can be expected as a result of more than one season of
unfavorable conditions.

The site-specific analysis of TRW reductions associated with adverse weather events indicates
that low autumn and winter temperatures and prolonged duration of winter can strongly affect the
upcoming vegetation and reduce tree development even under normal thermal conditions during the
GS. It appears that from a point-of-view of increasing TRW, the best weather conditions are associated
with a normal to slightly colder summer and warm spring and autumn without extreme cold periods
during winter.

At the upper limit of the vertical distribution of beech forests in Serbia and the Republic of
Srpska, chronologies have less pronounced peaks than at the optimum and lower distribution limits,
indicating that the impact of climate on the width of growth rings is more pronounced at the lower
and optimum limits.

In beech forests in Serbia and the Republic of Srpska, there has been a reduction in the width
of growth rings, i.e., diameter increment, caused by changing air temperatures and amounts of
precipitation. This reduction is more pronounced at the lower limit of the vertical distribution of beech
forests and at optimum areas than at the upper limit, but our assumption is that this reduction still
does not have an impact on the range of the distribution of beech forests or on the movement of beech
to higher altitudes in the Republic of Serbia and in the Republic of Srpska.

According to the environmental stratification of Europe [81], all selected locations belong to
continental and Pannonian environmental zones, which are the most represented zones in Europe. The
results presented in this study are based on biological and meteorological measurements and therefore
represent a good starting point for further analysis of the expected impacts of climate change on beech
forest growth not only in the selected regions but also all over the Pannonian and continental zones.
Thus, an analysis of climate change impacts on agroclimatic conditions in Europe under expected
climate change [82] is of particular importance.
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Appendix A

Table A1. Normal temperatures and average annual precipitation on sampling sites for the 1951–1980 reference climatology.
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CLIMATOLOGY 1 (1951–1980) 

LOCALITY 
Months 

Average 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

LOWER LIMIT 

LOPARE (LO) 
t (°C) −1.0 1.4 5.3 10.2 14.6 18.2 19.5 19.1 15.3 10.3 5.7 1.1 10.0 

H(mm) 49.0 49.0 45.0 61.0 81.0 89.0 79.0 67.0 56.0 51.0 65.0 67.0 63.3 

SRBAC (SR) 
t (°C) −0.3 2.1 6.1 11.0 15.6 19.2 20.7 20.1 16.4 11.3 6.3 1.7 10.9 

H(mm) 53.0 52.0 48.0 66.0 73.0 81.0 69.0 64.0 56.0 59.0 80.0 73.0 64.5 

FRUSKA GORA (FG) 
t (°C) −1.2 1.1 5.4 10.8 15.7 19.2 20.6 19.9 16.0 10.8 5.8 1.1 10.4 

H (mm) 38.0 41.0 37.0 47.0 63.0 82.0 64.0 55.0 39.0 40.0 53.0 54.0 51.1 

KOSMAJ (KO) 
t (°C) −0.6 1.6 5.5 10.8 15.5 19.0 20.5 20.1 16.3 11.0 6.3 1.6 10.6 

H (mm) 43.0 41.0 42.0 54.0 82.0 87.0 74.0 59.0 47.0 46.0 52.0 54.0 56.8 

VRSACKI BREG (VB) 
t (°C) −0.5 1.5 5.8 11.3 16.2 19.6 21.1 20.8 17.0 11.6 6.6 1.8 11.1 

H (mm) 40.0 42.0 35.0 52.0 74.0 83.0 64.0 52.0 40.0 39.0 50.0 54.0 52.1 
OPTIMUM 

VLASENICA (VL) 
t (°C) −2.9 −0.9 2.6 7.0 11.6 15.1 16.6 16.5 13.0 8.2 3.7 −0.9 7.5 

H (mm) 54.0 53.0 50.0 65.0 87.0 88.0 81.0 68.0 66.0 68.0 76.0 71.0 68.9 

MRKONJIC GRAD (MG) 
t (°C) −1.6 0.1 3.4 7.7 12.3 15.9 17.7 17.3 13.6 8.8 4.4 0.1 8.3 

H (mm) 75.0 73.0 70.0 84.0 82.0 87.0 63.0 73.0 71.0 98.0 124.0 109.0 84.1 

ISROCNA BORANJA (IB) 
t (°C) −1.5 0.8 4.5 9.4 13.9 17.5 18.8 18.5 14.8 9.8 5.2 0.6 9.4 

H (mm) 48.0 47.0 46.0 61.0 87.0 92.0 83.0 71.0 59.0 53.0 64.0 64.0 64.6 

ZELJIN (ZE) 
t (°C) −2.2 0.1 3.9 9.1 13.7 17.1 18.6 18.5 14.7 9.5 5.0 0.1 9.0 

H (mm) 43.0 42.0 44.0 56.0 93.0 86.0 72.0 61.0 52.0 52.0 59.0 55.0 59.6 

KUKAVICA (KU) 
t (°C) −1.3 1.1 4.8 10.0 14.6 18.1 19.8 19.6 15.7 10.4 5.7 0.8 9.9 

H (mm) 37.0 42.0 45.0 51.0 70.0 69.0 50.0 46.0 44.0 51.0 60.0 53.0 51.5 
UPPER LIMIT 

JAHORINA (JA) 
t (°C) −2.9 −1.3 1.9 5.9 10.6 14.1 15.8 15.9 12.4 7.7 3.5 −1.0 6.9 

H (mm) 64.0 61.0 56.0 64.0 78.0 79.0 68.0 62.0 70.0 86.0 90.0 80.0 71.5 

ISTOCNI DRVAR (ID) 
t (°C) −2.9 −1.5 1.6 5.7 10.4 14.0 15.8 15.5 11.9 7.2 3.0 1.2 6.6 

H (mm) 80.0 77.0 79.0 93.0 87.0 90.0 64.0 81.0 79.0 111.0 139.0 116.0 91.3 

GOLIJA (GO) 
t (°C) −5.0 −2.9 0.6 5.5 10.2 13.5 15.0 14.9 11.4 6.7 2.5 −2.5 5.8 

H (mm) 44.0 39.0 41.0 50.0 81.0 77.0 69.0 62.0 55.0 64.0 68.0 56.0 58.8 

VLASINA (V) 
t (°C) −4.8 −2.9 0.3 5.3 10.0 13.5 15.4 15.4 11.6 6.5 2.0 −2.7 5.8 

H (mm) 35.0 38.0 44.0 53.0 83.0 83.0 60.0 53.0 42.0 51.0 54.0 49.0 53.8 

BABIN ZUB (BZ) 
t (°C) −3.3 −1.3 2.6 8.1 12.9 16.4 18.4 18.3 14.4 9.1 3.9 −0.5 8.3 

H (mm) 42.0 44.0 47.0 61.0 98.0 98.0 72.0 58.0 55.0 50.0 58.0 50.0 61.1 
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Table A2. Dry years at all analyzed sites.
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 Lower limit Optimum Upper limit 
Year Lopare Srbac F Gora Kosmaj V Breg Vlasenica M Grad I Boranja Zeljin Kukavica Jahorina I Drvar Golija Vlasina B Zub 
1951 * * * * * * * * * * * * * *  

1952 * *  *  * * * * * * * * * * 
1953 * * * * * * * *  * * * *   

1954                

1955                

1956                

1957 * * * *  * * *   * * *   

1958 * * * * * * * * * * * * * * * 
1959                

1960 *   * * *  * * * *  * *  

1961 * * * * * * * * * * * * * * * 
1962               * 
1963         * *   *   

1964                

1965                

1966    *         *   

1967  *  * * *   * *     * 
1968  * * *      *   * * * 
1969                

1970                

1971 *  *     *        

1972    * * *  * *  *     

1973                

1974                

1975  * *    *     *    

1976                

1977               * 
1978                

1979 *  *     *      *  

1980                

1981                

1982 * * * * * * * * *  * * * * * 
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Lower limit Optimum Upper limit 

Year Lopare Srbac F Gora Kosmaj V Breg Vlasenica M Grad I Boranja Zeljin Kukavica Jahorina I Drvar Golija Vlasina B Zub 
1983 * * * * *  * * *   * *  * 
1984                

1985              *  

1986           *   * * 
1987                

1988 * * * *  * * * *   * * * * 
1989  * *    *     *   * 
1990 * * * * * * * * * * * * * * * 
1991                

1992 * * * * * * * * * * *  * * * 
1993 * * * *  * * * * * * * * * * 
1994 * * * * * * * * * * * * * * * 
1995                

1996                

1997 * *    * *    * *    

1998  *  * *  *    * *  *  

1999              *  

2000 * * * * * * * * * * * * * * * 
2001              * * 
2002   *  *           

2003 * * * * * * * * * * * *  * * 
2004               * 
2005                

2006  *   *  *     *    

2007  *     *         

2008 * * * * * *  * * * *  *  * 
2009  * *             

2010                

2011 * * * * * * * * * * * * * * * 
2012 * * * * * * * * * *     * 
2013 *   *  *  * * *   *  * 
2014                

2015  *    * *    * *    

 Cells of red colors represent years in which were observed extreme dry conditions.



Atmosphere 2018, 9, 451 23 of 26

References
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20. Stojanović, D. Uticaj klimatskih promena na vezivanje ugljenika, rast i biodiverzitet bukovih šuma u Srbiji.
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