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Abstract: The changes in precipitation and temperature regimes brought on by the current climate
change have influenced ecosystems globally. The consequences of climate change on plant phenology
have been widely investigated during the last few years. However, the underlying causes of the timing
of autumn phenology have not been fully clarified yet. Here, we focused on the onset (10%) of leaf
colouring—LCO—(Biologische Bundesanstalt, Bundessortenamt und Chemische Industrie (BBCH)
92) of European beech (Fagus sylvatica, L.) as an important native tree species growing throughout
Europe. Studied beech stands are located along the natural distribution range of the European beech
in Western Carpathians (Slovakia) at different altitudes from lowlands (300 m a.s.l.) to uplands
(1050 m a.s.l.) and climatic regions from warm to cold. To define limiting climate conditions for LCO,
we established several bioclimatic indices as indicators of meteorological drought: climatic water
balance (CWB), standardized precipitation index (SPI), standardized precipitation-evapotranspiration
index (SPEI), dry period index (DPI), and heat waves (HW). In addition, meteorological variables
such as monthly mean temperatures and precipitation totals were taken into account. Throughout
the 23-year period (1996–2018) of ground-based phenological observations of temperate beech forests,
the timing of LCO was significantly delayed (p ≤ 0.05) in the middle to high altitudes, while in
the lowest altitude, it remained unchanged. Over the last decade, 2009–2018, LCO in middle altitudes
started at comparable to low altitudes and, at several years, even later. This resulted mainly from
the significant negative effect of drought prior to this phenological phase (p ≤ 0.01) expressed through
a 1-month SPI in September (SPIIX ) at the stand at the low-altitude and warm-climatic region. Our
results indicate that the meteorological drought conditioned by lower total precipitation and higher
evapotranspirative demands in the warmer climate advance leaf senescence. However, at present
time, growth in rising temperature and precipitation is acceptable for most beech stands at middle to
high altitudes. Beech utilizes these conditions and postpones the LCO by 0.3–0.5 and 0.6–1.2 day
per year at high and middle altitudes, respectively. Although we show the commencing negative
effect of drought at mid-altitudes with lower (below 700 mm) total annual precipitation, the trend
of LCO in favourable warm climates is still significantly delayed. The ongoing warming trend of
summer months suggests further intensification of drought as has started to occur in middle altitudes,
spreading from the continual increase of evapotranspiration over the next decades.
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1. Introduction
Under climate change, there is an alteration in the temperature and precipitation regimes. The mean
global air temperature has increased over the last decades, and the occurrence of temperature extremes
has increased [1]. Furthermore, continued enhancement of frequency and severity of drought events,
particularly in the Northern hemisphere, is expected [2–4]. Models of future climate for Central Europe
predict increased frequency and severity of heat stress and drought [5,6]. For most of the temperate
continental zone, an increase of annual mean temperature of 3–4 ◦ C might be expected until the end of
the century [7,8]. The increase in temperature is accompanied by enhanced evapotranspirative demand
imposed on the forest [9] and agricultural ecosystems [10], and these, if undersupplied with water,
will dry [11]. Heat waves and droughts have significant impacts on their own, but when they occur
simultaneously, their negative effects could be greatly intensified. Although drought stress highly
depends on meteorological conditions, it relates to the power of tolerance and resistance of plants.
This study focuses on the European beech (Fagus sylvatica, L., ssp. sylvatica) response to such
changing climate evaluated in natural conditions. European beech is one of the most important native
tree species in Europe with the spatial distribution covering most of the European continent [12]. Due
to high genetic diversity and phenotypic plasticity, F. sylvatica is adapted to different environments and
altitudinal zones within its natural range [13]. This makes it a good reference species for large-scale
studies of plastic and adaptive responses in its fitness-related traits to climate change over its full
distribution range [14]. With regard to the altitudinal distribution of European beech, it is assumed that
beech forests growing at low altitudes will suffer from drought [8,15–17]. Forests exposed to drought
are mostly endangered by biotic factors, such as documented declination of beech vitality followed
by the biotic damage and mortality in Hungarian and Slovenian forests [15,18]. Furthermore, under
limited water availability, beech may suffer from xylem embolism, restricted nutrient uptake capacity,
and reduced growth. Similarly, negative impact on nutrient uptake and growth of beech could have
waterlogged soils due to higher than average precipitation throughout the growing season [19]. In
beech forests, the silvicultural practices today must be aware of the potential risks, which a changing
climate may impose on sustainable forest management. Compared to other tree species, the competitive
capacity of beech might be reduced under expected future climate conditions [19].
Since trees as long-lived plants adapt to the climatic seasonality through phenology, it is
considered a good indicator of changing climate conditions [20–25]. Under climate actions, plants
could shift the onset of phenological phases and thus extend or shorten their growing seasons as
the photosynthetically active period modulates ecosystem carbon balance [26,27]. In temperate
forests, the temperature [28–31] was determined to be the main driving factor for the onset of leafing,
although the effect of photoperiod [32] and soil water content [33] as prominent factors are sometimes
evoked. However, the clear determination of the response of leaf senescence to the associated
environmental controls is more difficult. We considered potential indices in order to predict autumn
phenological response to climate conditions and extreme events, those based on water movement in
the plant–atmosphere system (evapotranspiration), those based on water availability (precipitation),
and those based on temperature requirements and forcing (temperature).
We used three decades of meteorological observations (1989–2018) along with phenological
observations (1996–2018) of beech stands growing at different altitudes and climate conditions in
Central Europe (Slovakia) to analyse the consequences of drought and heat on beech autumn leaf
colouration. We hypothesize the following:
(1)
(2)

The climate change causes significant changes in temperature and precipitation regimes and thus
affects the timing of the onset of leaf colouring in European beech stands.
Temperature-, evapotranspiration- and precipitation-based bioclimatological indices and variables
of summer months can explain the shifts of the onset of leaf colouring.

The results of the analysis provide an opportunity to consider under which conditions beech can
utilize the changing climate to extend the vegetation period and where it is limited and less productive.
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2. Materials and Methods
2.1. Field Observations and Stand Descriptions
The studied beech stands are located in the Western Carpathians (Slovakia), in the latitude range
between 48◦ and 49◦ N and in the longitude range between 17◦ and 22◦ E (Figure 1), and belong to
the phenological network of the Slovak Hydrometeorological Institute (SHMI). SHMI is a specialized
organization providing hydrological and meteorological services at the national and international levels.
The phenological database of SHMI administrates a set of continual phenological observation data in
natural conditions of the main ecosystems from 218 phenological stations [34]. This species-specific
study focuses on seven beech-dominated (Fagus sylvatica, L.) stands located at different altitudes
ranging between 300 m and 1050 m a.s.l. in three main climatic areas: warm, moderately warm,
and cold. The characteristic of the climate was obtained from the Atlas of the Country of the Slovak
Republic [35]. Temperature and precipitation conditions at each stand are characterized by temperature
and precipitation normal in Table 1. Stands in this study are marked by the abbreviation of location and
the altitude (Figure 1 and Table 1). The soil type present at all stands is deep cambisol with a slightly
acidic to acidic reaction [36]. According to the altitude, we differentiated stands as low (below 500 m),
middle (500–1000 m), and high altitude (above 1000 m). Here, we analysed a 23-year long (1996–2018)
sequence of phenological data to evaluate the factors driving the onset of leaf colouring (LCO)) in
different altitudes.

Figure 1. Seven phenological stations of Slovak Hydrometeorological Institute (SHMI) with beech
forests: numerical values in each of the seven locations mark the altitude. Black colour on the map
marks forests where European beech dominates (>60%) in the forest tree species composition.

The evaluated phenological phase LCO represents the beginning of autumn phenological phases.
According to the methodology of Slovak Hydrometeorological Institute (SHMI) [37], LCO occurs when
10% of leaves change their colour from green to yellow, red, or brown. According to the international
phenological scale BBCH (Biologische Bundesanstalt, Bundessortenamt und Chemische Industrie) [38],
this phenological phase corresponds to the code BBCH 92. The ground phenological measurements
consist of visual observations of phenological phases performed by the same observer on the same 10
individual trees from the main canopy. The main canopy is formed by mature tree crowns of the upper
layer. The onset days of the phenological phases of the individuals are noticed and averaged over
this group of 10 trees. Only beech stands with trees of ages above 50 years creating the main canopy
were included in the analysis. The position of the trees is inside the forest, at least 50 m from the forest
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edge. Phenological observations are carried out regularly during the onset of spring vegetative and
generative phenological phases occur every 2–3 days; in the autumn, they occur at least once a week.
The SHMI manages the observations performed by volunteers.
Table 1. The basic characteristics of beech stands were obtained from the website of the National
Forest Center (© NLC Zvolen, 2020) [39]. The stand identifier (ID) consist of the abbreviations of
the stand location and the altitude. The characteristics of soils obtained from the soil portal (© VÚPOP
Bratislava): retention capacity (Ret.) and permeability (Perm.) of soil have 3 main degrees—low (L),
medium (M), and high (H)—and 2 intermediates—low to medium (L–M) and medium to high (M–H)
[35].
Beech Stand
Location
/Characteristics
Altitude (m a.s.l.)
Stand ID
Soil type
Soil Ret./Perm.
Age
Tree height (m)
Trunk diameter
(cm)
Climatic area
TNy 5 (◦ C)
TNs 6 (◦ C)
PNy 7 (mm)
PNs 8 (mm)

Železná
Studienka

Myjava

Zvolen

Kecerovce

304
ZS_304
C1
L–M/M–H
150
26

457
MY_457
C
H/M
65
19

566
ZV_566
C
H/M
80
25

36

22

23

2

W
10.1
18
675
176

3

M
9
16.3
729
176

M
8
15.8
745
190

Muráň

Červená
Skala

Po’ana

570
KC_570
C
H/M
75
22

579
MU_579
C
H/M
115
28

1003
CS_1003
C
H/M
75
15

1051
PO_1051
C
M/M
155
24

25

32

18

45

M
8.1
15.9
703
239

M
7.9
15.9
689
198

4

C
5.2
12.7
857
241

C
5.7
13
863
263

1 Cambisol, 2 warm, 3 moderately warm, 4 cold, 5 yearly temperature normal, 6 temperature normal of summer months

(July–September), 7 yearly precipitation normal, and 8 precipitation normal of summer months (July–September).

We derived four meteorological drought indices which may act as weather stressors inducing
the shifts in the beginning of leaf colouring (LCO) in beech-dominated stands: climatic water balance
(CWB), standardized precipitation index (SPI), standardized precipitation-evapotranspiration index
(SPEI) and dry period index (DPI), and the heat stress factor—heatwaves (HW). The meteorological
data in daily and monthly time-steps entering into the calculations of those indices were acquired
from the network of automatic meteorological stations of SHMI. The crucial criteria to linking data
from the phenological and the meteorological stations were a maximum distance less than 20 km,
similar altitude, and the same climatic area. The indices were modified according to their suitability to
correlate with phenological events since they are usually calculated for a period of a year. The time
scales are distinguished with indices bearing the number of analysed months.
2.2. Standardized Precipitation Index (SPI)
Standardized precipitation index (SPI) is a precipitation-based index developed by McKee et
al. [40] to quantify a precipitation deficit for several time scales. It was designed to be an indicator of
drought that recognizes the importance of time scales in the analysis of water availability and water
use [41]. In this study, SPI is used as an indicator of meteorological drought, which is able to recognize
both short-term and long-term precipitation deficits. In this study, we used SPI calculated for 1 and 3
months prior to leaf senescence to determine conditions inducing drought stress in plants leading to
earlier beginning of leaf colouration. The time scales of SPI were set to cover the last months before
leaf senescence start to determine conditions inducing drought stress in plants leading to an earlier
beginning of leaf colouration. Since LCO generally begins at the beginning of October, we calculated
the SPI of September and SPI of three summer months—July to September—and distinguished it

Water 2020, 12, 2610

5 of 21

with as index bearing the number of analysed months (SPIIX and SPIVII–IX ). To compute the SPI,
precipitation data series were fitted to a gamma probability distribution function as follows:
x

Z
G(x) =

g(t)dt

(1)

xα−1 e−x/β

(2)

0

where
g(x) =

1
βα Γ(α)

Γ (α) =

∞
X

xα−1 e−x dx

(3)

0

where x is precipitation in mm at a certain time scale, α represents the shape parameter, β is a scale
parameter, and Γ(α) defines the gamma function. Since the gamma function is not defined for x = 0,
the cumulative probability is calculated as follow:
H (x) = q + (1 − q)G(x)

(4)

where q is the probability of a zero estimated by m/n and m is the number of zeros in precipitation time
series n.
Finally, the cumulative probability H(x) is transformed to the standard normal value (Z) or SPI
using an approximation by Abramowitz and Stegun [42]:
Z = SPI = −(t −
and
Z = SPI = +(t −
where

c0 + c1 t + c2 t2
) for 0 < H (x) ≤ 0.5
1 + d1 t + d2 t2 + d3 t3

(5)

c0 + c1 t + c2 t2
) for 0.5 < H (x) < 1.0
1 + d1 t + d2 t2 + d3 t3

(6)

s
ln(

t=

1

(H (x))2

s
t=

ln(

) for 0 < H (x) ≤ 0.5

1

(1 − H (x))2

) for 0.5 < H (x) < 1.0

(7)

(8)

c0 = 2.515517, c1 = 0.802853, c2 = 0.010328, d1 = 1.432788, d2 = 0.189269, and d3 = 0.001308.
Meteorological drought was characterized according to the scale defined for SPI and SPEI
(Table 2) [40].
Table 2. Classification of meteorological drought expressed by standardized precipitation index (SPI)
and standardized precipitation-evapotranspiration index (SPEI) [43].
SPI/SPEI

Drought Category

≥2
1.5 to 1.99
1.0 to 1.49
−0.99 to 0.99
−1.49 to −1.0
−1.99 to −1.5
≤−2

Extremely wet
Severely wet
Moderately wet
Near normal
Moderately dry
Severely dry
Extremely dry
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2.3. Standardized Precipitation-Evapotranspiration Index (SPEI)
Temperature rise has a strong role in affecting the severity of droughts [44,45].
In
this study, the importance of the effect of temperature on drought conditions through
the potential evapotranspiration (PET) was taken into account by the use of the standardized
precipitation-evapotranspiration index (SPEI). A crucial advantage of the SPEI over other widely used
drought indices that consider the effect of PET on drought severity is that its multi-scalar characteristics
enable the identification of different drought types and impacts in the context of global warming [46].
In the original version of the SPEI, the Thornthwaite equation [47] was applied to obtain the PET
in SPEIbase v1.0. With a value for PETi , a simple measure of the water surplus or deficit (Di ) for
the analysed month i was calculated using a precipitation (Pi ) as follows:
Di = Pi − PETi

(9)

The calculated Di values are combined at different time scales, following the same procedure as
that for the SPI. Standardization of SPEI using the probability density function of a three parameter
Log-logistic distributed variable is described in Vicente-Serrano et al. [46]. The time scales for SPEI
calculation were set to correspond with the SPI–SPEI of September (SPEIIX ) and the SPEI of July to
September SPEIVII–IX .
2.4. Climatic Water Balance (CWB)
CWB is an indicator of drought referring to the balance between income of water from precipitation
and the outflow of water by potential evapotranspiration [16,48]. The potential evapotranspiration
can be generally defined as the amount of water that could evaporate and transpire from a vegetated
landscape without restrictions other than the atmospheric demand [49]. The negative CWB indicates
the lack of disposed water in the environment. The climatic water balance was calculated according to
the modified method of Thornthwaite and Mather [50], where the CWBm is the difference between
the precipitation total (Pm ) and potential evapotranspiration (PETm ) of month m:
CWBm = Pm − PETm

(10)

The potential evapotranspiration of the month PETm in mm was calculated as follows:

PETm = 0.535 × f

10.Tm
I

a
(11)

where Tm (◦ C) is the monthly mean temperature of analysed months and f is the correction factor
depending on the month length and latitude:
f = k × s0

(12)

where k is a coefficient of number of days and so is the maximum duration of sunshine during
the day (h).
I is the temperature index as a sum of values of the monthly temperature indices:
I=

X12
j=1


i j ; where : i j =

Tm
5

1,514
(13)

a is an exponent calculated from the temperature index I:


a = 0.0675 × I3 − 7.71 × I2 + 1792 × I + 47239 × 10−5

(14)
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In this study, we calculated CWB for September (CWBIX ) and the incidence of meteorological
drought was indicated, when the potential evapotranspiration transcended the actual precipitation.
We created a classification scale differentiated into seven categories similar to that for SPI and SPEI.
The thresholds for the drought levels were determined in consideration of the average monthly
precipitation totals and average potential evapotranspiration totals (Table 3).
Table 3. Classification of meteorological drought designed for climatic water balance (CWB) of
a single month.
CWB (mm)

Category

≥90
60 to <90
30 to <60
>−30 to <30
>−60 to −30
>−90 to −60
≤−90

Extremely wet
Severely wet
Moderately wet
Near normal
Moderately dry
Severely dry
Extremely dry

2.5. Dry Period Index (DPI)
We introduced DPI as an indicator of drought capable of identifying a small amount of rainfall as
well as its irregular distribution over the season, and it complements the SPIVII–IX and SPEIVII–IX data.
It is understood that, the more dry days in a row and the less precipitation over the period, the bigger
the stress introduced on a tree is. The dry period characterizes a period of the year with precipitation
less than 0.3 mm per day [51,52], provided that the precipitation is intercepted by aboveground parts of
trees and evaporated as an unproductive evaporation [52,53]. In this study, we evaluated dry periods
(DP) as periods of 5 or more consecutive days with precipitation less than 0.3 mm evaluated over three
summer months: July–September. Duration of each DP was noticed and summarized over the studied
period: DP = n (days ≥ 5, p ≤ 0.3 mm). Dry period index (DPI) considers the total number of days in
DP and the precipitation total over the studied season as follow:
P
DP
DPI = P i
Pm

(15)

where DPi is the length of dry period i and Pm is the precipitation total (mm) of a month m. A
classification scale was created to divide DPI values into four stages of drought (Table 4).
Table 4. Classification of meteorological drought expressed by dry period index (DPI).
DPI

Drought Category

≤10
>10 to 20
>20 to 30
>30

Near normal
Moderately dry
Severely dry
Extremely dry

2.6. Heatwaves (HW)
A heatwave (HW) is a temperature-based indicator of meteorological drought inducing drying
of the environment. In particular, heat waves occurring in summer result in an increased
evapotranspirative demand from soil and plants, which, if not met by adequate water resources
in the soil, eventually results in the development of concurrent drought stress [54]. The heatwave
involves prolonged periods of extremely high temperatures for a particular region [11]. Regarding
to the variety of HW definitions, here, we prefer the definition introduced by the Expert Team on
Climate Change Detection and Indices (ETCCDI) adjusted according to Russo et al. [55]. Heatwave
was characterized as 3 or more consecutive days that are above the 90th percentile temperature of
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the normal period between 1981–2010. The advantage of using relative-based thresholds such as high
percentile values is allowance of the measurement of heatwaves across various locations over long
periods when temperatures are substantially higher than normal. We calculated the 90th percentile from
the daily average and maximum temperatures of the normal period 1981–2010 for all individual beech
stands and noted all HWs longer than 3 days. The individual heatwave days were then aggregated
into the total number of heatwave days over the hottest months: June–August. We used HWAVG
when calculating HW from average daily temperatures and HWMAX when HW was calculated from
the maximum daily temperatures. According to the duration of HW, we created the classification scale
differentiated into 5 stages of HW strengths (Table 5). It is understood that, the more days in heatwave,
the more stress could be induced to the tree. Since the occurrence of HWs depends on atmospheric
circulation patterns [55], we evaluated the spatial difference of their incidence.
Table 5. Classification of heatwaves (HW) according to the total number (n) of HW days in the season.
n (HW Days)

Categories of Heatwaves

0 to 2
3 to 10
11 to 20
21 to 30
>30

No HW
Weak HW
Moderate HW
Severe HW
Extreme HW

2.7. Statistical Analysis
The linear regression between autumn leaf colouring and bioclimatic indices and variables and
the spring leaf onset were analysed. The shifts in leaf phenology per 1 degree increase in temperature
(day ◦ C−1 ) were determined using the regression coefficient of the corresponding linear regressions
to compare the phenological sensitivities between altitudes (stands). The significant correlation was
determined at p ≤ 0.05 and was highly significant at p ≤ 0.01.
The age of the studied beech trees is over 50 years. To examine the evolution of temperature and
precipitation over the last 30 years, these meteorological variables were compared to the normal from
the earlier growing stages of studied beech stands (1961–1990). The differences between actual and
normal summer temperatures and precipitations were tested with the paired sample t-test. The H0
hypothesis supposed stable climatic conditions, while HA expected significant differences at the p level
≤ 0.05.
The evolution of beech phenology over the period between 1996–2018 along an altitudinal gradient
and trends of bioclimatic indices and variables over 1989–2018 was evaluated by the nonparametric
Mann–Kendal (M-K) trend test with the significance level set for p ≤ 0.05 and was highly significant
for p ≤ 0.01. The shifts in leaf phenology per year increase were calculated using the Sen’s slopes of
the M-K trend and compared between stands (altitudes).
3. Results
3.1. Precipitation and Indices Indicating the Drought
Compared to the normal period of 1961–1990, the precipitation totals in the summer periods
(PVII-IX ) over the studied recent 30 years indicate the increase of precipitation, particularly over the last
25 years (Figure 2). Using the paired sample T-test, significant positive differences (p ≤ 0.05) from
normal (PNVII–IX in 1961–1990) were identified at ZV_304, MY_457, KC_570, MU_579, and CS_1003
(Table 6). At the stands ZV_566 and PO_1051, most summers had precipitation below normal. The linear
temporal trends of the precipitation differences from normal were not significant because of the great
interannual variability of precipitation. However, the regression coefficients obtained solely positive
values, indicating the increasing precipitation at all stands (Figure 2) compared to 1961–1990. Although
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the precipitations itself rose (Figure 2 and Table A1), the M-K trend tests revealed nonsignificant
changes of meteorological drought indices and variables over time (Table A1).

Figure 2. Difference of precipitation during summer seasons in 1989–2018 (PVII–IX ) compared to
the normal of 1961–1990 (PNVII–IX ): the black bars show the precipitation difference in mm. The red
line trends indicate the linear relations including their numerical representation.
Table 6. Differences of the summer precipitation total (PVII–IX ) from the precipitation normal of summer
months (PNVII–IX of 1961–1990): significant differences with p ≤ 0.1 (**) and p ≤ 0.5 (*) are highlighted
with bold, t(α;f − 1) is the critical value, and t is the test statistics.
Stand

t(α;f − 1)

t

p

ZS_304
MY_457
ZV_566
KC_570
MU_579
CS_1003
PO_1051

2.04
2.04
2.04
2.04
2.04
2.04
2.04

3.38
2.25
1.14
2.08
5.11
2.62
1.14

0.00 **
0.04 *
0.28
0.05 *
0.00 **
0.02 *
0.28

When we analysed the indices of September (Figure 3a–c), the incidence of severely to extremely
dry Septembers were according to SPEIIX only in 2011 and according to SPIIX in 2006 and 2011.
However, the CWBIX indicated Septembers in eight years to be severely to extremely dry (1989,
1991, 1999, 2003, 2004, 2006, 2009, and 2011). Furthermore, it implied the moderate to severely dry
Septembers in many more years compared to the SPIIX or SPEIIX (Figure 3a–c), suggesting the potential
higher rainfall deficit in environment. On the contrary, severely to extremely wet Septembers according
to all indices occurred in four years (2001, 2007, 2010, and 2014).
When we evaluated the meteorological drought of summer seasons (July to September) in
1989–2018, the SPIVII–IX identified seasons 2011 (only MU_570) and 2013 to be severely to extremely dry
while SPEIVII–IX classified only the season in 1992 (Figure 3d,e). By introducing the dry period index
(DPIVII–IX ), we were able to identify droughts that appeared over longer periods. DPIVII–IX hinted
that the beech stands at low- to mid-altitudes are threatened by the combination of dry periods and
low precipitation, resulting into the severe to extreme drought. At the stands at low to mid-altitudes,
ZS_304, MY_457, and ZV_566, this drought occurred commonly throughout the entire studied period
1989–2018. However, in the last decade, severe to extreme drought started to occur more frequently
at the rest of mid-altitude stands: KC_570 and MU_579 (Figure 3f). The longest dry period took 24
days, and it occurred twice in ZS_304 (2000 and 2013) and once each at MY_457 (2013) and PO_1051
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(1990). Regarding the higher precipitations at high altitudes, such a long period without precipitation
at PO_1051 induced only moderate dryness (Figure 3f).

Figure 3. Meteorological drought of one month (September) and three months (July to September)
prior to onset of leaf colouring indicated using the indices: standardized precipitation index (SPIIX )
(a), standardized precipitation evapotranspiration index (SPEIIX ) (b), climatic water balance (CWBIX )
(c), SPIVII–IX (d), SPEIVII–IX , (e) and dry periods index DPIVII–IX (f) for each stand over period between
1989–2018. In each mosaic, the stands are ordered with increasing altitude from the bottom to the top.

3.2. Temperature and Heat Waves
Compared to the temperature normal of 1961–1990 (TNVII–IX ), the average July to September
temperatures (TVII–IX ) of 1989–2018 exceeded normal in almost all analysed years (Figure 4).
The temperatures at the beginning of the studied period suggested were balanced with two single
warm years: 1992 and 1994. However, the amplified warming over next two decades culminated at
the end of this period. In some years, we noticed the incidence of temperatures higher by more than
3 ◦ C compared to the TNVII–IX of 1961–1990 (Figure 4). The paired sample t-test of the differences of
TVII–IX from normal TNVII–IX (1961–1990) revealed significant differences at all altitudes (Table 7).
Table 7. Differences of the average summer temperature (TVII–IX ) from the temperature normal of
summer months (TNVII–IX of 1961–1990): significant differences with p ≤ 0.1 (**) are highlighted with
bold, t(α;f − 1) is the critical value, and t is the test statistics.
Stand

t(α;f − 1)

t

p

ZS_304
MY_457
ZV_566
KC_570
MU_579
CS_1003
PO_1051

2.04
2.04
2.04
2.04
2.04
2.04
2.04

5.37
5.97
5.31
6.27
7.30
5.89
7.00

0.00 **
0.00 **
0.00 **
0.00 **
0.00 **
0.00 **
0.00 **
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Figure 4. Differences of temperature during summer seasons in 1989–2018 (TVII–IX ) compared to
the normal of 1961–1990 (TNVII–IX ): the black line shows the temperature difference in ◦ C. The red line
trends indicate the linear relations including their numerical representation.

The increasing duration of heatwaves (Figure 5) accompanied the indicated warming during
the studied period. Comparing the HWs based on average daily temperatures to those based on
daily maxima, we have not found any significant differences between them, (t = −0.31 < t(α;f − 1) ) =
1.655, and both show the increased incidence of HWs in the last decade. In the first (1989–1998) and
the second (1999–2008) decades of the studied period, there were only one severe HW per decade: in
1994 at KC_570 and in 2006 at MY_457 (Figure 5). In 1994, the longest single HW of the studied period
occurred, when the above-normal maximal daily temperature was 20 days in a row in the most eastern
stand, KC_570. On the contrary, over the last decade, the severe to extreme HWs occurred in 2010
at MY_457 and in 2012, 2013, 2015, and 2017 in most stands. In the comparison with the previous
two decades, the five-times increase of HWs in the last decade showed an evident intensification of
HWs over the studied period. The effect of HWs differed spatially. While in 2015 the strongest HW
presented itself in all stands, in the other years (2010, 2012, 2013, and 2017) it affected only some areas.
In 2010 and 2013, HW mostly affected the western stands. In 2012 and 2017, HW took action in most
western and central stands. The eastern stand KC_570, however, was not affected over these years.

Figure 5. Heatwaves (HW) from June to August over the studied period 1989–2018. On the figure (a) are
shown temporal changes of HWAVG when HW was calculated from the average daily temperatures and
on the figure (b) are shown temporal changes of HWMAX when HW was calculated from the maximum
daily temperatures.

The M-K trend test revealed a significant increase of most of the temperature-based variables
over the summer seasons (Table 8). The trend of HWAVG rose significantly (p ≤ 0.05) at all stands,
while HWMAX showed significant (p ≤ 0.05) increasing trend only at low (ZS_304 and MY_457) and
high (CS_1003 and PO_1051) altitudes, and the middle altitudes between 500 and 1000 m a.s.l. did
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not. The trend tests of the average temperatures revealed highly significant growth of TVI–IX and
TVII–IX with p ≤ 0.01 and of TVIII–IX with p ≤ 0.05. The average temperature of September (TIX ) shows
differences between altitudes. The significant increasing trend (p ≤ 0.05) occurred only at mid-altitudes
(ZV_566, KC_570, and MU_579) while, at altitudes below 500 m a.s.l. (ZS_304 and MY_457) and around
1000 m a.s.l. (CS_1003 and PO_1051), did not. (Table 8).
Table 8. Mann–Kendal (M-K) trend test of the heatwaves (HWAVG and HWMAX ) and average
temperatures (TVI–IX , TVII–IX , TVIII–IX , and TIX ) prior to onset of leaf colouring during 1989–2018.
Significant trends with p ≤ 0.1 (**) and p ≤ 0.5 (*) are highlighted with bold.
ZS_304
K
p
tau
HWAVG

0.33

HWMAX

0.30

TVI–IX

0.48

TVII–IX

0.39

TVIII–IX

0.27

TIX

0.14

0.01
**
0.03
*
0.00
**
0.00
**
0.04
*
0.28

MY_457
K
p
tau
0.40
0.38
0.48
0.41
0.29
0.19

0.00
**
0.00
**
0.00
**
0.00
**
0.02
*
0.14

ZV_566
K
p
tau

KC_570
K
p
tau

MU_579
K
p
tau

CS_1003
K
p
tau

0.41

0.00
**

0.32

0.02
*

0.29

0.03
*

0.32

0.23

0.09

0.13

0.35

0.26

0.06

0.26

0.48
0.39
0.25
0.27

0.00
**
0.00
**
0.05
*
0.04
*

0.41
0.36
0.36
0.25

0.00
**
0.01
**
0.01
**
0.05
*

0.41
0.32
0.28
0.25

0.00
**
0.01
**
0.03
*
0.05
*

0.46
0.40
0.31
0.21

0.02
*
0.05
*
0.00
**
0.00
**
0.02
*
0.11

PO_1051
K
p
tau
0.39
0.39
0.44
0.41
0.31
0.22

0.00
**
0.00
**
0.00
**
0.00
**
0.02
*
0.09

3.3. Phenological Response
The onset of leaf colouring (LCO) differed between altitudes (Figure 6a). Beech in stands at
altitudes above 1000 m a.s.l. exhibited a beginning of leaf colouring first, on average, on day of year
(DOY) 251 and 255 for CS_1003 and PO_1051, respectively. Over the studied period, the LCO was
delayed in two aspects: from the highest to the lowest altitudes and from the beginning to the end of
studied period (Figure 6a). From Figure 6a, it is evident that, in the last decade, LCO at the middle
altitudes started at comparable to low altitudes and, in the last several years, even earlier.

Figure 6. The onset of leaf colouring (LCO) at beech stands during the period 1996–2018 (a) and
the differences from the average DOY (Day of Year) of LCO (b): the prevailing blue colour after 2006 in
(b) highlights later LCO at beech stands, especially at middle altitudes.

Differences from the average DOY (day of year) of LCO varied in the range of ±30 days. The most
pronounced shift from below-average to above-average DOY of LCO was revealed at stands at middle
altitudes: ZV_566 and MU_579 (Figure 6b). Here, the significant trend that delayed LCO by 1.2 and
0.8 day per year was indicated by S-slope for ZV_566 and MU_579, respectively (Table 9). Moreover,
significant shifts to later LCOs were detected at stands MY_457, KC_570, and PO_1051 with S-slopes of
0.4, 0.6, and 0.5 day per year, respectively (Table 9). This indicates a positive reaction of beech at these
stands to climate change. The unchanged LCO with nonsignificant trend was observed at the lowest
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altitudes: in stand ZS_304 (Table 9). Here, the interannual standard deviation from the average onset
day over the 19-year period (2000–2018) was only 3 days.
Table 9. M-K trend test of the onset of leaf colouring (LCO): significant trends with p ≤ 0.1 (**) and p ≤
0.5 (*) are highlighted in bold.
Stand

K-tau

p

S-Slope

ZS_304
MY_457
ZV_566
KC_570
MU_579
CS_1003
PO_1051

0.12
0.34
0.52
0.49
0.31
0.21
0.39

0.51
0.03 *
0.00 **
0.00 **
0.04 *
0.18
0.01 **

0.1
0.4
1.2
0.6
0.8
0.3
0.5

At stand ZS_304, the significant correlation (p ≤ 0.01) between LCO and SPIIX referring to
the drought conditions one month prior to colouring and the near significant correlations (p ≤ 0.10) with
most of the meteorological drought indices (Table 10) indicate the advance of LCO in the environment
with less water supply. Similarly, the near significant correlation (p ≤ 0.10) was revealed with
the temperature of September (TIX ), when warming by 1 ◦ C resulted in the 1-day earlier onset of LCO
(Table 10). Following that, we assume that beech growing at ZS_304 reaches its climatic limit for
growing season termination, since the increasing temperature and incidence of meteorological drought
act negatively to LCO and evoke earlier beginning. This stand is located in the warm and moderate
moist climatic region at the lower limit of the beech vertical distribution range (Table 1). Furthermore,
the soil with lower retention capacity and higher permeability limit the water availability here. We
compared the environmental conditions in ZS_304 with the MU_579, where the precipitation-based
indices correlate with LCO with p ≤ 0.05 for SPIIX and p ≤ 0.10 for SPEIIX (Table 10). Although
the annual precipitation normal of 1981–2010 between these two stands differed only by 14 mm,
the temperature normal was lower by the 2.2 ◦ C in favour of the MU_579 in the moderate warm
region (Table 1). Here, we suppose that the synergic effect of the lower temperatures, conditioning
lower evapotranspirative demands together with the high retention and medium permeability of soil
at the beech stands with the same precipitation totals, have resulted in delays of LCO compared to
ZS_304. However, limitation by the significant effect of water supplement may cause a slower (0.8 day
per year) trend in MU_579 compared to ZV_566 (1.2 day per year), where the precipitation normal is
exceeded by 56 mm in the comparable temperature and soil conditions.
The range of temperature effects on leaf senescence was wide and depended on regional climate,
since it increased from −1 day per ◦ C in ZS_304 to up to +4 days per ◦ C for beech stands at the middle
altitudes, with no limits for disposed water (KC_570). The ongoing warming in moderate warm
regions will cause additional enhanced requirements in the environment for disposed water and could
result in a shift to earlier LCOs when there is a lack of disposed water at the end of summer.
Despite the amplified warming of summer months at all beech stands, significant correlations
with the onset of leaf colouring was noticed at only one stand. The Pearson correlation coefficient in
the stand KC_570 indicated increasing temperatures, and the strength of heatwaves indicated the later
onset of LCO.
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Table 10. Pearson correlation between onset of leaf colouring (LCO) and the bioclimatic indicators
(BioClim) of meteorological drought: standardized precipitation indices (SPI), climate water balances
(CWB), dry period index (DPI), precipitation totals (P) and heatwaves (HW), and average temperatures
(T) over summer season. Significant correlations with p ≤ 0.1 (**) and p ≤ 0.5 (*) are highlighted
with bold.
Stand/BioClim

ZS_304

MY_457

ZV_566

KC_570

MU_579

CS_1003

PO_1051

SPIIX
SPIVII–IX
SPEIIX
SPEIVII–IX
CWBIX
CWBVII–IX
DPIVII–IX
PVII–IX

0.60 **
0.31
0.25
0.37
0.18
0.41
−0.43
0.41

−0.12
−0.04
−0.15
−0.18
−0.11
−0.13
0.10
−0.06

0.15
0.16
0.08
0.05
0.08
−0.07
0.10
0.18

−0.21
−0.18
−0.30
−0.25
−0.20
−0.23
0.35
−0.15

0.42 *
−0.01
0.36
−0.09
0.25
−0.05
−0.04
−0.01

0.02
0.23
−0.02
0.22
0.03
0.22
−0.21
0.23

0.21
−0.07
0.12
−0.06
0.16
−0.10
0.02
−0.09

HW AVG
HW MAX
TVI–IX
TVII–IX
TVIII–IX
TIX

0.01
−0.09
−0.23
−0.23
−0.40
−0.16

0.25
0.20
0.30
0.37
0.30
0.30

0.22
−0.01
0.30
0.30
0.23
0.31

0.59 **
0.56 **
0.51 *
0.53 *
0.48 *
0.50 *

−0.02
0.08
0.15
0.23
0.21
0.13

−0.18
−0.24
−0.05
−0.02
−0.16
0.14

0.16
0.18
0.11
0.08
0.08
0.19

4. Discussion
Considering the plant phenology as a complex phenomenon, when plant species react specifically
to a combination of factors acting at the same time [56,57], in this study, we used a number of bioclimatic
variables based on temperature, precipitation, and evapotranspiration to reveal the climatic limits for
mature beech stands. As expected, the warming climate caused lengthening of the growing seasons of
European beech which is a tolerant tree species. However, as the results indicate, the lengthening only
presents itself in optimal climate conditions.
Our results revealed a wide range of temperature effects on the onset of leaf colouring, which
are in coincidence with previously published results [58–60]. At the lowest altitudes with water
supplement and retention limitations, LCO advanced by −1 day per ◦ C. On the contrary, at stands at
the middle altitudes without precipitation limitation and high soil water retention, LCO was delayed
by up to +4 days per ◦ C of warming. The susceptibility of the LCO of European beech to increasing
temperatures in environments optimally supplied with water allows beech to utilize this warming
to extend the growing season. Such an extension appears at the studied stands at middle to high
altitudes, where warming is accompanied by a sufficient amount of total annual precipitation (above
700 mm). These findings agree with the theory of Fu et al. [58], who, taking advantage of temperature
manipulative experiments on beech seedlings, concluded that, in the absence of water and nutrient
limitation, temperature is a dominant factor controlling the leaf senescence process in European beech.
The temporal trends reflecting the impact of climate change revealed that stands at middle altitudes
postponed the onset of leaf colouring by 0.4–1.2 day per year. At high altitudes, the trend of LCO
delayed by 0.3–0.5 day per year.
Warming of the studied period precede the increasing number of heatwaves, especially in the last
decade, 2009–2018 (Figure 5). This is in agreement with numerous studies reporting a number of
severe heatwaves that recently occurred over various global regions [55,61–63]. Only several of
the most severe heatwaves identified across Europe since 1950 [55,61,64,65] hit the region of Western
Carpathians, where the studied beech stands are located. The HWs in 1994, 2006, 2010, 2015, and
2017 were linked to those observed in other European countries. Furthermore, most of the study
stands were affected by severe to extreme HWs in 2012 and 2013, while the extreme HWs in 2003,
2007, and 2014 did not affect the studied region. Although the longest single HW occurred in 1994
at KC_570 when maximum daily above-normal temperatures was 20 days in a row, the strongest
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HW of all was that in 2015 with more than 30 days in HWs over the summer season (Figure 5). In
2015, the large temperature extremes of the HW induced earlier senescence in numerous tree species
in Central Europe, especially Slovakia and the Czech Republic [66,67]. A potential negative effect
of HW is the decrease of net photosynthesis [68] and the alteration of long-term continental carbon
balances [69]. In this study, we expected that this reduction in photosynthesis and production might
relate to the potential advances in onset of autumn colouring as a reaction to the heatwave-induced leaf
damage. In regard to the observed onset day of leaf colouring, the regression analyses did not reveal
any significant negative effect of HWs based on the average as well as maximal daily temperatures.
However, the opposite reaction was revealed at KC_570, where the correlation coefficients indicate
a very significant positive effect of increasing temperature as well as heatwaves on the postponed LCO.
Such a positive effect of HWs on the prolonging of the growing season at this stand was supported by
sufficient precipitation over the summer season (Table 1), which is comparable to the precipitation at
high altitudes (CS_1003 and PO_1051). This stand is located in eastern Slovakia, where the effect of
continental climate causes higher precipitation totals over summer months compared to more western
stands [70]. The trend of HWAVG and HWMAX increased significantly at all stands, except for middle
altitudes between 500 and 1000 m a.s.l. where HWMAX increased but was not significant.
European beech is known for tolerating neither severe droughts nor water-logged soils due to
higher than average seasonal precipitation. Compared to the other dominant tree species with higher
tolerance to soil water deficit, e.g., oak, the competitive capacity of beech might be reduced under
the expected future climate conditions [19] if a strong increase in the frequency of moderate soil water
stress occurs [60]. Despite the projected declining trend of summer precipitations [7], the summer
precipitation PVII–IX at the studied stands positively deviates from the normal PNVII–IX (1961–1990)
(Figure 2). This increase, however, will probably be insufficient regarding the rising evapotranspiration
requirements in a warming environment, since the evapotranspiration is a leading output component
of the water balance controlling the amount of water running off from the territory of beech stands [9].
The climatic water balance (CWBIX ) as a difference between precipitation and evapotranspiration
indicates considerable predominance of severely dry Septembers, although according to
the classification scale SPIIX and SPEIIX , the severe to extreme droughts related to given stand conditions
appeared in only a few years. It is worth noting that the stand ZS_304 is in the xerothermic locality at
the lower limit of the natural occurrence of beech in the Western Carpathians. Here, the significant
correlation of LCO with SPIIX and SPEIIX and the near significant correlation with the other precipitationand evapotranspiration-based indices and variables as well as with the temperature variable TVIII–IX
(Table 10) are clear evidence of the negative effect of low (although increasing; Figure 2) precipitation
totals and increasing temperature. Not only stands at low altitudes but also those at middle altitudes
with precipitation normal (1981–2010) below 700 mm suffer from drought. As has been presented in
previous studies [8,15], the deterioration of climate conditions for European beech occurs usually at
low altitudes with xeric climatic limits. However, regarding temperatures which are more favourable
for beech at the middle altitudes, the effect of precipitation below 700 mm is less pronounced, since
the evapotranspiration demands are lower there. Therefore, the effect of warming environment leads
to a delaying trend of LCO at stand MU_579, despite the significant negative effect of meteorological
drought (Table 10). However, the warming trend of summer months (Table 8 and Figure 4) suggests
a continued increase in temperature, and it is probable that the beech stands that profit from the warming
today will suffer from a deteriorating effect in the next decades. The ongoing warming in moderately
warm regions will cause additional enhanced water requirements in environment and could result in
a shift to earlier LCOs when there is a lack of water at the end of summer.
The dry period index (DPIVII–IX ) hinted that these lowest stands (ZS_304, MY_457, and ZV_566)
are mostly threatened by severe to extreme drought periods. However, over the last decade, these
drought periods occurred at the other stands at the middle altitude (KC_570 and MU_579; Figure 3f).
Although European beech is known to have mechanisms to control water deficit, this species does
not tolerate severe drought [4,71]. Under limited water availability, beech may suffer from xylem
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embolism, which is more likely to hit provenances from the Northern Europe rather than those from
Southern Europe [72]. Some studies indicated the physiological response of beech to drought starting
after five consecutive weeks of continuous meteorological drought [73]. However, over the studied
30-year period, in the natural environmental conditions of our studied stands, such a long period
without precipitation did not occur. The longest dry periods with precipitation less than 0.3 mm did
not exceeded 24 days in a row. The occurrence of extremely dry periods at low to middle altitudes
appears to be a common phenomenon over the last 30 years, and the length of the longest period as
well as DPIVII-IX have not significantly increased over time.
In addition to the above indices, it would be beneficial to utilize the data from soil water potential
(SWP) measurements in an evaluation of the phenological response to drought [74]. We compared our
results with the SWP data measured during 2012–2014 [73] close to beech stand ZV_566, published
by Vido et al. [73]. In 2013, the relationship between extreme dry periods (DPIVII–IX , Figure 3), early
LCO (Figure 6), and low SWP (Figure 3 in [73]) could be indicated. On the contrary, in 2014, when
the DPIVII-IX values were close to normal (Figure 3) and the SWP did not indicate drought (Figure 3
in [73]), the considerable delay of LCO was observed (Figure 6). The difference of LCOs between 2013
and 2014 is 22 days. Following that, we advise to use SWP measurement data in the future research by
considering climate change effects at the end of growing season in beech forests.
5. Conclusions
Despite the important role of autumn senescence in fulfilling the ecosystem functions, current
knowledge of the drivers of leaf senescence is still limited. There is a large spread in predictions of
how the length of the growing season will vary under future climate conditions. In this study, we
analysed the mechanisms by which the climate controls the onset of autumn phenology of European
beech. This helps in predictions of the effects of changing climate on its future distribution in Western
Carpathians to find a balance between forest production requirements and environmental demands of
beech in forest management decisions. The concurrent lengthening of canopy duration (later LCO)
in beech stands that we revealed in this study appears to be inclined towards the forest production
requirements. Furthermore, our results suggest that climate change alter the period with carbon
assimilation. Particularly at middle altitudes, we documented the differences in the onset of leaf
colouration between the start and end of the studied period 1989–2018 up to 30 days.
We found a significant increasing trend of summer temperatures up to 4 ◦ C throughout the period
1989–2010 and, simultaneously, significant positive differences of summer precipitation from the normal
period of 1961–1990. However, it is probable that these significantly higher summer precipitations will
be insufficient for beech in the upcoming decades. We assume that the ongoing warming of summer
months will enhance evapotranspiration demands and will dry the environment. We expect that
the negative effect of meteorological drought on the beech autumn phenological phases, which was
found to already occur at low altitudes and has started at the middle altitudes, will further advance.
This will cause an earlier onset of leaf senescence and shortening of the growing season. Foresters
should be prepared for the production loses that the deteriorating effects of climate change could
bring over next decades. Since the trees long-living organisms, it is appropriate to consider a gradual
change of tree species compositions in the areas threatened by meteorological drought towards more
drought-tolerant tree species such as oak.
Following the results, we conclude that European beech autumn phenology at mid- to high
altitudes currently profit from the climate warming, but it is susceptible to drought at the low- to
mid-altitudes. The results of this species-specific study will contribute to the adjustment of adaptation
and mitigation policies in forestry and nature conservation and to validation of evolutionary and
ecological hypotheses related to climate change effects.
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Abbreviations
DOY
CWB
SPI
SPEI
DPI
P
PN
HW
T
TN
LCO
M-K
S-slope
SWP

Day of Year
Climatic Water Balance
Standardized Precipitation Index
Standardized Precipitation-Evapotranspiration Index
Dry Periods Index
Precipitation
Precipitation Normal
Heatwave
Temperature
Temperature Normal
Onset of Leaf Colouring
Mann–Kendal
Sen’s slope
Soil Water Potential

Appendix A
Table A1. Temporal trend of the meteorological drought indices and precipitation.
ZS_304

SPIIX
SPIVII–IX
SPEIIX
SPEIVII–IX
CWBIX
CWBVII–IX
DPIVII–IX
PVII–IX

MY_457

ZV_566

KC_570

MU_579

CS_1003

PO_1051

Ktau

p

Ktau

p

Ktau

p

Ktau

p

Ktau

p

Ktau

p

Ktau

p

0.09
0.06
−0.06
−0.09
−0.01
−0.05
−0.01
0.02

0.47
0.67
0.65
0.49
0.94
0.72
0.94
0.92

0.04
0.22
−0.01
0.08
0.02
0.09
−0.12
0.22

0.75
0.09
0.97
0.55
0.92
0.48
0.36
0.09

0.10
0.16
0.01
0.05
0.06
−0.01
−0.15
0.16

0.46
0.21
0.97
0.71
0.65
0.94
0.27
0.21

−0.07
0.10
−0.11
−0.04
−0.13
−0.03
0.02
0.10

0.60
0.43
0.39
0.76
0.34
0.86
0.89
0.44

0.14
0.15
0.08
−0.04
0.11
0.03
0.07
0.13

0.28
0.26
0.52
0.78
0.42
0.86
0.60
0.32

0.03
0.21
−0.02
0.15
0.03
0.17
0.21
0.21

0.86
0.11
0.87
0.25
0.86
0.20
0.10
0.11

0.00
0.12
−0.04
0.00
−0.02
0.03
0.08
0.12

1.00
0.36
0.78
1.00
0.89
0.83
0.57
0.36
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