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Estimating the Effect of Deforestation on Runoff in Small Mountainous Basins in Slovakia
Reprinted from: Water 2020, 12, 3113, doi:10.3390/w12113113 . . . . . . . . . . . . . . . . . . . . 25

Peter Fleischer Jr., Ladislav Holko, Slavomı́r Celer, Lucia Čekovská, Jozef Rozkošný, 
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Influence of Warmer and Drier Environmental Conditions on Species-Specific Stem 
Circumference Dynamics and Water Status of Conifers in Submontane Zone of Central Slovakia
Reprinted from: Water 2020, 12, 2945, doi:10.3390/w12102945 . . . . . . . . . . . . . . . . . . . . . 105
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1. Introduction

In the last decades, the increasing frequency of natural hazards has impacted forest
ecosystems and their surroundings. It is because of climate change that the dynamics
of the ecosystem structure, feedbacks, and relationships are changing. These structural
changes are too complicated and complex to be entirely, or at least satisfactorily, explained.
However, it is possible to explain at least some of these interconnections. Water is the
primary transport medium for energy and material fluxes in ecosystems, and therefore, it is
a common denominator of the complex interconnections between their partial components.

Consequently, we paid attention to water as the primary agent driving the impact
of natural hazards in forest ecosystems and their surroundings. Water scarcity causes
drought, and its surplus causes flood, respectively. Additionally, it is also necessary to un-
derstand temporal distribution patterns of water in a warmer climate and ecophysiological
consequences in forest structures. Thus, we decided to prepare a Special Issue in which
contributors tried to explain some water-related examples of natural hazard impacts on the
forest and the surrounding ecosystem.

The Special Issue we introduce consists of 11 original research papers [1–11] divided
into three groups based on research interests, namely, 1. hydrological and atmospheric
aspects of natural hazards in changing climate and environment, 2. ecophysiological and
ecological water-related impacts of natural hazards, and 3. methodological approaches in
natural hazard evaluation.

2. Overview of the Special Issue Contributions

2.1. Hydrological and Atmospheric Aspects of Natural Hazards in Changing Climate and Environment

Long-term drought trend analyses provided by Vido and Nalevanková [1] implied
that the drought risk evaluated from the meteorological point of view depends mostly
on altitude in the area of the Central Carpathian Mountains. An interesting fact is that
the beech ecosystems are predominantly located in drought-prone areas (under 1000 m
above sea level). On the other hand, trend analyses of the individual months indicate an
increasing trend toward wetter conditions in winter. Nevertheless, the authors discussed
that it is necessary to investigate how increasing winter temperature changes the snow
regime, which could negatively impact river discharge in the spring season.

Response to these challenges is partially discussed in the article by Danáčová et al. [2].
The authors deal with estimating the effect of deforestation on runoff in small mountainous
basins in Slovakia. In addition to evidence that rising temperature increase river discharge
in mountain creeks in early spring, they also found proof that deforestation is increasing
water discharge in the area, especially in the summer months during thunderstorms or
torrential rains. The most dramatic result of this study is the impact of climate change and
river basin deforestation. In the Boca River basin, the estimated modeled floods increased
by 59%, and in the Ipoltica River basin by 172% in the case of the 100-year return period.

Water 2021, 13, 979. https://doi.org/10.3390/w13070979 https://www.mdpi.com/journal/water
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Another contribution of Fleischer et al. [3] deals with carbon balance and streamflow
at a small catchment scale 10 years after the severe natural disturbance (Windthrow of
2004 followed by a forest fire and bark beetle outbreak) in the Tatra Mts, Slovakia. Au-
thors studied carbon fluxes and streamflow 10 years after the forest destruction in three
small catchments, which differ in size, land cover, disturbance type, and post-disturbance
management. Interestingly, 10 years after the windstorm of 2004, most of the windthrow
sites acted as carbon sinks (from −341 ± 92.1 up to −463 ± 178 gC m−2 y−1). In contrast,
forest stands strongly infested by bark beetles regenerated much slowly and on average
emitted 495 ± 176 gC m−2 year−1. Moreover, 10 years after the forest destruction, the
annual carbon balance in studied catchments was almost neutral in the least disturbed
catchment.

Authors found that different post-disturbance management has not influenced the
carbon balance yet. Interesting findings are that streamflow characteristics did not indicate
significant changes in the hydrological cycle.

Long-term temporal precipitation quality changes in Slovak mountain forests were
studied by Mind’aš et al. [4]. Authors found significant declining trends for almost all
evaluated chemical components (S-SO4, N-NH4, N-NO3, Ca, Mg, and K), which can
significantly affect element cycles in mountain forest ecosystems. The evaluated 41-year-
period (1987 to 2018) is characterized by significant changes in the precipitation regime
in Slovakia. The obtained results indicate possible directions in which the quantity and
quality of precipitation in the mountainous areas of Slovakia will develop with ongoing
climate change.

The last paper in this section (“Hydrological and atmospheric aspects of natural
hazards in changing climate and environment”) deals with the density of seasonal snow in
the mountainous environment of five Slovak ski centers (Mikloš et al.) [5]. Climate change
increases the role of artificial snow due to winter mountain tourism. These problems
have many positive but also negative ecological consequences. The paper by Mikloš et al.
brings new insights to snowpack development processes in a manipulated mountainous
environment through examinations of temporal and spatial variability in snow densities
and an investigation into the development of natural and ski piste snow densities over the
winter season.

2.2. Ecophysiological and Ecological Water-Related Impacts of Natural Hazards

An exciting topic about the influence of warmer and drier environmental conditions on
species-specific stem circumference dynamics in submontane forests has been introduced
by Leštianska et al. [6]. The study’s motivation was to understand better the species-specific
effects of weather conditions on tree growth because this could lead to better future forest
management. The results showed that studied species (Abies alba and Larix decidua)
could cope with changing environmental conditions. However, the long-term increase in
air temperature and more frequent heat waves, coupled with more intense and prolonged
drought episodes, could affect species’ ability to respond to environmental changes.

Lukasová et al. [7] studied the autumn phenological responses of European beech to
summer drought and heat waves. The results showed that the meteorological drought in
the warmer climate led to earlier leaf coloring of European beech. That could be in the
future decades a significant ecophysiological impact on whole beech areal in the middle
altitudes.

Another example of the ecophysiological impact of various meteorological compo-
nents and water stress on European beech was investigated by Nalevanková et al. [8].
The study of sap flow monitoring with related environmental factors confirmed that soil
water deficit leads to a radical limitation of stand transpiration and significantly affects
the relationship between transpiration and environmental drivers. Additionally, it was
demonstrated that a time lag exists between the course of transpiration and environmental
factors on a diurnal basis. An application of the time lags within the analysis increased
the strength of the association between transpiration and the variables. However, due to
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the occurrence and duration of soil water stress, the dependence of transpiration on the
environmental variables became weaker and the time lags were prolonged.

Ecological drought impacts demonstrated by the Carabus population in lowland
oak hornbeam forest have been studied by Šiška et al. [9]. The study was carried out
during meteorologically two different years—2017 and 2018. Authors found that drought
negatively influenced population abundance, and the effect of drought is likely to be
expressed with a two-year delay.

The last study on the ecological or ecophysiological impacts of natural hazards was
proposed by Kubov et al. [10]. This study deals with the drought impact amplified by the
physiological influence of hemiparasitic yellow mistletoe on the oak ecosystem. The study
showed how the cumulative effect of biotic hazard represented as hemiparasitic shrub and
drought as abiotic natural hazard could worsen the forest ecosystems’ ecosystem stability.

2.3. Methodological Approaches in Natural Hazard Evaluation

A methodological contribution to water-related natural hazard impact on forest ecosys-
tems is represented study of Středová et al. [11]. Forest ecosystems and their surroundings
faced a variety of natural hazards. That includes abiotic hazards as floods, drought episodes,
torrential rains or windstorms, and biotic hazards represented by pathogen outbreaks or
changing ecosystem structures. Due to this, the authors decide to define crucial abiotic
stressors affecting central European forest ecosystems and, concerning their possible si-
multaneous effect, develop a universal method of multi-hazard evaluation. That could be
helpful in future natural hazard management in forest ecosystems.

We hope that the Special Issue combines many viewpoints on water-related natural
hazards impacts on forest ecosystems. Looking at the Special Issue’s content, we see that it
is not possible to cover this topic with one or even more editions. Further and systematic
research is needed. We wish you a pleasant reading.
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of the Ministry of Education, Science, Research and Sport of the Slovak Republic No. 1/0370/18.
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Abstract: Climate change causes an increase in the frequency and severity of weather extremes. One of
the most relevant severe and damaging phenomena in Europe is drought. However, a difference
in the spatial frequency of the occurrence and drought trends is evident between southern and
northern Europe. Central Europe and particularly the West Carpathian region form a transitional zone,
and drought patterns are complicated because of the geomorphologically complicated landscape.
Since almost half of the Slovak state territory is represented by such natural landscape, it is necessary
to investigate regional drought specifics. Therefore, we decided to analyze drought occurrence and
trends using the SPI (Standardised Precipitation Index) and the SPEI (Standardised Precipitation
Evapotranspiration Index) at available climatological stations of the Slovak Hydrometeorological
Institute (SHMI) in the upper Hron region within the 1984–2014 period. We found that (1) drought
incidence decreased with increasing altitude, (2) increasing air temperature increased the difference in
drought trends between lowlands and mountains during the studied period, and (3) abrupt changes
in time series of drought indices, that could indicate some signals of changing atmospheric circulation
patterns, were not revealed. Finally, we constructed a simplified map of drought risk as an explanation
resource for local decision-makers.

Keywords: drought; Slovakia; Hron river; trend analyses; altitude; climate change

1. Introduction

Ongoing climate change causes an increase in weather extremes, especially droughts and floods [1–4].
There are rising trends in forest and wildfires in southern Europe [5], more frequent occurrence of
extreme flood and storm situations in northwestern Europe [6], and droughts in central and South
Europe [6,7]. In the context of drought [6,8,9] argue that there is an evident difference between drought
trends in southern and northern Europe. While southern Europe is experiencing an increasing incidence
of extreme drought episodes, the trend is the opposite in northern Europe. Following this statement,
Alfieri [10] argued that, based on climate change scenarios, the difference between rainfall trends and,
therefore, drought frequency between northern Europe and southern Europe will continue to grow.
The primary driver of worsening drought trends and their frequency in southern Europe is rising air
temperature due to climate change (and therefore evapotranspiration) [10–12]. Stagge et al. [6] analyzed
the influence of precipitation and air temperature on the spatial patterns of drought occurrence in
Europe. They found that droughts are less frequent in northern Europe due to higher rainfall, while in
the south, droughts are more frequent and extreme due to higher air temperatures and less rainfall.

Although primary driving factors of drought are usually well understood and discussed on
continental scales, the situation could be more complicated on a regional and sub-regional scale [13].
For instance, Vido et al. [14] reported increasing drought frequency in the Podunajská nížina valley in
Slovakia between 1966 and 2013. However, Škvarenina et al. [15] found the opposite drought trend

Water 2020, 12, 2887; doi:10.3390/w12102887 www.mdpi.com/journal/water5
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based on meteorological stations located only 60 km away. The reason for this is the complicated
geomorphological structure of Slovakia, where the mountains of the western Carpathians with
numerous geological depressions—the Inner Carpathian valleys—meet the Pannonian Plain in the
south [16]. That creates specific climatic conditions that are invisible on the continental scale, but cause
significant local differences in precipitation and air temperature regimes on a regional scale [15–21].
Historically, Zlatnik [22] stated significant climatic differences in Slovakia and also formulated the
so-called “climatic line of Slovakia” based on biogeographical observations. The line divided the
area of Slovakia into two areas (North and South). The area to the north of this line was determined
as relatively wetter and colder (influence of the Baltic Sea climate) than the southern one, which is
drier and warmer due to the influence of the Pannonian climate [13,17]. Nevertheless, the study of
Vilček et al. [23] on the thermal continentality of Slovakia suggested that this distinction of climatic
zones was more strongly related to the concentration of high mountains in northern Slovakia than to
the direct influence of the sea or continental climate. Also, Zeleňáková [24] highlighted the significant
effect of altitude on rainfall totals in Slovakia. That implies that altitude is a significant driver of climatic
conditions in Slovakia that influence drought occurrence. That was previously implied by [13,17].

In such a heterogeneous geographical region exist relevant assumptions of climate change’s
specific influence on drought evolution and occurrence. That was implied by [24] and historically [25]
in the context of the spatial and temporal precipitation distribution over Slovakia.

However, more detailed research of drought trends and occurrence on the scale of the inner
Carpathian basins and valleys, which are typical of almost half of Slovakia’s territory, has not yet been
carried out.

Therefore, we decided to analyze drought occurrence and trends using the SPI (Standardised
Precipitation Index) and the SPEI (Standardised Precipitation Evapotranspiration Index) at available
climatological stations of the Slovak Hydrometeorological Institute (SHMI) in the upper Hron region
that corresponds with the Upper Hron river basin (partial basin of the Hron river) within the period
1984–2014. The region is a typical representative of the inner Carpathian basins and valleys [16].
To achieve the goal, we formulated the following particular aims:

1. Find out the trends of SPI and SPEI along the studied area’s altitudinal gradient.
2. Detect possible abrupt changes in temporal trends of the SPI and SPEI.
3. Analyze the trends of the above indices in individual months.
4. Try to spatially identify drought-prone areas based on the SPI and SPEI time series’

temporal evolution.

2. Materials and Methods

2.1. Study Area

The Upper Hron region corresponds to the Upper Hron river basin located in central Slovakia.
The river basin studied in the presented paper is a partial basin of the river Hron (Gravelius’ stream
order “2”). The Upper Hron river source (also the source of the whole river Hron) is located beneath
the Král’ová Hol’a peak in Low Tatra Mts. near the village Telgárt in the East of the basin. The altitude
of the river source is 980 m a.s.l. (metres above sea level). The outlet is located on the West of the
basin near Zvolen city at an altitude of 273 m a.s.l. Generally, the river basin has an East–West
elongated shape. Principal tributaries of the river are the Slatina river (left tributary), Starohorský creek
(right tributary), Čierny Hron river (left tributary), and Rohožná river (left tributary). Our partial basin
area is 2846.9 km2, which represents 52% of the whole Hron river basin (5453 km2). The mainstream
(Hron river) is 128 km long in the upper Hron river basin (river km 150–278).

The river basin is surrounded by Nízke Tatry Mts., Starohorské vrchy Mts., and Vel’ká Fatra Mts.
to the North, Kremnické vrchy Mts. to the West, Štiavnické vrchy Mts and Javorie Mts to the South,
and Veporské vrchy Mts. and Spišško-Gemerský karst Mts. to the South-East (Figure 1). In the center
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of the basin is a well-preserved caldera of the Neogenic stratovolcano—Pol’ana Mts. The highest point
of the river basin is Ďumbier peak (2025 m a.s.l.) located in the North of the Nízke Tatra Mountains.

Figure 1. The river basin of the Upper Hron river and its localization within Slovakia and Europe.

The studied partial river basin is a highly forested area. Of 2846.9 km2 of the area, 1847 km2 is
forested (65%). Forests are located mainly in surrounding mountainous areas and the central part of
the basin around Pol’ana and Veporské vrchy Mts.

2.2. Climate of the Area

The climate conditions of the studied area differ due to its terrain variability. In general, we can
divide the climatic conditions into the climate of intra-Carpathian basins and valleys and the mountain
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climate. Further climatic characteristics were adopted from the Climate Atlas of the Slovak Republic [26]
based on the reference period 1961–2010. The basin and valley climate is divided into a warm, slightly
humid climate with a mild winter (Zvolenská kotlina valley—southwest of the area) and a slightly
warm, humid, highland climate (high basins in the north-east of the area). The mountain areas vary
between a cold mountain climate (Nízke Tatry Mountains and Vel’ká Fatra Mts.) to moderately cold
(other mountains in the studied area). The mean annual temperature in the area ranges from −0.5 ◦C in
the area of the highest mountains (Nízke Tatry Mountains—north of the area) to+8.5 ◦C in the Zvolenská
kotlina valley (southwest of the area). The July (the hottest month) average temperature ranges from
+8.2 ◦C at the highest mountain (Nízke Tatry Mountains—the north) to +18.8 ◦C in the Zvolenská
kotlina valley (southwest of the area). The coldest month (January) mean temperature varies between
−2.8 ◦C in the Zvolenská kotlina valley to −8.2 ◦C in Nízke Tatry Mountains. The highest average
annual precipitation totals are recorded in the highest mountain areas of Nízke Tatry Mountains
(1209 mm), and the lowest in the Zvolenská kotlina valley (southwest), with total rainfall up to
630 mm [27].

2.3. Climate Data

To achieve the goals of the study, we used climatological data, monthly mean air temperature [◦C],
and monthly precipitation totals [mm] from six climatological stations situated within the selected river
basin of the Upper Hron river (Table 1). Our study period was 1984–2014. In Table 1 are also calculated
monthly means of air temperature as well as monthly means of precipitation totals. The localization
of the stations used is depicted in Figure 1. Data used in our investigation were obtained from the
Slovak Hydrometeorological Institute (SHMI). According to the World Meteorological Organization’s
internal and international standards, preliminary data processes (i.e., quality checking, homogenization,
and preparation for the end-user) were carried out by the Slovak Hydrometeorological Institute [28].
Climatological stations are spatially well distributed within the study area and along the altitudinal
gradient (range from 313 m a.s.l. to 1018 m a.s.l.).

Table 1. Climatological stations of the Slovak Hydrometeorological Institute (SHMI) used in the study
with mean monthly air temperature and precipitation totals based on the period 1984–2014.

Station Name Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Sliač

WMO index 11903; Altitude 313 m a.s.l.; Latitude [ϕ] 48◦38′33”; Longitude [λ] 19◦08′31”

Precipitation [mm] 44.7 41.6 42.5 47.7 65.2 83.5 72.6 67.5 54.7 54.0 63.8 56.0
Temperature [◦C] −3.3 −1.2 3.3 9.1 14.0 17.2 18.9 18.1 13.7 8.6 3.4 −1.9

Vígl’aš- WMO index 11904; Altitude 368 m a.s.l.; Latitude [ϕ] 48◦32′39”; Longitude [λ] 19◦19′19”

Pstruša
Precipitation [mm] 31.5 30.9 31.6 46.1 70.1 85.4 73.1 62.1 50.8 47.3 53.6 44.2
Temperature [◦C] −3.4 −1.2 3.2 8.7 13.5 16.5 18.1 17.6 13.4 8.3 3.3 −1.9

Banská WMO index 11898; Altitude 427 m a.s.l.; Latitude [ϕ] 48◦44′01”; Longitude [λ] 19◦07′01”

Bystrica
Precipitation [mm] 55.9 51.4 52.4 55.9 82.1 89.3 81.4 71.0 62.2 66.0 80.4 71.1
Temperature [◦C] −2.5 −0.6 3.3 9.1 13.8 16.8 18.4 17.8 13.5 8.6 3.6 −1.3

Brezno

WMO index 11917; Altitude 487 m a.s.l.; Latitude [ϕ] 48◦48′06”; Longitude [λ] 19◦38′14”

Precipitation [mm] 41.7 39.6 45.3 51.4 88.4 98.7 96.1 81.0 59.5 56.8 56.5 50.1
Temperature [◦C] −3.7 −2.0 2.3 8.3 13.3 16.4 18.2 17.3 12.6 7.7 2.7 −2.5

Telgárt
WMO index 11938; Altitude 901 m a.s.l.; Latitude [ϕ] 48◦50′55”; Longitude [λ] 20◦11′21”

Precipitation [mm] 33.6 40.6 41.9 63.1 113 121 92.6 87.1 60.6 63.3 70.7 42.2
Temperature [◦C] −5.3 −4.0 −0.5 4.5 9.6 12.6 14.3 13.6 10.2 5.7 0.3 −4.0

Lom
nad

WMO index 11910; Altitude 1018 m a.s.l.; Latitude [ϕ] 48◦39′38”; Longitude [λ] 19◦39′57”

Rimavicou
Precipitation [mm] 48.7 56.4 51.8 64.2 100 124 99.5 96.4 64.6 74.8 87.2 66.8
Temperature [◦C] −5.4 −4.1 −0.6 4.3 9.7 12.6 14.5 13.9 10.3 5.6 0.3 −4.0
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2.4. Drought Indices

We used two widely used drought indices to achieve the goals of the paper; Standardized
Precipitation Index (SPI) and Standardized Precipitation Evapotranspiration Index (SPEI). The reason
was to investigate how drought patterns differ, assuming the influence only of precipitation (SPI) and
the balance between precipitation and evapotranspiration (SPEI). For our purpose, we used two time
scales of the indices; SPI and SPEI for one month and SPI and SPEI for twelve months. Our selection is
based on a previous investigation pointing out that the one-month scale refers to short-term drought
fluctuations (meteorological drought) [27,28]. In contrast, the indices for the 12-month scale are used
when assessing long-term (cumulated) drought episodes with a severe impact on ecosystems and the
socio-economic structure [12,29–31].

These indices, SPEI and SPI, for one and twelve months were therefore used to show long-term
trends within the studied period.

However, for drought trend investigation in individual months within the studied period, SPI and
SPEI for only one month (which are not cumulative compared to 12-month indices) were used.

2.4.1. Standardised Precipitation Index (SPI)

The Standardized Precipitation Index [32] is a drought index calculated based on the probability
of the occurrence of a certain amount of precipitation in a given period. The calculation requires a
long-term monthly precipitation database with 30 years or more of data. The probability distribution
function is derived from the long-term record by fitting a gamma function to the data. The cumulative
distribution is then transformed using equal probability to a normal distribution with a mean of zero and
a standard deviation of one, so the SPI values are really in standard deviations [33]. Full mathematical
descriptions of the principles and calculation of the SPI are given in [33]. Positive SPI values indicate
greater than median precipitation, while negative SPI values indicate less than median precipitation.
The magnitude of departure from zero represents the probability of occurrence so that decisions can be
made based on this SPI value. Thus, SPI values of less than −1.0 occur 16 times in 100 years, SPI of
less than −2.0 occurs two to three times in 100 years, and an SPI of less than −3.0 occurs once in
approximately 200 years. The SPI can be calculated for a variety of time scales. This feature allows the
SPI to monitor short-term water supplies (such as soil moisture) and longer-term water resources such
as groundwater supplies or lake levels [34]. Cumulated SPI values may be therefore used to analyze
drought severity. The principle of this accumulation is that if we have sequences of monthly sums
of precipitation and we want to calculate the SPI values for, e.g., three-month periods (SPI for three
months), then the first element of a new sequence is the sum of the first three months, the second
element is formed by summing precipitation in the 2nd, 3rd, and 4th months, and the next is a sum of
the 3rd, 4th, and 5th months, and so on [35]. The same logic applies for all time scales. The SPI for a
specific month is then calculated from this new time series as follows:

SPI =
xi − x
σ

(1)

where xi is the precipitation of the selected period during the year i, x is the long-term mean precipitation,
and σ is the standard deviation for the selected period [36].

2.4.2. Standardised Precipitation Evapotranspiration Index (SPEI)

The principle of the SPEI calculation is based on the standardized precipitation index (SPI) [32],
which evaluates the deviations of precipitation from the long-term normal at different time scales
(usually from 1 to 24 months). The SPI has long been used for drought monitoring in several countries
in the world [37]. One of the SPI limitations is that it does not include the passive components of
the hydrological regime (i.e., evapotranspiration). Vicente-Serrano et al. [38] used both precipitation
and potential evapotranspiration (PET) to generate the SPEI values that include the deviation of the
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whole climatic balance (P-PET) from the normal (i.e., positive values represent a positive balance
and vice versa). Following the methodology of Vicente-Serrano et al. [38], a drought episode starts
(similar to SPI methodology) when a negative value of the index appears and lasts until the first
positive value. However, the index must reach or exceed −1 for at least one month during the specific
episode. The calculation of the potential evapotranspiration in SPEI is based on the equation of
Thornthwaite [39]. Calculation of SPEI requires a time series of at least thirty years of monthly average
air temperatures and monthly precipitation totals from each station.

2.5. Trend Analyses

We applied two non-parametric methods for trend analyses:

(i) Mann–Kendall trend test (MK) and
(ii) Cumulative sum of Rank Difference test (CRD).

The Mann–Kendall test [40] is a standard non-parametric test for trend detection [41]. However,
as stated by Onyutha [42], the Mann-Kendall test is a purely statistical method, so there are no detailed
insights about the specifics of the studied trends. We adopted the CRD test due to the need to detect
abrupt changes in the temporal trend of the SPIs and SPEIs. This need arose because some authors
implied that significantly changed patterns of atmospheric circulation occurred in the late eighties
and early nineties, which influenced rain patterns over central Europe [39,40]. Therefore, we used
this relatively new method to analyze whether some abrupt changes in the time series of the SPIs and
SPEIs were evident.

This method combines both statistical and graphical approaches in trend analyses. A detailed
description of the method and computation procedures is presented by Onyutha [42].

The combination of the CRD test with the MK test can bring deep insights into trend behaviour
(i.e., cyclical anomalies and abrupt changes in trends).

In our case, we used CRD plots of the SPIs and SPEIs. Computation of the CRD was carried out
using the CRD-NAIM_v.3 tool, which was downloaded together with its user manual via the link:
https://sites.google.com/site/conyutha/tools-to-download (accessed on 31 July 2020).

Since the computations were based on monthly scale, CRD parameters in the tool were as follows:

• significance level set to 5%
• time scale representing a moving average of 60 (60 months = 5 years)
• the initial block set to 10
• number of Monte Carlo runs for resampling set to 1000 (default setting)

The MK test was used as a general indicator of a trend toward aridity or humidity; CRD graphical
outputs were used as an additional indicator of changes in trend directions throughout the studied
period. For the MK test, the significance level default was set to α = 0.05.

For trend analyses aimed at investigating trends in particular months within the studied period,
only the MK test was used.

2.6. Spatial Identification of the Drought-Prone Area

To spatially identify potential drought-prone areas, we used station-based analyses of the SPI and
SPEI for twelve months. The reason was to identify areas that have a higher potential to be endangered
by severe droughts.

The QGIS geographical information system (release 3.12.1, Bucuresti) was used. The spatial
delimitation of drought-prone areas was limited by the altitude corresponding to the climatological
station’s altitude, which showed a significant trend (towards wetter conditions) of both analyzed
drought indices (SPI and SPEI). This process was carried out using the Raster Calculator of the
QGIS, set to delimit the area with altitudes corresponding to altitudes equal to and higher than the
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specific climatological station altitude (stations with a prevailing number of significant trends toward
wetter conditions).

3. Results

3.1. Trends of SPI and SPEI within the Period 1984–2014

3.1.1. Trends of the SPI within the Studied Period

Trend analyses of the SPI for one month showed no significant and very slight trends (R2 between
0.0013 to 0.0018) toward wetter conditions for four climatological stations situated at low altitudes
(Sliač, Vígl’aš-Pstruša, Banská Bystrica, and Brezno) (Figure 2a–d). Exceptions were the two highest
stations, which recorded a significantly increasing trend toward wetter conditions (Telgárt and Lom
nad Rimavicou) (Figure 2e,f and Table 2).

However, these two trends had a slight slope (R2 = 0.0129 and 0.0106). The alternation of drought
episodes with wetter (precipitation-rich) periods was relatively regular and frequent throughout the
study period. However, the last five years in the time series (2009–2014) are an exception. During
this period, drought episodes and wet episodes lasted relatively longer than usual. The secondary
relatively wetter episode was recorded between the years 1994–1996.

These facts are much more pronounced based on the twelve-month SPI (Figure 3). Based on the
twelve-month SPI, the dry and long-lasting drought period of 1985–1993 becomes evident. This drought
period is evident for all studied stations, but interestingly most pronounced for the highest station
Lom nad Rimavicou situated in the southeast of the studied region.

Because the twelve-month index shows accumulated precipitation patterns, drought and wet
episodes were much more pronounced. This feature has an influence on the trend slope and its
significance. All stations showed a significantly rising trend towards wetter conditions when applying
SPI for twelve months (Table 2 and Figure 3).

Considering altitude as a climatic driving factor (as mentioned in the introduction of the article),
we see that with increasing altitude a decreased number of drought episodes during the studied period.
On the other hand, it is interesting that the highest located station Lom nad Rimavicou (Figure 3f)
recorded less pronounced wet episodes (maximum magnitude of the SPI for 12 months was +1)
between the years 1994–2000 compared to stations located at lower altitudes (Figure 3a–e).

Table 2. Trend indicators of time series 1984–2014 for studied stations.

Station Name SPI 1m SPI 12m SPEI 1m SPEI 12m

Sliač – � – –
p-value 0.249 0.000 0.989 0.71

Vígl’aš-Pstruša – � – –
p-value 0.145 <0.0001 0.946 0.862

Banská Bystrica – � – –
p-value 0.109 <0.0001 0.752 0.083
Brezno – � – –
p-value 0.183 <0.0001 0.823 0.217
Telgárt � � – �
p-value 0.021 <0.0001 0.161 <0.0001

Lom nad
Rimavicou � � – �

p-value 0.023 <0.0001 0.198 <0.0001

� Significant rising trend toward wetter conditions (significance level α = 0.05), – No trend recorded.

11



Water 2020, 12, 2887

Figure 2. Temporal course of one-month SPI with the linear trend of the time series. Letter (a) refers to
climatological station Sliač, (b) station Vígl’aš-Pstruša, (c) station Banská Bystrica, (d) station Brezno,
(e) station Telgárt, (f) station Lom nad Rimavicou. The dashed line represents the linear trend line.

12



Water 2020, 12, 2887

Figure 3. Temporal course of a twelve-month SPI with the linear trend of the time series. Letter (a) refers
to climatological station Sliač, (b) station Vígl’aš-Pstruša, (c) station Banská Bystrica, (d) station Brezno,
(e) station Telgárt, (f) station Lom nad Rimavicou. The dashed line represents the linear trend line.

3.1.2. Trends of the SPEI within the Studied Period

Previous results have taken into account only precipitation (SPIs). However, in drought analyses,
it is necessary to also take into account evapotranspiration (mainly driven by air temperature) to see
the complex influence of these parameters on temporal trend evolution due to climate change involved
in temperature increases. Therefore, we also analyzed the time series and linear trends of the SPEI for
one and SPEI for twelve months.

It is evident that by incorporating evapotranspiration, the previously detected severe and
long-lasting drought episodes in the late eighties and early nineties and drought episodes of 2003,
2007–2009, and 2011–2012 were more pronounced.

Based on trend analyses of the SPEIs for one month (Figure 4), no trends were recorded within
the studied period. Slight insignificant humid trends were recorded for the highest located stations,
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Telgárt and Lom nad Rimavicou (both stations R2 = 0.0044) (Figure 4e,f). However, in comparison to
the SPI for one month, it is evident that air temperature (evapotranspiration) influenced the flattening
of all the trends (Table 2). SPEI for 12 months highlighted these trends (Figure 5). SPEI for 12 months
showed a significant trend toward wetter conditions for the two highest stations, Telgárt and Lom
nad Rimavicou (R2 = 0.0562 and 0.0453) (Table 2 and Figure 5e,f). Nevertheless, for the remaining
stations, SPEIs for twelve months showed no trend except for Banská Bystrica (Figure 5c). However,
the MK test revealed its trend as insignificant (Table 2). Thus, comparing the SPI and SPEI analysis
results, we can state that evapotranspiration (driven by air temperature) has changed the temporal
evolution of the drought trends (Table 2). When we compare SPI and SPEI, it is evident that the driver
of the divergent drought trend evolution is a continuous rising of air temperature. However, at higher
altitudes, in comparison to lower altitudes, we observe lower influence of rising temperature on
evapotranspiration, and therefore, the trends of the SPI and SPEI remain unchanged at higher altitudes.

Figure 4. Temporal course of a one-month SPEI with the linear trend of the time series. Letter (a) refers
to climatological station Sliač, (b) station Vígl’aš-Pstruša, (c) station Banská Bystrica, (d) station Brezno,
(e) station Telgárt, (f) station Lom nad Rimavicou. The dashed line represents the linear trend line.

14



Water 2020, 12, 2887

Figure 5. Temporal course of a twelve-month SPEI with the linear trend of the time series. Letter (a)
refers to climatological station Sliač, (b) station Vígl’aš-Pstruša, (c) station Banská Bystrica, (d) station
Brezno, (e) station Telgárt, (f) station Lom nad Rimavicou. The dashed line represents the linear
trend line.

3.2. Detection of Abrupt Changes in Temporal Trends of SPI and SPEI within the Period 1984–2014

CRD plots constructed to detect abrupt changes and possible sub-trends in time series within
the studied period confirmed the general trends of the SPI’s temporal evolution. No abrupt changes
in general rising trends of SPI for one and twelve months were detected within the studied period
(Figure 6). However, the CRD plot of SPI for one month at the lowest station Sliač (Figure 6a) implies
that trend direction toward wetter conditions is almost indistinct. This result also corresponds with
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an insignificant MK test and low R2 (0.0003) for this station mentioned in the previous Section 3.1.2.
That, however, applies only to SPI for one month. When assessing SPI for 12 months, the CRD plot
for all the stations showed a positive trend direction (Figure 6 right), which implies that no abrupt
change in the rain regime was observed in the studied period, and we see increasing (even though
insignificant) or no changing trend in precipitation within the studied period.

Figure 6. CRD plot of the SPI for one month (left) and twelve months (right) within the studied period
1984–2014. Letter (a) refers to climatological station Sliač, (b) station Vígl’aš-Pstruša, (c) station Banská
Bystrica, (d) station Brezno, (e) station Telgárt, (f) station Lom nad Rimavicou. The red arrow indicates
a positive trend direction.

However, CRD plots constructed for calculated SPEIs for one and twelve months showed how air
temperature (evapotranspiration) influences the trend direction (Figure 7). As stated in Section 3.1.2,
SPEI indicates that rising temperature during the studied period also changed drought trends from
humid to indistinct trends (except for the highest meteorological stations that retained humid trends).
CRD plots also confirmed this previous result. Although abrupt changes in time series were not
detected similarly as by CRD for SPIs, CRD for SPEIs recorded pronounced indistinct trends for all
stations with the exception of the two highest meteorological stations (Telgárt and Lom nad Rimavicou)
where clear trends toward wetter conditions were retained (positive trend directions). This result
showed that abrupt changes during the studied period were not observed, but rising temperatures
significantly influenced the slope of the SPEI trends compared to SPI. This finding, therefore, supports
the results described in Section 3.1.

16



Water 2020, 12, 2887

Figure 7. CRD plot of the SPEI for one month (left) and twelve months (right) within the studied
period 1984–2014. Letter (a) refers to climatological station Sliač, (b) station Vígl’aš-Pstruša, (c) station
Banská Bystrica, (d) station Brezno, (e) station Telgárt, (f) station Lom nad Rimavicou. The red arrow
indicates a positive trend direction.

3.3. Trend Analyses of SPI and SPEI for Individual Months in the Period 1984–2014

Trend analyses of the SPIs and SPEIs showed significant (tested by the MK test) rising trends
toward wetter conditions in July. Only at stations Sliač and Brezno were these trends insignificant.
The second most frequent occurrence of significant trends toward wetter conditions was recorded
in January.

The remaining monthly trends at all the stations were insignificant. Interesting trends, although
insignificant, were recorded in April and May. All the stations recorded decreasing trends toward drier
conditions based on both indices (SPI and SPEI). In December, all stations recorded an increasing trend
toward wetter conditions, but these trends were insignificant. An interesting summary fact is that
significant trends (July and January) were recorded along the whole altitudinal gradient. The summary
of the trend analyses is presented in Table 3.
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Table 3. Trend indicators of time series 1984–2014 for individual months at the studied stations.

SPI (Standardised Precipitation Index)

Station Name Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Sliač � – – � � � � – � – � �
p-value 0.083 0.773 0.946 0.812 0.341 0.333 0.011 0.812 0.760 0.986 0.658 0.496

Vígl’aš-Pstruša � � – � � – � – – � – �
p-value 0.074 0.234 0.932 0.227 0.454 0.865 0.006 0.671 0.812 0.386 0.367 0.395
Banská
Bystrica � � � � � – � – – – � �

p-value 0.004 0.683 0.518 0.529 0.292 0.540 0.004 0.671 1.000 0.878 0.734 0.465
Brezno � – – � � – � � – � � �
p-value 0.043 1.000 0.946 0.276 0.529 0.905 0.025 0.598 1.000 0.646 0.598 0.367
Telgárt � – – � � � � � � � – �
p-value 0.110 0.799 0.812 0.434 0.405 0.118 0.004 0.359 0.825 0.367 0.852 0.385

Lom nad
Rimavicou � � � � � – � – � � – �

p-value 0.036 0.773 0.308 0.496 0.316 1.000 0.024 0.878 0.734 0.563 1.000 0.316
SPEI (Standardised Precipitation Evapotranspiration Index)

Station Name Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Sliač � – – � � � � � � – � �
p-value 0.096 0.919 0.812 0.234 0.292 0.892 0.069 0.465 0.622 0.973 0.191 0.454

Vígl’aš-Pstruša � � � � � – � – – – – �
p-value 0.004 0.683 0.518 0.529 0.292 0.540 0.004 0.671 1.000 0.878 0.734 0.465
Banská
Bystrica � � – � � � � � � – � �

p-value 0.004 0.598 0.892 0.234 0.227 0.507 0.040 0.518 0.825 0.919 0.865 0.529
Brezno � � � � � � � � � – � �
p-value 0.034 0.886 0.844 0.058 0.643 0.682 0.087 0.872 0.592 0.901 0.225 0.605
Telgárt � – � � � � � � – � � �
p-value 0.110 0.773 0.878 0.341 0.350 0.350 0.014 0.658 0.959 0.444 0.760 0.385

Lom nad
Rimavicou � � � � � � � – – � – �

p-value 0.036 0.721 0.563 0.158 0.341 0.575 0.045 0.658 0.747 0.696 0.721 0.316
� trend toward wetter conditions, � trend toward drier conditions, – no trend, grey shaded cells imply the statistical
significance of the trend (significance level α = 0.05).

3.4. Spatial Identification of the Drought-Prone Areas

Attempts to identify drought-prone areas were based on results (summarized in Table 2) that the
highest frequency of trends toward humid conditions was recorded at the stations Telgárt (901 m a.s.l.)
and Lom nad Rimavicou (1013 m a.s.l.). We used this information to construct a map that is spatially
divided along with the altitude of the station Telgárt (901 m a.s.l.). For the remaining lower located
stations, only in one case (SPI for 12 months) was the trend recorded as significant toward wetter
conditions. Also, significant trends toward the humid condition of the SPEI for 12 months were
detected only for the highest stations Telgárt and Lom nad Rimavicou. Therefore, since the SPEI for
12 months detects severe droughts more precisely than the SPI for twelve months due to accounting of
evapotranspiration, the argument for delimitation of drought-prone areas below altitudes of 901 m a.s.l.
is even more credible. Besides, significant trends of the SPEI for 12 months toward humid conditions at
stations Telgárt and Lom nad Rimavicou imply lowering the frequency of severe drought occurrence
within the studied period at altitudes higher than 901 m a.s.l. Based on this assumption, a map of
the relative drought risk (Figure 8) was constructed. The map showed that relatively lower drought
risk areas (trends toward humid conditions based on the SPI and SPEI for 12 months) are located in
mountainous, mainly forested areas. These areas are also source areas of the Hron river (East of the
Telgárt settlement) and all main tributaries. Hence, this implies relatively good prospects concerning
the hydrological drought. On the other hand, in the south of the studied area, drought-prone areas
were identified, where Štiavnické vrchy Mts. and Javorie Mts. are located. Therefore, in these locations
and the Neresnica river basin (including the river’s source area), drought could become a severe
problem if the evolution of drought trends will remain as occurred in the studied period.
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Figure 8. Spatial identification of the areas with lower drought risk and relatively drought-prone areas
based on the drought indices’ temporal evolution.

4. Discussion

Observed generally rising trends in the SPIs toward humid conditions are likely connected to
climate change involved in increasing the absolute humidity [20]. These trends are positively correlated
with rising altitude within the area. This pattern was confirmed by results that showed rising R2

as well as the rising significance of the SPI trends with rising altitude (Figures 4 and 5). However,
these results were indistinct based on the SPI for one month. Assessing the SPI for twelve months
indicated significant trends toward humid conditions. Another possible interpretation could be that
severe drought episodes became less frequent in the given area during the studied period due to
significant humid trends of the SPIs for twelve months, which represent severe drought with cumulative
drought impacts, as stated in [30]. However, it is necessary to consider that the SPI takes into account
only precipitation.

Therefore, we also utilized the SPEI, which also takes potential evapotranspiration into account.
The influence of evapotranspiration flattened generally rising (humid) trends, especially at lower
and middle altitudes (Figures 4 and 5), and humid trends were revealed only for the highest located
stations (Telgárt and Lom nad Rimavicou). That implies that rising temperatures (based on SPEI
recalculated to evapotranspiration) within the studied period significantly influenced drought trend
evolution. That has been confirmed particularly by the SPEI for twelve months. Results demonstrated
the influence of the potential evapotranspiration (compared to the SPI) on drought episode extension
and magnitude. That is evident in drought episodes of the early nineties, during the pan-European
drought of the 2003, 2007, and 2011/2012 drought episodes. Based on this, it is evident that rising
evapotranspiration, possibly linked with rising temperatures due to ongoing climate change [18,43],
strongly influenced (and we argue that will continue to influence) drought patterns in the studied
period. However, with rising altitudes, the evaporative demand of the atmosphere is lower [44].
That was distinct in retaining humid trends at the highest altitudes (Table 2). This feature somehow
implies a relatively lower drought risk at higher altitudes. However, we are discussing standard
weather patterns, and under this assumption, we do not consider severe pan-continental drought
situations linked with intense anticyclonal situations or with tropical air advection [45]. There is no
doubt that these situations influence mountainous areas the same as low altitudes. That was confirmed
by [4,14,30], and we confirmed that in Figure 5. Besides, in such a geographically heterogeneous
region, drought occurs (especially hydrological droughts), also related to winter snow regime and
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spring air temperatures, mainly in mountainous areas. In this context, our results showed significantly
increasing humid trends in January and insignificantly increasing trends in December. That could
imply a better snow regime in mountainous areas. However, [46,47] argue that because of the rising
air temperature in mountain regions during winter, these trends are instead linked with increasing
water discharge from the river basins. That has a paradoxically negative influence on drought regimes
in the cold part of the year and early spring. However, these drought aspects are beyond the scope of
our investigation. We leave these aspects for further studies.

The most pronounced pattern that applies to almost all stations with two exceptions was a
significant increasing trend of both indices in July. This is possibly linked to the increase of atmospheric
convective activity in the hottest month [48]. Although this could imply that this could have a possible
effect related to lowering drought risk in the region, some authors [48–50] argue that this convective
precipitation situation in summer has a rather torrential character that leads to fast water discharge
and flash floods and an insignificant influence on increasing soil and groundwater supplies. We argue
that this has to be taken into account when considering the results of our investigation. Another result
we would like to address is insignificant trends toward drier conditions in April and May.

Interestingly, all the stations had decreasing trends in these two months. Although these trends
were insignificant, we would like to highlight this general trend, since April and May are the most
crucial months for agricultural and forestry activities in the landscape [51]. Similar results were
indicated in [14,24]. We argue that this fact should be an objective for further investigation of the
highest priority.

CRD plots detected no abrupt changes in time series of the SPIs and SPEIs. Although there were
some signals of sub-trends, based on the CRD methodology [42], we cannot reliably state that these
signs are relevant. Constructed CRD plots, therefore, clearly confirmed analyses of linear trends tested
in Section 3.1. In comparison to the results of previous research, it is interesting that CRD analyses of
the SPEI for north of the Danube lowland (Požitavie region—50 km west of our study area) revealed a
distinct negative trend direction [14], opposite to our findings. Based on this, it seems that climatic
conditions in the inner Carpathian region in the context of drought and drought evolution in terms
of ongoing climate change will have a very different course. That should be, however, the subject of
further research interest.

Our results finally led to the construction of the drought risk map based on drought trends along
the altitudinal gradient, since we found that drought trends correlated with altitude within the studied
region. Our hypothesis is based on the assumption that at stations that showed no trends based
on the 12-month SPEI, there exists a strong assumption that continual rising air temperatures in the
coming decades will increase the frequency of droughts and thus lead to arid trends. Our hypothesis
is supported by previous results [14], which clearly showed how increasing air temperature leads
to an intensification of drought effects and its higher frequency due to increased evapotranspiration.
We understand that this map simplifies some geographical aspects which could have a local influence
on the drought patterns. However, the general overview of the drought risk spatial distribution over
the region is clearly described.

Based on this prerequisite, we identified as drought-prone areas all altitudes up to 901 m a.s.l.
(elevation of the Telgárt climatological station). The map is depicted as the most drought-prone
agricultural lands situated in valleys of the Hron river and the Slatina river [51]. Forest ecosystems
characterized as mixed forest [52] also fall to the drought-prone areas. In these forests, there are widely
abundant European spruce, relatively drought-sensitive species [53,54]. That has to be taken into
consideration in forest management of the area. Another fact that we suggest as an objective for further
investigation is hydrological analyses focused primarily on the basin of the Neresnica river located in
the south of the studied area. Besides other rivers in the area, only this river has a source area solely in
the identified drought-prone area.

We argue that such a map, although simple, was missing until now and as the first attempt for
regional-based mitigation and adaptation measures by local authorities, is sufficient. We understand
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the need to improve the map in a future investigation in terms of the incorporation of all possible
geographical–climatological aspects.
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51. Šiška, B.; Takáč, J. Drought analyses of agricultural regions as influenced by climatic conditions in the Slovak
Republic. Idojárás 2009, 13, 135–143.
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Abstract: The paper aims to assess the impact of deforestation due to windstorms on runoff in small
mountain river basins. In the Boca and Ipoltica River basins, changes in forested areas were assessed
from available historical and current digital map data. Significant forest losses occurred between 2004
and 2012. During the whole period of 1990–2018, forested areas in the Boca river decreased from 83%
to 47% and in the Ipoltica River basin from 80% to 70%. Changes in runoff conditions were assessed
based on an assessment of changes in the measured time series of the hydrometeorological data
for the years 1981–2016. An empirical hydrological model was used to determine the design peak
discharges before and after significant windstorms were estimated for different rain intensities and
return periods. The regional climate scenario for the period 2070–2100 was used to assess the current
impact of climate change and river basin deforestation on predicted changes in design floods in the
coming decades. The effect of deforestation became evident in the extreme discharges, especially in
future decades. In the Boca River basin, the estimated design floods increased by 59%, and in the
Ipoltica River basin by 172% in the case of the 100-year return period.

Keywords: windstorms; forest area; land use change; climate change

1. Introduction

Environmental changes and their impact on hydrological regimes and the occurrence of extremes
such as floods or droughts have been of topical interest in recent years all over the world. A hydrological
regime is a set of natural and anthropogenic conditions that affect the surface and subsurface runoff
from a river basin. The assessment of a runoff regime is undertaken for purposes of prevention or
serves as a basis for the proposed measures within the river basin to alleviate extreme runoff situations.

In particular, land use changes and climate change have contributed to problems that have a direct
or indirect impact on runoff regimes. Changes in land use have a strong effect on floods, as humans
have heavily modified natural landscapes; large areas have been deforested or drained, thus either
increasing or decreasing antecedent soil moisture and triggering erosion [1]. Among the various
land cover types, the role of forests in catchment hydrology is highly consequential. According to
many experimental studies, forest cover decreases discharges in river basins as a result of increased
interception, transpiration and permeability of soils, and reduced soil moisture [1]. Such results can be
found, e.g., in Brown et al. [2], where paired catchment studies were used for determining the changes
in water yields on various timescales resulting from permanent changes in vegetation. Indirect effects
of forest changes, which are caused mainly by the impacts of forest practices, include an increase in
surface runoff and soil erosion on forest roads, and the development of gullies after deforestation,
especially on steep terrains (e.g., Vose et al. [3]).
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Deforestation is one of the oldest anthropogenic activities; one of the main reasons for it is
due to changes in land use. In the case of forest catastrophes, whether as a result of a windstorm
or an infestation of bark beetles, this is a serious problem. The main negatives of deforestation
(either anthropogenic or from natural disasters) include the loss of biodiversity, soil erosion, landslides,
and increased CO2 in the atmosphere. As a result, deforestation is a serious global threat and one of the
most significant environmental problems in the world. The impact of deforestation on a hydrological
regime is highly variable and often difficult to explain, but it is often determined that deforestation
increases and reforestation decreases annual flows [4]. The summary of paired watershed studies by
Andreassian [5] has shown that deforestation can increase both flood volumes and flood peaks, and this
effect is much more variable than its effect on a total flow. On the other hand, forested catchments have
greater infiltration rates, which may decrease catchment runoff [6]. A study by Suryatmojo [7] shows
that a loss of forest increases soil erosion and the flow of streams and also reduces water quality and
soil fertility.

There are various options for assessing the development of and changes in land use. One of
them is the use of digital topographic maps, and, in particular, satellite images; they contribute to the
knowledge of a landscape and the ability to analyse changes in its use and the occurrence of landscape
features [8]. Various approaches applied to analyze the effects of land use changes on runoff and
flooding include the analysis of empirical data and mathematical modelling, which are dominant
in current hydrological research, particularly in combination with GIS tools [9]. A review of several
widely-used hydrological models and their applicability to simulate the impact of land use and climate
change is provided in Dwarakish, Ganasri [10]. In this paper, the empirical event-based hydrological
model SCS-CN model, which is relatively easy to use and yields satisfactory results, was applied in
combination with a GIS environment.

According to the Intergovernmental Panel on Climate Change (IPCC) [11], the climate will
presumably be more variable or extreme in the future with a potential increase in the frequency of
heavy rainfall. Recent research shows that the increase is likely to occur in intensities of short-term rain
in durations of less than one day, which may lead to an increase in the extent and frequency of flash
floods. Climate models are widely used to assess the past and make forecasts for the future. Outputs
from regional climate models are mainly used for the analysis, which are then compared with actual
observations. An analysis of the evidence leading to an increase in the incidence of extreme short-term
rain due to anthropogenic climate change, as well as a description of the current physical understanding
of the association between extreme short-term rainfalls and the atmospheric temperature, is needed to
help society adapt to anticipated future changes in short-term rains [12]. The anticipated increase in
the incidence of extreme precipitation totals has been confirmed by various studies from around the
world, e.g., Tebaldi et al. [13], Koutsoyiannis et al. [14], Kyselý et al. [15], Skaugen and Førland [16],
Lapin et al. [17], Wang et al. [18], Gaál et al. [19], Pascale et al. [20], Mamoon et al. [21], Hanel et al. [22],
Gera et al. [23], Nepal [24], Taibi et al. [25].

In Slovakia, there have been a number of significant natural disasters in the last twenty years.
The causative agent of those disasters was primarily an abiotic factor, such as wind, snow or ice, or a
combination thereof. The effects of forests and deforestation on the water balance in river basins in
Slovakia has been studied in many recent works, e.g., Kostka and Holko [26]; Hlavčová et al. [27];
Hlásny et al. [4]; Kohnová et al. [28].

This paper is devoted to changes in land use due to deforestation in two small mountain river
basins, i.e., the Boca and Ipoltica River basins in Slovakia, which have been affected by severe
windstorms in recent years. As a result of these disasters, large areas of these river basins have become
deforested. For this study, analyses of the land use maps of the deforested areas before and after the
windstorms were compared during the period 1981–2018. Next, the long-term development of the
time series of the hydro-meteorological characteristics measured such as discharges, precipitation,
and air temperatures in the periods of 1981–2016 and 2005–2016 were further compared. The SCS-CN
methodology was applied to estimate any changes in design floods before and after the disasters.

26



Water 2020, 12, 3113

The development of and possible changes in the design floods in the deforested river basins in future
decades was estimated using scenario outputs of the Community Land Model (CLM), a regional
climate model.

The main objective of this study was to propose a methodology for estimating design floods in
small mountainous deforested ungauged basins in the future decades that is based on the scaling of
scenario designs of short-term rainfalls and a simple hydrological event-based model.

The following steps fulfilled these objectives: (1) analysis of the land use maps and identification
of any changes in land use before and after the occurrence of the windstorms in the case
studies. (2) Evaluation of the long-term regime of the time series of the hydrometeorological data,
and where possible, identification of changes in runoff caused by climatic or anthropogenic influences.
(3) Simulation of changes in design floods after the windstorms. (4) Estimation of potential changes in
the design floods in the deforested river basins in future decades as a result of climate change.

2. Area of the Case Study

Many mountainous areas in Slovakia have been affected by severe windstorms in recent decades
that caused significant deforestation in a large number of river basins. It is assumed that these changes
also affected the runoff conditions in the case study area of the Boca and Ipoltica River basins (Figure 1).
The Boca and Ipoltica River basins are located in the Low Tatras National Park of the district of
Liptovský Mikuláš, which lies in northern Slovakia.

 

Figure 1. Location map of the basins analysed (© GKÚ, NLC; Slovakia, 2017–2019) and illustration of
the state of the deforestation on the Boca River basin in 2015.

From a geomorphological point of view, the Boca and Ipoltica River basins belong to the Ďumbier
Tatras subunit. The soil in these river basins is mostly silt and sandy loam, as well as loam and loamy
sand in smaller quantities. Specific to this area are spruce forests.
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2.1. Boca River Catchment

The Boca River basin, with its outlet at the Malužiná gauging station, has a basin area of 81.93 km2;
it is a left tributary of the Váh River. It springs in the Low Tatras at an altitude of approximately
1400 m above sea level. The average altitude of the basin is 1114 m a. s. l. and the average slope is
22.1 degrees (Figure 2).

  

  

  

Figure 2. Elevation, slope map, and land cover classification for the Boca and Ipoltica River basins.

In 1990, 82.76% of the area was covered by forests, but by 2018, this area had decreased to 46.8%.
The deforested areas have mostly been replaced by transitional woodland shrubs.
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2.2. Ipoltica River Catchment

The Ipoltica River basin, with its outlet at the Čierny Váh gauging station, is a left tributary of
the Čierny Váh River. The basin area is 86.25 km2. It springs in the Low Tatras in the Král’ovohol’ské
Tatras at an altitude of about 1405 m a. s. l. The average altitude of the basin is 1118 m a. s. l., and the
average slope is 22.3 degrees (Table 1). In 1990, forests used to cover 79.51% of this area. By 2018,
the area with forests had been reduced to 70.34%; instead of forests, transitional woodland-shrubs
started to spread (Table 2). There is a dense forest stand in the basin, which has no urban area.

Table 1. Basic characteristics of the basins analysed (P–precipitation, Q–discharge, T–air
temperature–average values for the period 1981–2016).

River basin
Area Elevation (m a.s.l.) Slope (◦) P Q T

(km2) Min. Max. Mean Mean (mm) (m3/s) (◦C)

Boca 81.93 734.2 1719.9 1140 22.1 827 1.38 7.1
Ipoltica 86.28 737.8 1703.1 1000 22.3 815 1.43 7.0

Table 2. The percentage of land use categories in 2018 for the Boca and Ipoltica River
basins (CF–coniferous forest, MF–mixed forest, TW–transitional woodland-shrub, G–grasslands,
AL–agriculture land, P–pastures, UA–urbanized area).

River Basin
Percentage of Land Use Category (%)

CF MF TW G AL P UA

Boca 44.85 1.95 42.52 3.68 1.32 3.22 0.30
Ipoltica 64.34 6.0 24.44 2.90 0.49 1.17 0.0

3. Materials and Methods

A number of significant windstorms have been recorded in the area of the Low and High Tatras
since 1996 (Table 3). Additionally, uprooted trees have been attacked by bark beetles, which have
a rapid reproductive capacity. The condition and health of the forests in the mountain areas with a
predominance of spruce stands have deteriorated, especially after the most significant and widespread
wind disaster of 2004 (known as “Elizabeth”) [29].

Table 3. Overview of significant windstorms (disasters) of northern and central Slovakia.

Storm (Data of Its Occurrence) Type of Natural Storm Affected Region

Ivan (8 July 1996) wind Horehronie
Paulína (22 June 1999) wind Horná Nitra

Tamara (24–26 January 2001) ice Kriváň, Hnúšt’a
Sabína (27–28 October 2002) wind High Tatras, Orava, Spiš

Klaudia (16–17 November 2002) wind High Tatras, Orava, Spiš
Alžbeta (19 November 2004) wind High and Low Tatras
Trojkrál’ová (January 2006) snow Orava, Low Tatras
Kyrill (18–19 January 2007) wind Low Tatras
Filip (23–24 August 2007) wind Gemer, Low Tatras

Žofia (May 2014) wind Low Tatras
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Significant impacts resulting in changes in forest cover in the Boca River basin occurred in 2004
(Alžbeta), 2007 (Kyrill and Filip), and 2014 (Žofia). A bark beetle outbreak followed these windstorms.
Alžbeta, the most severe windstorm, affected a large part of the High Tatras National Park and a
substantial part of the Low Tatras National Park. The wind speed was 140 km/h with gusts up to
240 km/h [30]. In addition to a landslide, the storm also resulted in an extreme infestation of the
undergrowth by insects; they attacked the areas of the forest affected by the calamity and continued
spreading to a healthy part of the forest.

The Žofia windstorm damaged a large part of the Low Tatras. The gusts reached a speed of up to
100 km/h, which, together with intensive rainfall activity (141 mm per 24 h), caused great devastation
to the area, including young forest stands. The soil saturated by the rainfall combined with the extreme
wind force resulted in damaged trees and degraded vegetation over a large area [30].

3.1. Land Use Analysis

The CORINE Land Cover (CLC) is one of the most well-known European Environmental Agency
databases. The CLC data are commonly used at various hierarchical levels of detail [31] and provide
information on the biophysical characteristics of the Earth’s surface. Observation satellites are used
as the primary source data to derive land cover and land use information. Despite limitations in its
spatial resolution, the database has become a primary spatial data source.

In this study, CLC data, specifically vector digital maps from 1990, 2006, 2012, and 2018 were used
to describe changes in land cover; they were processed in an ArcGIS environment (Figures 3 and 4).

  

  
Figure 3. Boca River basin—CORINE Land Cover 1990, 2006, 2012, and 2018.
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Figure 4. Ipoltica River basin—CORINE Land Cover 1990, 2006, 2012, and 2018.

3.2. Analysis of the Hydrometeorological Data

The hydrometeorological data used in our analysis includes daily average discharges, the air
temperatures, and precipitation from the Slovak Hydrometeorological Institute (SHMI), for the period
1981–2016. Data from two hydrological stations ((Malužiná (ID 5336), Čierny Váh (ID 5530), and four
climatological stations (Liptovský Hrádok (ID 11874), Vyšná Boca (ID 20160), Liptovská Teplička
(20020), and Králová Lehota (ID 20140)) were evaluated. In this study, an estimate of changes in the
runoff after demonstrated changes in the basin was made. The variance of the monthly data for the
whole period of the time series 1981–2016 and the period 2005–2016 after the changes based on the
differences in land use was evaluated.

Scaling of Short-Term Rainfall and Future Rainfall Scenarios

Subsequently, hourly, and daily precipitation data were used from the two climatological stations
(Vyšná Boca (ID 20160) and Liptovská Teplička (ID 20020)) for the estimation of the IDF curves and
short-term design rainfall. A simple scaling method is used to process rainfall data for a period of
time shorter than one day. Simple scaling determines the design values for a duration shorter than
one day and for a selected time period by using daily rainfall records that are commonly available.
Applying simple scaling to the relationship between the IDF properties of short-term rainfall is possible.
The determination of the rainfall scaling properties is based on the general shape of the following IDF
formula in the form [32]:

i =
a(T)
b(d)

(1)

where i is the rainfall intensity; T is the return period; d is the duration of the rainfall. The function
a(T) can be determined from the probability distribution function of the maximum rainfall intensity,
and b(d) is the duration function of the rain given by the formula:

b(d) = (d + θ)η (2)

where θ, η are the parameters to be estimated (θ > 0, 0 < η < 1).
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Simple scaling that used the scaling of the statistical moments was applied in this paper. The Id

and Iλd are annual maximum rainfall intensity series for the rainfall durations d and λd defined by [33].
The random variables Id and Iλd have the following scaling property:

In
λd

dist
=

λβId (3)

where equality
dist
=

is understood in the sense of the equality of the probability distributions, and β

represents the scaling exponent. This property is usually referred to as “simple scaling in the strict
sense” [34]. If Iλd has finite moments, E

[
In
λd

]
of order n, then the strict sense of the simple scaling in

Equation (3) implies that In
λd and (λβId)

n
have the same probability distribution. Therefore, they have

the same moments and are given by the following formula [35]:

E
[
In
λd

]
= λβn E

[
In
d

]
(4)

where βn represents the scaling exponent of the n-th order. To obtain the value of βn, Equation (4) can
be transformed as

log E
[
In
λd

]
= log E

[
In
d

]
+ βn log λ (5)

The scaling exponents were estimated with a linear regression from the slope between the
logarithmic moment values and the scaling parameters for the different order of the moments.
The scaling exponents, βn can be estimated from the slope of the linear regression relationships between
the log-transformed values of moment log E

[
In
λd

]
and scale parameters log λ for the various orders

of moment (n). If the scaling exponent and order of moment have a linear relationship, then βn

= nβ1, in which β1 is the scaling exponent of order 1. This property is referred to as “wide sense
simple scaling”. If the above linear relationship does not exist, a multiscaling approach has to be
considered [36].

3.3. Future Climate Change Scenarios

The data used in the analysis for the estimation of the future changes in short-term rainfall
intensities and their subsequent impact on runoff extremities were created by a CLM simulation with
a SRES A1B scenario, which is a semi-pessimistic scenario with a predicted increase in the global
temperature of 2.9 ◦C by 2100. The data were provided by Dr. Martin Gera from Comenius University
in Bratislava, Department of Astronomy, Physics of the Earth, and Meteorology.

CLM Scenario

The scenario was created as a collaborative project between scientists from several working groups
from the USA, namely, the Terrestrial Sciences Section (TSS) and the Climate and Global Dynamics
Division (CGD) at the National Center for Atmospheric Research (NCAR) and the Community
Earth System Model (CESM), the Land Model, and the Biogeochemistry Working Groups. Ecological
climatology concepts have been implemented in the model. Ecological climatology is a multidisciplinary
structure that is used to understand the impacts of changes in vegetation on the climate. The scenario
examines physical, chemical, and biological processes by which terrestrial ecosystems influence and
are influenced by the climate on various spatial and temporal scales. The main motive is that terrestrial
ecosystems are essential factors of the climate through their energy, water, chemical elements, and trace
gases. The main parts of the model consist of surface heterogeneity, bio-geophysics, the hydrological
cycle, biogeochemistry, ecosystem dynamics, and the human dimension. The CLM addresses several
aspects that allow for the study of two-way interactions between human activities in the countryside
and the climate, changes in land cover/land use, agricultural practices, and urbanization [37–39].
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The CLM scenario data consists of hourly rainfall intensities for two time periods, i.e., a historical
(1961–2020) and a future (2071–2100) period.

The seasonality and trend analyses were performed for two climatological stations, namely,
Liptovská Teplička and Vyšná Boca. The Liptovská Teplička climatological station is located 903 m a. s.
l.; the Vyšná Boca climatological station is located 948 m a. s. l. in the northern part of Slovakia. The area
belongs to a slightly warm climatic region with a mountain climate and low-temperature inversions.

The results of the predicted rainfall intensities were compared to the actual measured rainfall
data in hourly time steps, which were provided by the Slovak Hydrometeorological Institute for the
1995–2009 period for Liptovská Teplička. For the Vyšná Boca climatological station, only daily rainfall
data for the 1981–2017 period were available.

3.3.1. SCN CN Methodology

The method of The Soil Conservation Service–Curve Number (SCS-CN) was developed by the
United States Department of Agriculture–Natural Resources Conservation Service (USDA–NRCS),
which was formerly called the Soil Conservation Service (SCS) [40,41]. It is used for estimating the
volume of direct surface runoff characteristics for small basins in ungauged rural catchments where
there are no measurements or observations of direct flows [42–45]. This method is used to predict
direct surface runoff volume for a given rainfall event and to estimate the volume and peak rate of
surface runoff [46]. A Curve Number (CN), which is the main parameter in this model, is based on an
empirical study of runoff in small watersheds and hill slopes [47].

The primary reason for the method’s widespread applicability and acceptability lies not only in
the fact that it is empirical and simple to apply, but also in that it accounts for most runoff-producing
watershed characteristics, e.g., soil types, land use/treatments, surface conditions, and antecedent
moisture conditions [48].

As shown in Mishra et al. [40], the SCS-CN method is based on the following equations:

Q =
(P–Ia)

2

P–Ia+S
if P > Ia (6)

Q = 0 if P ≤ Ia (7)

Ia = λ× S (8)

S =
25400
CN

–254 (9)

where: P–total rainfall (mm), Ia–initial abstraction (mm), Q–direct runoff (mm), λ–initial abstraction
coefficient (-), S–maximum potential retention or infiltration (mm), CN–Curve Number (-).

When applying the CN method to calculate design floods in the Boca and Ipoltica River basins,
the design rainfall was used as an input rainfall, and the initial abstraction coefficient was set to be
equal to zero.

4. Results and Discussion

4.1. Land Use Analysis

Corine CLC maps were used to assess land-use changes from the period 1990–2018
(Figures 3 and 4). The area with forests was considerably reduced after 2006, which we can see
in the visual analysis. This is the period after the greatest calamity, i.e., Alžbeta, in 2004 (note: the
satellite maps are processed with a time interval of +/− 1 year).

Table 4 shows all the data obtained from the CLC digital maps. ArcGIS was applied as an
evaluation tool.
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Table 4. The percentage of land use categories from CLC data (1990, 2006, 2012 and 2018).

Land Use Basin
Percentage of Land Use Category (%)

CLC 1990 CLC 2006 CLC 2012 CLC 2018

Urban area
Boca 0.41 0.3 0.3 0.3

Ipoltica 0 0 0 0

Pastures
Boca 3.22 3.34 3.22 3.22

Ipoltica 3.43 1.1 1.17 1.17

Agricultural land Boca 2.78 1.21 1.32 1.32
Ipoltica 0.53 0.87 0.49 0.49

Coniferous forest
Boca 82.24 77.09 47.90 44.85

Ipoltica 76.14 76.09 66.93 64.34

Mixed forest
Boca 0.52 1.8 1.96 1.95

Ipoltica 3.37 5.66 6.0 6

Grasslands
Boca 4.59 3.76 3.71 3.68

Ipoltica 3.81 3.09 2.9 2.9

Transitional woodland-shrub
Boca 6.67 12.37 41.48 42.52

Ipoltica 12.99 13.5 22.85 24.44

Significant changes in land use have been recorded in the Boca River basin. In 1990, 83.42% of
the area was covered by forests; by 2018, this area had decreased to 46.8%. The deforested areas
have mostly been replaced by transitional woodland shrubs. The Ipoltica River basin showed slight
changes in comparison with the Boca River basin during the period 1990–2018. In 1990, forests used to
cover 79.51% of this area. By 2018, the area with forests was reduced to 70.34%; instead, forests and
transitional woodland-shrubs started to spread.

4.2. Analysis of Hydrometeorological Data

The long-term annual and monthly mean discharges and the trends in the selected discharge
stations were compared. Trends were determined by a linear regression for the time period 1981–2016.
The statistical significances of the trends were estimated by the Mann-Kendall non-parametrisation test.
The comparison of the long-term data was provided between the period after the greatest calamity,
i.e., Alžbeta (2005–2016) and before the calamity period (1981–2004). Subsequently, the comparison
of the long-term data between the whole (1981–2016) and the post-deforestation (2005–2016) period
was done.

4.2.1. Boca River Basin

The mean annual discharges showed an increasing trend for the Malužiná station outlet (Figure 5a).
The linear trends in each month were detected too. A decreasing trend can be observed in April, June,
and July. Increasing trends occurred in January, February, March, May, August, September, October,
November, and December. The statistical analysis showed that the statistical significance, which was
based on the Mann-Kendall test, achieved a 90% level of significance in all the months, except for
February, March, October, November, and December. Comparisons of the mean monthly discharges
between the pre- and post-deforestation periods (after the Alžbeta windstorm, 2004) show increases in
discharges for all the months (Figure 5c). The highest differences are in the months of March and April.
Comparisons of the mean monthly discharges between the whole and post-deforestation periods also
show the differences (Figure 5d). The box plot (min., max., and median values) of the average monthly
discharge is shown in Figure 5b.

34



Water 2020, 12, 3113

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

  

(g) (h) 

  

(i) (j) 

Figure 5. Cont.
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(k) (l) 

Figure 5. (a–i) Analysis of the hydrometeorological data–Boca River basin. (a) time series of annual
discharges–average (black line), minimum (red line); (b) box plot of monthly discharges (1981–2016);
(c) average monthly discharge for period 1981–2003 and period 2004–2016; (d) average monthly
discharge for period 1981–2016 and period 2004–2016; (e) time series of annual precipitation totals;
(f) box plot of monthly precipitation (1981–2016); (g) average monthly precipitation for period 1981–2003
and period 2004–2016; (h) average monthly precipitation for period 1981–2016 and period 2004–2016;
(i) air temperature—annual (black line), summer season (red line) and winter season (blue line); (j) box
plot of monthly air temperature (1981–2016); (k) average monthly air temperatures for period 1981–2003
and period 2004–2016; (l) average monthly air temperatures for period 1981–2016 and period 2004–2016.

A runoff regime is also associated with climatological conditions; therefore, the precipitation totals
for the monthly and annual time steps were analyzed. The linear trend of the annual precipitation
totals is increasing (Figure 5e). The box plot of the monthly precipitation totals is shown in Figure 5f,
where the maximum precipitation totals in the summer months can be seen. The average monthly
precipitation was also observed in different periods (before and after the calamity period, a comparison
of the whole and post-calamity period), where, in addition to the months of April, September, and
December, increased total precipitation was detected (Figure 5g,h).

The analysis of the air temperature revealed an increasing linear trend of the average annual
temperature, as well as the temperatures in the summer and winter half-years (Figure 5i). The highest
temperatures are in the summer months of June, July, and August. An increase in temperature was
observed in all the months except for July when comparing the periods (Figure 5k,l).

4.2.2. Ipoltica River Basin

The annual discharges showed an increasing trend at the Čierny Váh station outlet (Figure 6a).
Next, the linear trends of the discharges in each month were detected. Decreasing trends occurred in
April, May, June, October, November, and December. Increasing trends were seen in January, February,
March, July, August, and September. According to the statistical analysis, the Mann-Kendall test
(with a 90% level of significance) achieved significance in all the months except May. Comparisons of
the mean monthly discharges between the pre- and post-deforestation periods showed increases in
discharges for all the months except May (Figure 6c). Comparisons of the mean monthly discharges
between the whole and post-deforestation periods show a difference too (Figure 5d). The box plot of
the average monthly discharge is shown in Figure 6b.
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Figure 6. (a–i) Analysis of the hydrometeorological data–Ipoltica River basin. (a) time series of annual
discharge—average (black line), minimum (red line); (b) box plot of monthly discharge (1981–2016); (c)
average monthly discharge for period 1981–2003 and period 2004–2016; (d) average monthly discharge
for period 1981–2016 and period 2004–2016; (e) time series of annual precipitation totals; (f) box plot
of monthly precipitation (1981–2016); (g) average monthly precipitation for period 1981–2003 and
period 2004–2016; (h) average monthly precipitation for period 1981–2016 and period 2004–2016; (i) air
temperature—annual (black line), summer season (red line) and winter season (blue line); (j) box plot of
monthly air temperature (1981–2016); (k) average monthly air temperatures for period 1981–2003 and
period 2004–2016; (l) average monthly air temperatures for period 1981–2016 and period 2004–2016.

The linear trend of the annual precipitation totals is increasing (Figure 6e). The box plot of
the monthly precipitation totals is shown in Figure 6f with the maximum precipitation totals. The
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average monthly precipitation was observed in two periods (between the pre and post-calamity period,
a comparison of the whole and post-calamity period), where, in addition to the months of April and
September, an increase in total precipitation was observed (Figure 6g,h).

The analysis of the air temperature revealed an increasing linear trend of the average annual
temperature, as well as the temperatures in the summer and winter half-years (Figure 6i). The highest
air temperatures were in the summer months of June, July, and August. An increase in air temperature
was observed in all the months except for the month of July when comparing the periods (Figure 6k,l).

4.3. Analysis of Short-Term Rainfall Trends and Seasonality Changes

The short-term rainfall data analysis consists of the analysis of the trends and seasonality changes
in the warm period for all the time periods selected and for the selected rainfall durations of 60, 120,
180, 240 and 1440 min.

At both of the analyzed climatological stations, i.e., Liptovská Teplička and Boca, the short-term
extreme rainfall events with durations from one hour up to 1 day occurred in July, except for the
historical period modelled in the Liptovská Teplička climatological station. For the future scenario,
a shift in the rainfall extremes was seen in a later period of the month of July. For the seasonality
characteristics of short-term rainfall intensities, Burn’s vector methodology [49] was applied; it describes
the variability of the date when an extreme rainfall event occurs, so that the direction of the vector
corresponds to the expected day of the occurrence during the year, while its length describes the
variability around the expected date of the occurrence of the extreme rainfall event. The results are
shown in the unit circles (Burn’s diagrams) and can be seen in Figures 7 and 8. The properties of the
trend are determined by the Mann-Kendall [50,51] trend test. This method is used for determining
and assessing the properties and significance of the trends in a selected quantity over time. The trend
analysis showed increasing trends represented by + in the short-term rainfall intensities for the future
period as well as for the actual observed data for a duration longer than 60 min, but all the trends were
not significant at both of the climatological stations analyzed. The decreasing trends were observed in
the actual observations in the 60 and 1440 min durations (Tables 5 and 6).

Figure 7. Burn´s diagram for a rainfall duration of 60 min for the Liptovská Teplička and Vyšná Boca
climatological stations.
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Figure 8. Burn´s diagram for a rainfall duration of one day at the Liptovská Teplička and Vyšná Boca
climatological stations.

Table 5. Trend analysis of short-term rainfall intensities for the Liptovská Teplička climatological
station—Boca River basin.

Rainfall Duration
Real Observations

Actual Period
1995–2009

CLM Scenario
Historical Period

1961–2000

CLM Scenario
Future Period

2071–2100

60 min - + +
120 min + + +
180 min + + +
240 min + + +
1440 min - + +

Table 6. Trend analysis of short-term rainfall intensities for the Vyšná Boca climatological station—Boca
River basin.

Rainfall Duration
Historical Period

1961–2000
Future Period

2071–2100

60 min + +
120 min + +
180 min + +
240 min + +
1440 min + +

Simple Scaling Results

The estimation of the IDF curves of the rainfall intensities was performed using scaling exponents.
The scaling exponents were determined by a simple scaling methodology with the base on a scaling
of the statistical moments. The results are shown in Table 7, where the scaling exponents from
the Liptovská Teplička and Vyšná Boca climatological stations are presented. For the Vyšná Boca
climatological station, we could not derive the scaling exponent for the actual measured data due to the
lack of actual measured short-term rainfall data. In this case, the scenario-based scaling exponent from
the historical period was used for the subsequent analysis for downscaling the actual daily rainfalls
from the Vyšná Boca climatological station. The scaling exponents have a declining character in the
future, which is caused by less extreme events in the scenario data. Apart from these results, the IDF
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curve values are not lower for the future horizons, due to an increase in the daily precipitation totals
that were used for downscaling. The downscaled values of the rainfall intensities were finally higher.
As an example, the IDF curves for both stations and periodicity p = 0.01 are presented in Figures 9
and 10.

Table 7. Scaling exponents for the stations analyzed for the historical and future periods.

Station
Real Observations

Actual Period 1995–2009

CLM Scenario
Historical Period

1961–2000

CLM Scenario
Future Period

2071–2100

Liptovská Teplička 0.762 0.669 0.6228
Vyšná Boca - 0.6471 0.6169

Figure 9. IDF curves for the Liptovská Teplička climatological station for the periodicity p = 0.01.

Figure 10. IDF curves for the Vyšná Boca climatological station for the periodicity p = 0.01.

4.4. Effect of Land Use and Climate Change on Design Flood

In the next step, the research focused on an analysis of the changes in extreme discharge caused
by changes in land use and climate. The study was performed for the Boca and Ipoltica River basins.
These areas have been affected by a number of severe windstorms in recent decades, which have had a
significant impact on changes in the forest cover. The most significant windstorms occurred in 2004
(Alžbeta) and 2007 (Kyrill and Filip); later, bark beetle outbreaks occurred there.

When the SCS-CN method was applied for the design flood calculations, the initial abstraction
coefficient was set equal to zero, and the short-term design rainfall was used as a total input rainfall.
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The values of the main parameter CN (Tables 8 and 9), which depend on land surface characteristics
and hydro-soil conditions, were selected from the CN table values [52]. Based on the soil type analysis,
both river basins were classified in the B hydrological soil group.

Table 8. The selected values of the CN parameter for the Boca Basin (A–basin area; CN–Curve Number
value; CNw–weighted CN value).

Land Use Type
1990 2018

A (km2) CN (-) A (km2) CN (-)

Coniferous forest 67.47 55 36.80 60
Mixed forest 0.43 55 1.60 55

Transitional woodland-shrub 5.01 58 36.52 65
Grasslands 3.77 58 3.04 58

Pastures 2.64 58 2.64 61
Agricultural land 2.28 78 1.08 78

Urban area 0.34 85 0.25 85
CNw 56.18 62.40

Table 9. The selected values of the CN parameter for the Ipoltica River Basin (A–area; CN–Curve
Number value; CNw–weighted CN value).

Land Use
1990 2018

A (km2) CN (-) A (km2) CN (-)

Coniferous forest 65.48 55 55.31 60
Mixed forest 2.89 55 5.16 55

Transitional woodland-shrub 11.17 58 21.87 65
Grasslands 3.29 58 2.49 58

Pastures 2.95 58 1.01 61
Agricultural land 0.46 78 0.42 78

CNw 55.73 61.01

Effect of Changes in Land Use on Design Floods

This part of the research focuses on the changes in runoff caused by changes in land use for the
period from 1990 (before the significant windstorms) to 2018 (“present”/latest available CLC land use).
The design flood (runoff) QN was estimated for 1990 and 2018 and for return periods (N) of 10, 20, 50,
and 100 years.

The design values of the short-term rainfalls from actual observations for the Vyšná Boca (Figure 11)
and Liptovská Teplička (Figure 12) climatological stations were used for the analysis.

Figure 11. The actual design values of the short-term rainfall for the Vyšná Boca climatological station.
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Figure 12. The actual design values of the short-term rainfall for the Liptovska Teplička
climatological station.

The duration of the design short-term rainfall was selected according to the time of the
concentration, which was calculated from the mean runoff velocity along the runoff path (determined
according to Alena [53]). The time of concentration and runoff velocity is affected by the slope
of the terrain and the land use and land cover along the runoff´s path. In the case of the Boca
River basin, the land use along the path has changed significantly over time; hence, the time of
concentration/duration for 1990 (80 min) is different than that for 2018 (69 min). In the case of the
Ipoltica River, the duration of the design short-term rainfall was determined to be equal to 84 min for
1990 and 2018.

Rainfall intensities for the 1941–1944 period from the Vyšná Boca climatological station were used
for the estimation of the design flood in the Boca River basin. The data from the Liptovská Teplička
climatological station consists of rainfall intensities for the 1995–2009 period and were used for the
estimation of the design floods in the Ipoltica River basin.

The calculations and results of the design floods in the Boca River basin estimation using the
design values of the short-term rainfall for the Vyšná Boca climatological station for the actual period
are shown in Table 10.

Table 10. Estimation of the design floods for the Boca River basin using the actual design values of
short-term rainfall (N–return period; P–design values of short-term rainfall; CNw–weighted CN value;
S–maximum potential retention; QN–the design flood).

N
1990 2018

P (mm) CNW (-) S (mm) QN (m3 s−1) P (mm) CNW (-) S (mm) QN (m3 s−1)

10 26

55.18 198

34.60 25

62.40 153

45.42
20 30 44.88 29 58.71
50 35 60.37 33 78.63
100 39 73.66 37 95.64

When the results from Table 8 are compared, the values of the design floods increased by 31% in
the case of the 10-year return period, by 31% in the case of the 20-year return period, and by 30% in the
case of the 50 and 100-year return periods.

The calculations and results of the estimation of the design floods in the Ipoltica River basin using
the design values of the short-term rainfall for the Vyšná Boca climatological station for the actual
period are shown in Table 11.
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Table 11. Estimation of the design floods for the Ipoltica River basin using the actual design values of
the short-term rainfall (N–return period; P–design values of short-term rainfall; CNw–weighted CN
value; S–maximum potential retention; QN–the design flood).

N (year) P (mm)
1990 2018

CNW (-) S (mm) QN (m3 s−1) CNW (-) S (mm) QN (m3 s−1)

10 30

55.73 201.8

43.37

61.01 162

52.28
20 32 50.41 60.64
50 35 59.32 71.17
100 37 65.66 78.65

When the results from Table 11 are compared, the values of the design floods increased by 20.5% in
the case of the 10-year return period, and by 20% in the case of the 20, 50, and 100-year return periods.

From the results in Tables 10 and 11, it can be concluded that the effect of the changes in land use
considerably influenced the values of the design floods. In both river basins, the increase in the design
floods was mostly caused by the changes in land use, more specifically by the deforestation. In the Boca
River basin, the forests have decreased by 36% since 1990, while in the Ipoltica River basin, the forests
decreased by 9%. The forests were mostly replaced by transitional woodland shrubs, which neither
slow down the runoff nor absorb rainfall as well as a forest.

4.5. Effect of Climate Change on Design Floods

Subsequently, we focused on the changes in extreme discharges caused by climate change.
The calculations of the design floods were performed using the latest available land use data (from
2018). The climate change is represented by data from the Regional Climate Model (RCM) scenario
for the Vyšná Boca and Liptovská Teplička climatological stations. The rainfall data from the CLM
simulation were provided by Dr. Martin Gera from Comenius University in Bratislava [17]. The RCM
scenario used consists of the rainfall intensities for the future period (2070–2100). The RCM scenario
selected for the simulation of the climate was the SRES A1B scenario, which is a semi-pessimistic
scenario with an increase in the global warming temperature of about 2.9◦ by the year 2100. This scenario
relates well to the current processes in the atmosphere.

The estimation of changes in the design floods (QN) is provided for the period 2070–2100 for the
return periods (N) of 10, 20, 50, and 100 years (Figures 13 and 14).

Figure 13. The future downscaled design rainfall intensities for the Vyšná Boca climatological station.
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Figure 14. The future downscaled design rainfall intensities for the Liptovska Teplička
climatological station.

The calculations and results of the estimation of the design floods using the downscaled data for
the future scenarios for the Vyšná Boca and Liptovská Teplička climatological stations are shown in
Table 12.

Table 12. Estimation of the design floods using the design values of the rainfall intensities from the
future scenarios (N–return period; P–design values of short-term rainfall; CNw–weighted CN value;
S–maximum potential retention; QN–the design flood).

N (year)
Boca River Basin Ipoltica River Basin

P (mm) CNW (-) S (mm) QN (m3 s−1) P (mm) CNW (-) S (mm) QN (m3 s−1)

10 27

62.40 153

52.07 38

61.01 162

83.49
20 33 75.23 47 118.26
50 41 114.59 58 171.47
100 48 152.23 66 213.94

A comparison of the results from the calculations using the actual design values of the rainfall
intensities and the design values of the rainfall intensities from the future scenario are shown in
Table 13.

Table 13. Comparison of the design floods using the actual design values of the rainfall intensities and
the design values of the rainfall intensities from the future scenarios.

N (year)

Boca River Basin Ipoltica River Basin

QN (m3 s−1) QN (m3 s−1)

Actual Period Future Period Actual Period Future Period

10 45.42 52.07 52.28 83.49
20 58.71 75.23 60.64 118.26
50 78.63 114.59 71.17 171.47
100 95.64 152.23 78.65 213.94

When the results from the calculations of the design floods using the actual design values of
the rainfall intensities and the design values of the rainfall intensities from the future scenarios are
compared, it can be concluded that the results predict even more increased values of the design floods.
In the Boca River basin, the estimated design floods increased about 15% in the case of the 10-year
return period, by 28% in the case of the 20-year return period, by 45.7% in the case of the 5- year return
period, and by 59% in the case of the 100-year return period. In the Ipoltica River basin, the estimated
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design floods increased by 60% in the case of the 10-year return period, by 95% in the case of the
20-year return period, by 141% in the case of the 50-year return period, and by 172% in the case of
the 100-year return period. From the results we can conclude that the impact of the predicted climate
change increases with the return period.

5. Discussion and Conclusions

Environmental changes, particularly changes in land use, overall land use, and climate change,
and their impact on water regimes as well as the occurrence of floods have been issues of tropical concern
in recent years. Forests play a crucial role in the partitioning of water into surface flow, subsurface
flow, and evapotranspiration. Deforestation can strongly impair the hydrological functioning of
forested systems.

In recent decades, many regions in Slovakia have been affected by severe windstorms that caused
significant deforestation, especially in mountainous river basins. It is assumed that these changes also
affected the runoff conditions in the case study area of the Boca and Ipoltica River basins located in the
Low Tatras National Park of the district of Liptovský Mikuláš, which lies in northern Slovakia.

To examine the changes in land use due to deforestation in the Boca and Ipoltica River basins,
we first analysed the CLC maps. Based on the analysis of the CLC maps from the period 1990–2018,
changes in land use before and after the occurrence of the windstorms in these river basins were
identified. From the comparison, we can conclude that after Alžbeta, the most significant windstorm
in 2004, the areas of the forests (coniferous and mixed) decreased from 83% to 79% of all the basin
areas in the Boca River basin. After the Kyril windstorm in 2006, the areas of forests decreased from
79% to 50% in the Boca River basin and from 82% to 73% in the Ipoltica River basin. During the whole
period of 1990–2018, forested areas in the Boca river decreased from 83% to 47% (by almost 40%) and
in the Ipoltica river basin from 8% to 70% (by almost 10%).

In the next step, an analysis of the hydrometeorological data was performed. An increasing trend
in the average annual discharge was found in the Boca and Ipoltica River basins. The largest scatter
was demonstrated in the months of April and May, which was to be expected due to the spring melting
of the snow cover. Compared to the periods before and after the first significant calamity (as well as
after the calamity and the whole period), a decrease in flows was detected in June in the Boca River
basin, and a decrease in May and October occurred in the Ipoltica River basin. The analysis of the
precipitation data revealed an upward trend in annual totals in both river basins. The largest variance
within the year was recorded in the summer months. A comparison of the two periods before and
after the calamity, as well as after the calamity and the whole period, showed lower total precipitation
in April and October (in both river basins). The expected rising trend of temperatures was also found
in this case (the increase in temperature is reflected in the greater evaporation, which indirectly affects
the condition of the surface). An interesting finding was that the increase in the average monthly
temperature was reflected in all the months except July, and the most significant difference compared
to the two periods was in April. This probably also results in an increase in runoff from the river basin
in the spring, especially in April. The cause of this behavior may be the earlier snow-melting of the
river basin. Earlier snowmelt was also demonstrated in the study by Hríbik et al. [54] on unforested
areas in central Slovakia. The direct relationship between the increase or decrease in total precipitation
per runoff regime did not occur in any of the river basins.

Despite the fact that deforestation due to wind calamities in both river basins had no clear
response in terms of changes in the measured discharge data in a monthly time step, the effect of
deforestation became evident in the extreme discharges. The design values of the rainfalls from
the actual observations of the analysed climatological stations and the Corine Land Cover land use
map for 1990 and 2018 were used as inputs for the calculation of the changes in the design floods.
The design floods (QN) were estimated for return periods (N) of 10, 20, 50 and 100 years, using the Soil
Conservation Service—Curve Number method, ArcGIS software, and raster tools. From the results we
can conclude that the effects of the changes in land use have considerably influenced the values of
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the design floods. In both river basins, the increase in the design flood was mostly caused because
of changes in land use, more specifically by deforestation. In the Boca River basin, the forests have
decreased by 36% since 1990, while in the Ipoltica River basin, the forests decreased by 9%. When the
results from the calculations of the design floods using the actual design values of the rainfall intensities
and the design values of the rainfall intensities from the future scenarios are compared, it can be
concluded that the results predict even more increased values of design floods. In the Boca River basin,
the estimated design floods increased by 59%, and in the Ipoltica River basin by 172% in the case of the
100-year return period. From the results we can conclude that the impact of climate change increases
with the return periods. All the results presented can be used for water management planning and
flood protection measures proposed in the basins studied.
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Abstract: Natural disturbances (windthrow, bark beetle, and fire) have reduced forest cover in
the Tatra National Park (Slovakia) by 50% since the year 2004. We analyzed carbon fluxes and
streamflow ten years after the forest destruction in three small catchments which differ in size, land
cover, disturbance type and post-disturbance management. Point-wise CO2 fluxes were estimated by
chamber methods for vegetation-dominated land-use types and extrapolated over the catchments
using the site-specific regressions with environmental variables. Streamflow characteristics in the pre-
and post-disturbance periods (water years of 1965–2004 and 2005–2014, respectively) were compared
to identify changes in hydrological cycle initiated by the disturbances. Mature Norway spruce forest
which was carbon neutral, turned to carbon source (330 ± 98 gC m−2 y−1) just one year after the wind
disturbance. After ten years most of the windthrow sites acted as carbon sinks (from −341 ± 92.1 up
to −463 ± 178 gC m−2 y−1). In contrast, forest stands strongly infested by bark beetles regenerated
much slowly and on average emitted 495 ± 176 gC m−2 year−1. Ten years after the forest destruction,
annual carbon balance in studied catchments was almost neutral in the least disturbed catchment.
Carbon uptake notably exceeded its release in the most severely disturbed catchment (by windthrow
and fire), where net ecosystem exchange (NEE) was −206 ± 115 gC m−2. The amount of sequestered
carbon in studied catchments was driven by the extent of fast-growing successional vegetation cover
(represented by the leaf area index LAI) rather than by the disturbance or vegetation types. Different
post-disturbance management has not influenced the carbon balance yet. Streamflow characteristics
did not indicate significant changes in the hydrological cycle. However, greater cumulative decadal
runoff, different median monthly flows and low flows and the greater number of flow reversals in the
in the first years after the windthrow in two severely affected catchments could be partially related to
the influence of the disturbances.

Keywords: windthrow; bark beetle outbreak; chamber CO2 flux upscaling; LAI;
streamflow characteristics
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1. Introduction

In addition to wood supply, forest ecosystems provide a multitude of benefits in terms of
climate and water regulations, carbon sequestration, freshwater quality, soil protection, nutrient
cycling, human health, recreation, biodiversity, wildlife habitats and many other. The ability of
forest ecosystems to provide these ecosystem services (ES) is very much dependent on their status,
structure and functioning [1]. In the last decades, forests have been globally affected by more frequent
disturbances [2] due to which many ES are supposed to be threatened [3]. This trend is believed to
continue in the future because of the ongoing climate changes [4–6]. Changes in the climate system
will change an overall redistribution of precipitation [7] and alter the partitioning of carbon uptake
and loss [8].

The role of forests in carbon sequestration has been acknowledged in many studies [9], forest
and landscape projects [10]. Forest disturbances change carbon fluxes resulting from the difference
between carbon uptake by vegetation (gross primary photosynthesis, GPP) and loss by ecosystem
respiration (RE). This difference, the net ecosystem exchange (NEE), indicates whether the ecosystem
is sequestering or emitting carbon to the atmosphere. Initially, most disturbances shift ecosystems to
being a carbon source, while recovery is usually associated with greater carbon storage [11–15]. The
duration and dynamics of these fluxes depend on the kind of disturbance and its intensity [16,17].
Recently, climate change-induced changes in carbon sequestration have been intensively studied
(e.g., [18–21]), and the results show the role of site-specific conditions and the influence of silvicultural
methods [22,23]. Less attention has been given to post-disturbance forest management impact on
carbon fluxes, although the role of reforestation in carbon sequestration is widely recognized [9].

The most commonly used method for ecosystem or landscape-scale estimation of carbon balance is
the eddy-covariance (EC) technique [24,25]. Despite recent technical and methodological advances [26]
this method has still some limitations, especially in complex terrains. An alternative approach,
particularly suitable in heterogeneous landscapes, is the chamber method which is low-cost and easy to
apply. Chamber measurements range from leaf to entire plant flux estimations. They were successfully
used for validation of the EC technique [27]. However, small spatial coverage of the chamber method
requires a large effort to collect sufficient data needed to develop simple empirical equations to scale
up the results to the entire ecosystem [28]. At the same time, the chamber-based flux estimation is
subject to uncertainties related to site (soil, microclimate) heterogeneity, that are further increased by
heterogeneous disturbance patterns.

Plant assimilation and evapotranspiration are regulated by canopy stomatal conductance. Plant
canopy in carbon-water coupling models is often abstracted as a big leaf. Such a simplification in some
implications is in conflict with the clumped canopy structure. A two-big-leaf scheme and two-leaf
scheme that stratify a canopy to sun-exposed and shaded leaves have been developed to make the big
leaf concept more applicable [29].

Forest disturbances do not affect only carbon fluxes. They have a direct effect on the main
components of catchment water balance, i.e., precipitation (interception) and evapotranspiration
(e.g., [30]). Consequently, runoff generation, snow accumulation and melt, groundwater recharge or
catchment runoff characteristics can be altered, e.g., [31–33]. Catchment runoff is an integrated result
of hydrological processes taking place in a catchment. Runoff data series are therefore often analyzed
to identify the effects of forest disturbances on catchment hydrology by comparing flow characteristics
before and after the disturbance. A number of studies analyzing the influence of deforestation concluded
that peakflow or low flow characteristics temporarily increased after deforestation, e.g., [34–36] and
that deforestation had to affect a larger area (e.g., at least 20% of the catchment) to show the effects in
runoff records [34,37]. These conclusions were often obtained by comparing flow characteristics in
paired catchments, in which one catchment was subjected to forest harvesting. Alila et al. [38] contend
that in paired catchments the effects of forest harvesting on floods should be evaluated considering
simultaneous changes in both magnitude and frequency of the floods. In their study, floods are
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understood as a subset of peakflow frequency distribution containing flows with the magnitude
exceeding channel capacity and return interval of 1–10 years or more.

In addition to peakflow, low flow or water yields traditionally used in the forest harvesting impact
studies, many indicators were developed in environmental flow studies to characterize impacts of
river regulations. The commonly used IHA tool (Indicators of Hydrologic Alteration) [39] calculates 67
characteristics based on data series of daily discharge. They characterize magnitude and duration of
monthly, annual and extreme water conditions. Olden and Poff [40] examined 171 indices describing
magnitude, frequency, duration and timing and rate of change in flow events (including those from
IHA) using long-term flow records from 420 sites across the continental USA. They found out that the
majority of indices were highly inter-correlated and proposed sets of selected indices that adequately
characterize flow regimes in a non-redundant manner for different stream types. Gao et al. [41]
concluded that metrics termed ecodeficit and ecosurplus [42] based on a flow duration curve can
provide a good overall representation of the degree of alteration of streamflow time series.

Even though carbon and water balance are coupled processes, they are rarely compiled at a
catchment scale [8]. Such an analysis is missing also in the Tatra Mountains literature where intensive
research of multiple disturbing factors impact on the forests has resulted in numerous studies and
publications. Our work attempts to fill the gap in existing studies by evaluating spatially integrated
information on ecosystem dynamics at a landscape scale.

The main aim of this study is to evaluate carbon balance and to examine streamflow characteristics
in three small catchments in the Slovak part of the Tatra Mountains ten years after the extraordinary
wind disturbance that initiated vast forest destruction in the area. Secondary objectives of this study
are: (i) to estimate CO2 fluxes with chamber and biometric methods in different ecosystem (landscape)
types and under different post-disturbance management, (ii) to extrapolate C balance from point-wise
to the catchment scale, and iii) to evaluate changes in catchment runoff. We hypothesized that (a)
intact forest acts as a carbon sink, (b) forest disturbances stimulate immediate large carbon losses
from forests and subsequent gradual recovery of carbon balance, and (c) disturbances change certain
flow characteristics.

2. Material and Methods

2.1. Study Sites

Tatra Mountains is the highest mountain range of the Carpathians and a regional water tower of
northern Slovakia and southern Poland. The majority of the territory is protected within the Tatra
National Park, Slovakia (TANAP) and Tatrzański Park Narodowy, Poland. The TANAP protects also
natural and seminatural predominantly Norway spruce forest that covers approximately 40,000 ha.
Roughly 30% of the forests is strictly protected in the no management zone. A downslope wind locally
named “bora” sporadically hits forest stands on the lee side of the mountains [43] and causes large
destructions. In November 2004, more than 12,000 ha of mature forests was destroyed by such an
extremely strong windstorm. Smaller windstorms and bark beetle outbreaks initiated by the 2004
windthrow damaged additional 7000 ha of the forests in the following years. In total, 50% of mature
forest stands were damaged during the 2004–2014 period in the Tatra National Park (www.lesytanap.sk,
accessed on 1 July 2020).

Three small catchments with long streamflow records were selected for this study (Figure S1).
The catchments are located on the southern (lee) slopes of the Tatra mountains and differ in their
areas and proportion of ecosystem types (Figure 1). The 2004 windfall significantly reduced forest
cover in two catchments (the Velický and Slavkovský Creek catchments, hereafter denoted as VP and
SP), while forests in the third catchment remained almost unaffected by the windfall (the Mlynický
Creek catchment, hereafter MP). The catchments are built by crystalline rocks that are partially
covered by Quaternary sediments and by glaciofluvial sediments (moraines) at higher and lower
elevations, respectively. Soils are generally stony, well drained, mostly shallow, very acid and poor in
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nutrients [44,45]. Lithic Leptosols and Hypersceletic Regosol are dominant above tree line. Haplic
Podzols and Dystric Cambisols (WRB classification) are dominant forest soil types. Extremely rocky
soils (rankers) cover ca 30% of the forest area [45].

MP VP SP

Figure 1. Ecosystem types (legend in Table 1) in the carbon study part of the catchments; MP (area to
stream gage 83 km2, mean altitude 991 m a.s.l., mean slope 9.2◦), VP (area 58 km2, mean altitude 1094
m a.s.l., mean slope 9.3◦) and SP (area 43 km2, mean altitude 1017 m a.s.l., mean slope 8.6◦).

Table 1. Total catchment area (km2), portion of deforestation in 2004 and carbon study areas (ha)
with proportion (%) of ecosystem types in the mountain parts of study catchments in 2015; MP—the
Mlynický Creek catchment, VP—the Velický Creek catchment, SP—the Slavkovský Creek catchment;
ROC—rock slopes, DEB—debris and moraines, WAT—water, ALM—alpine meadows; DWP—dwarf
pine; IPS—area affected by the bark beetle outbreaks; REF—mature forest unaffected by the 2004
windthrow; EXT—extracted windthrown area; FIR—windthrown area affected by subsequent fire;
NEX—non-extracted windthrown area; REX—extracted 1-year-old windthrow.
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MP 83.0 5.0 758.7 11.6 16.6 0.8 25.7 21.2 2.1 14.6 4.6 0.0 0.0 0.01
VP 58.0 20.0 1031.7 13.3 10.0 0.3 14.1 16.8 7.3 8.1 27.5 0.0 1.7 0.01
SP 43.0 32.0 612.1 5.6 15.1 0.1 16.0 18.7 6.3 1.4 7.9 27.7 0.9 0.01

Vegetation at the highest elevations (above 1700 m a.s.l.) is sparse and dominated by Agrostis
pyreneica, Juncus trifidus, Avenella flexuosa, Avenula versicolor, Luzula sudetica. Mountain pine (Pinus
mugo) forms a continuous belt above the tree line (1550 m a.s.l.) and grows up to 1700 m a.s.l. with
Avenella flexuosa and Calamagrostis villosa under the canopy. The area between 900 and 1500 m a.s.l.
was almost completely covered by mature forests (Lariceto-Piceetum and Sorbeto-Piceetum communities)
before the disturbances. Norway spruce (Picea abies) was the dominant tree species (covering 70–90%),
while European larch (Larix decidua) covered 10–30% of the forest in the studied catchments [44].

The long-term annual average temperature ranges from 5.3 ◦C (850 m a.s.l.) to 1.7 ◦C (1750 m a.s.l.)
Annual precipitation total ranges from 800 mm up to 1350 mm with maximum in summer months [45].
Study catchments are shown in Supplement, Figure S1. For carbon study, only the upper parts (micro
catchments) of the entire catchments were chosen, as presented in Figure 1.
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The carbon study areas feature typical land cover types that are hereafter termed as types of
ecosystems. They are represented by tarns and streams, alpine meadows, dwarf mountain pine
stands, undisturbed mature Norway spruce forests, managed 10-year-old windthrow, unmanaged
10-year-old windthrow, managed 1-year-old windthrow, standing/lying trees killed by bark beetle,
burnt windthrow and non-vegetation types (rocks, roads, buildings, etc.) Ecosystem types were
classified by ArcGIS from the aerial orthophoto maps created in 2015. The areas of ecosystem types in
the catchments used in the carbon balance evaluation are given in Table 1.

Vegetation (ALM, DWP, mature intact REF forest, and disturbed IPS, EXT and NEX ecosystem
types) together covered 72% of the catchment area in MP, 76% in VP and 79% in SP. Pre-disturbance
forest cover was 160.7 ha in MP, 461.1 in VP and 270.2 ha in SP. Until 2014 forest cover decreased from
21% to 14% in MP, from 45% to 8% in VP and from 44% to 1% in SP. Thus, the most heavily affected
forest stands were in the SP catchment, where total forest cover was reduced by 98%.

Most of the forests affected by disturbances were managed. Post-disturbance forestry operations
focused on slash harvest and reforestation. Only small patches remained unmanaged, namely 1 ha in
MP, 9 ha in VP and 7.2 ha in SP catchment. These numbers include also forests killed by consequent
bark beetle attack in the no management zone of TANAP. In 2014, strong winds damaged forest edges
of the 2004 windthrow. This event offered an opportunity to study carbon dynamics immediately after
the disturbance. We use the abbreviation REX to refer to this type of ecosystem, which is not shown in
Figure 1 due to the limited size of patches and spatially distributed occurrence of this ecosystem type.

The conditions in our study differ from studies devoted to impacts of forest harvesting on
streamflow. In our case the primary forest disturbance was natural and instantaneous (it occurred
within a few hours on 19 November 2004), and was followed by subsequent disturbances (bark
beetle outbreak, local fires and other smaller windthrows). The urbanization of the disturbed area
is low, and there is no flow regulation. As it is quantified above, the windthrow damaged a large
forested area. Due to the timing of the disturbance and the beginning of winter, most of the wood
windthrown wood remained on the ground until spring 2005. Thus, the highest potential flood
hazard related to forest removal was approximately in the period between autumn 2005 and winter
2006. The flood hazard declined in the following years due to vegetation regrowth (both natural
and managed). Holko et al. [46] compared water balance, minimum and maximum runoff, runoff
thresholds, number of runoff events and their selected characteristics, runoff coefficients, and flashiness
indices before (starting with the water year 1962) and after the windfall (until the water year 2007) in
eight catchments of the disturbed area. The impact of deforestation was not clearly manifested in the
analyzed hydrological data. Analysis of baseflow variability [47], runoff response to heavy rainfall [45]
and flow duration curves [48] resulted in the same conclusions although [48] concluded that discharges
with the highest probability of exceedance (Q90% and Q80%) in the decade following the windfall
(2005–2014) occurred more frequently than in period 1965–2004. Most of the above analyses were based
on a shorter time series of data after the first disturbance (windthrow). In this article we used additional
indices that were not used in the previous studies. Longer data series also allowed additional analysis
of the occurrence of peakflows with different return periods.

Evaluation of carbon balance was based on manual CO2 fluxes measurement by chamber
methods during the growing season 1 April–31 August 2014. Meteorological and phenological
data were recorded all year round. Changes in catchment streamflow were evaluated using daily
discharge data from water years 1965–2014 measured in the national network operated by the Slovak
Hydrometeorological Institute.

2.2. Meteorological and Hydrological Data

Climatic data are commonly used as a proxy for estimation of carbon fluxes. Hourly measurements
of air temperature and humidity at a standard height of 2 m above the terrain (Hygroclip, Switzerland),
soil temperature at 2 cm and 10 cm depths (107 Campbell, UK), soil moisture at 10 cm (theta Ml2x,
Delta UK), photo synthetically active radiation (PAR Quantum Skye, Ireland) and precipitation (Davis,
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CA, USA) were recorded by the Campbell data loggers (Campbell, UK). Mobile meteorological stations
were located at 1150 m a.s.l. in all studied catchments. Additionally, instant soil temperatures (at 2
cm and 10 cm depths), soil moisture (0–6 cm) and PAR were recorded concurrently with CO2 flux
measurements. Daily discharges measured at catchment outlets in period 1965–2014 were provided by
the Slovak Hydrometeorological Institute.

2.3. Vegetation and Phenology

Qualitative (species composition) and quantitative (biomass, coverage) vegetation parameters are
the most important predictors of plant assimilation. Species composition in relevant ecosystem types
was derived as a species-specific contribution to total leaf area index (LAI). Species-specific and total
LAI were used for a big leaf model construction. In this study the big leaf model is three-dimensional
with distinct vertical distribution of LAI and available PAR.

Plots for vegetation sampling were established along 21 transects, each 540 m long, located in
the DWP, IPS, REF, EXT, FIR, NEX and REX ecosystem types. The plots were set up every ten meters
and each plot consisted of three squares of different size: 0.04 m2 for grass and herbs, 0.25 m2 for
shrubs and 25 m2 for trees. During the peak of the growing season (mid-June–end of July), grasses,
herbs and shrubs were clipped, scanned, dried at 60 ◦C for 48 h and weighted in the laboratory. First,
we estimated species-specific leaf area (SLA) from a regression between the foliage biomass and the
foliage area. Plant leaf area of scanned leaves (40–50 samples for each species, each sample contained
10–50 leaves) was calculated by the ImageJ software [49]. Species-specific leaf area index (LAI) was
derived by multiplying foliage biomass and SLA. Sum of species-specific LAI gave total site LAI. Tree
diameters near the ground surface and height of each tree were measured with digital clipper and
telescopic sticks, respectively. Tree foliage biomass was derived from biomass regressions proposed
by [50–53]. Vertical distribution of LAI on dominant plant species was measured with Licor 2200 Plant
Canopy Analyser in 10 cm vertical categories from the top of the canopy to the ground. Licor 2200 was
also used for the estimation of temporal changes along established vegetation transects (on 5 × 5 m
squares) and verification of total LAI.

The dates of bud break, first and full leaves development were recorded and kindly provided
by the phenology observation stations of the Slovak Hydro Meteorological Institute located in the
MP catchment.

2.4. Carbon Balance

Carbon balance (net ecosystem exchange, NEE) refers to the amount of carbon captured by
plants. We estimated NEE as a difference between assimilation (GPP) and ecosystem respiration (RE).
Assimilation was estimated during growing season (1 April–31 August). Respiration was measured all
year round, except for the snow cover period (mid December–early March). Negative sign in NEE
represented carbon uptake, while positive sign for carbon efflux. Spatial extrapolations of leaf, plant
and point-wise carbon flux data to the catchment scale were based on regressions with actual vegetation.
Temporal extrapolation of instant carbon fluxes was based on their regression with meteorological
data and plant phenological development [54].

2.4.1. Assimilation—GPP

GPP was estimated as a sum of net exchange (NEE) and respiration (RE) directly measured by the
chambers. We used leaf or whole plant gas measurement for dominant plant species accordingly to the
plant size and shape. GPP refers to the amount of CO2 captured by leaves (μmol C m−2 s−1) which is
usually mainly controlled by available PAR [μmol photons m−2 s−1]. This response is expressed by the
light response curves which were constructed for dominant plant species. The light response curve
defines light saturated assimilation (GPPmax) and quantum yield (α) which naturally change during
season. For this purpose, we repeated field measurements of GPPmax and α of most plant species on
a 2-week basis, and once a month for conifer trees. GPPmax was derived from plotted light curves
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and α was calculated using the nonlinear regression (Statistica 12). The Michelis – Menten type of
regression [54] was used for calculation:

GPP =
GPPmax × α× PAR
GPPmax + α× PAR

× LAI (1)

GPP was calculated on an hourly basis. As incoming PAR changes continuously, we used 60 min
averages to calculate hourly and consequently daily and total (seasonal) GPP. As the shaded leaves
inside the canopy receives only portion of incoming PAR, we divided the canopy into 10 cm vertical
sections and measured incoming PAR from the canopy top to the ground (100 measurements per
species) by Quantum sensor. Similarly, LAI vertical distribution across the canopy was measured by
Licor 2200. Empirical models of vertical LAI distribution and PAR dissipation for dominant species
were applied to correct GPP derived from leaf measurements.

Leaf measurements: Licor 6400XT device was used for the gas exchange measurement on wide leaf
plants. The samples (20 leaves per species, equally at both sunny and shaded sides) were exposed to
different intensities of PAR (0, 50, 100, 200, 400, 800, 1200, 2000 μmol photons m−2 s−1) to construct the
light response curves. The leaf CO2 net exchange was measured biweekly on dominant species; the
parameters are shown in Table S1.

Plant measurements: Customs built plexiglass chambers of 16 and 60 dm3 were used to measure
the whole plant gas exchange on narrow leaf plants (grasses). The chambers were equipped with
GMP 343 CO2 sensor (Vaisala, Finland), PAR, temperature and air humidity probes and a small fan.
Incoming radiation was modified with a variable combination of shading nets. Each measurement
lasted two minutes. Only the linear part of the CO2 concentration change was used for the calculation
of CO2 flux following the ideal gas law [55].

Mature forest estimation: The GPP in mature spruce forest was calculated with annual wood stock
increment (m3 ha−1). Average annual wood stock increment was derived from permanent research
plots located in studied catchments [56]. Allometric and biomass expansion factors were used to
transform wood stock increment to net primary productivity (NPP) according to [7] and [57]:

NPP = V×D×BEF× k × c (2)

where V—annual wood stock increment, D—wood density, BEF—expansion factor for above-ground
biomass, k—coefficient for below-ground biomass, and c—portion of C in wood.

The GPP is equal to NPP divided by carbon use efficiency coefficient (CUE), GPP = NPP/CUE. We
used the CUE value for Norway spruce according to [58].

2.4.2. Ecosystem Respiration—RE

Ecosystem respiration (RE) is the sum of soil and aboveground plant respiration. Soil respiration
(SR) was measured on fixed collars with a PVC custom-built dark closed chamber (diameter 30 cm,
height 10 cm) equipped with Vaisala GMP 343 CO2 probe and a small fan. The CO2 concentration was
measured every five seconds for five minutes and corrected for air pressure, temperature and humidity.
Soil temperature and soil moisture were recorded along with the SR measurement. SR was measured
every two weeks along fixed transects (for details see [54]). For this study we used the location and the
number of sampling points (collars) as shown in Table 2.

Measured SR values were fitted with an exponential function based on soil temperature [59]:

SR = k × ea X T (3)

SR was calculated for each individual sampling point (collar), where T is soil temperature in 10
cm, k and a are regression parameters of the function derived by nonlinear regression using Statistica
12. Only statistically significant parameters (p < 0.05) were employed for SR modelling. The annual SR
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model was based on extrapolation of instant SR values using continuously measured soil temperature in
10 cm depth. Each ecosystem type was represented by an average calculated from all measured points.

Table 2. Numbers of sampling points for estimation of soil respiration in different ecosystems.

Ecosystem Type Abbreviation Number of Points Altitude (m a.s.l.)

Alpine meadow ALM 3 1730
Dwarf pine DWP 5 1550

Bark beetle attacked forest IPS 10 1180
Mature undisturbed forest REF 20 1200

Windthrow extracted EXT 24 1100
Burnt windthrow FIR 8 1100

Windthrow non-extracted NEX 8 1100
1-year-old windthrow REX 8 1100

Leaf respiration was measured with Licor6400 XT as species-specific leaf net CO2 exchange under
dark conditions (PAR set to 0). Stem (wood) respiration was measured on collars permanently fixed
to the trunks (n = 5) on trees with average height and diameter. The measurements were realized
on a 2-week basis. Arithmetic means of measured values were used to derive regressions with air
temperature similarly as for soil respiration and to calculate component (leaves, stem) and annual
ecosystem respiration.

2.4.3. Flux Data Validation

Confidence intervals for estimated CO2 fluxes were calculated with the Monte Carlo method as
proposed by Knohl [60]. First, we calculated the regressions in Equation (3) for all components of
ER (soil, stem, leaf) and their standard deviations (SD). Second, we calculated 5000 seasonal sums of
respiration based on measured temperatures and 5000 combinations of k and a parameters sampled
by the replacement from bivariate normal distribution defined by the values and SD of k and a. A
similar approach was applied to estimate GPP uncertainty. The GPPmax and α parameters in Equation
(1) were estimated using nonlinear regression. The seasonal sum of GPP based on hourly PAR for
different plant species was calculated with 5000 combinations of GPPmax and α parameters sampled
using the same method as described above. The overall catchment scale confidence intervals for NEE
were calculated as a square root of the weighted sums of partial ecosystem level CIs.

2.5. Streamflow Characteristics

Daily discharge data from the water years 1965–2014 were analyzed. The MP catchment
represented a small mountain headwater catchment that was unaffected by the 2004 windthrow while
the VP and SP represent catchments that were significantly affected by the windthrow and consecutive
bark beetle outbreak and fire disturbances. Having data from ten water years after the windthrow, we
first examined decadal cumulative runoff from 1965 to 2014 and compared it to cumulative precipitation
from the only two precipitation stations existing in the study area that provide representative data
from higher elevations (Skalnaté Pleso and Kasprowy wierch).

The IHA indicators were also examined visually (magnitudes, ranges, temporal trends and
abrupt changes) with the aim to identify the influence of the disturbances on the low and high flow
characteristics (annual minima: 1-day, 3-day, 7-day and 30-day annual minima, 1-day, 3-day and 7-day
annual maxima), baseflow index, environmental flow components (frequency and duration of high
and low flow pulses), rate and frequency of flow changes (rise, fall, number of reversals). High flows
were defined as flows that exceeded 75% of all daily flows. Low flows were flows equal to or less than
50% of all daily flows. The number of reversals represents the number of flow changes from falling to
rising and vice versa per year. Median values of all characteristics in the decades of 1965–2014 were
compared as well.

58



Water 2020, 12, 2917

Characteristics recommended by Olden and Poff [40] for perennial streams with snow and rain
regime (Table 3) were then calculated and analyzed as well. Except for the number of flow reversals,
those characteristics were not used in the study area in our earlier studies.

Table 3. Selected indicators of flow regime changes proposed for the evaluation of perennial streams
with snow and rain regime by [40].

Code Definition

MA3 coefficient of variation in daily flows

MA44 variability in annual flows divided by median annual flows; the variability is calculated
as 90th minus the 10th percentile

ML13 coefficient of variation in minimum monthly flows
ML22 mean annual minimum flows divided by catchment area

MH17 mean of the 25th percentile from the flow duration curve divided be median daily flow
across all years

MH20 mean annual maximum flow divided by catchment area

FL3 total number of low flow spells (threshold equal to 5% of men daily flow) divided by the
record length in years

FL2 coefficient of variation in the low flow pulse count (below 25th percentile)
FH3 high flow pulse count (high flow pulse is 7 times the median daily flow)
FH5 mean of high flow events per year (high flow is 1 times the median flow)
DL6 coefficient of variation in annual minima (1-day annual minima)

DL13 mean annual 30 day minimum divided by median flow
DH12 mean annual 7-day maximum divided by median flow
TL1 mean Julian date of the 1-day annual minimum flow over all years
RA9 coefficient of variation in number of reversals

RA8 number of positive and negative changes in water conditions from one day to another
(flow reversals)

Our final group of streamflow analyses focused on the occurrence of flows with specified
probability of exceedance estimated from the flow duration curves. A flow duration curve is a
cumulative frequency curve that characterizes probability of exceedance of specified discharges during
a given period [61]. First, decadal median flow duration curves in the period 1965–2014 were calculated
and compared between decades. Partial duration peakflow series comprising peak discharges of the
four greatest runoff events in each hydrological year provided the flow duration curves for the study
period 1965–2004 (i.e., before the windthrow disturbance). Then, the occurrence of peakflows with 10,
50 and 90% probability of exceedance was examined over the entire study period 1965–2014. It should
be noted that our maximum peakflows may not inevitably represent floods as understood by [38]
above because we did not have records about the events that exceeded the capacity of study channels.

3. Results

3.1. Weather, Vegetation and Phenology

In 2014, air temperature in the study region was exceptionally high compared to the long-term
observations at nearby meteorological stations. The annual average temperature at 850 m a.s.l. was
7.5 ◦C (2.1 ◦C above the 1930–1960 average). Mean annual air temperature on the Lomnický štít peak
(2633 m a.s.l) which is the highest meteorological station in the Tatra Mountains was 2.2 ◦C above the
norm. The annual precipitation total of that year (963 mm) was 14% above the long-term norm at
lower altitudes (850 m a.s.l.), while at higher altitudes it was equal to the long-term norm (1257 mm).
The difference in annual mean soil temperature between the lowest (1150 m a.s.l.) and the highest
(1750 m a.s.l.) locations was only 0.4 ◦C. Soil moisture (θvol %) exceeded 30% throughout the year
except for the second half of August.

Species share in studied ecosystems was derived from their relative leaf coverage. The average
LAI of alpine meadows dominated by Avenella flexuosa (50%) and Luzula sudetica (25%) was 1.6 (±0.4).
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Average LAI of Pinus mugo was 3.4 (±0.6). Sparse grasses beneath dwarf pine canopy were neglected.
Canopy LAI of the undisturbed mature forest (REF) was 3.6 (±0.9) and forest floor vegetation LAI was
1.0 (SD ± 0.3). Species shares in disturbed ecosystems are presented in Figure 2.

Figure 2. Total leaf area index (LAI) (m2 m−2) and species share [%] for ecosystem types on disturbed
sites, where NEX—non-extracted windthrow, FIR—burnt windthrow, EXT—extracted windthrow,
IPS—forest killed by bark beetle, REX—one-year-old extracted windthrow.

The values represent the maximum of measured LAI in mid-June. Species with a share below
4% are not shown. Ground vegetation started to develop in late April. Leaf area increased rapidly
until mid-June, after which it remained relatively stable. The earliest senescence was observed on
Chamaerion angustifolium in mid-August. Near timberline vegetation started to develop after snow
melt in the middle of May. First leaves on broadleaved tree species (Betula verucosa, Salix caprea, Sorbus
aucuparia, Populus tremulae) growing at 1200 m a.s.l. occurred in early May (5–10) and fully developed
leaves in early June (5–15)). At 1400 m a.s.l., the dates were postponed by 7–10 days. Needles on Larix
decidua fully developed in early May.

The greatest vegetation cover was found on NEX and FIR (LAI 4.4) followed by EXT (3.8). The
difference between them was insignificant (p = 0.054). As expected, lower LAI was found on IPS and
REX sites (1.7 and 1.2, respectively, p = 0.14). Generally, grasses dominated on all disturbed sites.
Contribution of trees to total LAI was relatively low. It was zero on REX, 11% on FIR, and 26% on EXT
and NEX sites. The broadleaved species slightly prevailed among trees (60%). LAI notably varied
during the season. The average seasonal course of LAI in the EXT ecosystem is shown in Figure 3.

 

Figure 3. Seasonal changes of LAI on ten-year-old windthrow, between May and August 2014; the dots
represent means from 25 plots, and the whiskers show SD.

As the site conditions and species composition in the studied catchments were rather similar, we
expected the same temporal changes of LAI in all ecosystem types. For GPP modelling purposes, the
LAI values between two subsequent measuring dates were linearly interpolated to obtain a time series
with 60 min time step.
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Vertical distribution of LAI and reduction of PAR along a canopy yielded very similar results for
dominant plant species. Average courses of relative LAI distribution and PAR availability along canopy
(0% = top of canopy, 100% = ground) are presented in Figure 4a,b.

 
(a) (b) 

Figure 4. Relative distribution of LAI (a) and PAR dissipation (b) in relation to relative canopy depth;
black dots—average values for all measured species, line-fitted model.

3.2. Carbon Fluxes

3.2.1. Assimilation (GPP)

Light response curves (LRC) for selected species are shown in Figure S2. Early successional stages
species (Calamagrostis villosa, Chamaerion angustifolium, Calamagrostis arundinacea, Salix caprea, Rubus
ideaus) showed significantly higher (p < 0.01) values of light saturated GPP (PAR 1500 μmol photons
m−2 s−1 PAR) than shade-tolerant species typical for spruce forests (Picea abies, Vaccinium myrtillus,
Avenella flexuosa). The maximum rate of GPP for grasses, herbs and broadleaved trees culminated in
late May, while conifers culminated in late June.

GPPmax and α derived from the LRC for seasonal modelling of photosynthesis according to
Equation (1) are given in Supplement Table S1. The GPP derived from species-specific LRC was further
summarized in 10 cm layers reduced by available PAR and LAI fractions as shown in Figure 4 and
calculated for ecosystem types according to vegetation characteristics (LAI and species).

The highest seasonal GPP was fixed in FIR ecosystem type (1,420 ± 33.0 gC m−2). Both managed
(EXT) and unmanaged (NEX) types assimilated similar amount of C equal to 1198 ± 24.5 and 1250 ±
29.1 gC m−2 respectively. Dwarf pine fixed 886 ± 17.6 gC m−2, and spruce forest damaged by bark
beetle (IPS) assimilated 605 ± 19.4 gC m−2. GPP on one-year-old windthrow (REX) and on alpine
meadows was 425 ± 16.5 and 230 ± 8.2 g C m−2, respectively, as presented in Figure 5.

Figure 5. Seasonal (April 1–August 31) sum of GPP for studied ecosystem types, where EXT—extracted
windthrow, NEX—non-extracted windthrow, FIR—burnt windthrow, IPS—forest killed by bark beetle,
REX—extracted one-year-old windthrow, DWP—dwarf pine, ALM—alpine meadow.
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According to the State Forest of TANAP records, the average annual wood stock increment
(2012–2013) in Lariceto-Piceetum, prevailing forest community in studied catchments, was 8.0 m3 ha−1

y−1. Using BEF for aboveground (1.3) and belowground spruce biomass (1.2) and CUE (0.35), the
estimated GPP was 892 gC m−2 y−1. If ground vegetation assimilation (330.6 ± 97.8 gC m−2 y−1) was
added, total GPP in undisturbed REF forest was 1222.6 gC m−2 y−1.

3.2.2. Ecosystem (RE) and Component Respiration

The highest ER was on REF (1148 ± 120.1 gC m−2 y−1) and IPS (1100 ± 175.0 gC m−2 y−1), followed
by FIR (957 ± 175.0 gC m−2 y−1) and NEX (909 ± 87.4 gC m−2) sites. Soil carbon efflux was the largest
component of ecosystem respiration. From all the ecosystem types, the largest annual soil carbon
efflux equal to 953 gC m−2 was in the REF ecosystem. The second largest flux (905 gC m−2 y−1) was
emitted from the IPS type. Soil on the FIR site respired 617 gC m−2 y−1 and from managed windthrow
(EXT) 596 gC m−2 y−1. Soil respiration from Pinus mugo stands and alpine meadows was equal to 508
and 250 gC m−2 y−1, respectively.

The average proportion of soil respiration to total ER in studied ecosystems was 74% and ranged
from 67% (NEX) to 82% (IPS). Soil respiration showed the highest correlation (avg R2 = 0.64) with
temperature measured at 10 cm soil depth. The correlation between air temperature and leaf respiration
was of similar magnitude (R2 = 0.61), while the correlation of air temperature to wood respiration was
the lowest (R2 = 0.38).

3.2.3. Carbon Balance (NEE)

NEE as a difference between seasonal GPP and annual RE indicates whether the ecosystem or
watershed sequesters or emits C to the atmosphere. The GPP, RE and NEE fluxes in the studied
ecosystems are presented in Table 4.

Table 4. Average annual carbon fluxes (gC m−2 y −1) and CI (95%) for different ecosystem types.

Flux/Ecosystem ALM DWP IPS REF EXT FIR NEX REX

GPP −230 ±
8.2

−886 ±
17.6

−605 ±
19.4 −1223 * −1198 ±

24.5
−1420 ±

33.0
−1250 ±

29.1
−425 ±

16.5

ER 220 ±
43.7

695 ±
90.3

1100 ±
175.0

1148 ±
120.1

846 ±
77.4

957 ±
175.0

909 ±
87.4

755 ±
96.4

NEE −10 ±
44.5

−191 ±
91.9

495 ±
176.0

−75 ±
120.1

−352 ±
81.2

−463 ±
178.1

−341 ±
92.1

330.0 ±
97.8

* indicates that confidence intervals for the REF were not calculated as a different method was used for GPP estimation.

Most of the ecosystems were carbon sink. The largest sink was vegetation on FIR (−463 ± 178.1 gC
m−2 year−1), followed by the EXT and NEX ecosystems. The differences among wind disturbed sites
were low mostly due to large variation of SR. Undisturbed mature REF type was carbon neutral (−75 ±
120.1 gC m−2 year−1, an asterisk indicates that confidence intervals for the REF were not calculated as
a different method was used for GPP estimation). IPS was the largest carbon source (495 ± 176 gC m−2

year−1) followed by one-year-old windthrow REX (330 ± 97.8 gC m−2 year−1). NEE in IPS and REX
remarkably differed from all other ecosystems.

GPP, RE and NEE fluxes (tC ha−1 year−1) in three catchments are presented in Figure 6.
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Figure 6. Annual carbon fluxes (tC ha−1 y−1) on a catchment scale where MP—Mlynický Creek
catchment, VP—Velický Creek catchment, SP—Slavkovský Creek catchment, green bars—GPP, black
bars—RE and red bars—NEE. Negative values of NEE indicate carbon sink.

As the GPP and RE increased in order SP > VP > MP, the same order applied for NEE. NEE
in MP catchment (−80 ± 73 gC m−2 y−1) indicates that carbon balance was almost neutral. The VP
(−136 ± 84 gC m−2 y−1) and SP (−206 ± 115 gC m−2 y−1) acted in 2014 as mild and strong carbon
sinks, respectively.

3.3. Streamflow Characteristics

Decadal cumulative precipitation and runoff (Figure 7) revealed greater cumulative runoff in the
VP and SP catchments in the decade after the windthrow (2005–2014). Similar increase is not visible in
the MP catchment which was very little affected by the windthrow.

 

Figure 7. Cumulative runoff and precipitation in decades from 1965–1974 to 2004–2014; precipitation
data adopted from Holko et al., 2020.

Median monthly flows and low flows in the period 2005–2014 increased in almost all months of
a year in the SP catchment (Figure 8), while the opposite was observed in the MP catchment in the
warm period of a year (May–October), except for August. The smallest changes were found in the VP
catchment where they were more pronounced in monthly low flows. Figure 8 also documents seasonal
variability of flows in the studied catchments that is probably not related to windthrow. For example,
annual maxima in the MP catchment in the 1965–1974 and 2005–2014 decades were clearly related to
the snowmelt period (April), while in other decades and other two catchments they occurred later
in spring (May, June). A shift in the occurrence of seasonal flow maxima to the summer period (July
or even August) is observed in the last two decades (from 1995) of the study period in the VP and
SP catchments.
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Figure 8. Medians of monthly flow characteristics observed in the decades from 1965–1974 to 2005–2014.

The indicators listed in Table 3 except for the number of flow reversals did not reveal the influence
of the disturbances. In water years 2005 and 2006, the number of flow reversals increased in the VP
and SP catchments (Figure 9).

 
Figure 9. Number of flow reversals per year in the study catchments; the windthrow occurred at the
beginning of the water year 2005.

Strong increase occurred in the MP catchment in 2007 (interestingly, the number of flow reversals
decreased in 2007 in the VP catchment). Variability of this indicator after 2007 became similar in all
studied catchments.

In the 2005–2014 decade, flow duration curves (FDCs) in the VP and SP catchments were shifted
in the opposite direction compared to the FDC calculated for the MP catchment (Figure 10).
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Figure 10. Median decadal flow duration curves.

Partial duration peakflow data did not indicate more frequent occurrence of higher discharges.
Peakflows of the greatest annual runoff events in the VP and SP creek catchments became better
correlated after the disturbance, i.e., in the 2005–2014 decade (Figure 11).

g

Figure 11. Relationships between peakflow discharges (four greatest runoff events in each year) in the
VP (horizontal axis) and SP (vertical axis) catchments in the decades from 1965–1974 to 2005–2014.

4. Discussion

Forest potential to sequester carbon in biomass and soil and thus to mitigate climate change is of
high interest. In reality, a forest, as well as any other vegetation, concurrently fixes and releases carbon.
The strength of carbon sink depends on many factors, e.g., species composition, soil properties, age
of vegetation, local climate, etc. [62,63]. Disturbances influence forest growth dynamics, mortality
and decomposition processes and therefore carbon cycling [64]. Disturbed forests usually become a
carbon source, at least temporarily [26,65,66] while disturbed biomass decomposes and productivity
decreases. One of the key questions is how long after a disturbance it takes until forest ecosystems
recover and become carbon neutral and eventually begin to act as carbon sinks.
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Our chamber-based measurements confirmed our expectation that forest ecosystems acted as a
carbon source after the disturbance. NEE in the one-year-old windthrow (REX) was 330 gC m−2 y−1.
The 2014 windthrow destroyed dense mature stands with sparse forest floor vegetation which led to
strong decline of GPP. Due to canopy destruction also the autotrophic component of ER declined but
the impact on NEE was much less pronounced than that on GPP reduction. These data coincide with
the EC tower measurements in 2006–2007 [67]. The authors reported strong carbon efflux 2–3 years
after the 2004 forest destruction from the same wind-disturbed sites that we analyzed in this paper.
Direct measurements of carbon fluxes on windthrown sites are rare, but the impact is often compared
to that of logging impact. Rebane et al. [64] in a review of post disturbance carbon balance stated that
one year after harvesting the annual efflux usually ranged from 520 to 1000 gC m−2 y−1 and three years
after the disturbance forests emitted 120 gC m−2 y−1.

Dramatic post disturbance NEE changes were also revealed by our data. We found that ten
years after the disturbance the ecosystems affected by the windthrow were either carbon neutral or
already became a substantial carbon sink. Niu et al. [14] analyzed the time needed for carbon recovery
following different disturbances and pointed out that recovery time was related to disturbance severity
with more severe impact requiring longer recovery times. They stated that relatively fast turnover
from carbon source to carbon sink was assigned with windthrow (23.5 ± 5 years). The longest recovery
time (101 ± 28 years) was needed after wildfires. In our study the burnt site recovered the fastest. The
carbon balance estimates at managed, unmanaged and burnt windthrown sites indicate that carbon
neutrality was already exceeded in previous years as the NEE values reached −352, −341 and −463 gC
m−2, respectively. Changes in NEE in the years after the disturbance are expected, while their direction
and magnitude depend upon the balance between the source effects of the load of decomposing
wood [60,68] and the sink effects of the recovering vegetation. Recovery of carbon fluxes after such
an extreme windthrow that occurred in the Tatra Mountains, which almost completely destroyed
thousands of hectares, was surprisingly fast. Vigorous vegetation recovery on disturbed sites was
already reported in our earlier papers [54]. According to Zhu et al. [69], if forest recovery is a dominant
mechanism, then the current carbon sink is expected to saturate as forests age and vegetation reaches
its late successional stage. This is the very likely future of carbon fate in our study catchments.

The expected difference in carbon balance between the forest that was managed and unmanaged
after the disturbance was proven. Despite the fact that EXT exhibited greater species diversity as a
consequence of replanting and NEX had more trees [70], the LAI values at the two sites were similar.
Removal of undesirable plant species on the EXT site during weed control regularly reduced plant
canopy and thus reduced potential carbon sequestration. On the other hand, greater plant diversity,
especially of trees on the EXT site, supports forest resilience and future climate change mitigation
potential. Dead wood intentionally left on the NEX site has not contributed to ecosystem respiration
yet due to still weak decomposition rate of fallen logs. This is the likely reason why our data are in
contrast with [71] or [72] who reported higher CO2 efflux from unmanaged sites than from sites where
dead wood was removed.

Contrary to wind disturbed sites, the IPS site acted as a large carbon source in 2015 (NEE =
495 gC m−2 y−1). Besides reduced assimilation, increased soil respiration was the main factor. Total
respiration was the highest at the IPS site from all disturbed sites (1100 gC m−2 y−1). We attribute this
result to elevated heterotrophic respiration. This is in agreement with [73] who reported increased soil
respiration after bark beetle outbreak due to elevated microorganism activity stimulated by increased
radiation trough open canopy and thus higher soil temperature. According to [64], carbon recovery
in a forest disturbed by insects (bark beetles) should be less than 10 years, which is probably not
our case. We see the reason for the large carbon efflux in our study in the fact that the studied IPS
ecosystems are located outside the reach of downslope winds. Due to less frequent disturbances, the
soil is covered with thicker humus horizons and thus contains more carbon. More light, elevated
temperature and moisture stimulate more intensive decomposition and carbon efflux. Higher content
of organic compounds in soil as well as less evident pit and mound microtopography indicate that
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the forest that is currently attacked by the bark beetles was rarely affected by the disturbances in the
past [74]. On the other hand, [75] reported respiration decline after a bark beetle attack. They found
decreasing carbon input from assimilation more important for forest carbon balance than increasing
respiration of dead material. Regardless, large stock of labile carbon poses a risk of carbon release to the
atmosphere under climatic warming [13,76]. Soil temperature was identified as a key environmental
factor for respiration on wind-disturbed sites. The highest correlation was with soil respiration, the
weakest with stem respiration. Don et al. [77] reported increased soil temperature by 4 ◦C and higher
decomposition rates on the bare soil just after the disturbance in the Tatra Mountains compared to
the intact forest. Fast decaying fine material (needles, bark) after the bark beetle attack probably also
supported the increase of heterotrophic respiration, as stated by [11]. Heterotrophic respiration could
also profit from increased soil moisture because of suppressed tree transpiration. Although ten years
after the disturbance soil moisture did not notably differ between the disturbed and intact forest stands,
it played only a marginal role in soil respiration rate. We suppose that sufficient soil moisture (around
30% Θvol) during the entire study period has not limited respiration.

Carbon sequestration on wind-disturbed sites massively exceeded the performance of the intact
mature Norway spruce forest (−75 ± 120 gC m−2 y−1). Higher carbon sequestration in post-disturbance
forests is rather common. For example, [14] showed primary productivity higher by 35% than the
pre-disturbance values. In our study, the post-disturbance carbon sequestration was three times
higher than before forest destruction. Nevertheless, intact forest NEE values must be interpreted
with caution. The NPP and consequently the GPP flux were estimated by the biometric method,
while in other ecosystem types they were estimated by gasometrical methods. Calculated NEE values
were much lower than those reported for comparable temperate forests. Intact forests in central
Europe are generally expected to act as a carbon sink [78,79]. According to [10], European forests
potentially sequester carbon from −115 to −410 gC m−2. Etzold et al. [80] reported −153 gC m−2 y−1

from comparable Norway spruce stands in the Alps. Thus, the performance of mature forests in our
study can be classified as carbon neutral, rather than a small sink. One of the possible explanations for
low NPP production in our study might be less intense growth of mature trees. Mean annual increment
of spruce forests in central Europe is 14 m3 ha−1 [10]. At our study sites it reached only 8 m3 ha−1 per
year. It is obvious that NEE declines with age [81]. Direct measurements using eddy covariance method
showed that middle age stands are stronger carbon sinks than very old stands [64,82]. However, forest
age is not the case in our study as observed trees are 80−120 years old and the explanation of small
GPP and NEE requires further analysis.

Upscaling of CO2 fluxes from leaf to ecosystem/landscape scales is always challenging. However,
it is necessary because quantification of source and sink relationships at a landscape level is inevitable to
understand the relationships between NEE and the global carbon cycle [83]. Cleary et al. [27] compared
leaf versus ecosystem fluxes in a grass-dominated ecosystem and found higher NEE with a leaf
measurement. NEE declined in whole plant chambers reported [84] as a consequence of self-shading.
Occasionally, the authors found twofold greater GPPmax in sparse than in dense populations. In our
study we found similar differences between GPP measured by Licor XT6400 at a leaf scale versus
whole plant in the closed chamber. Leaf-scale measurement yielded on average 50% higher GPP values
unless empirical models for vertical LAI distribution and PAR dissipation were applied. After the
correction, the difference declined below 12%. We applied this correction in GPP calculation when the
LAI exceeded 2.5 m2 m−2 and the shading effect became evident.

The analysis of streamflow characteristics did not unambiguously indicate the influence of forest
disturbances. Only a few characteristics exhibited different behavior after the disturbances. Greater
cumulative runoff in the most severely affected VP and SP catchments in 2005–2014 decade could be
related to the disturbances. Górnik et al. [85] documented an increase in the number of days with
precipitation of 40–60 mm in the warm period of the year (May–October) since 2001 and the unusually
wet year 2010 was observed in the Tatra Mountains. Greater cumulative decadal runoff compared to
the 1975–1984 and 1985–1994 decades occurred also before the windthrow, i.e., in the decade 1995–2004.

67



Water 2020, 12, 2917

However, the values calculated for the VP and SP catchments at the end of 2005–2014 decade exceeded
analogical values from all previous decades. This was not observed in the MP catchment with forest
cover almost unaffected by the windthrow. Cumulative point precipitation at the end of the decade
2005–2014 is not greater than in the previous four decades. These data indicate the influence of forest
disturbances. On the other hand, Figure 7 shows that the greatest increase in cumulative runoff
occurred approximately between April and December 2010 and another significant increase was
observed since April 2014, i.e., about five and nine years after the windthrow. The winters of 2010 and
2014 were both exceptionally snow-poor [86] and summer 2010 was very wet. It is therefore possible
that the increased runoff after the snow-poor winters was related more to the snowmelt-precipitation
regime in springs 2010 and 2014 than to the effects of forest disturbances.

The number of flow reversals is another indicator that increased in the VP and SP catchments in
the years following the windthrow while it remained stable in the MP catchment in 2005 and 2006.
Although the MP catchment was very little affected by the windthrow, a strong increase in the number
of flow reversals was observed in 2007 (Figure 9). This could be related to massive forest dieback and
following cutting. It is worth noting that greater numbers of flow reversals occurred also in the 1960s
although some values after the windthrow were greater. The highest values that occurred in the SP
catchment in 2013 and 2014 are probably not related to the windthrow. Because the variability of the
indicator is similar in all studied catchment has been similar since 2008, we assume that the high values
in 2012–2014 were caused by meteorological causes rather than by forest disturbances.

Although median decadal flow duration curves in the VP and SP catchments after the windthrow
are slightly shifted to greater discharges at almost all probabilities of occurrence, our earlier analysis
of the annual FDCs indicated that the shift was probably not caused solely by the disturbances, but
also by meteorological conditions in the years 2005, 2010 and 2014 [48]. Similarly, higher correlations
among peakflow discharges in the VP and SP catchments in the 2005–2014 period (Figure 11) were
more influenced by meteorological conditions than by the effects of forest disturbances. Greater ranges
of measured peak discharges given by higher precipitation (e.g., in June 2010) resulted in higher
coefficients of determination between the discharges in the neighboring catchments of the Velický and
Slavkovský Creek.

5. Conclusions

Our study revealed that ten years after extremely severe disturbances, the carbon balance at a
catchment scale was neutral or even positive. Highest carbon sequestration occurred at the most heavily
disturbed sites. Positive carbon balance reflects very intensive growth of successional vegetation in
recent warm and sufficiently moist climate. Only small patches of the forest killed by bark beetle acted
as a carbon source. Both managed and unmanaged sites in our study catchments acted as carbon
sinks. Nevertheless, greater species diversity on the managed sites could potentially guarantee higher
forest resilience and climate change mitigation effect under future, hardly predictable, conditions. The
findings that the intact mature forest was carbon neutral requires further and more detailed study to
identify the reasons.

Possible reasons for unclear effects of the disturbances on catchment hydrology were suggested
by [45]. Most of the forest damage, while quite extensive, occurred in the middle sections of the
catchments. The headwater areas, where most of the runoff is formed and where little forest existed
before anyway, were not damaged by the windthrow. Windthrow deforested areas were built by
moraines with high infiltration capacity. This disturbance affected relatively smaller percentages of
catchment areas since it hit the catchments in the east-western direction, while the catchments are
generally north-south oriented. Thus, not all the forests were damaged by the windthrow (although
the subsequent disturbances in the SP catchment destroyed 98% of the original forests). Additional
analyses conducted in this article confirm our previous conclusion about the lack of suitable indicators
of changes in catchment hydrology in headwater mountain catchments with areas of several tens of
square kilometers in which the forest disturbances affected up to 20–32% of the catchment area.

68



Water 2020, 12, 2917

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/10/2917/s1,
Figure S1: The entire study catchments (black line) and carbon study parts (MP—Mlynický potok Creek catchment
red cross-hatched, VP—Velický potok Creek catchment blue cross-hatched, SP—Slavkovský potok Creek catchment
green cross-hatched), Figure S2: Light response curves for selected (a) grass, herb and shrub species; (b) tree
species. Table S1: Average 2-week GPPmax [μmol C m−2 s−1] and α parameters estimated from light response
curves for the key species in studied catchments.
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field data and discussed the results. All authors have read and agreed to the published version of the manuscript.

Funding: This study was carried out through funds made available under the Slovak Agency for Science and
Research grant no. APVV 17-0644, the Scientific Grant Agency of the Ministry of Education, Science, Research and
Sport of the Slovak Republic under contract VEGA2/0049/18 and State Forest of Tatra National Park.

Acknowledgments: Authors are grateful to Zuzana Kyselová, Peter Michelčík for vegetation sampling, Luboš
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Abstract: The paper is focused on the evaluation of long-term changes in the chemical composition
of precipitation in the mountain forests of Slovakia. Two stations with long-term measurements
of precipitation quality were selected, namely the station of the EMEP (European Monitoring
and Evaluation Programme) network Chopok (2008 m a.s.l.) and the station of the ICP Forests
(International Co-operative Programme on Assessment and Monitoring of Air Pollution Effects on
Forests) network Pol’ana-Hukavský grúň (850 m a.s.l.). All basic chemical components were analyzed,
namely sulfur (S-SO4), nitrogen (N-NH4, N-NO3), and base cations (Ca, Mg, and K) contained in
precipitation. The time changes of the individual components were statistically evaluated by the
Mann–Kendall test and Kruskal–Wallis test. The results showed significant declining trends for
almost all components, which can significantly affect element cycles in mountain forest ecosystems.
The evaluated forty one-year period (1987 to 2018) is characterized by significant changes in the
precipitation regime in Slovakia and the obtained results indicate possible directions in which the
quantity and quality of precipitation in the mountainous areas of Slovakia will develop with ongoing
climate change.

Keywords: precipitation quality; mountain forests; long-term changes; acid components; base cations

1. Introduction

The Slovak Republic is a party of the UN ECE (United Nations Economic Commission for Europe)
Convention on Long-range Transboundary Air Pollution. The Implementing Protocols have been
progressively adopted to this Convention which, among other things, has been designated by the
parties to the Convention to reduce the anthropogenic emissions of pollutants involved in global
environmental problems. The Global Environment Report in Europe [1], published by the European
Environment Agency, indicates that emissions of acidifying substances have declined significantly since
1990, mainly in Central and Eastern Europe due to economic restructuring. The reduction in Western
Europe is mainly related to changes in fuel use, desulfurization, and denitrification of combustion gases
and the introduction of three-way catalytic converters in cars. Due to significant emission reductions
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in most European ecosystems, there is no further acidification, but there are a number of risk areas,
especially in Central Europe [2–4].

The need of evaluation of the extent and distribution of pollutants over Europe initiated
“The co-operative programme for monitoring and evaluation of the long-range transmission of
air pollutants in Europe” (unofficially “European Monitoring and Evaluation Programme” = EMEP).
The main objective is to provide governments/decision makers with information of the deposition
and concentration of air pollutants, as well as the quantity and the significance of the long-range
transmission of air pollutants and their fluxes across boundaries [5,6].

The main source of SOx emissions are large point sources from combustion in energy and
transformation industries (56%), but its share decreased by 4% compared to 2012 [7]. Within the last
two decades a distinct decrease in emissions in Czech Republic, Slovakia, and Poland has been achieved
due to improvement of heat and power production technology, implementation of measures aimed at
reducing sulfur emissions from power stations that use brown coal, increased use of low-sulfur fuels
in private households and emission control at national and European level [8,9]. Some studies show
that precipitation containing a higher proportion of sulfates are more toxic than precipitation at the
same pH level but containing a higher proportion of nitrates [10,11].

In Europe, nitrogen oxides (NOx-N) are emitted mainly from stationary combustion sources
(power plants and industrial processes) and transportation sources (road, off-road, and ship traffic).
NOx-N emissions increased in the 1980s due to increased traffic and started to decrease in the
mid-1990s [2,11]. The road transport sector represents the largest source of NOx emissions, accounting
for 39% of total EU-28 emissions in 2013 [1,11].

More than 95% of all NH3 emissions come from agriculture, livestock production, and animal
waste management. NH3 emissions from the use of artificial nitrogen fertilizers are also significant.
NH3 emissions from energy/industry and transport are less significant. NH3 emissions from industry
mainly come from the production of nitric acid. NH3 emissions from transport come mainly from road
transport. In terms of long-term development, the overall NH3 emissions decrease. The decline in
NH3 emissions in the “Agriculture” sector is due to the combined effect of reduced livestock numbers
across Europe (especially cattle), changes in the handling and management of organic manures and the
abatement of nitrogenous fertilizers [1,12].

The main goal of the article was to analyze the significance of temporal changes of selected
parameters of the chemical composition of rainwater in two mountain localities in Slovakia. The aim
was to determine the statistical significance of the decrease/increase in the concentrations of selected
chemical components in precipitation during the evaluated time period as well as to determine the
significance of the differences between the two evaluated localities.

2. Materials and Methods

2.1. Site Description

Chopok is the SHMI (Slovak HydroMeteorological Institute) meteorological observatory located on
the ridge of the Low Tatras Mts., at an altitude of 2008 m, (48◦56′ N, 19◦35′ E) (Figure 1). Measurements
started in 1977. Since 1978 it has been part of the EMEP network and the GAW(Global Atmosphere
Watch)/BAPMoN(Background Air Pollution Monitoring Network)/WMO(World Meteorological
Organisation) network. Chopok is located in a cold climatic zone, C3—cold mountain (July mean
temperature below 10 ◦C). The long-term mean annual precipitation total (1951–1980) is 1142 mm and
of which 667 mm is the summer half-year. The mean annual temperature (1951–1980) is −1.2 ◦C, in the
vegetation period (April–September) 3.6 ◦C. A more detailed climatic characteristic is given by the
climate chart (Figure 2) [13].

Research plot Polana Hukavský grúň is located in the territory of the Polana biosphere reserve at
an altitude of 850 m (48◦38′ N, 19◦29′ E) (Figure 1). The mean annual precipitation total (1951–1980) is
853 mm and of which 494 mm in the summer half-year. The mean annual temperature (1951–1980) is
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5.8 ◦C, during the vegetation period (April–September) 11.9 ◦C. A more detailed climatic characteristic
is given by the climate chart (Figure 2).

Figure 1. Location of the mountain monitoring stations EMEP (European Monitoring and Evaluation
Programme) Chopok and RDO (Research Demonstration Object) Pol’ana.

Figure 2. Climate diagrams for (a) Chopok and (b) Polana-Hukavsky grun.

2.2. Precipitation Quality Data

Source data for this article has been obtained for Chopok public data available in the EMEP
database. For Polana, the data obtained from the Polana-Hukavsky Grúň Research and Demonstration
Facility (VDO) was established by the Forest Research Institute in Zvolen in the spring of 1991.
Since 1992, the basic components of precipitation quality have been monitored. It takes place in the
weekly measurement and sampling cycle during the summer and the two-week cycle in the winter
period is observed in 80% of cases.

The design of precipitation water sampling and the implementation of chemical analyzes of
precipitation were performed in accordance with the EMEP manual [14] for the Chopok station and the
ICP Forests manual [15] for the Polana-Hukavsky grun station. Chemical analyzes were performed
in accredited laboratories of SHMI (Chopok) and Forest Research Institute in Zvolen (Polana) in
accordance with the cited manuals. Both laboratories have been involved in international ring testing
programs and related quality programs (quality assurance/quality control).

At the Chopok station, total precipitation was measured with a standard METRA rain gauge
with wind protection with a collected area of 500 cm2, samples for chemical analyzes were collected
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into plastic PET containers with a collected area of 500 cm2, in a wet-only version for summer period
and bulk version for winter period. At the Polana site, precipitation totals were measured with a
Hellman’s rain gauge with a collected area of 200 cm2, samples for chemical analyzes were collected
into PET bulk collectors (3 pieces with an individual collected area of 200 cm2). The precipitation
quality measurements at Polana site have been changed due to organizational reasons and therefore
the statistical analyzes have been performed up to 2014 year.

2.3. Data Analysis and Statistical Methods

The sulfates, nitrates, and ammonium have been recalculated according to the atomic weights to
sulfur and nitrogen concentrations.

In the evaluation, individual statistical characteristics are evaluated for annual mean values at
monitored stations. Annual weighted means of concentrations shall be assessed. For detecting and
estimating trends of annual means have been used the non-parametric Mann–Kendall Test. It is the
test of a monotonic increasing or decreasing trend. It is standard method when occur missing values
and when data are not normally distributed. Sen’s method can be used in cases where the trend can be
assumed to be linear. It is an estimator used to quantify the magnitude of potential trends. Thus, Sen’s
slope is used to estimate the percent reduction in the concentration level while the Mann–Kendall test
is used to indicate the significance level of the trend [5,6,16,17]. This test has been used for various
studies on long-term environmental and economic impacts [18–21].

Decrease of concentration was calculated from differences of the first three and the last three years
averages (depending on availability of measured data) [8]. The rate of decrease of the concentration of
the analyzed element in precipitation was expressed on the basis of the regression coefficient “a” of the
linear trend from the equation y = a.x + b.

The non-parametric Kruskal–Wallis test was performed by comparing the weighted averages of
the stated values from the open areas between the stations Chopok and Pol’ana.

3. Results

3.1. Precipitation

In the monitored period 1978–2018, the annual precipitation total was recorded at the Chopok
regional station, which varied in the range of 840–1590 mm, as pointed out in Figure 3. The maximum
was recorded in 2014. From the statistical assessment by the Mann–Kendall test and the graphical
representation of the values, it is clear that in the long run there is a slight increase in precipitation
totals at a rate of 8.8 mm of atmospheric precipitation per year.

Figure 3. Annual precipitation totals for Chopok and Polana.
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Total precipitation has been recorded in Pol’ana since 1993. During the analyzed 21-year period,
precipitation totals did not show large fluctuations. The maximum total precipitation was recorded in
2010 at the level of 1270 mm. On average, precipitation at a given locality reaches 886 mm per year.
Statistical analysis of precipitation total data obtained from this locality did not confirm the significance
of the time trend. Using the Kruskal–Wallis test, we proved a statistically significant difference between
these two localities in the years from 1993 to 2018 (see Table 1).

Table 1. Statistical differences between stations Chopok and Pol’ana based on concentrations of elements
in precipitation.

Kruskal–Wallis Test Chopok–Pol’ana
Component Time Period Count p-Value Significance

Precipitation 1993–2013 21 <0.0001 ***
pH 1995–2013 21 0.649 NS
H+ 1993–2013 21 0.2807 NS

S-SO4 1993–2013 21 0.3022 NS
N-NO3 1993–2013 21 0.252 NS
N-NH4 1995–2013 19 0.3205 NS

Ca 1993–2013 21 0.0019 **
Mg 1995–2013 21 <0.0001 ***
K 1995–2015 21 0.0056 **

*** for p < 0.001, ** for p < 0.01, * for p < 0.05, NS for p ≥ 0.05.

3.2. pH Values and H+ Concentrations

Evaluation of temporal changes of pH values can be quantified only in the case of long-term stable
observations performed at the same site. Figure 4 shows changes in pH and H+ values during the
observed period for Chopok 1978–2018 and Pol’ana 1993–2013. The Mann–Kendall test confirmed
that the acidity of atmospheric precipitation in the observed time period shows a significant trend
(see Table 1). At both studied localities, the pH value gradually increases slightly. As the pH increases,
the concentration of hydrogen ions H+ decreases naturally. This trend is mainly due to a decrease in
the concentrations of major acidifying ions such as sulfate ions, nitrate ions. The decrease of these ions
is evident from the following graphical representations (Figure 4).

Figure 4. Annual mean weighted pH values and H+ concentrations in precipitation: (a) Chopok,
(b) Polana.

At Chopok, the pH value in annual averages ranges from 3.93 to 5.63. The lowest value is from 1988
and the highest from 2017. The recorded pH values of precipitation in Pol’ana reached their minimum
of 3.96 in 1997 and the maximum of 5.4 in 1993. In Pol’ana the statistical significance of the increase
in pH values is slightly lower than in Chopok, which can be caused by a shorter reference period.
The given localities do not differ statistically significantly from each other in terms of comparison of
pH values.
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The time series and pH trend over a longer period indicate a decrease in acidity not only in
Slovakia, but also in Europe [12,18,22]. The pH values correspond well with the pH values according
to the EMEP maps (SHMÚ 2015). At the 22 sites within EMEP with long term pH measurements from
1980 to 2009 the average decrease in H+ concentration was 74% [5]. The increase of precipitation pH
value in recent years in bulk precipitation and throughfall has been explained by a greater decrease in
acidic anion concentrations [23].

The lowest pH in Europe is observed in the Eastern part of the continent which has relatively
high sulfate deposition and a low base cation deposition [5]. Sicard et al. [24] published the pH values
in precipitation with a significant decreasing trend of −0.025 ± 0.02 unit pH year−1 in France.

3.3. Sulfur and Nitrogen

A basic overview of the weighted annual concentrations of acidic elements (S-SO4, N-NO3,
and N-NH4) separately for the station Chopok and Pol’ana is shown in Figure 5. At both monitored
stations, sulfate ions dominate in the rainwater. This is confirmed by work [25], that they obtained
much higher mean values of sulfur deposition compared to the nitrate-nitrogen deposition—by more
than 4-times in case of the open area in mountains in central part of Slovakia.

Figure 5. Annual mean weighted concentrations of acidic elements (S-SO4
2−, N-NH4

+, and N-NO3
−)

in precipitation: (a) Chopok, (b) Polana.

For the main air pollutants, the largest reductions across the EU-28 (in percentage terms) since 1990
have been achieved for SOx emissions (which decreased by 87%), followed by CO (−66%), NMVOCs
(−59%), NOx (−54%), and NH3 (−27%) [1].

Sulfate concentrations together with precipitation pH values have been monitored at the EMEP
Chopok station for the longest of all monitored elements since 1978. At the Chopok station, the weighted
annual mean sulfur concentrations represented the range 0.38–2.59 mg·L−1 in the period 1978–2018.
The highest value of the concentration of sulfur in sulfates in rainwater was recorded in 1981.
The minimum value of the concentration was reached in 2016. In Pol’ana, the weighted annual averages
of S-SO4 concentrations ranged from 0.28 to 2.4 mg·l−1. The values of sulfur concentration in SO4

2− in
Pol’ana have been slightly higher in the last decade than the values at the Chopok station. The values
of sulfate concentrations are characterized by considerable variability, and it is noticeable to see a
gradual decrease in their dispersion. Over the last decade, the weighted annual average concentration
of S-SO4 has not exceeded 1 mg·l−1.

Sulfate anions contribute the most to the acidity of precipitation, in Chopok for the whole
monitored period from 1978–2018 their concentration decreased at a rate −0.0576 mg·l−1 per year and
in Pol’ana from 1993–2013 by −0.0624 mg·l−1 annually. This decreasing trend of S-SO4 concentration is
significantly significant in both cases (p < 0.0001) (Table 2).
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Table 2. Mann–Kendal test analyze and decrease of concentration elements in precipitation.

Variable Time Period Min Max Mean Median Std. Deviation Sen’s Slope p-Value Significance Decrease %

C
hopok

Precipitation 1978–2018 840.5 1560.0 1118.4 1064.1 198.002 6.046 0.0079 ** −29.72
pH 1978–2018 3.930 5.630 4.631 4.640 0.397 0.025 < 0.0001 *** −28.77
H+ 1978–2018 2.34 × 10−5 11.75 × 10−5 3.32 × 10−5 2.29 × 10−5 2.58 × 10−5 0.000 < 0.0001 *** 92.99

S-SO4 1978–2018 0.280 2.590 1.201 1.030 0.709 −0.063 < 0.0001 *** 84.49
N-NO3 1985–2018 0.190 0.610 0.381 0.395 0.128 −0.013 < 0.0001 *** 53.15
N-NH4 1994–2018 0.290 1.340 0.492 0.430 0.208 −0.017 < 0.0001 *** 63.97

Ca 1992–2018 0.090 1.830 0.384 0.200 0.402 −0.032 0.0001 *** 77.95

Polana

Mg 1992–2018 0.020 0.330 0.062 0.040 0.068 −0.005 < 0.0001 *** 78.95
K 1992–2018 0.040 0.700 0.156 0.090 0.147 −0.011 < 0.0001 *** 79.49

Precipitation 1993-2013 561.2 1270.4 886.0 892.7 152.4 −0.009 0.0742 NS 13.35
pH 1993-2013 3.960 5.310 4.680 4.720 0.350 0.023 < 0.0001 *** −18.75
H+ 1993–2013 0.49 × 10−5 10.87 × 10−5 3.00 × 10−5 1.91 × 10−5 2.97 × 10−5 0.000 0.0003 *** 84.83

S-SO4 1993–2013 0.454 2.403 0.923 0.798 0.462 −0.053 < 0.0001 *** 68.45
N-NO3 1993–2013 0.264 0.792 0.409 0.385 0.125 −0.008 0.0134 * 45.01
N-NH4 1995–2013 0.282 1.022 0.588 0.550 0.207 −0.032 < 0.0001 *** 49.99

Ca 1993–2013 0.318 1.159 0.638 0.600 0.256 −0.028 0.0011 ** 55.87
Mg 1993–2013 0.050 0.295 0.135 0.124 0.064 −0.008 < 0.0001 *** 73.64
K 1993–2013 0.066 1.223 0.410 0.252 0.332 −0.015 0.0571 NS 57.75

*** for p < 0.001, ** for p < 0.01, * for p < 0.05, NS for p ≥ 0.05; decrease was calculated from differences of the first
three and last three year’s averages.

The overall decrease in sulfate concentrations in the long-term time series corresponds to the
decrease in SO2 emissions since 1980 (SHMÚ 2018). From 1978 to 2018, sulfate concentrations in
rainwater decreased at the Chopok station by 85.0% and at the Pol’ana station by 68.5% (1993–2013).
This fact is in line with results from the monitoring made within EMEP. It shows large reductions in
ambient concentrations and deposition of sulfur species during the last decades. Reductions are in
the order of 70–90% since the year 1980 and correspond well with reported emission changes. As a
result of the large reductions in sulfur concentrations, the acidity of precipitation has decreased across
Europe (TØRSETH et al. 2012). According to [1] between 1990 and 2013, SOx emissions dropped in the
Slovakia by 90% and in the EU-28 by 87% [1]. In 1990 the highest sulfur deposition areas were found in
the central-east European areas in countries such as Germany, Poland, Czech Republic, and Slovakia.
At year 2006 the highest load, although lower than previously, are found in eastern European countries
such as Bulgaria, Romania, Serbia, and Bosnia and Herzegovina [4,26].

In France [24] the concentrations of SO4
2− and nss−SO4

2− (nss—non see salt) concentrations
in precipitation have a significant decreasing trend, −3.0 ± 1.6 and −3.3 ± 0.6% year−1, respectively,
corresponding with the downward trends in SO2 emissions in France (−3.3% year−1). A good correlation
(R2 = 0.84) between SO2 emissions and nss−SO4

2− concentrations was obtained. The decreasing trend
of NH4

+ was more significant (−5.4 ± 5.2% year−1) than that of NO3
− (−1.3 ± 2.4% year−1). In Latvia,

the SO4–S ion concentrations in bulk precipitation also showed a significant negative linear trend [23].
Nitrates are involved in precipitation acidity to a lesser extent than sulfates [11,27]. With the

measurement and determination of nitrate concentration in precipitation, Chopok began in October
1985 and Polana in 1993. The annual weighted means of nitrate concentrations converted to nitrogen
at the Chopok precipitation ranged from 0.19 to 0.61 mg·l−1. The minimum value is from 2014 and the
maximum from 1992. In the monthly values, greater variability of nitrate concentrations was recorded.
The N-NO3 concentration was 0.79 mg·l−1 in the first year of measurement and the minimum value
was 0.19 mg·l−1 in the year 2014. The weighted annual concentrations of N-NO3 in Polana in the last
decade exceeded the monitored values at Chopok.

The results of the analysis of time changes of nitrates concentrations in precipitation showed
a statistically significant trend with decreasing tendency, as is evident from Figure 5 and Table 2.
The rate of decrease in N-NO3 concentration in both stations is approximately the same, at Chopk is
0.0116 mg·l−1 per year and at Pol’ana −0.0125 mg·l−1 per year. The precipitation content of nitrates
does not change as fast as the sulfate content.

At Chopok, nitrate concentrations decreased by 41.0% between 1985 and 2018 and 45.01% at
Pol’ana for 1993–2013. Between 1990 and 2013, NOX emissions dropped in the Slovakia by 65% and
in the EU-28 by 54% [1]. The reduction of NOX emissions in Europe from 1990 to 2009 were mainly
caused by a change from burning of coal and gas to nuclear power. In Eastern Europe increased NOX
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emissions from road traffic after 2000. On the other hand, NOX emissions from traffic in Western
European decreased, even though fuel consumption increased [5].

Monitoring of Ammonium ion in rainfall water Chopok started in 1994 and one year later
at Pol’ana. At Chopok, the annual weighted mean of N-NH4 concentrations ranged from 0.29 to
1.34 mg·l−1 to the maximum value recorded in 1995. The maximum at Pol’ana was measured in 1996
with a value of 1.02 mg·l−1 and a minimum in the year 2010 0.28 mg·l−1. A statistically significant trend
(p < 0.0001) (Table 2) with a decreasing trend for Chopok−0.0206 mg·l−1 nitrogen per annum and Polana
−0.0311 mg·l−1 is observed from the analysis of time changes of ammonia nitrogen concentrations in
precipitation at both stations.

3.4. Base Cations (Mg2+, Ca2+, K+)

A basic overview of the weighted annual concentrations of base cations (Ca, Mg, and K) separately
for the station Chopok and Pol’ana is shown in Figure 6. In Chopok, the measurement and determination
of the concentration of basic cations in precipitation began in 1992, and a year later the measurement of
the concentrations of these cations also began in Pol’ana.

Figure 6. Annual mean weighted concentrations of base cations (Mg2+, Ca2+, K+) in precipitation:
(a) Chopok, (b) Polana.

At the Chopok station, for all the basic cations mentioned, the maximum value of the weighted
annual concentration was recorded in 1995 for Ca 1.83 mg·l−1, Mg 0.33 mg·l−1, and K 0.7 mg·l−1.
A comparison of the concentration of basic cations in precipitation between stations shows mostly
higher values at Pol’ana compared to EMEP station Chopok. In this case, since basic cations are the
main component of terrestrial dust, the difference in the methods of measuring “wet-only” (rain gauges)
vs. “bulk” (rainwater collectors) [28] is evident. In addition, basic cations are produced mainly in the
production of building materials, as well as from local dust (roads, stone processing, etc.), which are
more localized at lower altitudes [22,29].

From 1992 to 2018, there was an obvious decrease in basic cations in precipitation waters. A more
significant decrease is at the Chopok station where the weighted annual average concentration of
potassium decreased by 80.0%, magnesium by 86.7%, and calcium by 77.5%. In Pol’ana, within the
concentration of the monitored basic cations, magnesium decreased the most by 73.6%, although the
decrease of potassium by 57.8% and calcium by 55.9% is not negligible either.

Ca cations have the highest concentration from base cations observed in precipitation.
The weighted annual means of calcium concentration in precipitation (Figure 6) at the Chopok station
during the observed period varied in the range of 0.09–1.83 mg·l−1 and at Pol’ana 0.318–1.159 mg·l−1.
The studied localities differ statistically significantly from each other (Table 2). Statistical analysis of
the data confirmed a trend that is significantly significant (Table 1). In the case of both stations there
is a decreasing tendency of calcium concentrations in precipitation, while at the station Chopok by
−0.0328 mg·l−1 per year and at Pol’ana by −0.03 mg·l−1 per year.
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A majority of the EMEP sites showed a decreasing trend of calcium in precipitation with an
average decrease of 47% from 1980 to 2009 and 26% from 1990 to 2009. In the early 1990s, the closing
of many lignite-fired power stations, iron, and steel smelters as well the implementation of effective
abatement technologies for sulfur caused a reduction also in the emissions of base cations [5].

Magnesium concentrations are several times lower than calcium and potassium. When comparing
the weighted annual averages of magnesium concentrations between the Pol’ana and Chopok stations in
Figure 6. See the big differences among them. Precipitation from the Pol’ana station reaches significantly
higher magnesium concentrations in almost all monitored years than at Chopok. We confirmed the
statistically significant difference (p < 0.0001) between the given localities by the Kruskal–Wallis
test. Concentrations in the range of 0.05–0.295 mg·l−1 were recorded at Pol’ana and 0.02–0.33 mg·l−1

at Chopok. At both stations we can confirm a statistically significant trend (p < 0.0001) with a
decreasing tendency, in the case of Pol’ana it is a decrease of −0.0084 mg·l−1 and at the station Chopok
−0.0052 mg·l−1.

At Chopok station, potassium concentrations change only at a very narrow interval. With regard to
the values determined from the precipitation at Pol’ana, this statement is valid only in the last evaluated
years. Values in Pol’ana stabilized relatively after 2005. Weighted annual potassium concentrations
ranged from 0.03 to 0.7 mg·l−1 for Chopok and 0.07 to 1.22 mg·l−1 for Pol’ana throughout the period
under review. The Mann–Kendal test confirmed a statistically significant trend with a declining
character at the Chopok station. In the long run, the trend shows a decrease in potassium concentration
by −0.0129 mg·l−1 per year. The weighted annual averages of K concentrations in Pol’ana did not
show a statistically significant trend. From Figure 6, however, it can be seen that the concentrations
of K reach lower values than in the first half of the observed period. Using the Kruskal–Wallis test,
we proved a statistically significant difference between the Chopok and Pol’ana stations.

4. Discussion

The long-term changes of chemical composition of atmospheric precipitation depends on many
factors, but the decisive factors are changes in air pollutant emissions as well as changes in meteorological
processes affecting their transformation into a liquid phase in clouds and precipitation [30,31].
The resulting changes are thus an integrated indicator of complex physico-chemical transformations
of pollutants from the emission source to the captured precipitation at a specific location [30,32–34].
The results of many observations, especially in the northern hemisphere, point to significant changes
in precipitation chemistry, especially in pH values, concentrations of sulfur, nitrogen, but also basic
cations. Most notably, these changes are visible at pH values and sulfate concentrations in precipitation
water [2,11,24,27,34,35].

Several studies confirm that the primary cause of the decrease of pollutants in atmospheric
precipitation is a decrease in sulfur and nitrogen emissions due to the application of measures under
the Convention on Long-Range Transboundary Air Pollution—CLRTAP [1,2,7], although the decrease
in emissions does not fully explain all observed pollutant trends [3]. Changes in other factors such as
changes in air temperature and precipitation, changes in atmospheric circulation, or the occurrence of
extreme weather events must also be taken into account [30,32,33].

Trends in decreasing sulfur and nitrogen concentrations in precipitation over the last 2–3 decades
have been recorded mainly in Europe and North America, although the intensity of the decrease has
been regionally different [2,4,5,23,27,34]. The most significant changes have been identified in Central
and Eastern Europe, mainly due to structural changes in energy and industry sectors [1,2,4,5]. Recently
studies have emerged on the possible impact of climate change on the further development of acidic
and basic components contained in atmospheric precipitation, in particular the impact of changes in
precipitation (decrease or increase in precipitation totals), air temperature and atmospheric circulation
changes on long-range transmission, and chemical transformation of pollutants in gas and liquid
phases [11,12,32,33]. For this reason, it is therefore necessary to maintain the monitoring of rainwater
quality as much as possible, especially in localities with their long-term measurement.
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Changes in the chemical composition of precipitation also significantly affect the biogeochemical
cycles in forest and aquatic ecosystems and can contribute to changes in habitat diversity and biocenoses
as well as changes in biomass production (e.g., changes in nitrogen content in atmospheric precipitation).
In areas with sufficient precipitation, long-term changes in the chemical composition of precipitation
will gradually be reflected in the chemical regime of surface and groundwater [35–37]. The issue of the
economic effects of air pollution and precipitation quality, which may take on a different dimension in
climate change, must not be forgotten either [38].

5. Conclusions

The presented work deals with the issue of long-term changes in the quality of precipitation in
mountain areas of Slovakia at the station EMEP Chopok and VDO Pol’ana-Hukavský grúň. A 41-year
time series of measured data of most of the analyzed elements of precipitation chemistry was available
for the Chopok locality. At the Pol’ana station, the concentrations of elements in precipitation are
monitored and are available for a 21-year period. In this work we evaluated the long-term development
of concentrations of elements in precipitation (S-SO4, N-NO3, N-NH4, Ca, and Mg, K).

The concentration of sulfur in sulfates in precipitation water decreases significantly at both
monitoring stations. At Chopok the decrease represents up to 84.5% decrease compared to the first
three years of measurement and at Pol’ana 68.5% decrease. Nitrogen concentrations in nitrate and
ammonium ions decreased with a significant trend at both monitored mountain stations. In both cases,
its deposition decreased by almost 50%. Nitrogen concentrations in both nitrate and ammonium ions
decreased at approximately the same rate per year at both stations.

For all basic cations, a decrease in their concentration in atmospheric precipitation is observed, with
the exception of the potassium cation at the Pol’ana station, where the trend was not statistically confirmed.
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Abstract: Climate change affects snowpack properties indirectly through the greater need for artificial
snow production for ski centers. The seasonal snowpacks at five ski centers in Central Slovakia were
examined over the course of three winter seasons to identify and compare the seasonal development
and inter-seasonal and spatial variability of depth average snow density of ski piste snow and
uncompacted natural snow. The spatial variability in the ski piste snow density was analyzed in
relation to the snow depth and snow lances at the Košútka ski center using GIS. A special snow
tube for high-density snowpack sampling was developed (named the MM snow tube) and tested
against the commonly used VS-43 snow tube. Measurements showed that the MM snow tube was
constructed appropriately and had comparable precision. Significant differences in mean snow
density were identified for the studied snow types. The similar rates of increase for the densities of
the ski piste snow and uncompacted natural snow suggested that the key density differences stem
from the artificial (machine-made) versus natural snow versus processes after and not densification
due to snow grooming machines and skiers, which was relevant only for ski piste snow. The ski piste
snow density increased on slope with decreasing snow depth (18 kg/m3 per each 10 cm), while snow
depth decreased 2 cm per each meter from the center of snow lances. Mean three seasons maximal
measured density of ski piste snow was 917 ± 58 kg/m3 the density of ice. This study increases the
understanding of the snowpack development processes in a manipulated mountainous environment
through examinations of temporal and spatial variability in snow densities and an investigation into
the development of natural and ski piste snow densities over the winter season.

Keywords: snow density; snow tube; technology; artificial snow; ski slope; piste; VS-43; snow depth;
snow lances; water balance

1. Introduction

A seasonal snow cover that is deposited and melts annually is a major component of regional
and global hydrologic balances due to its effects on energy and moisture budgets [1,2]. To calculate
snowmelt, a major source of water from mountainous areas in temperate zones [3], the development of
snow water equivalent (SWE) over the winter season shall be monitored [4]. The SWE is possible to
identify from the extracted snow core directly by a calibrated scale or indirectly by calculation from
the snow depth and density (weight) measurements [5]. However, both methods are time consuming
due to snow core extraction and weighing. Mathematical models of snow density development over
the winter season and/or models of relationship between snow depth and density could potentially
save lot of time and effort by allowing SWE calculations to be made on the basis of snow depth
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measurements and estimated snow density only [6,7]. Such models have not yet been developed for a
ski piste snowpack; thus, doing so is a goal of this study. For this purpose, a series of snow density
measurements must be performed via snow core extraction and weight measurements. To extract a
gravimetric snow core from a snowpack, a snow tube is used [8]. The snow tube was first popularized
by Church [5,9] and is still utilized by snow surveyors in forested, remote, or hilly watersheds [10].
Manual measurements utilizing a snow tube frequently underestimate depth-average snow density
and the SWE of a snowpack due to sampling difficulties associated with the high density of ground
ice [11]. It is impossible to extract an ice sample or sample through an ice layer when a conventional
snow tube is used. Keller et al. [12], when dealing with impact of ski-slope grooming on the snowpack
and soil properties, mention that after mid-December, the snow on the ski slope they were investigating
was too hard for manual snow-density measurements to be obtained with a snow tube designed for
uncompacted natural snow. Therefore, Rixen et al. [13] sampled such snow with a motor-driven SIPRE
corer [14] to compare the physical properties of artificial and natural snow; however, this approach is
not practical due to construction and operation costs. In addition, motor-driven devices for snow core
extraction are much more complicated to construct and operate than snow tubes. However, snow tubes
suitable for a groomed ski piste snowpack or a natural snowpack of high density have not yet been
developed (an aim of the present paper). Another approach is to use a PICO coring auger [15] designed
for ice sampling for the manual extraction of snow samples from a high-density snowpack [16].
The snow density of a ski piste snowpack is essential for the assessment of the environmental impacts
of ski piste management [17], for the calculation of the SWE and water balance [18], for defining the
snow type [19], and mainly for a quality assessment of the ski piste snowpack for winter sports [20].
Snow metamorphoses, depending on the meteorological conditions, the physical properties of the
overlying snow, time on the ground, and mechanical disturbances, can change the snowpack’s
density [21]. Compared to natural snow cover, the snow on the ski pistes is increased mechanically
via snow grooming machines and artificial snow [22]. Federolf et al. [23] observed that groomed ski
slopes covered by natural snow have densities ranging from 330 to 660 kg/m3, while Rixen et al. [24]
identified a similar density range for freshly-produced artificial snow. A whole season’s worth of
systematic measurements of the depth-average density of a groomed ski piste snowpack with artificial
snow added has not yet been published (another aim of the present paper).

Ongoing and future changes in forest composition and climatic conditions have and will modify
the seasonal distribution of both precipitation and runoff in the pilot region [25,26]. As a consequence,
the operability of Central Slovakian ski slopes up until 1000 m a.s.l. is highly dependent on snow
production, as shown in our previous study [27]. Winter precipitation and water availability during the
skiing season is decreasing, in general [28,29]. Therefore, a high volume of artificial snow is produced
at the beginning of each season for the groomed ski pistes of Central Slovakia. However, the snow
densities and microstructures, which are used to define snow types [19], of natural and artificial snow
differ markedly, both in the case of freshly fallen/produced snow and in the case of older, metamorphic
snow on the ground [30,31]. The following snow types were examined in the present article: (i) new
natural snow (max. 2-day-old snowpack), (ii) new artificial snow (max. 2-day-old machine-made
snowpack), (iii) uncompacted natural snow, and iv) ski piste snow. The main goal of this study was to
identify models of temporal and spatial development of ski piste snow density that could allow density
estimation to be made on the basis of the term in winter season and / or snow depth measurements.
The spatial development of ski piste snow density was analyzed only in one ski center at the end of the
winter season; thus, this model can be generalized only for the late snow ablation period. To reach
the main goal and fill gaps in the research on the groomed and snowed ski piste snowpack described
above, the following sub-objectives were set:
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A. Snow tube construction:

- Design and construct a snow tube suitable for depth-average snow density measurements
of a groomed ski piste snowpack with artificial snow added.

- Identify the precision of the designed snow tube on ski piste and off-piste sites through
comparison of snow density measurements with commonly used VS-43 snow tube.

B. Density of snow at five ski centers:

- Identify and compare the mean, minimal, and maximal densities of ski piste snowpack with
uncompacted natural snowpack on a seasonal and monthly scale and do the same for new
artificial snow and new natural snow measured at the beginning of the winter season.

- Identify and compare the seasonal and inter-seasonal course densities and variabilities in
the densities of ski piste and uncompacted natural snow and describe them with linear
mathematical models if applicable to identify slope of increase over the season.

C. Snow density versus snow depth relationship on the example of Košútka ski center:

- Identify the spatial distribution of the snow depth and the spatial variability of the snow
density in the ski piste area and analyze the correlations between these two variables and
the positions of fixed snow-making lances at the end of the winter season.

2. Materials and Methods

2.1. Study Sites

The study was conducted at five ski centers located in Central Slovakia (Figure 1). The elevation
of the ski slopes varied from 510 to 1402 m a.s.l., while all study sites at the ski centers were located at
elevations lower than 1000 m a.s.l. (Figure 1). According to the geomorphological classification [32,33],
all the ski centers are located in the Inner Western Carpathian sub-province. According to Slovakia’s
climate classifications [34], the higher ski resorts (Krahule and Donovaly) belong to subregion
C1 (moderately cool), while the lower resorts (Košútka and Jasenská) are included in the climate
subregions M7 (moderately warm, very humid, highlands) and M6 (moderately warm, humid,
highlands), respectively. Based on the annual temperature amplitudes, the lower research plots belong
to the transitional maritime climate to moderately continental climate, while, for the higher ski resorts,
the temperature amplitude decreases and the oceanity of the climate increases [35]. Further detailed
characteristics of the resorts’ climatic and natural conditions are given in Table 1, which has been
processed according to the Climate Atlas of Slovakia [36] and Hrvol’ et al. [37]. As we can see from the
Table 1, the number of days with snow cover and the average snow depth increase with increasing
altitude [38–40]. The potential natural vegetation is described in terms of Skvarenina et al. [41].

Figure 1. Ski centers’ elevations and locations in Central Slovakia and Central Europe.
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Table 1. The basic environmental characteristics of five ski centers in Central Slovakia at which the
snow density was examined, according to the Climate Atlas of Slovakia [36] where data from 1961 to
2010 were processed.

Jasenská Košútka Králiky Krahule Donovaly

Altitude
(m a. s. l.) 590 615 855 990 945

GPS N 49.00976◦
E 19.00959◦

N 48.55909◦
E 19.53484◦

N 48.73626◦
E 19.01706◦

N 48.72824◦
E 18.94727◦

N 48.87313◦
E 19.22425◦

Geomorphological units Vel’ká Fatra Vepor
Mountains

Kremnica
Mountains

Kremnica
Mountains

Staré Hory
Mountains

Aspect N NW NE SW N
Average annual air
temperature (◦C) 6.9 6.7 5.2 4.8 4.5

Average winter air
temperature (◦C) −2.8 −3.1 −3.9 −4.1 −4.4

Average annual
precipitation total (mm) 850 755 1080 1025 1180

Average winter
precipitation total (mm) 160 130 240 220 250

Average number of day
with snow cover (≥10 cm) 55 48 70 68 87

Average number of day
with snow cover (≥20 cm) 35 27 45 47 66

Average number of day
with snow cover (≥50 cm) 9 6 10 12 27

Average snow cover depth
(cm) 40 37 53 56 65

Climatic sub region M7 M6 C1 C1 C1
Watercourse/ Drainage
basin

Beliansky
potok/Váh Slanec/Hron Tajovský

potok/Hron
Krahulský

potok/Hron Korytnica/Váh

Potential natural
vegetation

3th
oak–beech

stage

4th beech
stage

5th fir–beech
stage

5th fir–beech
stage

6th
spruce-beech-fir

stage

2.2. Snow Tube

Snow tubes are used to extract gravimetric samples of snow (snow cores) in order to measure
the depth-averaged snow density and SWE [8]. The snow tube used on the groomed ski pistes with
high-density snow was developed (Table 2, see Figure 2b in Section 3.1) and named the MM snow tube
due to the highly used man-made (artificial) snow on the groomed ski slopes and the initials of its
designer (first author of this article). To extract the snow core with the designed tube, it was necessary
to use a heavy hammer (approx. 3.5 kg). Before removing the tube from the snowpack for weighing,
the snow core had to be pressed inside to increase sample adhesiveness. To make it easier to pull it
from the snowpack and taking into consideration the possible use of a hanging weight, a stainless-steel
hose clamp with hanging rope was placed on the top of the tube. After weighing, the snow core was
pushed out of the tube with an aluminum rod with a penny washer (M8 × 30 mm) on one side.

Table 2. Main characteristics of the snow tubes used in this study.

Snow Tube Cap Material Length (mm)
Weight (Cap)

(kg)
Inner Ø (mm)

Sampling
Time (min.) *

MM +
Stainless

Steel 800 4.18 (0.76) 40 4 ± 2

VS-43 + Aluminum 600 1.25 (0.17) 84 15 ± 5

* Average sampling time of the 30 paired measurements (mean ± standard deviation).
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Figure 2. (a) Assembly of the MM snow tube, which consisted of a tube and cup (dimensions in mm);
(b) Commonly used VS-43 snow tube in comparison with the designed tube.

To assess precision and reliability of the MM tube on the groomed ski piste, 30 paired measurements
were performed in January 2017 at Králiky. A snow tube that is popular in Europe and Russia named
the VS-43 was used for comparison (Table 2) [42]. The assembly of the VS-43 snow tube with its original
mechanical scales is illustrated in Figure A1 in Appendix A. The VS-43 snow tube was destroyed during
the 30 paired measurements, because the aluminum did not stand up to the hammering. The precision
of the new snow tube was assessed on uncompacted natural snow, as well. In this case, 30 paired
measurements were taken at Donovaly in March 2017.

2.3. Snow Density

Depth average density of the four following snow types were identified at the five ski centres
(Jasenská, Košútka, Králiky, Krahule, Donovaly) across three winter seasons from 2014/15 to
2016/17: (i) new artificial snow (max. two-day-old machine-made snow), (ii) new natural snow
(max. two-day-old snowpack), (iii) ski piste snow (groomed snow with artificial snow added),
and (iv) uncompacted natural snow on off-piste sites. The densities of all four types of snow were
identified via series of five measurements. If natural snow occurred on the off-piste site, then the
measurements of the ski piste and natural snowpacks were always paired. Measurements began
with the first occurrence of natural snow for the season and carried on over the course of irregular
time intervals, which were 17 days long, on average. The density measurements for the ski piste and
natural snowpacks were identified on the horizontal transect that intersected groomed ski piste and
adjacent off-piste sites with uncompacted natural snow. A series of five measurements were made at
groomed ski piste and off-piste sites that were paired according to site properties, such as elevation,
slope, aspect, curvature of relief, and obscuration. The densities of uncompacted and new natural
snow were sampled with the VS-43 snow tube, while new artificial snow and ski piste snow were
sampled with the MM snow tube.

The samples were compared via paired or unpaired Student’s t-tests at an alpha level of 0.05 and
n−1 degrees of freedom. In each case, the proper test was chosen according to the assumptions required
for the samples. Both tests assumed that the variables were normally distributed, the observations were
sampled independently, and the variables were from two related groups or matched pairs; the unpaired
t-test assumed that the variables were from two independent groups with the same variance. The type
of t-test used is identified when the results of a case are discussed. Mean values mentioned in results are
accompanied with the standard deviation and number of samples (N/n) used for calculation. The total
number of measured samples (N) or number of mean values (n) can be found.
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2.4. Snow Density Versus Snow Depth

At the end of the winter season on 15 March 2015, when the natural snow on the adjacent off-piste
sites has melted away, the snow depth and density of the ski piste snowpack were measured along the
whole ski piste at Košútka to analyze the correlations between the snow density and depth variables
and the distance from the snow lances. The snow depth was measured at 96 sampling points, while the
snow density was measured at 72 of these points. To analyze the spatial distribution of the snow and
spatial variability of the snow density, the snow depth, and density raster layers were interpolated
from the point measurements in ArcGIS 10.3.1. The raster layers, which consist of matrices of cells
organized into rows and columns, where each cell contains a value representing information, such as
snow depth or density, as in this paper, were created to provide pictures of these real-world phenomena.
The interpolation spline technique was used to create raster layers with 1 × 1 m cell sizes. The spline
technique was chosen, because it guarantees that the resulting surface will pass through the data points
exactly, making it ideal for generating gently varying surfaces, such as snowpack surfaces or elevation.
The correlations between the snow depth and density raster layers were computed with the Band
Collection Statistics tool in ArcGIS 10.3.1. Concentric circles around snow lances were used to analyze
the relationship between the snow depth and density [16]. The mean snow density and depth were
calculated on concentric circles of radius R = 5, 7.5, 10 ... 30 m around each of the 17 snow lances.
The maximum radius of 30 m was equal to the maximum distance that water/ice particles emitted
from the used snow lances in Košútka ski centre could travel without wind support. This distance
depends on the type and technology of used snowmaking machines.

3. Results

3.1. Snow Tube

A 800 mm-long snow tube with a 50-mm outside diameter and 5-mm-thick walls that began
tapering 336 mm from the cutting end was constructed (Figure 2a). The wall thickness of the sharpened
cutting end was 1.5 mm. The weight of the tube without its cap was 4.2 kg, while the 100 mm of
the tube used for construction weighed 0.6 kg. An essential part of the tube was its removable cap.
EN 1.4310 (X10CrNi18-8) stainless steel was selected as the construction material due to its hardness
and corrosion resistance. The measurement scale was engraved on the outside wall of the tube that
was used to measure the snow depth or identify how deep the tube had penetrated.

The paired t-test showed no significant difference (p-value = 0.23) between the samples collected
by the MM tube and the commonly used VS-43 snow tube (Figure 3). The average difference between
the observations in pairs was 22.2 ± 18.1 kg/m3, while the MM tube underestimated the snow density
compared to the VS-43 tube by about 2.1 ± 3.9%, on average. The VS-43 snow tube (Figure 2b) has
a design that is similar to that of the MM tube, but, when it was used on a ski slope, the following
disadvantages were noted: (i) long sampling time, (ii) it had difficulty penetrating the snowpack,
(iii) it was hard to remove from the snowpack (the sampler usually stuck in the snowpack due to
the bigger diameter of the cutting end compared to the diameter of the tube), and (iv) inadequate
construction (after a few samples, the sampler was deformed by the hammering). The tendency
of the MM snow tube to underestimate the snow density was detected for natural snow as well,
and it underestimated the density by about 6.9 ± 2.9% (Figure 3). In the case of uncompacted natural
snow, the paired t-test detected a difference between the samples taken by the two snow tubes.
Therefore, the MM tube is not recommended for use mainly when the snowpack is shallow and has a
low density (new natural snow), possibly due to low sample weights (small tube diameter), which are
difficult to detect precisely in the field with a hanging weight.

92



Water 2020, 12, 3563

Figure 3. Comparison of 30 paired measurements of the snow densities of ski piste and uncompacted
natural snow measured by designed MM snow tube versus the VS-43 snow tube.

3.2. Snow Density

The mean densities of the types of snow were calculated for three seasons with data from the five
ski centres. These densities indicated that the mean density of new artificial snow was 2.3 times higher
than the mean density of new natural snow (409.6 ± 66.2 kg/m3 versus 175.3 ± 71.6 kg/m3; N = 209
versus 199 samples) and that the mean density of ski piste snow was 2.5 times higher than the density
of uncompacted natural snow on the off-piste sites (595.9 ± 101.0 kg/m3 versus 238.5 ± 95.3 kg/m3;
N = 722 versus 400 samples; Figure 4). The following is a list of snow types according to their mean
densities (in descending order): ski piste snow (mixture of natural and artificial snow), new artificial
snow (max. two-day-old machine-made snow), uncompacted natural snow, and new natural snow.
The data over the three seasons showed significant differences (unpaired t-test: p < 0.5) across all four
studied snow types. The ski piste snow had greater seasonal variability than the uncompacted natural
snow (Figure 4). Mean difference between the maximal and minimal density (except for outliers;
Figure 4b) identified in each of five ski centers over the three winter seasons for the types of snow were
as follows: (i) 420 ± 87 kg/m3 for ski piste snow, (ii) 328 ± 80 kg/m3 for uncompacted natural snow,
(iii) 273 ± 66 kg/m3 for new artificial snow, and (iv) 211 ± 59 kg/m3 for new natural snow. A paired
comparison of the mean differences between the maximal and minimal densities of snow (excluding
outliers) at the ski centers showed no significant difference (paired t-test: p > 0.5) between ski piste and
uncompacted natural snow (comparable differences, not maximal and minimal values) but showed a
significant difference (paired t-test: p < 0.5) between new artificial and new natural snow. Outliers were
identified mainly for ski piste snow at all five ski centers. The mean density of the ski piste snowpack
calculated from the peak outliers identified at the ski centers was 917 ± 58 kg/m3 (n = 5; peak outlier is
highest measured value displyed in Figure 4a), which is the density of ice. The peak outliers of ski
piste snow were not significantly different (paired t-test: p > 0.5) from the density of ice.

The highest three seasons mean density of new artificial snow (435.8 ± 55.7 kg/m3, N = 34 samples)
and ski piste snow (621.1 ± 111.3 kg/m3, N = 139 samples) were identified at a low-elevation ski center,
namely, Košútka (Figure 4). The lowest and highest three seasons mean densities of new natural snow
were identified at high-elevation ski centers, namely, Krahule (134.6 ± 37.4 kg/m3; N = 30 samples)
and Donovaly (210.4 ± 68.2 kg/m3, N = 49 samples), respectively. The mean density of uncompacted
natural snow was lowest at Košútka (181.1 ± 88.9 kg/m3, N = 38 samples) and highest at Donovaly
(270.0 ± 96.6 kg/m3, N = 103 samples).

The mean density of ski piste snow in December calculated from all measured data was
538.9 ± 135.2 kg/m3, while its increase per month was 13.2 kg/m3 (Figure 5). The mean monthly
density of ski piste snow had a tendency to increase over the whole winter season, except at the end
of the season in April, when the mean monthly density was equal to the mean density in March.
The mean density of uncompacted natural snow in December was 190.8 ± 116.5 kg/m3, while its
increase per month was 28.2 kg/m3. The mean monthly density of uncompacted natural snow had a
tendency to increase over the whole season from December to April, except for the month of March.
The mean monthly densities of ski piste snow and uncompacted natural snow were significantly
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different (paired t-test: p < 0.5). The average seasonal difference between the mean monthly densities
of ski piste snow and uncompacted natural snow (displayed in Figure 5) was 324.6 ± 46.0 kg/m3.
The low standard deviation of this difference the mean monthly densities of both types of snow showed
comparable increases. The highest difference in the mean monthly densities of ski piste snow and
uncompacted natural snow was found in March (372 kg/m3), which also had the highest maximal
(980 kg/m3) and mean (635 kg/m3) densities of ski piste snowpack (Figure 5). The mean monthly
density of uncompacted natural snow exceeded the mean monthly density of ski piste snow in January
and April only by about 60 and 35 kg/m3, respectively. In contrast, the minimal mean monthly density
of ski piste snow never dropped below the mean monthly density of uncompacted natural snow.

Figure 4. (a) Comparison of the data for three seasons with regard to the snow density of new natural
snow (NN), new artificial snow (NA), uncompacted natural snow (NS), and ski piste snow (SP) for the
five ski centers. The lowest number of measured samples (N = 30) was in the case of NA in Kraíliky and
NN in Krahule. Description of boxplot: cross =mean, horizontal line in the box =median, box = 50%
of values, box with whiskers = 99% of values, points = outliers. (b) Boxplots of the minimal, maximal,
and mean density identified in each of five ski centers (excluding outliers) over the three winter seasons
for four snow types (n = 5).
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Figure 5. Increases in the mean monthly density of ski piste snow (SP) and uncompacted natural snow
(NS) over the winter season (mean ±min/max). The means from three seasons calculated from all data
measured at the five ski centers are displayed. b = slope of regression line, r = correlation coefficient,
(x) = the total number of samples.

The densities of the ski piste snow and uncompacted natural snow showed an increasing seasonal
trend and inter-seasonal variability in all three winter seasons across all five ski centers, except for
seasons with shortages of natural snow (Figure 6). The slopes of the regression models in Figure 6
indicate no significant difference between ski piste snow and uncompacted natural snow when
compared with the paired t-test (p < 0.5). The mean values of these slopes were comparable when
calculated from data with moderate or higher correlations (r ≥ 50; Figure 6). While the increase in the
density of the ski piste snow over a season was 1.9 ± 1.2 kg/m3 per day (mean ± standard deviation), on
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average, the increase in the density of uncompacted natural snow over the season was 2.3 ± 1.3 kg/m3

per day, on average. The similar rates of increase for the densities of the two snow types suggest
that the key density differences stem from the artificial (machine-made) versus natural snow versus
processes after and not densification due to snow grooming machines and skiers, which was relevant
only for ski piste snow. The difference (paired t-test: p < 0.5) between the linear models for the ski piste
snow and natural snow was in the starting density. At the beginning of the winter season, the density
of the ski piste snow was 434.5 ± 63.9 kg/m3, while the density of the uncompacted natural snow
was 169.5 ± 63.9 kg/m3, on average (mean values for three seasons calculated from the means of first
surveys of the seasons; n = 15). Consistent relationships between time and mean density are illustrated
by the trend lines and supported by the correlation coefficients, which are high in most of the seasons,
although the correlation coefficients may not be reliable measures given the few data points (Figure 6).
The correlation between these variables was reduced by the large outlier values, mainly in case of the
ski piste snow. The outliers, for the ski piste snow were identified in the following surveys: 27 January
2015 (Králiky); 18 January 2015 (Krahule); and 21 December 2017 (Donovaly). When the density of the
ski piste snow increased to outliers in these surveys, the density of natural snow did not follow same
pattern. Therefore, such exceptional growth in the ski piste snow density should be connected with
management activities regarding the ski piste snowpack (snowmaking, grooming, and so on).

The identification of occurrences or durations of these snowpacks was not the aim of the present
paper; however, in most of the paired measurements, the measurements for natural snow were missing
approximately from the middle of February until the end of the winter season (Figure 6). The reason
for these missing values was the absence of natural snow. Therefore, the density of ski piste snow
increased for a longer period and reached higher mean seasonal values compared to the density of
natural snow, which melted earlier.

3.3. Snow Density Versus Snow Depth on the Ski Piste of Košútka Ski Center

The snow depth and density were measured manually on 5 March 2015, from 72 sampling points
at Košútka, and a moderately strong negative linear correlation was calculated with the data (Figure 7).
According to this correlation, the density increased 18 kg/m3 per 10 cm of decreasing snow depth.
The average deviation of this linear model was calculated as ± 72 kg/m3 and represents the standard
error of estimation (RMSE with two degrees of freedom). The snow density ranged from 457 to
969 kg/m3 (Figure 7), with a mean of 632 ± 85 kg/m3 (mean ± standard deviation). The minimal
average density was found at a maximal depth of 135 cm, while the maximal density was associated
with nearly the minimal depth of snow (969 kg/m3 for 13 cm versus 640 kg/m3 for 5 cm). The Snow
profile was saturated with meltwater during measurements; thus, the maximal density of the snow
was higher than the density of ice.
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Figure 6. The mean densities of ski piste snow (SP) and uncompacted natural snow (NS) and their
increases over three winter seasons (from 2014/15 to 2016/17) at five ski centers. The mean density was
calculated from at least five measurements/samples. The slopes of the regression lines (b) indicate
the increase in the mean densities of the snow per day, and the correlation coefficients (r) indicates
weak (+30), moderate (+50), or strong (+70) linear models. The snow density measurements for SP
and NS were paired. The absence of measurements for NS means the absence of natural snowpack on
these dates.
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Figure 7. Correlation between measured values on 5 March 2015, (red line) and correlation between
the mean depth and density of the interpolated ski piste snowpack on the basis of 181 concentric circles
around snow lances. Correlation coefficients (r) and p-values from analysis of variance (ANOVA)
are displayed.

The snow depth and snow density raster layer were interpolated from the 72 sampling points
(Figure 8) to analyze the spatial distribution of these variables on the ski piste. Both snow density and
depth showed similar, but reverse, geometric patterns along the entire ski piste, as indicated by the
negative correlation. The correlation between these two raster layers was lower than that between
the 72 paired, manually measured values (r = 0.31 versus r = 0.54). Intensive snow making at the ski
center resulted in the occurrence of snow piles with maximum measured and interpolated depths of
198 and 211 cm, respectively (Figure 8). Each of the 17 snow lances produced a different volume of
snow during the season; thus, the depths of the snow piles differed significantly. According to the
interpolated snow depth raster (Figure 8), the centers of snow piles were located 12.5 ± 4.9 m from the
closest snow lance, on average. These centers were situated down the slope, except for first two snow
lances at the foot of the slope. The average snow depth and snow density in the centers of the snow
piles were 110 ± 52 cm and 573 ± 70 kg/m3, respectively. Strength and slope of correlation between the
mean depth and density of the interpolated values on the basis of 181 concentric circles around snow
lances was comparable as correlation between measured values (Figure 7). The mean snow depth and
density calculated on such circles decreased 2 cm and 3 kg/m3 per each meter from the center of snow
lance, respectively. These ratios were identified from slopes of the linear relationships between a series
of raddi around snowmaking lances (5, 7.5, 10 . . . 30 m) and (i) snow depth (y = −1.9648x + 99.019;
r = 0.97; n = 181), and (ii) depth average snow density (y = 2.8164x + 563.41; r = 1.00; n = 181).
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Figure 8. Snow densities and depth mapping of the ski piste snowpack for 5 March 2015, after the
disappearance of natural snow from the off-piste sites. Displayed are snow pile centers (points of
maximum snow depth within a 20 m radius around snow lances) and concentric circles around
snow-making lances with 5 m spacing and maximum radii of 30 m.

4. Discussion

4.1. Snow Tube

The difference in construction of designed MM snow tube resulted in a different method for
snow sample extraction. While commonly used snow tubes are pushed and turned through the
snowpack [5], the MM snow tube is hammered. Compared to most of the of commonly used snow
tubes (VS-43, Standard Federal, SnowHydro) characterized by aluminum or non-opaque plastic bodies,
the presence/absence of slots in the tube, and serrated cutting ends with teeth [43,44], the MM snow
tube was made of stainless steel and designed with a keen cutting end and no slots in the body
of the tube. This design reduces significant errors resulting from the presence of slots in the tube,
which increase the snow density and the presence of a cutter with teeth, which underestimates the
snowpack [8,45,46]. The MM snow tube slightly underestimated the density of the ski piste and natural
snowpacks compared to the VS-43 snow tube, most likely due to its sharp and non-serrated cutting
end. According to Bindon [47] and Beaumont [45], the sharper tube allows the cleaner extraction of
snow samples from the snowpack and reduces possible overestimation by up to 50%. The serrated
cutting end of the VS-43 snow tube had difficulty penetrating through the ski piste snowpack when
hammered, resulting in snow compression and higher density readings. These results coincide with
the findings of Turčan and Loijens [48], who showed that the average snow density at depth can
be artificially increased during snow tube penetration through the snowpack as the result of snow
sample compression. The lower densities of the snow samples extracted by the MM tube were not
the result of missed ice-soil plugs, as described by Dixon et al. [49] when comparing three snow
tubes used in Canada, because the snow inside the examined tubes was pressed before removing it
from the snowpack, and therefore ice-soil plugs were not missed. The underestimation of the MM
snow tube with its small cutting end area (13 cm2) is in contrast to the findings of Peterson and
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Brown [46] and Farnes et al. [50], who found that snow tubes with small cutting end areas overestimate.
These authors also found that snow tubes with cutting end areas >20 cm2 had the least error. The results
of abovementioned studies could differ due to different snowpack characteristics during snow surveys,
mainly in terms of the hardness of the snow/ice layers in the snow profile and the snow grain size,
which could influence penetration and consequently the accuracy of the measurements.

4.2. Snow Density

The mean minimal and mean maximal densities (excluding outliers) of uncompacted natural snow
in the ski centers of Central Slovakia were 83 kg/m3 and 411 kg/m3, respectively. Mössner et al. [20]
found comparable densities for seasonal natural snow, which varied from 100 kg/m3 to 500 kg/m3.
Fassnacht [21] observed that prior to melt, the snow can attain a density of 300 to 500 kg/m3, depending
on the time period, meteorological conditions, and depth of the snow. As the present article shows,
the density of new natural snowpack, maximally two days old, can vary between 78 to 289 kg/m3.
Singh [51] explained that the density of natural snow increased from 80 to 250 kg/m3 when freshly fallen
to a density of 300 kg/m3 over 100 days due to equi-temperature snow metamorphism, during which
the snow strength increases and compression occurs. This explanation coincides with our findings
that the average density of the February snow was 263 kg/m3 when this snow cover started to form in
December. López-Moreno et al. [7], who analyzed snowpack characteristics in the Spanish Pyrenees
(1517–3015 m a.s.l.), discovered an increase in snow density from 300 kg/m3 in February to 455 kg/m3

in April. These values are slightly higher than the mean values identified in the present paper, which
could be explained by the longer durability of old, dense snow in the higher elevations of the Pyrenees
or by the wider range of snow density values at lower elevations due to the occurrence of low-density
new snow on previously melted areas. The current paper found a wide range of snow densities in
April, which varied from 149 to 611 kg/m3, that could be explained by new snow from the beginning of
winter metamorphosing into snow from late winter. Jonas et al. [6] identified a comparable range of
values at the end of the winter season for elevations below 1400 m a.s.l. (Swiss Alps). These authors
also found a lower range of snow density values at higher elevations.

The present paper has demonstrated a classification of four snow types according to their mean
densities (in descending order): ski piste snow (snowed/groomed snowpack), new artificial snow,
uncompacted natural snow, and new natural snow. The findings of Rixen et al. [13,30] confirm
the higher density of ski piste snow compared to uncompacted natural snow due to the intensive
production of artificial snow and compaction of snow on the ski pistes; however, new artificial and
natural snow were not examined in these studies. In the present article, the mean density of March
snow on the snowed/groomed ski pistes was 2.4 times higher than the mean density of uncompacted
natural snow beside pistes (635 versus 263 kg/m3). Rixen et al. [24] found lower ratio in Swiss ski
centers (elevation above 1500 m a.s.l.) in March (1.3 times; approximately 570 versus 430 kg/m3; [30]),
because of the lower density of ski piste snow and the higher density of natural uncompacted snow
beside the piste, compared to present study. This difference can be explained by the lower elevation of
the Slovakian ski pistes, where artificial snow has to be produced even at higher air temperatures [27]
and where the continuous natural snowpack is present for a shorter duration compared to conditions
at elevations above 1000 m a.s.l. [27]. A shorter continuous duration of the snowpack means a shorter
time for snow metamorphism, during which the snow density increases [52]. The mean minimal
and maximal densities of snow on the snowed and groomed ski pistes of Central Slovakian were 392
and 812 kg/m3. Fauve et al. [53] and Federolf et al. [23] identified comparable minimums (400 and
430 kg/m3), while their maximums were considerably lower (600 and 660 kg/m3). The all-season high
maximal density of the ski piste snowpack in the studied ski centers could have resulted from a high
density of artificial snow produced at the beginning of each winter season in all studied ski centers.
The mean density of new artificial snow at the ski centers was 410 kg/m3, while it ranged between 282
and 556 kg/m3, on average. Melanie and Rixen [31] found a comparable range for the density of new
artificial snow (350 to 600 kg/m3). The present study shows that the mean density of new artificial snow
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was 2.3 times higher than that of new natural snow. The higher density of artificial snow compared to
natural snow results from its small grain size and subsequently higher degree of compaction [54].

4.3. Snow Density versus Snow Depth

High snow production at Košútka resulted in snow piles with average depths and distances from
snow lances of 110 cm and 13 m down the slope, respectively. Spandre et al. [16], who examined
ski piste snow from November 2015 to January 2016 near the Les 2 Alpes ski resort (Oisans Range,
French Alps; elevation 1680 m a.s.l.), identified lower snow depths in the centers of snow piles at
approximately half the distance from snow lances than found in this article, probably due an earlier
winter season and the lower slopes of the ski piste (5◦ versus 20◦). The snow lances used in the studies
were comparable, while a low mean hourly wind speed was observed during months with snow
production, even at Košútka [27]. The presented article shows that snow depth decreases away from
snow lances, on average. Spandre et al. [16] showed a decrease in the snow depth of piles that were
approximately 7 m away from the snow lances.

The current article found a moderately strong negative correlation between the snow depth
and density of the ski piste snowpack on 15 March, 2015, at Košútka. No one else has published
anything on this relationship yet, in contrast to studies dealing with uncompacted natural snow [55].
Numerous studies cited by Lunberg et al. [55] that analyzed data on a regional or continental scale
identified a positive correlation between the depth and density of natural snow. For example,
a long-term survey done in Yakutia (USSR; [56]) showed an increase in the snow density of about
180 kg/m3 per each meter of increased snow depth. The present article showed a decrease in ski
piste snow density. Lopez Moreno et al. [7], who performed measurements at approximately 100 m
intervals using a local scale in the Spain Pyrenees, found an inconsistent relation between snow depth
and density (strong/weak and negative/positive correlations) and pointed out that snow depth alone
explained as much variability in the snow density as any other variable (terrain characteristics). In any
comparison with the present article, it is important to point out that the natural snowpack does not
have such variability on a local scale [7], thereby bolstering the consistent relationship between snow
depth and density in the case of the ski piste snowpack. The negative correlation between the snow
depth and density on the ski piste could be explained by the occurrence of basal ice layers on the
bottom of the snowpack, as found for Košútka by Mikloš et al. [2]. These authors found, that with
lower snow depth, the higher thickness of basal ice layer or bare ice (ice instead of snow) can be
expected at the end of winter when warm and frosty days alternates [2]. Thus, it could be assumed
that as the depth of the snow above the basal ice layer decreases during melting, the depth average
density of snowpack increases in Košútka until snow melted away and pure ice remained.

5. Conclusions

Compared to the commonly used VS-43 snow tube, the designed MM snow tube has a smaller
diameter, higher wall thickness, and sharpened cutting end and is resistant to damage during snow
sample extraction. The MM snow tube has proved to be suitable for sampling high-density snow,
such as the snow found on snowed/groomed ski pistes, due to its precision, rugged construction,
and short sampling time. The MM tube is not recommended for sampling snow of low density and
depth due to the small diameter of the tube and hardly detectable sample weights. Four snow types
occurring in at ski centers were classified according to their mean seasonal densities and are listed in
descending order: ski piste snow, new artificial snow, uncompacted natural snow, and new natural
snow. While the mean seasonal densities of these four snow types differ significantly, the ranges
were similar between new natural and new artificial snow and between uncompacted natural snow
and ski piste snow. The lowest density recorded for freshly fallen natural snow was slightly above
zero, while the density of ski piste snow can reach the density of ice or higher if it is saturated with
meltwater. The density of the seasonal snow increases at a comparable rate over the season at piste
and off-piste sites. Therefore, snow metamorphosis changes are major factors driving the snow density
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increases, because densification by snow-grooming machines and skiers was relevant only for ski
pistes. The increase in the snow density on pistes is less rapid due to the high initial density caused by
artificial snow and snow compaction via snow-grooming vehicles and skiers. At the end of the winter
season, the range of the snow density on the pistes is comparable with the wide seasonal range. At this
time of melting period, the spatial variability of the snow density on the piste changes with snow
depth and distance from the snow lances. The snow density increases as the snow depth decreases,
while the snow depth decreases with greater distances from the snow lances. The basal ice layers
increase depth average density of snowpack when snow above is melting, while the snow piles at
almost half the distance of the snow lances’ range occur on the piste until the end of season as result of
high artificial snow production.
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Appendix A

 

Figure A1. Assembly of the VS-43 snow tube with original mechanical scales and shovel. Scales:
1-metal ruler, 2-movable rider, 3-pointer, 4-suspension, 5-hook; Snow tube: 6-handle, 7-cutting end,
8-movable ring, 9-aluminum tube, 10-tube cover (cap), 11-a shovel. Source: [42,57]. Digital Kern
HDB10K10N scales were used in the presented article instead of mechanical scales.

101



Water 2020, 12, 3563

References

1. Kumar, A. Seasonal snow cover. In Encyklopedia of Snow, Ice and Glaciers, 1st ed.; Singh, V.P., Singh, P.,
Haritashya, U.K., Eds.; Springer: Dordrecht, The Netherlands, 2011; pp. 974–975.

2. Mikloš, M.; Igaz, D.; Šinka, K.; Skvareninova, J.; Jančo, M.; Vyskot, I.; Skvarenina, J. Ski piste snow ablation
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10. Bartík, M.; Sitko, R.; Oreňák, M.; Slovik, J.; Skvarenina, J. Snow accumulation and ablation in disturbed

mountain spruce forest in West Tatra Mts. Biologia 2014, 69, 1492–1501. [CrossRef]
11. Singh, A.K. Snow layer. In Encyklopedia of Snow, Ice and Glaciers, 1st ed.; Singh, V.P., Singh, P.,

Haritashya, U.K., Eds.; Springer: Dordrecht, The Netherlands, 2011; pp. 1059–1060.
12. Keller, T.; Pielmeier, C.; Rixen, C.; Gadient, F.; Gustafsson, D.; Stähli, M. Impact of artificial snow and ski-slope

grooming on snowpack properties and soil thermal regime in a sub-alpine ski area. Ann. Glaciol. 2004, 38,
314–318. [CrossRef]

13. Rixen, C.; Haeberli, W.; Stoeckli, V. Ground temperatures under ski pistes with artificial and natural snow.
Arct. Antarct. Alp. Res. 2004, 36, 419–427. [CrossRef]

14. Horner, R.A. Techniques for sampling sea-ice algae. In Polar Marine Diatoms; Medlin, L.K., Priddle, J., Eds.;
British Antarctic Survey, Natural Environment Research Council: Cambridge, UK, 1990; pp. 19–23.

15. Koci, B.R.; Kuivinen, K.C. The PICO lightweight coring auger. J. Glaciol. 1984, 30, 244–245. [CrossRef]
16. Spandre, P.; François, H.; Thibert, E.; Moris, S.; George-Marcelpoil, E. Determination of snowmaking efficiency

on a ski slope from observations and modelling of snowmaking events and seasonal snow accumulation.
Cryosphere 2017, 11, 891–909. [CrossRef]

17. Meijer zu Schlochtern, M.P.; Rixen, C.; Wipf, S.; Cornelissen, J.H. Management, winter climate and plant–soil
feedbacks on ski slopes: A synthesis. Ecol. Res. 2014, 29, 583–592. [CrossRef]

18. De Jong, C. Challenges for mountain hydrology in the third millennium. Front. Environ. Sci. 2015, 3, 38.
[CrossRef]

19. Fierz, C.; Armstrong, R.L.; Durand, Y.; Etchevers, P.; Greene, E.; McClung, D.M.; Nishimura, K.; Satyawali, P.K.;
Sokratov, S.A. The International Classification for Seasonal Snow on the Ground; IHP-VII Technical Documents in
Hydrology No. 83, IACS Contribution No. 1; UNESCO-IHP: Paris, France, 2009; pp. 3, 63.

20. Mössner, M.; Innerhofer, G.; Schindelwig, K.; Kaps, P.; Schretter, H.; Nachbauer, W. Measurement of
mechanical properties of snow for simulation of skiing. J. Glaciol. 2013, 59, 1170–1178. [CrossRef]

21. Fassnacht, S. Snow density. In Encyklopedia of Snow, Ice and Glaciers, 1st ed.; Singh, V.P., Singh, P.,
Haritashya, U.K., Eds.; Springer: Dordrecht, The Netherlands, 2011; 1045p, ISBN 978-90-481-2642-2.

22. Spandre, P.; François, H.; George-Marcelpoil, E.; Morin, S. Panel based assessment of snow management
operations in French ski resorts. J. Outdoor Recreat. Tour. 2016, 16, 24–36. [CrossRef]

23. Federolf, P.; JeanRichard, F.; Fauve, M.; Lüthi, A.; Rhyner, H.-U.; Dual, J. Deformation of snow during a
carved ski turn. Cold Reg. Sci. Technol. 2006, 46, 69–77. [CrossRef]

102



Water 2020, 12, 3563

24. Rixen, C.; Stoeckli, V.; Ammann, W. Does artificial snow production affect soil and vegetation of ski pistes?
A review. Perspect. Plant. Ecol. 2003, 5, 219–230. [CrossRef]

25. Vido, J.; Tadesse, T.; Šustek, Z.; Kandrík, R.; Hanzelová, M.; Skvarenina, J.; Skvareninova, J.; Hayes, M.
Drought occurrence in central european mountainous region (Tatra National Park, Slovakia) within the
period 1961–2010. Adv. Meteorol. 2015, 2015, 1–8. [CrossRef]
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Abstract: The frequency and intensity of droughts and heatwaves in Europe with notable impact
on forest growth are expected to increase due to climate change. Coniferous stands planted outside
the natural habitats of species belong to the most threatened forests. In this study, we assess stem
circumference response of coniferous species (Larix decidua and Abies alba) to environmental conditions
during the years 2015–2019. The study was performed in Arboretum in Zvolen (ca. 300 m a.s.l.,
Central Slovakia) characterised by a warmer and drier climate when compared to their natural
habitats (located above 900 m a.s.l.), where they originated from. Seasonal radial variation, tree water
deficit (ΔW), and maximum daily shrinkage (MDS) were derived from the records obtained from band
dendrometers installed on five mature trees per species. Monitored species exhibited remarkably
different growth patterns under highly above normal temperatures and uneven precipitation
distribution. The magnitudes of reversible circumference changes (ΔW, MDS) were species-specific
and strongly correlated with environmental factors. The wavelet analysis identified species-specific
vulnerability to drought indicated by pronounced diurnal stem variation periodicity in rainless
periods. L. decidua exhibited more strained stem water status and higher sensitivity to environmental
conditions than A. alba. Tree water deficit and maximum daily shrinkage were found appropriate
characteristics to compare water status of different tree species.

Keywords: climate change; dendrometer; stem water deficit; shrinkage; morlet wavelet

1. Introduction

Climate projections in the near future indicate rising temperatures and increase in the frequency
and severity of climatic extremes [1,2]. Changes in temperature and precipitation patterns may (dis)
favour a given species [3] and modify forest composition. In the light of ongoing and predicted climate
change, the growth performance of economically important tree species under climatic extremes,
especially extreme drought events, has been frequently discussed [4,5]. In the context of climate
change, it is critical to understand whether climatic conditions are becoming more or less favourable
for tree growth. The strong need to adapt forests to future climate conditions through changes in tree
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species composition is frequently in stark contrast to the dearth of information about the suitability of
individual species and their provenances for these future conditions [6]. The increase in frequency of
extremely dry years, as predicted consequences of climate change [7], may shift the dynamics of growth
more or less abruptly in favour of less drought-sensitive tree species [8]. A substantial reduction in
growth and increased mortality has been observed for some tree species growing outside their natural
habitats—e.g., Norway spruce (Picea abies L. Karst) and European larch (Larix decidua Mill) [9,10].
European larch is typical for mountainous regions of the Carpathians and the Alps [11]. At lower
altitudes, it is considered a non-native species. Owing to its deciduous character, larch has a shorter
growing season to reach similar above-ground production rates as adjacent evergreen conifers. To this
end, its photosynthetic rates are greater [12]. Silver fir (Abies alba Mill.) is a European coniferous species
occurring in the Alps and the Carpathians. Although fir was frequently regarded as a species that
prefers cold and moist climate [13], recent findings suggest that higher temperatures and more frequent
drought events do not seem to have significant negative effects on the growth of this species [6,14,15].
Moreover, recent growth of Silver fir (Abies alba) has been accelerated [16] since its recovery from the
severe growth decline due to air pollution in 1970s and 1980s [17].

Due to the ongoing climate change, more emphasis has been recently laid upon the monitoring
of the changes in spatial and temporal distribution of precipitation, and temperature regime [2].
Expected climate changes, such as rising temperatures, or more frequent drought events [1,2], will have
an impact on a wide range of physiological functions and biochemical reactions [18,19], which control
tree growth [20,21] and tree water status [22,23]. Daily stem variations are products of irreversible
stem size changes due to cambial cell division and cell enlargement processes, and reversible changes
caused by contraction and expansion of water storage tissues [24]. A substantial amount of internally
stored tree water can be used by a plant [25] for transpiration to balance the differences in water
content of roots and shoots [26]. Water in namely elastic tissues of the bark (i.e., cambium, phloem,
and parenchyma) and mesophyll of needles [27] is partly depleted and replenished on a daily basis
due to changing water potential gradients within the plant [28]. Stem radius variations detrended for
growth were named tree water deficit (ΔW) by [27], and this parameter was found to be proportional
to water content in the living tissues of the bark [29]. Another stem water indicator derived from
stem variation is maximum daily shrinkage (MDS)—e.g., [30–32]. The amplitude of daily shrinkage
is a function of water loss through the leaves and water uptake by roots. Hence, daily shrinkage
often correlates with evaporative demand [33]. Trees attain their maximum circumference just before
dawn—i.e., before they open their stomata and start losing water to the atmosphere more rapidly than
they can take up from the soil [34]. Changes in xylem water tension [35] and water storage in the
bark and phloem [36] cause tree stems to shrink, reaching minimum circumference in the afternoon,
after which stems begin to swell until they reach their maximum before the next dawn. According to
mentioned authors, both water status indicators (ΔW and MDS) are closely related to tree drought
stress and are mainly determined by a combination of atmospheric and soil conditions.

High temporal resolution measurements of stem diameter variation can provide valuable
information on the radial growth process as well as the tree water status [37–39]. Stem radius variation
can be continuously monitored with automatic dendrometers from periods of minutes to hours [40,41].
It is an appropriate method to study tree water relations and radial growth over a whole year [42,43].
Therefore, dendrometers are widely used in climate-growth relation studies—e.g., [6,44,45].

Analysis of the climate–growth relationship makes it possible to identify and assess the influence
of climatic factors on tree growth. The assessment of species-specific stem size response to climate is
challenging because it requires homogeneous site and stand conditions to determine the influence of
climate solely. In our study, we compared stem circumference variations of two coniferous species,
namely Abies alba and Larix decidua, growing at the same site located in warmer and drier conditions
than in their natural habitats situated at higher elevations (Figure 1, Table 1). The conditions at the
current site can represent the likely future climate the species will have to face also in their natural
habitats, since the temperature of the current site exceeded the one in their natural habitats by 2 ◦C
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or more, and the annual precipitation total was by approximately 100 mm less than in their original
habitats (Figure 1).

Table 1. The characteristics of the original location. Air temperature (◦C) is long-term annual air
temperature representing a period of 1961–1990. Precipitation (mm) is the long-term mean annual
precipitation total representing a period of 1961–1990.

Species

Original Location of Selected Species

Orographic Unit Locality
Elevation Air Temperature Precipitation
(m a.s.l.) (◦C) (mm)

L. decidua Spišsko-gemerský kras Voniaca dolina 900 4.7 835
A. alba Kremnica mountains Flochovský back 950 6.5 786

We hypothesise that species-specific ecophysiological traits—e.g., photosynthetic and transpiration
rates—lead to significant differences in climate–growth relationships of the two investigated species.
Based on band dendrometer records (BDR), we aim to (i) identify species-specific reversible changes
in stem circumference under warmer and drier environmental conditions than in their natural
environment; (ii) identify periodicity in stem size changes and their relation to environmental conditions;
and (iii) derive a set of variables describing tree water status. We expected that drought would limit
their stem growth and stimulate diurnal reversible changes. At low elevation, the combination of low
precipitation and high temperatures could lead to water deficit and respective stomata closure and sap
flow reduction during dry periods. We also hypothesised that differences in water regime patterns are
more pronounced between species than between trees of the same species.

2. Material and Methods

2.1. Study Area

The study site is located in Arboretum of Technical University in Zvolen, Central Slovakia
(48◦35′ N, 19◦07′ E, altitude from 290 m a.s.l. to 377 m a.s.l.). The facility serves for preserving a
gene pool of the Carpathian dendroflora ex situ [46]. The site represents common upland forest
communities in Central Slovakia. Mean annual air temperature is 8.2 ◦C, and annual precipitation total
is 651 mm. During a growing season (April–September), a long-term average temperature is 14.7 ◦C
and precipitation total is 377 mm (calculated from long-term data from a nearby meteorological station
of Sliač, 313 m a.s.l. provided by the Slovak Hydrometeorological Institute, representing a period of
1961–1990). Cambisol is a dominant soil type and Querceto-Fagetum community represents potential
forest vegetation (https://geo.enviroportal.sk/atlassr).

Two research plots, each representing single species (Larix decidua and Abies alba), were selected at
sites with similar environmental conditions, which are generally warmer and drier than their original
natural habitats (Figure 1). In the case of L. decidua, the long-term (1961–1990) values of temperature
and precipitation as well as their values representing individual monitored years of the study site
occurred outside the current species range (Figure 1). For A. alba, the two last monitored years 2018
and 2019 did not occur inside the current species range (Figure 1). Basic site characteristics of the
original location of the selected tree species provenances are in Table 1.

At each plot, five adult trees with similar age and size were selected for the purpose of this study.
Tree diameters at breast height and tree heights were measured in the years 2015 and 2016, respectively.
The monitored trees of L. decidua had an average diameter at breast height (d1.3) of 30.9 ± 3.9 cm, height
of 27.5. ± 1.1 m, and tree age of 51 years. The monitored trees of A. alba had an average diameter at
breast height of 31.7 ± 4.7 cm, height of 21.4. ± 1.5 m, and tree age of 46 years.
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Figure 1. Species-specific distribution with regard to annual values of two main climate parameters
(coloured areas) derived from Kölling [47] compared with local long-term values, local values
representing the years 2015–2019, and values representing their original habitats.

2.2. Environmental Data

During the study period, meteorological data were recorded with an automatic meteorological
station (EMS Brno, CZ) installed at an open area near study plots (at a distance 80–150 m).
The meteorological station recorded global radiation (GR, W.m−2), air temperature (AT, ◦C), relative
air humidity (RH, %), and precipitation (P, mm) with automatic sensors every 10 min. From these
values, daily mean air temperature, daily mean relative air humidity, daily precipitation totals and
daily global radiation sums were calculated. Daily mean vapour pressure deficit in the air (VPD, kPa)
was calculated from the daily means of air temperature and relative air humidity. Soil water potential
(SWP, bar) in 15, 30, and 50 cm soil depths was measured under forest canopy within the study plots
(gypsum blocks and MicroLog SP3, EMS Brno, CZ). Measuring intervals were set to 20 min, and mean
daily SWP values per plot calculated from all depths were used for further analyses.

2.3. Band Dendrometer Records (BDR)

Stem circumference variation of 10 sample trees (five trees per species) was recorded with high
temporal resolution automatic band dendrometers (model DRL 26, EMS Brno, CZ, accuracy ±1 μm).
To ensure a close contact of dendrometer bands with tree stems and to reduce the influence of
hygroscopic swelling and shrinkage of the bark, the outermost part of the bark (periderm) was carefully
removed before the installation of dendrometers. Circumference measurements were recorded in
20-min intervals.

BDR were processed by applying two distinguished methods: (i) a daily cycle and (ii) a stem
cycle approach. Both daily and stem cycles consist of three distinguished phases based on stem
dynamics: stem contraction phase (con), expansion phase (exp), and stem circumference increment
phase (inc) [37,42] (Figure 2). The daily approach operates at a daily scale (from 0:00 to 0:00). The stem
cycle describes stem dynamics regardless of calendar days—i.e., at a scale that can differ from 24 h.
With the daily approach we derived the daily mean, maximum, and amplitude of BDR. A contraction
phase is a period between BDR maximum and minimum. An expansion phase is a period from BDR
minimum to the following maximum value. An increment phase is a part of the expansion phase from
the time when the stem size exceeds the previous maximum until it reaches the subsequent maximum
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(Figure 2). The duration (h, hours) of each phase was derived from the dendrometer records. Seasonal
radial stem increment (cum_inc) was calculated as a sum of increments during the whole season.

  

Figure 2. Growth lines (solid black lines) and band dendrometer records (BDR) of stem circumference
of L. decidua and A. alba for the year 2015 (a). Detailed figures (b) and (c) depict rainless (20–23 July 2015)
and rainy (24–26 July 2015) periods, respectively, showing distinct phases of a stem cycle: contraction
(red), expansion (green), and increment (black points). Individual points represent hourly data.
Maximum daily shrinkage (MDS) is a difference between daily maximum and minimum stem size.
Stem water deficit (ΔW) is a difference between the actual stem size and the growth line representing
the stem size under fully hydrated conditions.

2.4. Tree Water Status

We applied two indicators to quantify tree water status. The first one is tree water deficit
(ΔW in mm) that defines the actual tree state in comparison to a fully hydrated state [30,31]. At first,
the growth line was derived from BDR using a moving maximum of the current and previous
dendrometer readings. Afterwards, tree water deficit was calculated as a difference between the actual
BDR value and the respective growth line value of stem size, which represents a tree state under fully
hydrated conditions (i.e., when ΔW = 0) [48] (Figure 2). Hence, increasingly negative values of ΔW
indicate increasing tree drought stress.

The second characteristic is maximum daily shrinkage (MDS in mm) defined as the difference
between daily maximum and minimum stem size (BDR). This indicator quantifies the daily cycle
of water uptake at night and water loss from elastic cambial and phloem tissues during a day [43]
(Figure 2).
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Stem cycles in BDR, duration of each phase, water deficit (ΔW), and maximum daily shrinkage
(MDS) were determined from BDR with “DendrometeR” R package [49].

2.5. BDR and Environmental Variables

The relationships of daily environmental variables (precipitation, relative air humidity (RH),
vapour pressure deficit (VPD), minimum, maximum and mean air temperature (ATmin, ATmax,
ATmean), soil water potential (SWP)) with daily parameters extracted from BDR (inc, ΔW, MDS) within
the analysed period of the year (April–October) were quantified with the Spearman rank-correlation
coefficients. Correlations were tested with the Statgraphics Centurion XIV Version 6.1.11 software.

2.6. Species-Specific BDR Variability

Besides the mentioned indicators (inc, ΔW, MDS), another 13 variables were derived from BDR.
We used the “daily.stats” and “cycle.stats” methods in dendrometerR package to process the data.
Daily values were calculated with “daily.stats”, while “cycle.stats” were used to identify magnitude
of three distinct phases (contraction, expansion and increment, Figure 2) The derived variables are
as follows:

1. Number of cycles (n_cyc) (number) in the season—based on the stem cycle approach one cycle
always comprises contraction and expansion phases, while the increment phase is optional;

2. Cumulative duration of contraction (cum_d_cont) (hour)—seasonal sum of all contraction
time lengths;

3. Average duration of contraction (avg_d_cont) (hour)—cumulative duration of contraction divided
by number of stem cycles;

4. Cumulative amplitude of contraction (cum_cont) (mm)—seasonal sum of all contractions;
5. Average amplitude of contraction (avg_cont) (mm)—seasonal sum of contractions divided by

number of stem cycles;
6. Cumulative duration of expansion (cum_d_exp) (hour)—seasonal sum of all expansion

time lengths;
7. Average duration of expansion (avg_d_exp) (hour)—cumulative duration of expansion divided

by number of stem cycles;
8. Cumulative amplitude of expansion (cum_exp) (mm)—seasonal sum of all expansions;
9. Average amplitude of expansion (avg_exp) (mm)—cumulative amplitude of expansion divided

by number of stem cycles;
10. Cumulative duration of increment (cum_d_inc) (hour)—seasonal sum of all increment

time lengths;
11. Average duration of increment (avg_d_inc) (hour)—cumulative duration of increment divided by

number of stem cycles;
12. Cumulative increment (cum_inc) (mm)—seasonal sum of all daily increments;
13. Average daily increment (avg_inc) (mm)—cumulative increment divided by number of

stem cycles.

PCA (principal components analysis) was performed in R using the “factoextra” package.
The highly correlated variables were removed based on the correlation circle, and hierarchical
clustering was performed with 8 variables (Figure 3) to assess differences and similarities between
studied trees in the monitored years. To identify groups of trees with similar values of water status
indicators, we used hierarchical clustering with principal components. The individual trees and years
were clustered in a hierarchical tree using Ward’s criterion. The generated clusters were mapped
in genuine PCA axes, and K-means clustering was applied to individual trees and years based on
the nearest distance between cluster means and individuals. Hierarchical clustering with principal
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components was performed in R using the “FactoMiner”, and data were visualised using “ggplot2”.
The number of desired clusters was set prior to the analysis.

Figure 3. Variables describing radial stem growth pattern and water status derived from band
dendrometer records used in principal component analysis (cum_d_inc (h)—cumulative duration
of increment, cum_d_cont (h)—cumulative duration of contraction, avg_inc (mm)—average daily
increment, cum_cont (mm)—cumulative contraction, cum_exp (mm)—cumulative expansion, cum_inc
(mm)—cumulative increment, cum_d_inc (h)—cumulative duration of increment, n_cyc—number
of cycles).

2.7. Periodicity of BDR

We performed a wavelet analysis [50] to examine significant periodicities in BDR ranging
from hours to weeks. Specifically, we analysed residuals of BDR time series of individual years to
respective fitted Weibull functions that were transformed using the Morlet transformation to distinguish
random fluctuations from periodic events [50]. Wavelet analysis was performed using WaveletComp
R package [51]. The lower period was set to 20 min intervals, while the upper one to 1024 20-min
intervals (covering 16 days).

3. Results

3.1. Environmental Conditions During the Studied Periods 2015–2019

The measured meteorological data representing the years 2015–2019 were compared with the
long-term normal (1961–1990) calculated from the nearest meteorological station (Sliač, 300 m a.s.l.,
3.5 km from the study area of Borová hora) (Table 2). All mean temperatures representing observed
periods (April–October) of the years 2015–2019 were more than 1.5 ◦C higher in comparison to the
30-year-long average (1961–1990) at the Sliač station (Table 2). Monthly average air temperatures
were above their respective long-term values in almost all examined months of the studied years
(Figure 4). Below-average temperatures were only observed in October 2016 and in May 2019 (Figure 4).
The temporal precipitation distribution varied during the study periods. The observed period of the
year 2018 was the warmest and driest from all periods between 2015 and 2019, and it was characterised
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by low monthly precipitation totals during the whole period (Table 2, Figure 4. Below-average
precipitation total was also observed in the 2019 period) (Table 2). Precipitation total in the 2015 period
was by 5% greater than the long-term average (Table 2) but mainly because of high precipitation in
October 2015 (Figure 4). Precipitation totals in 2016 and 2017 exceeded the long-term average due to
several rainy months (July, August, and October 2016 and July, September, and October 2017; Figure 4;
Table 2). The lowest seasonal mean of VPD was observed in 2016, while the highest value was reached
in 2018 (Table 2). Higher air temperature and lower precipitation total in 2018 resulted in higher values
of vapour pressure deficit in comparison with other years (Table 2).

Table 2. Climatic characteristics representing the period April–October (A–O) of the years 2015–2019,
where N (%) is percentage of long-term normal (long-term average calculated from the years 1961–1990),
Mean is seasonal mean air temperature of the respective period, Difference from Normal is difference
between mean air temperature and long-term average for the years 1961–1990, vapour pressure deficit
(VPD) is seasonal mean vapour pressure deficit.

Month

Precipitation (mm) Air Temperature (◦C)
VPD

Precipitation Total N Mean Difference from Normal
(mm) (%) (◦C) (◦C) (kPa)

(A-O) 2015 412.2 105 15.7 2.2 0.552
(A-O) 2016 512.3 125 15.3 1.8 0.455
(A-O) 2017 501.0 124 15.2 1.6 0.500
(A-O) 2018 320.8 75 17.0 3.5 0.557
(A-O) 2019 387.2 92 15.8 2.3 0.480

 

Figure 4. Anomalies of monthly precipitation totals (bars) and monthly mean air temperature values
(lines) in the studied period April–October (A–O) of the years 2015–2019 in comparison to long-term
mean climate conditions in the period 1961–1990. The 0 line represents the long-term monthly mean air
temperature and long-term monthly precipitation total.

3.2. Stem Growth and Tree Water Status Derived from BDR

Stem circumference records and tree species-specific seasonal stem circumference increment
characteristics derived from BDR showed pronounced differences between species (Figure 5).
More intensive radial growth was found for A. alba with low fluctuations over the season, while L. decidua
showed pronounced seasonal fluctuations in stem increment (Figures 2 and 5). In all investigated
years, greater seasonal radial increments were recorded for A. alba (Table 3). Dendrometer records
showed the greatest annual radial growth of both species in 2017 (Table 3, Figure 5). In 2018, the annual
stem circumference increment of A. alba was only a half of 2017 (Table 3). For L. decidua, the lowest
value of radial increment was observed in 2015.
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Figure 5. Seasonal courses of band dendrometer records (BDR) of stem circumference of L. decidua
(dark grey line) and A. alba (black line) and growth lines (red lines) in individual years. Each line
represents an average from five trees of the same species. Bars (light grey lines for L. decidua and dark
grey lines for A. alba) represent standard deviations of BDR (n = 5).

Table 3. Seasonal species-specific characteristics of growth and stem water status dynamics,
where cum_inc is average cumulated increment (mm), ΔWcum is average cumulated stem water deficit
(mm), MDScum is average cumulated maximum shrinkage (mm), and SE is standard error of the
respective characteristics.

A. Alba L. Decidua

Cum_Inc ± SE ΔWcum ± SE MDScum ± SE Cum_Inc ± SE ΔWcum ± SE MDScum ± SE

2015 14.59 ± 2.18 −17.34 ± 0.54 29.35 ± 3.67 4.79 ± 1.33 −234.78 ± 28.33 68.11 ± 7.34
2016 17.04 ± 2.74 −14.69 ± 1.79 29.26 ± 4.49 7.74 ± 1.28 −146.51 ± 11.97 58.53 ± 4.63
2017 17.88 ± 2.71 −19.17 ± 1.61 32.52 ± 5.39 8.36 ± 0.72 −122.32 ± 11.35 53.29 ± 4.21
2018 9.34 ± 2.01 −49.60 ± 6.75 35.07 ± 6.32 7.41 ± 0.75 −169.86 ± 13.25 56.00 ± 3.60
2019 16.96 ± 3.55 −29.76 ± 3.71 37.31 ± 6.59 7.38 ± 0.82 −241.92 ± 22.03 48.12 ± 1.74

The greatest proportion of larch radial increment was usually created at the beginning of the
periods (especially in May) except for the year 2015. In that year, continuous radial growth of larch
occurred only within a short period in May (Figure 5). In subsequent months, larch radial circumference
increased in a stepwise manner, usually after rain events (Figure 5). Unlike larch, fir continuously grew
during the whole period of all years except for the year 2018, when we observed stagnation of fir stem
circumference already at the beginning of June (Figure 5).
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Significant differences in cumulative MDS between species were revealed for all years (Table 4),
while species-specific seasonal cumulative maximum daily shrinkage was significantly higher for
L. decidua than for A. alba (Table 3). We also observed differences in cumulative MDS between years,
although these were not always significant. Greater differences in cumulative MDS between individual
years were found for L. decidua. The two species differed in the years with the greatest and lowest
cumulative MDS, since e.g., larch obtained the greatest MDS in 2015, while A. alba in 2019 (Table 4).

Table 4. Differences between species in growth and stem water status characteristics dynamics,
where cum_inc is average cumulated increment (mm), ΔWcum is average cumulated stem water deficit
(mm), MDScum is average cumulated maximum shrinkage (mm), * significant difference between
species at 95% confidence level, ** significant difference between species at 99% confidence level,
*** significant difference between species at 99.9% confidence level.

p-values
Cum_Inc ΔWcum MDScum

2015 0.005 ** 0.000 *** 0.002 **
2016 0.015 * 0.000 *** 0.002 **
2017 0.009 ** 0.000 *** 0.016 *
2018 0.400 0.000 *** 0.021 *
2019 0.030 * 0.000 *** 0.024 *

Extracted stem water deficit values indicated limited water storage relative to fully hydrated
stem conditions. Increasingly negative values mean more pronounced lack of water in storage tissues.
Over the examined periods, stem water deficit gradually decreased in species with different magnitudes
(Figures 5–7). This trend was occasionally disrupted by precipitation events, after which stem water
deficit reached values close to zero (Figures 5–7). Cumulative ΔW of A. alba reached the highest value
in 2016 and the lowest value in 2018. Cumulative ΔW of L. decidua reached the highest value in 2017
and the lowest value in 2019 (Table 4). The cumulative values of stem water deficit in larch were in
most cases ten times greater than in fir.

3.3. Tree Water Status and Environmental Conditions

We analysed the relationships between environmental factors and the daily changes of stem
water status during the growing periods (1 April–30 October) of the years 2015–2019 using Spearman
correlation coefficients. All but one correlation of A. alba stem water deficit to global radiation were
significant (Table 5). The results showed that stem water deficit of both species was negatively
correlated to daily mean and maximum air temperatures and VPD, while L. decidua was found to
be more sensitive to them than A. alba. Moreover, L. decidua was also negatively correlated to daily
minimum air temperature (Table 5). The highest positive correlation was revealed between ΔW and soil
water potential for both species. The close positive correlation of stem water deficit and precipitation
was detected, too (Table 5).

Table 5. Spearman rank-correlations between daily stem water deficit (ΔW) and maximum
daily shrinkage (MDS) of two investigated tree species with daily environmental variables
(GR—global radiation; ATmean—daily mean air temperature; ATmin—daily minimum air temperature;
ATmax—daily maximum air temperature; P—daily precipitation total; P–1—previous day precipitation;
RAH—daily mean relative air humidity; VPD—daily mean vapour pressure deficit; SWP—daily
mean soil water potential) of the whole period (from 1 April to 30 October). Significance levels:
* 95% significance; ** 99% significance; *** 99.9% significance.

GR ATmean ATmin ATmax P P-1 RAH VPD SWP

A. alba
ΔW −0.04 −0.17 *** 0.08 * −0.37 *** 0.20 *** 0.27 *** 0.17 *** −0.24 *** 0.41 ***

MDS 0.40 *** 0.48 *** 0.42 *** 0.44 *** 0.12 *** −0.04 −0.25 *** 0.39 *** −0.24 ***

L. decidua
ΔW −0.08 ** −0.37 *** −0.30 *** −0.38 *** 0.15 *** 0.28 *** 0.14 *** −0.30 *** 0.48 ***

MDS 0.34 *** 0.57 *** 0.61 *** 0.49 *** 0.22 *** 0.09 ** −0.11 *** 0.33 *** −0.09 **
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Maximum daily shrinkage of both species was positively correlated with mean, minimum and
maximum air temperature, precipitation, and VPD, and negatively correlated with relative air humidity
and soil water potential (Table 5).

Morlet wavelet analysis revealed significant daily cycles in BDR (p < 0.05) of both tree species,
which were notably more pronounced during the rainless periods (not shown here). The wavelet
analysis confirmed more distinct diurnal stem variations in L. decidua compared to A. alba. Revealed
daily periodicities correspond with MDS variation, which was greater in L. decidua (Figure 6, Table 4).
Although MDS values of A. alba were small, Morlet analysis still revealed daily periodicities (Figure 7).
Even small changes in BDR can indicate periodic events. Rainy events or SWP increase caused
disturbances in daily periodicities. While periodicities shorter than one day were not significant in
either of tree species (Figures 6 and 7), significant periodicities of several days up to 2 weeks occurred
in wavelet spectra of both species. In the case of L. decidua, longer periodicities (from 8 days up to
16 days) occurred almost continuously over the studied periods (Figure 6). In the case of fir, longer
periodicities were less frequent due to more continuous increase in BDR over time (Figure 5). Abrupt
changes of ΔW after rainy events resulted in the co-occurrence of both daily and longer periodicities
(Figure 6).

Figure 6. Morlet wavelet spectra of 20-min measured records of stem circumference for L. decidua,
maximum daily shrinkage (MDS), stem water deficit (ΔW), daily precipitation (bars), and soil water
potential (SWP, grey line) in the studied period (April–October) of the years 2015–2019. Dark red
and white colours are assigned to the highest wavelet power spectra, whereas the dark blue colour is
assigned to the lowest values. Wavelet power levels were set from 0.0 to 1.10−1.
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Figure 7. Morlet wavelet spectra of 20-min measured records of stem circumference for A. alba,
maximum daily shrinkage (MDS), stem water deficit (ΔW), daily precipitation (bars), and soil water
potential (SWP, grey line) in the studied period (April–October) of the years 2015–2019. Dark red
and white colours are assigned to the highest wavelet power spectra, whereas the dark blue colour is
assigned to the lowest values. Wavelet power levels were set from 0.0 to 1.10−1.

The differences in growth responses and water status parameters between trees, species, and years
were further analysed by cluster analysis (Figure 8). The two variables derived by principal component
analysis describing growth patterns and water status in detail (Figure 3) were used as inputs for cluster
analysis. From Figure 8a, we see that in the case of two clusters, the analysis clearly distinguished
clusters of individual species. If we pre-defined five clusters for the whole dataset, the specified
clusters still grouped trees of the same species, which indicates that the differences between species
prevailed over the differences between the years (Figure 8b). Similarly, in the case of 10 clusters,
these were still determined within individual tree species, but grouped different trees and different
years together (not shown here). This suggests that the impact of genetics and climate on tree water
status was mixed, and one did not prevail the other. The same result was revealed by cluster analysis
performed for individual species (Figure 8c,d), for which we predefined five clusters to examine if
the individual trees or years could be separated. In most cases, different trees and different years
were combined into clusters, which indicates that each tree has its own sensitivity to environmental
conditions, and its unique response to their various combinations. We interpret the occurrence of
the particular tree in different clusters as its ability to react to different environmental conditions in a
different way—i.e., its plasticity. Hence, the plasticity of Abies tree No. 3 was the lowest, as 4 out of 5
examined years occurred within one cluster of the given tree (Figure 8c).
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(a) (b) 

 

(c) (d) 

Figure 8. Species-specific responses of stem circumference to environmental conditions analysed by
principal component analysis and cluster analysis with predefined two clusters for the whole dataset
(a), five clusters for the whole dataset (b), five clusters for A. alba (c), and five clusters for L. decidua (d).
Abbreviations in labels: A and L stand for A. alba and L. decidua, respectively; numbers 15–19 represent
years (2015–2019); numbers 1–5 represent individuals of the respective tree species.

4. Discussion

In recent decades, various authors have analysed high temporal resolution stem growth data of a
variety of tree species to better understand their growth responses—e.g., [45,52,53]. Tree growth is
controlled by a vast array of conditions, out of which climate is considered as one of the most important.
Climate envelope models visualise plant species distribution under contemporary climate [47].
Despite some limitations in their prediction capacity, which include their lack of ability to account
for biotic interactions and evolutionary changes [54], this approach has a potential to estimate future
spatial species distribution and their sensitivity under changing climate [55]. Our study was performed
under conditions projected in coming decades [1,2] as the mean air temperature in the analysed
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growing seasons exceeded the long-term values of the current site (Table 2), as well as the values of
their original natural habitats (Figure 1). Higher annual mean air temperature was observed at the
study site also in the preceding years (2014: +2.8 ◦C; 2013: +1.5 ◦C; 2012: +1.7 ◦C). The observed
reaction of stem radial growth and water status to environmental conditions in 2015–2019 reflected
the species-specific distance from their current distribution described by main climate characteristics
(Figure 1)—i.e., higher sensitivity was found for L. decidua—for which the long-term (1961–1990) and
all monitored years climate conditions of the study site occurred outside the current species range
(Figure 1). Weaker responses were revealed for A. alba, for which both the long-term (1961–1990) and
the years 2015, 2016, and 2017 climate conditions occurred inside the current species range (Figure 1).

Seasonal differences in tree circumference growth result from species-specific temperature and/or
photoperiod thresholds of cambial activity [56,57]. The increase in stem circumference of both species
was mainly favoured by higher precipitation events. In particular, L. decidua grew in cascades separated
by plateaus representing stagnation periods. The remarkable plateaus in BDR of L. decidua (Figure 5)
observed during June and July in all years correspond with the prevalence of the contraction phase.
The growth of A. alba seemed to be less limited by the prevailing dry conditions than L. decidua as
the persistence of larger increments indicates (Figure 5), which might be due to its more effective
stomatal control mechanism. We assume that limited growth of L. decidua at the studied site is a
consequence of conditions that are beyond the climatic distribution of the species causing its higher
stress and stimulating strong individual tree responses. Transpiration drives daily cycles in BDR [58,59],
which are strictly dependent on soil water content and microclimatic conditions, and can quickly
change according to weather conditions. The stem shrinkage corresponded to the periods when ΔW
presented a clear decreasing trend, which can be associated with the exhaustion of the internal water
storage. In the summer, soil water content diminishes and day length increases, which decreases
recovery. Due to this, transpiration demands cannot be fulfilled, and the stem water deficit gradually
increases [60]. Transpiration is controlled by stomatal responses to water availability and atmospheric
conditions [59]. The physiological consequences of stomata closure are carbon starvation and secondary
growth decline due to the allocation of carbon to higher ranking physiological processes such as root
growth [59,61]. As a result, trees reduce their metabolism and enter in quiescence [62,63]. During the
summer, trees could not compensate for daily water losses, presenting the most negative ΔW values.
If a tree can no longer replenish the water lost by transpiration, then contraction would have to be
restrained, which would result in a higher dependence between duration and amplitude.

The differences in drought responses between the species may be explained by their intrinsic
differences in morphology and physiology. Silver fir has a longer wood formation period than larch
(Figure 5). Similarly to our results, the beginning of fir growth in Slovenian forests was observed in
early April and the end in late October [64,65]. In larch, we observed maximum radial increase at
the beginning of the study periods, usually in May, after which stem circumference increased only
sporadically (Figure 5). Early cessation of radial growth as a result of limited water availability has also
been observed by Oberhuber et al. [45]. The functional significance of water storage in individual tree
species depends on their water status regulation strategy, hydraulic architecture, and wood density [66].
Although L. decidua has been shown to develop a specific drought avoidance strategy by osmotic
adjustment resulting from the accumulation of solutes [67], if growing at dry and low elevation sites,
this species was found to be sensitive to water stress [68], especially during the summer months,
which was also confirmed by our results (Figure 5). Weak adjustability of L. decidua to drought is
possibly related to its deciduous habit [69] and/or anisohydric strategy [67], when high transpiration
rates are maintained under drought finally causing impairment of tree water status [8]. MDS and
ΔW of both tree species showed similar responses to all monitored environmental variables (Table 5).
The positive correlation found between MDS and air temperature (mean, minimum, and maximum)
suggests that elevated transpiration caused water loss and stem contraction [25,40]. During periods
when temperatures are high and soil water content is lower, stomatal control on transpiration rates
increases [59], and stem contraction is reduced. Coupling of ΔW to atmospheric conditions indicates
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that increasing temperature due to climate warming can negatively affect plant growth [70] as well as its
water status through its effects on VPD, which increases exponentially with increasing temperature [71].
High sensitivity of stem water status to VPD and soil moisture was reported in several experimental
studies [1,39,72]. High VPD reduces cell turgor pressure, which subsequently inhibits cell enlargement
and growth [30,73]. High temperatures stimulate evaporation rates causing constraints in water
availability, which is characterised by low soil water potential. SWP decline during rainless periods
explains “plateaus” in seasonal courses of circumference variation (Figure 5). This is valid for L. decidua,
but it is less pronounced for A. alba. The results showed that A. alba is a more resistant tree species to
changing conditions defined by increased temperature and periodical drought than L. decidua. Due to
this, fir is often considered as a prospective species under climate change [74], since fir productivity
should not be adversely affected by increasing temperature [3,75]. The results of climate-growth
relationships reflect the growth of tree species in response to water stress. Positive correlations between
stem water deficit and precipitation and negative correlations with temperature suggest that tree water
status and tree growth is limited by moisture. Increasingly negative numbers of ΔW indicate increasing
drought stress (Table 3, Figures 5–7).

Diurnal pattern of stem circumference variation is also underlined by high power levels and
regions of significant periodicities for both studied species. The most straightforward relationship
is between SWP and precipitation (Figures 6 and 7). Wavelet analysis confirmed more pronounced
daily cycles in L. decidua BDR than in A. alba. Diurnal periodicities became more distinct when soil
drought occurred and SWP values decreased (Figures 6 and 7). This is coupled to MDS temporal
course, since MDS represent short-term changes in stem water status. In rainless periods, the values
of MDS increase due to water consumption and intensive transport of water from storage tissues to
conductive tissues. MDS increases until it reaches a breaking point [76], which we, however, did not
observe in our experiment. Wavelet analysis presents absolute values of periodic events, which can
be linked to dry or wet periods. Due to this, the interpretation of its results is clearer if linked with
ΔW. In the year 2018, fir radial growth was the lowest because the absolute values of ΔW were largest
(Table 3), which was reflected in daily periodicity during the whole season (Figure 7). Tree water deficit
reflects losses of water over a time longer than one day. Longer periodical cycles occurred either after
rain events or as a result of drought, when ΔW gradually increased or decreased. The length of the
period of ΔW changes in one direction specifies the periodicity interval. While longer periodicities in
A. alba were influenced by rain events, periodicities in L. decidua were also affected by drought. In larch,
we observed more frequent and greater power levels of longer periodicities than in fir, because ΔW of
L. decidua changed more substantially over time (Figures 6 and 7). This results from the anisotropic
character of larch, due to which this species uses more water from its tissues for transpiration than fir.

Cluster analysis identified two groups representing individual investigated species, which confirms
the differences between fir and larch in their tree water status (Figure 8). However, the differences
between individual trees or years could not be detected, as the identified clusters comprised different
years and trees (Figure 8). This indicates that the impact of genetics and environment was mixed and
none of them prevailed. Although we assumed that the occurrence of a single tree within multiple
clusters may indicate its ability to react to specific environmental conditions, according to Carpenter
and Brock [77], increasing variance in respective system processes serves as a decisive symptom of
approaching a critical threshold. Hence, more evidence is needed before making a final conclusion.

5. Conclusions

Knowledge on the relationships between climate and growth is essential for assessing future
performance of tree species under a warmer and drier climate. Species and communities might
strongly differ in their responses to extreme climatic events. Understanding tree growth responses to
climatic stresses is an essential element of climate change research because species-specific drought
resistance will affect the development of forest ecosystems under changed climate by changing species
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composition and inducing shifts in forest distribution. Better understanding of species-specific effects
of weather conditions on tree growth could help foresters to direct future forest management.

The results of our study confirmed our hypothesis that species-specific ecophysiological and
morphological traits of A. alba and L. decidua led to significant differences in climate-growth
relationships. Monitored species exhibited remarkably different growth patterns over the growing
seasons characterised by highly above normal temperature and uneven precipitation distribution.
More pronounced daily dehydration/rehydration changes were observed for L. decidua. Although A. alba
had greater seasonal radial increments, and lower values of stem water status characteristics, in the year
2018 with extremely above normal temperature and below normal precipitation this species significantly
reduced its increment and increased its stem water deficit because of the lowest SWP in that year. In the
case of L. decidua, the impact of limited moisture conditions was not so straightforward, because the
lowest increment was observed in the year 2015, while the worst soil water conditions characterised by
the greatest stem water deficit were observed in the year 2019. We assume that this could be caused by
longer rainless periods that occurred in these two years, while in the year 2018, rain events were more
regular although of lower intensity. More long-term research and information needs to be collected to
understand the response of individual tree species to changing conditions thoroughly.

Cluster analysis revealed significant differences between A. alba and L. decidua, but not between
individual trees and years suggesting that the impact of genetics and environment on tree response
was mixed and could not be separated.

Both species were able to cope with changing environmental conditions, and continued to grow
under the conditions of above average air temperature and limited soil water. Long-term increase in
air temperature, more frequent heat waves coupled with more intense and longer drought periods
could affect the ability of species to respond to environmental changes. Therefore, further research
is needed to contribute to elucidating individual responses of forest trees and individual coniferous
species to external factors outside their natural habitat of environmental and climatic conditions.
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Deslauriers, A.; Fonti, P.; von Arx, G.; Bouriaud, O. dendrometeR: Analyzing the pulse of tree in R.
Dendrochronologia 2016, 40, 12–16. [CrossRef]

50. Torrence, C.; Compo, G.P. A practical guide to wavelet analysis. Bull. Am. Meteorol. Soc. 1998, 79, 61–78.
[CrossRef]

51. Rösch, A.; Schmidbauer, H. WaveletComp1.1: A Guided Tour through the Rpackage. 2018. Available
online: http://www.Hsstat.Com/Projects/WaveletComp/WaveletComp_guided_tour.Pdf (accessed on
12 September 2020).

52. Eilmann, B.; Rigling, A. Tree-growth analyses to estimate tree species’ drought tolerance. Tree Physiol. 2012,
32, 178–187. [CrossRef]

53. Vieira, J.; Rossi, S.; Campelo, F.; Freitas, H.; Nabais, C. Seasonal and daily cycles of stem radial variation of
pinus pinaster in a drought-prone environment. Agric. For. Meteorol. 2013, 180, 173–181. [CrossRef]

54. Ibáñez, I.; Clark, J.S.; Dietze, M.C.; Feeley, K.; Hersh, M.; LaDeau, S.; McBride, A.; Welch, N.E.; Wolosin, M.S.
Predicting biodiversity change: Outside the climate envelope, beyond the species-area curve. Ecology 2006,
87, 1896–1906. [CrossRef]

55. Walentowski, H.; Falk, W.; Mette, T.; Kunz, J.; Bräuning, A.; Melnardus, C.; Zang, C.; Sucliffe, L.; Leuschner, C.
Assessing future suitability of tree species under climate change by multiple methods: A case study in
southern Germany. Ann. For. Res 2017, 60, 101–126. [CrossRef]

56. Begum, S.; Nakaba, S.; Yamagishi, Y.; Oribe, Y.; Funada, R. Regulation of cambial activity in relation to
environmental conditions: Understanding the role of temperature in wood formation of trees. Physiol. Plant.
2013, 147, 46–54. [CrossRef] [PubMed]

57. Körner, C.; Basler, D. Phenology under global warming. Science 2010, 327, 1461–1462. [CrossRef]
58. Kozlowski, T.T. Water Deficits and Plant Growth. Vol III. Plant Responce and Control of Water Balance;

Academic Press: New York, NY, USA, 1976; 368p.
59. Zweifel, R.; Zimmermann, L.; Zeugin, F.; Newberry, D.M. Intra-annual radial growth and water relations of

trees: Implications towards a growth mechanism. J. Exp. Bot. 2006, 57, 1445–1459. [CrossRef] [PubMed]
60. Devine, W.D.; Harrington, C.A. Factors affecting diurnal stem contraction in young Douglas-fir.

Agric. For. Meteorol. 2011, 151, 414–419. [CrossRef]
61. Chaves, M.M.; Pereira, J.S.; Maroco, J.; Rodrigues, M.L.; Ricardo, C.P.P.; Osorio, M.L.; Carvalho, I.; Faria, T.;

Pinheiro, C. How plants cope with water stress in the field? Photosynthesis and growth. Ann. Bot. 2002, 89,
907–916. [CrossRef] [PubMed]

62. Cherubini, P.; Gartner, B.L.; Tognetti, R.; Bräker, O.U.; Schoch, W.; Innes, J.L. Identification, measurement
and interpretation of tree rings in woody species from Mediterranean climates. Biol. Rev. 2003, 78, 119–148.
[CrossRef] [PubMed]

63. McDowell, N.; Pockman, W.T.; Allen, C.D.; Breshears, D.D.; Cobb, N.; Kolb, T.; Plaut, J.; Sperry, J.; West, A.;
Williams, D.G.; et al. Mechanisms of plant survival and mortality during drought: Why do some plants
survive while others succumb to drought? New Phytol. 2008, 178, 719–739. [CrossRef]
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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.

Keywords: leaf colouring; phenological shifts; climate change; Fagus sylvatica L.; altitude; trends
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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) 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.

(2) 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

Železná
Studienka

Myjava Zvolen Kecerovce Muráň
Červená

Skala
Po’ana

Altitude (m a.s.l.) 304 457 566 570 579 1003 1051
Stand ID ZS_304 MY_457 ZV_566 KC_570 MU_579 CS_1003 PO_1051
Soil type C 1 C C C C C C

Soil Ret./Perm. L–M/M–H H/M H/M H/M H/M H/M M/M
Age 150 65 80 75 115 75 155

Tree height (m) 26 19 25 22 28 15 24
Trunk diameter

(cm) 36 22 23 25 32 18 45

Climatic area W 2 M 3 M M M C 4 C
TNy 5 (◦C) 10.1 9 8 8.1 7.9 5.2 5.7
TNs 6 (◦C) 18 16.3 15.8 15.9 15.9 12.7 13

PNy 7 (mm) 675 729 745 703 689 857 863
PNs 8 (mm) 176 176 190 239 198 241 263

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
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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:

G(x) =
∫ x

0
g(t)dt (1)

where
g(x) =

1
βαΓ(α)

xα−1e−x/β (2)

Γ(α) =
∞∑
0

xα−1e−xdx (3)

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− c0 + c1t + c2t2

1 + d1t + d2t2 + d3t3 ) for 0 < H(x) ≤ 0.5 (5)

and

Z = SPI = +(t− c0 + c1t + c2t2

1 + d1t + d2t2 + d3t3 ) for 0.5 < H(x) < 1.0 (6)

where

t =

√
ln(

1

(H(x))2 ) for 0 < H(x) ≤ 0.5 (7)

t =

√
ln(

1

(1−H(x))2 ) for 0.5 < H(x) < 1.0 (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 Extremely wet
1.5 to 1.99 Severely wet
1.0 to 1.49 Moderately wet
−0.99 to 0.99 Near normal
−1.49 to −1.0 Moderately dry
−1.99 to −1.5 Severely dry
≤−2 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 =
∑12

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 Extremely wet
60 to <90 Severely wet
30 to <60 Moderately wet
>−30 to <30 Near normal
>−60 to −30 Moderately dry
>−90 to −60 Severely dry
≤−90 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:

DPI =
∑

DPi∑
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 Near normal
>10 to 20 Moderately dry
>20 to 30 Severely dry
>30 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 No HW
3 to 10 Weak HW
11 to 20 Moderate HW
21 to 30 Severe HW
>30 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 2.04 3.38 0.00 **
MY_457 2.04 2.25 0.04 *
ZV_566 2.04 1.14 0.28
KC_570 2.04 2.08 0.05 *
MU_579 2.04 5.11 0.00 **
CS_1003 2.04 2.62 0.02 *
PO_1051 2.04 1.14 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 2.04 5.37 0.00 **
MY_457 2.04 5.97 0.00 **
ZV_566 2.04 5.31 0.00 **
KC_570 2.04 6.27 0.00 **
MU_579 2.04 7.30 0.00 **
CS_1003 2.04 5.89 0.00 **
PO_1051 2.04 7.00 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 MY_457 ZV_566 KC_570 MU_579 CS_1003 PO_1051
K

tau
p K

tau
p K

tau
p K

tau
p K

tau
p K

tau
p K

tau
p

HWAVG 0.33 0.01
**

0.40 0.00
**

0.41 0.00
**

0.32 0.02
*

0.29 0.03
*

0.32 0.02
*

0.39 0.00
**

HWMAX 0.30 0.03
*

0.38 0.00
**

0.23 0.09 0.13 0.35 0.26 0.06 0.26 0.05
*

0.39 0.00
**

TVI–IX 0.48 0.00
**

0.48 0.00
**

0.48 0.00
**

0.41 0.00
**

0.41 0.00
**

0.46 0.00
**

0.44 0.00
**

TVII–IX 0.39 0.00
**

0.41 0.00
**

0.39 0.00
**

0.36 0.01
**

0.32 0.01
**

0.40 0.00
**

0.41 0.00
**

TVIII–IX 0.27 0.04
*

0.29 0.02
*

0.25 0.05
*

0.36 0.01
**

0.28 0.03
*

0.31 0.02
*

0.31 0.02
*

TIX 0.14 0.28 0.19 0.14 0.27 0.04
*

0.25 0.05
*

0.25 0.05
*

0.21 0.11 0.22 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 0.12 0.51 0.1
MY_457 0.34 0.03 * 0.4
ZV_566 0.52 0.00 ** 1.2
KC_570 0.49 0.00 ** 0.6
MU_579 0.31 0.04 * 0.8
CS_1003 0.21 0.18 0.3
PO_1051 0.39 0.01 ** 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 0.60 ** −0.12 0.15 −0.21 0.42 * 0.02 0.21
SPIVII–IX 0.31 −0.04 0.16 −0.18 −0.01 0.23 −0.07
SPEIIX 0.25 −0.15 0.08 −0.30 0.36 −0.02 0.12

SPEIVII–IX 0.37 −0.18 0.05 −0.25 −0.09 0.22 −0.06
CWBIX 0.18 −0.11 0.08 −0.20 0.25 0.03 0.16

CWBVII–IX 0.41 −0.13 −0.07 −0.23 −0.05 0.22 −0.10
DPIVII–IX −0.43 0.10 0.10 0.35 −0.04 −0.21 0.02

PVII–IX 0.41 −0.06 0.18 −0.15 −0.01 0.23 −0.09

HW AVG 0.01 0.25 0.22 0.59 ** −0.02 −0.18 0.16
HW MAX −0.09 0.20 −0.01 0.56 ** 0.08 −0.24 0.18

TVI–IX −0.23 0.30 0.30 0.51 * 0.15 −0.05 0.11
TVII–IX −0.23 0.37 0.30 0.53 * 0.23 −0.02 0.08
TVIII–IX −0.40 0.30 0.23 0.48 * 0.21 −0.16 0.08

TIX −0.16 0.30 0.31 0.50 * 0.13 0.14 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 precipitation-
and 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 Day of Year
CWB Climatic Water Balance
SPI Standardized Precipitation Index
SPEI Standardized Precipitation-Evapotranspiration Index
DPI Dry Periods Index
P Precipitation
PN Precipitation Normal
HW Heatwave
T Temperature
TN Temperature Normal
LCO Onset of Leaf Colouring
M-K Mann–Kendal
S-slope Sen’s slope
SWP Soil Water Potential

Appendix A

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

ZS_304 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

SPIIX 0.09 0.47 0.04 0.75 0.10 0.46 −0.07 0.60 0.14 0.28 0.03 0.86 0.00 1.00
SPIVII–IX 0.06 0.67 0.22 0.09 0.16 0.21 0.10 0.43 0.15 0.26 0.21 0.11 0.12 0.36
SPEIIX −0.06 0.65 −0.01 0.97 0.01 0.97 −0.11 0.39 0.08 0.52 −0.02 0.87 −0.04 0.78

SPEIVII–IX −0.09 0.49 0.08 0.55 0.05 0.71 −0.04 0.76 −0.04 0.78 0.15 0.25 0.00 1.00
CWBIX −0.01 0.94 0.02 0.92 0.06 0.65 −0.13 0.34 0.11 0.42 0.03 0.86 −0.02 0.89

CWBVII–IX −0.05 0.72 0.09 0.48 −0.01 0.94 −0.03 0.86 0.03 0.86 0.17 0.20 0.03 0.83
DPIVII–IX −0.01 0.94 −0.12 0.36 −0.15 0.27 0.02 0.89 0.07 0.60 0.21 0.10 0.08 0.57

PVII–IX 0.02 0.92 0.22 0.09 0.16 0.21 0.10 0.44 0.13 0.32 0.21 0.11 0.12 0.36
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73. Vido, J.; Střelcová, K.; Nalevanková, P.; Leštianska, A.; Kandrík, R.; Pástorová, A.; Škvarenina, J.; Tadesse, T.
Identifying the relationships of climate and physiological responses of a beech forest using the Standardised
Precipitation Index: A case study for Slovakia. J. Hydrol. Hydromech. 2016, 64, 246–251. [CrossRef]

74. Vilhar, U. Comparison of drought stress indices in beech forests: A modelling study. iForests 2016, 9, 635–642.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

145





water

Article

Impact of Water Deficit on Seasonal and Diurnal
Dynamics of European Beech Transpiration and
Time-Lag Effect between Stand Transpiration and
Environmental Drivers

Paulína Nalevanková 1,2,*, Zuzana Sitková 3, Jíři Kučera 4 and Katarína Střelcová 1
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Abstract: In-situ measurements of tree sap flow enable the analysis of derived forest transpiration
and also the water state of the entire ecosystem. The process of water transport (by sap flow)
and transpiration through vegetation organisms are strongly influenced by the synergistic effect of
numerous external factors, some of which are predicted to alter due to climate change. The study was
carried out by in-situ monitoring sap flow and related environmental factors in the years 2014 and
2015 on a research plot in Bienska dolina (Slovakia). We evaluated the relationship between derived
transpiration of the adult beech (Fagus sylvatica L.) forest stand, environmental conditions, and soil
water deficit. Seasonal beech transpiration (from May to September) achieved 59% of potential
evapotranspiration (PET) in 2014 and 46% in 2015. Our study confirmed that soil water deficit leads to
a radical limitation of transpiration and fundamentally affects the relationship between transpiration
and environmental drivers. The ratio of transpiration (E) against PET was significantly affected
by a deficit of soil water and in dry September 2015 decreased to the value of 0.2. The maximum
monthly value (0.8) of E/PET was recorded in August and September 2014. It was demonstrated that
a time lag exists between the course of transpiration and environmental factors on a diurnal basis.
An application of the time lags within the analysis increased the strength of the association between
transpiration and the variables. However, the length of these time lags changed in conditions of
soil drought (on average by 25 min). Transpiration is driven by energy income and connected
evaporative demand, provided a sufficient amount of extractable soil water. A multiple regression
model constructed from measured global radiation (RS), air temperature (AT), and air humidity (RH)
explained 69% of the variability in beech stand transpiration (entire season), whereas (RS) was the
primary driving force. The same factors that were shifted in time explained 73% of the transpiration
variability. Cross-correlation analysis of data measured in time without water deficit demonstrated
a tighter dependency of transpiration (E) on environmental drivers shifted in time (−60 min RS,
+40 min RH and +20 min vapour pressure deficit against E). Due to an occurrence and duration of
soil water stress, the dependence of transpiration on the environmental variables became weaker,
and at the same time, the time lags were prolonged. Hence, the course of transpiration lagged behind
the course of global radiation by 60 (R2 = 0.76) and 80 (R2 = 0.69) minutes in conditions without and
with water deficit, respectively.

Keywords: forest stand transpiration; European beech; environmental drivers; drought; time lag
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1. Introduction

Plant transpiration is a major component of terrestrial ecosystem evapotranspiration and represents
a significant water loss term of the water balance [1]. In terrestrial conditions, 39% of precipitation returns
to the atmosphere through transpiration, which accounts for 61% of evapotranspiration, on average.
Besides, forest ecosystem transpiration can contribute 50–70% of terrestrial evapotranspiration [2].
Therefore, most water evaporating from ecosystems transits through plant organisms and its concrete
volume is regulated by plants [3]. At the same time, evapotranspiration can account for over 50% of
the total water loss in most terrestrial ecosystems and belongs to the primary water-loss components
of the water cycle [4,5].

Evapotranspiration can be estimated relatively precisely, but it requires a high investment
in equipment, well-trained research personnel and know-how [6]. The methods of direct
measurement of evapotranspiration are currently rather limited, particularly in woody crops [6,7].
However, transpiration can be estimated utilising sap flow monitoring. The physiological process of
transpiration and water flux through xylem are well known. In recent years, several methods for
the precise measurement of tree trunk sap flow have been developed and successfully applied in
research [8,9]. Modern systems are relatively affordable, undemanding to use, and some provide
instant information on sap flow without demanding recalculations [10]. Hence, at a larger time
scale (i.e., days and longer), the amount of water flow through the trunk is approximately equal to
canopy transpiration [11]. Therefore, the monitoring of sap flow is a highly useful tool to observe
and investigate the impact of environmental conditions, including extreme events such as drought,
on forest water balance and its stress load [12,13]. Sap flow measurements have become a standard
tool for ecosystem research [14].

A detailed study of transpiration, its limitations, and the dynamics in connection to changing
environmental conditions is important for understanding the impact of vegetation on hydrology and
can help improve ecosystem water balance modelling and to predict plant responses to climate
change [1,9,15,16]. Transpiration is influenced by the synergic effect of environmental factors,
vegetation characteristics (leaf area index (LAI), tree age and vitality, stocking density, root system)
and management (thinning, pruning) [17]. The impact of environmental factors is significant and
can be divided into atmospheric evaporative demands (potential evapotranspiration and vapour
pressure deficit) [16,18] and soil moisture, the lack of which leads to limited plant transpiration [19–21].
However, some woody species can uptake water even from groundwater or bedrock fractures [22,23].
Environmental factors are predicted to change in connection to human-induced global warming, which
according to the IPCC report, reached approximately 1 ◦C (likely between 0.8 ◦C and 1.2 ◦C) above
pre-industrial levels in 2017, increasing at 0.2 ◦C per decade (high confidence) [24]. Various climate
scenarios predict a substantial change in precipitation distribution and in average temperatures,
which can cause more prolonged and severe summer drought [25,26]. A warmer atmosphere
means increased evaporation demands and is accompanied by a lack of water supply, leading to an
intensification of water-related plant stress [27,28]. Water deficit results in drought stress, substantially
limiting the physiological processes of plants and phytomass formation and may result in a long-term
decrease in forest productivity [29,30] and an increase in drought-induced mortality [31–33].

As aforementioned, the main weather parameters that affect transpiration, together with crop
characteristics and water supply, are radiation, air temperature, humidity, and wind speed. A common
effect of these parameters can be expressed via the evaporation power of the atmosphere (potential
evapotranspiration or reference crop evapotranspiration) [34]. Over the years, several research papers
have been published focused on modelling the water use (transpiration or sap flow) of various
tree species [3,35–38]. The simulation of tree water use is carried out using several environmental
variables applying various approaches [38]. Some studies point out that within the relationship
between sap flow (or transpiration) and environmental variables exists a time lag of varying range
and direction [3,39–41]. This time lag is the main characteristic of the hysteresis phenomenon,
which was detected and described in many studies within different species and ecosystems [40,42,43].
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Overall, the diurnal course of sap flow can lag behind the course of the environmental driver or
can occur in advance. The time lag between measured sap flow and environmental factors can be
caused by the priority use of trunk water storage for transpiration, particularly in the morning [40,44].
At the same time, hysteresis is considered to be a conservation mechanism to prevent dehydration
during high evaporative demand [45]. However, prior studies demonstrated that time lags were
affected by drought, solar radiation, and high evaporation demands [42,46]. The study of these time
lags can advance our understanding and, therefore, improve the response of vegetation to changing
climate factors, and the inclusion of the detected lags can enhance water flux modelling [40,41].

Our study focused on assessing the seasonal and diurnal dynamics of sap flow-derived
transpiration of mature beech stand in relation to changing environmental drivers with an emphasis
on the occurrence of drought. European beech (Fagus sylvatica L.) belongs to the essential broadleaved
species in Europe, from both an economic and ecological point of view [30,47]. Beech increases the
stability of forest stands, which is reflected in its pan-European application in the silvicultural concepts
of reconstructing non-natural monocultural conifer stands (mostly spruce) to stable and resilient mixed
forests more resistant to predicted climate change [48–50]. On the other hand, beech decline in Europe
was reported in connection with a drought-related decrease in tree vitality, which causes subsequent
increased endanger due to biotic factors, such as insects and wood decay fungi [51–53].

In Slovakia, European beech, with a share of almost 34% (with an increasing trend), is the most
commonly occurring tree species and has the largest share of wood production within deciduous tree
species [50]. Beech forests, due to their broad areas of spread, significantly contribute to the hydrological
cycle by water transpiration and interception, with transpiration having the largest share regarding
beech stand total evapotranspiration [54]. In the context of climate change, it is predicted that beech
ecosystems will be threatened all over Europe [55] and will be exposed to severe stress from drought
because shallow-rooting beech is considered a drought-sensitive species [47,56,57]. Drought episodes
and increased temperature during the growing season negatively affect beech stands’ water balance,
growth, competitiveness, and resilience. The effect is increased during the prolonged duration of
the dry season and has been repeated for several years in a row [47,57–59]. The limitation in beech
growth as a consequence of drought and resulting reduced tree competitiveness was documented
already in the 20th century [60]. Similarly, recent research results confirm a 17% reduction of annual
gross primary beech production due to the 2003 drought [61]. A study from 2019 concluded that
the European beech is, in particular, sensitive to a lack of precipitation and is less sensitive to heat
stress [61].

The main objectives of this study were, therefore, to (i) describe the seasonal and diurnal dynamics
of beech transpiration in relation to the course of environmental factors affecting transpiration,
focusing on the drought effect, (ii) detect the time lags between the transpiration and meteorological
drivers, and (iii) assess the impact of water deficit on time lags.

2. Materials and Methods

2.1. Experimental Stand

The study was conducted in the area of Bienska dolina, situated in the central part of the Slovak
Republic at an elevation of 450 m a.s.l. with coordinates 48◦36′43” N and 19◦03′59” E (Figure 1).
The locality is classified as a 3rd oak-beech altitudinal forest zone (classification according to Zlatník [62])
with Haplic Cambisol (Humic, Eutric, Endoskeletic, and Siltic) formed on volcanic parent material
(andesite and andesitic tuffs) [63]. The depth of soil reaches a maximal 66 cm. The textural class of the
fine-earth fraction is detected as silt loam in the topsoil or loam in the subsoil. Upper horizons are
characterised by the presence of only a small amount of coarse rock fragments, whereas coarse gravel
and stones are plentiful in the subsoil (C horizon, up to 80%). The abundance of roots in the upper
30–35 cm of soil is relatively high and decreases in deeper soil layers.
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Figure 1. Location of the experimental plot Bienska dolina in central Slovakia (SK), Central Europe (left)
and design of the experimental plot showing crown projections of all beech trees, position of selected
sample trees and soil probes (right).

An experimental plot with an area of 608 m2 was established in a 68-year-old European beech
forest, which is dominated by Fagus sylvatica L. with a minor admixture of Quercus petraea (Matt.) Liebl.
(sessile oak, 10%) and Larix decidua (Mill.) (larch, 5%). However, these admixture species occur
outside the delineated plot. The slope is east facing and, on average reaches a maximum of 30%.
The relative stocking density of the stand is 0.85 with a maximum leaf area index of 6.1 in July (LAI-2200
Plant Canopy Analyzer, LI-COR Biosciences, Lincoln, NE, USA). The total stand volume of beech is
282 m3 ha−1. The understory vegetation is poor and is characterised by the rare occurrence of beech
seedlings and typical herbs species, such as Asarum europaeum and Dentaria bulbifera.

Within the area of the experimental plot (608 m2), 56 trees were measured using Field-Map
technology, which combines real-time GIS software with electronic equipment for mapping and
dendrometric measurements (IFER Ltd., Jílové u Prahy, Czech Republic). Using this technology,
the main dendrometric characteristics (tree height, diameter at breast height (DBH) and crown
projection) of trees were focused upon and documented (Figure 1, right). The measured DBH of beech
trees at the plot varied from 5.7 to 42.3 cm, and heights were from 8.4 to 29.3 m. The distribution of
trees within the DBH classes is presented in Figure 2. From these trees, 12 representative sample trees
were chosen based on DBH, height and their location to apply sap flow measurement systems. Sample
trees were characterised by a mean tree height of 26.3 m ± 1.3 m (from 24.7 to 29.1 m) and an average
diameter (DBH) of 32.4 cm ± 4.8 cm (from 27.1 to 42.3 cm).

Figure 2. Number of trees in DBH and height classes (interval of the class is 3 cm and 3 m, respectively)
within the experimental plot area (608 m2).

The climate of Bienska dolina is classified as slightly warm and moderately humid [64]. Figure 3
shows the 1961–1990 reference period’s monthly averages (normals) of mean air temperature (AT)
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and precipitation totals (P) for the area, calculated based on data from a nearby station belonging
to a network of professional meteorological stations of the Slovak Hydrometeorological Institute.
The long-term mean annual air temperature and annual sum of precipitation are 7.3 ◦C and 690 mm,
respectively. The normal values during the vegetation season (May–September) are 14.8 ◦C for mean
temperature and 250 mm for precipitation. The rainiest month according to the reference period is June,
with an average precipitation of 90 mm, and the warmest month is July, with an average temperature
of 17 ◦C.

Figure 3. Monthly averages (normals) of mean air temperature (AT, ◦C) and precipitation totals (P, mm)
for the Bienska dolina area, calculated based on reference period 1961–1990 data (January–December;
in Roman numerals I–XII).

2.2. Measured and Derived Environmental Variables

Meteorological variables were during the years 2014 and 2015 measured within an open grass area
situated ca. 250 m from the experimental stand by an automatic meteorological station. The station
was equipped with an air temperature (AT, ◦C) and relative humidity (RH, %) sensor and a global
radiation (RS, W m−2) sensor (EMS33 and EMS11; Environmental Measuring System (EMS Brno) Ltd.,
Brno, Czech Republic), which were situated at a height of 2 m above ground (low cut grass).
Wind speed (u, m s−1) was monitored using a 034B Wind Sensor (Met One Instruments Inc.,
Grants Pass, OR, USA) at a height of 2 m, and precipitation (P, mm) was measured using a rain
gauge type 370 with a collecting area of 320 cm2 placed at a height of 1 m above ground (Met One
Instruments Inc.). The interval of measurements was 5 min, and data were stored every 20 min in the
data logger edgeBox V12 (EMS Brno Ltd.) powered by a 12 V solar-charged battery.

Potential evapotranspiration (PET, mm h−1) as a variable representing theoretical atmospheric
evaporative demands unaffected by soil water deficit was calculated according to the Penman
equation [65] (Equation (1)).

PET =
Δ

Δ + γ
Rn +

γ

Δ + γ

6.43 (1 + 0.536 u) VPD
λ

(1)

where Δ is the slope of the saturation vapour pressure curve (kPa K−1), Rn is the net radiation (W m−2)
estimated as 77% of the global incoming solar radiation [34] and u is the wind speed measured at
2 m height. The used psychometric constant (γ) was 66 Pa K−1 and the latent heat of vaporization (λ)
was 2.45 MJ kg−1 [34].
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VPD is the vapour pressure deficit (kPa) calculated by Equation (2).

VPD = es − ea (2)

where es is the saturated vapour pressure at a given air temperature and ea is the vapour pressure of
the free-flowing air.

Soil water potential (SWP, MPa) was continuously measured using measuring sets containing
three calibrated gypsum blocs (Delmhorst Inc., Towaco, NJ, USA), and data were stored at 60-min
intervals in a data logger (MicroLog SP3, EMS Brno Ltd., Brno, Czech Republic). SWP values varied
from 0 up to –1.5 MPa (the lowest measurable limit of the equipment). Measurements were provided
in six different soil profiles distributed across the research plot and were conducted at soil depths of 15,
30, and 50 cm with respect to the depth of soil, which is maximal at 66 cm. In this paper, we used
average values of the three depths of the research plot.

Daily relative extractable soil water (REW, dimensionless) at the stand scale was calculated using
the forest water balance model BILJOU© (https://appgeodb.nancy.inra.fr/biljou/), a detailed description
of which is given in Granier et al. [66]. The model required daily meteorological data (measured
wind speed, precipitation, air temperature, relative humidity, global radiation), maximum leaf area
index (LAI), and day of the year (DOY) of the onset of phenophase budburst (DOY 105) and leaf fall
(DOY 298), maximum extractable soil water (98 mm in the entire root zone), vertical root distribution,
and soil properties (determined by soil analysis). REW is widely used to quantify drought intensity
and varies between 1 (when the soil is at field capacity) and 0 (permanent wilting point). When REW
drops below a critical threshold of 0.4 (REW falls below 40% of maximum extractable water), a soil
water deficit is assumed to occur, and transpiration is gradually reduced due to stomatal closure [31,66].
The model calculates REW according to Equation (3).

REW =
EW

EWM
(3)

where EW is the actual extractable soil water in the rooting zone (EW = available soil water–minimum
soil water (i.e., lower limit of water availability)), and EWM is the maximum extractable soil water
(EWM = soil water content at field capacity–minimum soil water (i.e., lower limit of water availability)).

2.3. Sap Flow and Scaling up to Forest Stand Level

On the selected 12 sample trees, at a stem height of ca. 2 m, EMS51A Sap Flow systems connected
to a 16-channel datalogger RailBox V16 manufactured by EMS Brno Ltd. (Brno, Czech Republic)
were installed. The system uses a tissue heat balance method (THB, [8,67]) based on volume
(three-dimensional) heating of the stem segment [10] to measure the values of volumetric sap
flow directly in kg of water per a specific period and per one centimetre of stem circumference.
The sap flow in Bienska dolina was measured at 5-min intervals and logged as 20-min averages
in the datalogger. To obtain sap flow per the entire tree, we recalculated the raw values of sap
flow (kg h−1 cm−1) according to the corresponding circumference of the individual sample trees
(kg h−1 tree−1). In this paper, we processed the data of sap flow measurements performed during the
growing season (from May to end of September) for the years 2014 and 2015.

The system used is designed for large trees with a stem diameter larger than 12 cm, whereas its
underlying theory is clear with the absence of uncertain empirical parameters and without the need
for field calibration as stated by the manufacturer (http://www.emsbrno.cz/p.axd/en/Sap.Flow.large.
trees.html) and Tatarinov et al. [10]. The system consists of a controlling unit (MicroSet8X), sap flow
sensor and a set of stainless steel electrodes. The measuring area was protected against direct sunlight
and water using reflective insulation. The system (via controlling unit) maintains a pre-set (constant)
temperature difference (used value 1 K) between a defined spatial sector of sapwood and reference
probes (with an accuracy better than 1%) by electronic control using the variable electric heating
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power of the controller as the primary signal to quantify sap flux via the heat capacity of water [9].
The sapwood section was internally heated with alternating current (average power consumption
0.3–0.4 W by temperature difference 1 K) by three stainless steel plate electrodes 25-mm wide and 1-mm
thick (available in three lengths: 60, 70, and 80 mm). The three electrodes in series plus one reference
electrode 10 cm below were inserted at distances exactly 2 cm into the sapwood, passing through the
xylem tissues. The central electrode was placed in a radial direction relative to the tree trunk (Figure 4).
Into the geometrical centre of these electrodes, the thermosensor needles were inserted to measure
temperature differences between the upper and lower electrodes [8,9]. The volume heating method
provides a relatively stable temperature field under different values of affected factors (such as wood
heat conductivity, sap flow radial profile and temperature gradients), despite this approach requiring
relatively higher power consumption [10]. This method eliminates errors in measuring the dynamics
of sap flow due to the principle of maintaining a constant temperature for the heated part (no time
required to reach steady-state) [10,67].

The general equation that describes the heat balance of xylem takes the following form:

P = Qr dT cw + dT z (4)

where P is the power of heat input (W), Qr is the amount of water passing through the heated volume
(kg s−1), dT is the temperature difference within the measuring point (K), cw is the specific heat of water
(J kg−1 K−1), and z represents the coefficient heat losses from the measuring point (W K−1).

Water passing through the measuring point (in terms of volume or mass) is calculated from
the power input and temperature rise of water passing through the heated space. The sap flow
(kg s−1 cm−1) calculation (Equation (5)) is derived from Equation (4).

Q =
P

cw d dT
− z

cw
(5)

where d is the effective width of the measuring point (5.5 cm), and z/cw expresses heat losses from
the sensor, which is set when Q is equal to zero (P, cw and dT are listed in the description of
Equation (4)) [67,68].

Figure 4. Installed Sap Flow System produced by EMS Brno Ltd. (Brno, Czech Republic) and the flows
chart of measuring process. Sap flow values are calculated directly from the P/dT ratio.

Based on these measurements, we performed the upscaling from individual tree sap flow to the
forest stand on the base of sap flow distribution at the diameter at breast height (DBH; diameter of
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the tree at a height at 1.3 m) classes [8]. The first step was to obtain the values of sap flow for mean
trees (Qmean, kg h−1) of m DBH classes by means of regression relating the sap flow of the measured
sample tree (Qsample, kg h−1) to the chosen biometric parameter—DBH. These regression analyses were
performed with data obtained during a period of constant and sufficient soil water separately for the
years 2014 and 2015. Derived Qmean values were multiplied by numbers of trees in DBH classes (ni)
and then summarised within the stand area unit of 1 ha (Equation (6)). The result represents the sap
flow values of the entire forest stand (Qstand).

Qstand =
i=m∑
i=1

(Qmean)i ni (6)

By dividing gained stand sap flow (Qstand) by the sum of sap flow directly measured (Qsample),
we determined the non-dimensional coefficient S (-) (Equation (7)). Finally, we multiplied the measured
sap flow data (20-min) by the coefficient S and obtained stand-level values, which we considered to be
equal to stand transpiration (E, mm h−1 (kg m−2 h−1)).

S =

∑
Qstand∑
Qsample

(7)

2.4. Data Processing and Statistical Evaluation

Base data processing was performed via Mini32 software produced by EMS Brno Ltd.
(Brno, Czech Republic) compatible with all used equipment. Statistical analyses were carried out
using the statistical software Statistica® 12 (Statsoft, Tulsa, OK, USA) and Statgraphics centurion 18
(Statpoint Technologies, Inc. The Plains, VA, USA) and for all analyses, p < 0.001 was considered
significant unless otherwise stated.

The principal component analysis (PCA) was used to analyse the environmental conditions that
drive transpiration. The analysis was performed on data of the following variables: global radiation,
air temperature, air humidity, precipitation, potential evapotranspiration, vapour pressure deficit and
soil water potential. PCA is a classic method used to reduce the dimensionality of the data in order
to understand better the underlying factors affecting those variables. To determine the number of
principal components to retain, we used eigenvalues. An eigenvalue which is greater than or equal to
1 indicated that principal components account for more variance than one of the original variables.

A backward stepwise linear regression procedure was used to determine the influence of the
chosen variables on stand transpiration and to select a subset containing only significant predictors.
The importance of the predictor can be evaluated by comparing the determination coefficient (R2) of
the model fit before and after removing a predictor.

The time lags between the environmental variables and transpiration were estimated by performing
a time-series cross-correlation analysis. The synchronised time series of environmental variables and
transpiration were shifted in time (20-min step interval) until the highest R2 was reached, and the
corresponding time lag was found. The correlation analysis was performed to compare how can time
lag change the strength of the association between transpiration and the variables and, at the same time,
to detect the change within lags in the response of transpiration to atmospheric drivers due to different
soil moisture conditions. Therefore, we analysed the relation of transpiration to variables measured in
the corresponding time (sap flow and driver measured at the same time–time lag 0) and also variables
shifted in time (in a step of 20 min, time lag +/−20 min, +/−40 min, etc.). In this study, a negative (−)
time lag means that the variable is shifted on the time axis to the left—the course (or peak) of variable
occurs earlier in the day than the peak of transpiration. A positive (+) time lag indicates that the
variable is shifted on the time axis to the right (against transpiration)—the course (or peak) of the
variable occurs later in the day than the peak of transpiration.
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To evaluate the impact of water deficit on the relationship between transpiration and the main
affecting variables, the data were divided into two categories based on the indication of water deficit
by REW values (REW > 0.4, REW < 0.4). In the period when the value of REW dropped below the
threshold of 0.4, it was assumed that water stress occurred [66].

3. Results and Discussion

3.1. Seasonal Variation of Environmental Conditions

The growing seasons (May–September) of the years 2014 and 2015 were characterised by mean
air temperatures that exceeded the monthly long-term means, except for August 2014, when the
mean temperature was slightly (0.2 ◦C) below normal (Figure 5). The warmest months compared to
the normal occurred in 2015, whereas in July, August, and September, the deviations from normal
were at a level of +3.5 ◦C, +4.3 ◦C, and +2.1 ◦C. These high temperatures were accompanied by a
lack of precipitation, which was documented by the negative deviations from the normal in monthly
precipitation totals. The precipitation totals were 62, 26, and 13 mm below normal, in June, August,
and September, respectively. Vice versa, in 2014, the monthly precipitation was below the long-term
value only in June. The highest positive deviation, 112 mm, from the normal rainfall was detected in
July 2014, which reached 168% of normal. The seasonal (May–September) total of precipitation was
534 mm in 2014 and 279 mm in 2015, whereas the precipitation normal for the locality was 350 mm.

Figure 5. Deviations in monthly (May–September; in Roman numerals V–IX) air temperature (part A;
◦C) and precipitation totals (part B; mm) from long-term mean (normal) of 1961–1990.

Figure 6 shows the seasonal courses of the atmospheric variables as global radiation (RS),
air temperature (AT), vapour pressure deficit (VPD) and potential evapotranspiration (PET).
Precipitation distribution within the growing seasons is depicted together with the course of average
soil water potential (Figure 6, bottom). Significantly different conditions were observed in two years
of interest, which resulted mainly from unequal precipitation occurrences. In comparison with the
previous years, the 2015 growing season was characterised by a lack of precipitation (−71 mm compared
to normal) and higher values of air temperatures, global radiation and, hence, also of vapour pressure
deficit and potential evapotranspiration, particularly during July, August, and September. That resulted
in the occurrence of dry episodes, as was evidenced by reduced values of SWP (the hourly values
of soil water potential almost reached the value of −1.5 MPa, which is a limit of the equipment) and
relative extractable water (REW). In the forest, the soil water deficit (or water stress) was assumed to
occur when REW fell below the threshold of 0.4 [66], inducing stomatal regulation in forest trees [56].
However, [69] reported a slightly lower threshold value for a coniferous forest. Based on the REW
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threshold of 0.4, we detected 20 days in 2014 and 98 days in 2015 with a water deficit. The first day,
when the water deficit was found, was DOY 166 (day of the year, 15 June) and DOY 197 (28 June)
in 2014 and 2015, respectively. Drought episodes at Bienska dolina plot were rarely interrupted by
summer storms, particularly in 2015.

Figure 6. Seasonal dynamics of transpiration and potential evapotranspiration (PET) during vegetation
season of 2014 (left) and 2015 (right) and the course of relative extractable water (REW) with a marked
threshold of 0.4 (top); daily values of global radiation (RS) vapour pressure deficit (VPD) and average
air temperature (AT) (middle); daily values of average soil water potential and precipitation totals
(P) (bottom).

The daily maximum of VPD was 12.8 hPa and 18.8 hPa in 2014 (11 June) and 2015 (7 June),
respectively. The values of PET varied in 2014 from 0.5 mm to 7.5 mm per day and in 2015 between
0.6 mm and 8.2 mm per day (with maximal value on 11 and 7 June, respectively). The total amounts of
PET per entire season (May–September) were 609 and 716 mm, respectively.

3.2. Seasonal Dynamics of Transpiration

The temporal courses of the daily stand transpiration (E) determined based on sap flow
measurements of adult beech trees are shown in Figure 6. Transpiration and the meteorological
factors have a synchronised dynamic within the growing season, particularly when soil moisture is
not a limiting factor. In conditions with a sufficient water supply, the course of transpiration had
almost identical dynamics as the course of PET and also VPD (PET includes the effect of VPD, RS,
and wind speed), which are the expression of atmospheric evaporative demand. Therefore, with the
increasing PET, an increase in E was observed. The high evaporative demand related to the high
value of global radiation and a corresponding increase in AT, and on the other hand, the decrease in
air humidity. However, a temporary reduction in transpiration was detected during rainfall events
due to an increase in the water content of the air and the associated changes in atmospheric conditions.
Similarly, [70], in their study from Spain, confirmed that beech is strongly affected by water deficit and
high temperatures, but these limitations are weakened when cloudiness occurs.
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Within the study period, rapid decrease cases in transpiration were observed, particularly in 2015,
which were clearly associated with soil water limitations (low values of SWP and REW below 0.4)
and were a physiological response of beech stand to water stress. The decrease in E was also
associated with high evaporative demand, and the reduction in transpiration was more pronounced
as the drought period was prolonged or with the culmination of water deficit. A substantial
limitation of beech forest transpiration linked to drought conditions has also been described in many
publications [12,19,71,72]. Under drought conditions and/or high atmospheric evaporative demands,
plants regulate the transpiration of water by stomatal closure. Stomatal regulation of E is a vital
mechanism that allows plants to regulate and optimise CO2 assimilation versus water loss by
evaporation [73]. The total transpiration of the entire measured season in 2014 (May–September)
was 359 mm, whereas in 2015, the cumulative values of transpiration reached only 183 mm.
Thus, potential seasonal evapotranspiration was 609 and 716 mm in 2014 and 2015, respectively.
Hence, the ratio E/PET in 2014 and 2015 was 0.6 and 0.5, respectively. Granier et al. [71] specified beech
stand transpiration derived from sap flow measurement as 76 and 72% of total evapotranspiration
(eddy covariance technique) for the season from May to October. On average, the transpiration of
temperate deciduous forest accounts for 67% of evapotranspiration [2]. In our case, seasonal beech
transpiration (from May to September) achieved 59% of PET in 2014, whereas in 2015, it was only
46% (Table 1). Potential evapotranspiration, according to Penman [65], represents the theoretical
value of water, which can be evaporated from the ecosystem provided little or negligible resistance
to water flux and no soil water limitation. In times of drought, the plants try to protect against
excessive water loss, the stomatal resistance is increasing. The ratio E/PET in Bienska dolina was
markable as decreased in July, August, and most in September of 2015. The ratio of transpiration
against PET was affected by a deficit of soil water documented by the decreased values of SWP and
REW dropped below 0.4. This effect of REW to E/PET ratio was described also by [17] in a sessile oak
stand (Quercus petraea).

Table 1. Monthly and seasonal (May–September) sums of transpiration (E) and potential
evapotranspiration (PET) in years 2014 and 2015; the ratio E/PET.

2014 2015

E (mm) PET (mm) E/PET E (mm) PET (mm) E/PET

May 46 119 0.4 58 123 0.5

June 86 165 0.5 106 156 0.7

July 90 149 0.6 72 187 0.4

August 81 104 0.8 73 153 0.5

September 55 72 0.8 19 96 0.2

Season 359 609 0.59 328 716 0.46

The highest achieved value of the ratio E/PET was 0.8 and occurred in August and September 2014,
the months rich for precipitation and with average evaporation demands. m, beech transpiration
represented 80% of potential evapotranspiration in the high air evaporative demands and conforming
soil moisture conditions. In contrast, the smallest ratio, 0.2, was documented in September 2015, when,
due to intensive and prolonged drought duration, the transpiration was only 19 mm compared to the
value of potential evapotranspiration of 96 mm.

Within the studied seasons, also observed were relatively higher values of transpiration during the
time of reduced values of REW (mostly in 2015). However, significantly reduced E/PET ratio indicated
the regulation of transpiration. This phenomenon usually occurred after precipitation events and at
the beginning of the period with the decrease in soil water availability. Assuming correctly determined
REW values, we can therefore suppose that it was related to the use of water from tree reservoirs in
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drought conditions, similarly as was described in [12]. In some cases, however, we cannot strictly rule
out the usage of water from deeper soil layers or groundwater fractures.

For a detailed display of the diurnal course of transpiration, we chose one sunny/clear day
and one day with the occurrence of clouds (rain) in the period with a sufficient supply of soil
water (DOY 260 and DOY 216) and also in the period in which there was a deficit of soil water
(REW decreased under the value of 0.4, DOY 242 and DOY 254). Figure 7 shows the 20-min variations
in transpiration and meteorological factors within days. On clear days, the courses of transpiration
and global radiation and vapour pressure deficit were synchronous but lagged in time. The diurnal
course of transpiration on clear days had one peak, which occurred after the peak of global radiation.
On clear days, the course of transpiration followed the RS course. With sunrise in the morning and
the increase in RS, transpiration began to increase and peaked around noon: within sufficient soil
water conditions at 13:00 and in conditions of water deficit at 14:00. In comparison, the maximum
of RS occurred at 12:00 and 11:20, respectively. Hence, the course of transpiration lagged behind RS
by 60 min when water was not the limiting factor and 160 min in conditions of soil water deficiency.
The maximums of AT and VPD were reached at 14:20; thus, the peak occurred 80 min later in day than
the peak of transpiration. On the other hand, during drought conditions, it was at 13:40, indicating that
the maximal values of AT and VPD occurred 20 min sooner than maximum E. The transpiration rate
was significantly limited during soil water deficit compared to days with sufficient soil water supply.

During cloudy days, the typical bell-shaped curve of transpiration was not observed. High air
humidity and low VPD values caused significant attenuation of transpiration or it falling to
negligible values.

Figure 7. Diurnal dynamics of transpiration (E, 20-min data) and global radiation (RS), air temperature (AT),
vapour pressure deficit (VPD) and precipitation (P) during sunny/clear days and cloudy days in period
without soil water deficit (left, DOY 260 and 216) and with soil water deficit (right, DOY 242 and 254).
The data are provided in Central European Time (UTC+1).

3.3. Relation of Transpiration to Environmental Conditions

Principal component analysis was used to extract a smaller number of common factors, which can
represent a large percentage of the variability in the original variables. Therefore, to express the
covariances amongst the variables in terms of a small number of meaningful factors. The first three
PCA components, only whose eigenvalues were greater than or equal to 1, could together explain 83%
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of the variance in the data set (Table 2). Up to 53% of the variability could be explained by the first
component. The second and third components explained 16% and 14%, respectively. According to
Table 3, the first component was positively related mostly to VPD, RS, PET, AT and negatively to RH.
We can conclude, therefore, that the high factor loadings that occurred in the first component represent
atmospheric conditions and evaporative demands. The second component explained 16% and was
high and positively related to soil water potential and represents the demands for soil water moisture.
The third component was positively related to precipitation. Global radiation, vapour pressure deficit,
air temperature, and relative humidity were the main atmospheric factors and were included in the
subsequent analyses.

Table 2. Eigenvalues and explained variance by three components on the environmental data (PCA).

Component No. Eigenvalue Percent of Variance Cumulative Percentage

1 3.7 53 53
2 1.1 16 69
3 1.0 14 83

Table 3. Table of component weights (PCA).

Variables Component 1 Component 2 Component 3

RS 0.45 −0.23 −0.03
AT 0.42 0.09 0.17
RH −0.46 −0.16 0.00
P −0.07 −0.19 0.97

VPD 0.48 0.18 0.06
PET 0.42 −0.36 −0.06
SWP 0.05 0.85 0.15

A backward stepwise regression was performed to detect the interactive control of stand
transpiration by environmental drivers. The input variables were RS, AT, RH, and VPD. The results of
the analysis are shown in Table 4, which provides the regression equations (models) and determination
coefficients (R2). All three variables together explained 69% of the variability in stand transpiration
(upper part of table). R2 significantly decreased when RS was excluded from the parameters;
hence, RS was the primary driver. The same factors, but shifted in time, explained 73% of the
transpiration variability (lower part of the table). The time lags between environmental variables and
transpiration were estimated by performing a time-series cross-correlation analysis. In this context,
ref [40] described that three variables, namely net radiation, air temperature and vapour pressure
deficit together explained 97% of the variations in hourly plant water use in a humid headwater
catchment. They also confirmed the major impact of radiation based on the decreased R2 of the model
when radiation was not considered in regression analysis. The second most important factor was VPD.
The study from a water-limited desert ecosystem [43] found that RS, AT and VPD together explained
84% and 77% of the variance in stand transpiration in 2014 and 2015, respectively. Both studies have
consistently stated that water use (sap flux or stand transpiration) was primarily controlled by the
availability of energy.
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Table 4. Results of fitting a multiple linear regression model to describe the relationship between stand
transpiration and global radiation (RS), air temperature (AT) and relative humidity (RH) as independent
variables (variables without time shift: top, variables shifted in time: bottom).

Variable R2 Model p < 0.001

RS, AT, RH 0.690 E = 0.0536679 + 0.000295379 RS + 0.00499328 AT − 0.00127058 RH
RS, AT 0.670 E = 0.0834326 + 0.000341555 RS + 0.00679228 AT
RS, RH 0.666 E = 0.171546 + 0.000330795 RS − 0.00181746 RH
AT, RH 0.532 E = 0.163561 + 0.00883183 AT − 0.00279198 RH

Shifted variable R2 Model p < 0.001

RS-60, AT+40, RH+20 0.729 E = 0.00707624 + 0.00037642 RS-60 + 0.00342536 AT+40 − 0.000541175 RH+20
RS-60, AT+40 0.726 E = −0.0479013 + 0.000403582 RS-60 + 0.00389637 AT+40
RS-60, RH+20 0.718 E = 0.07679 + 0.000410532 RS-60 − 0.000797576 RH-40
AT+40, RH+20 0.537 E = 0.169809 + 0.00875072 AT+40 − 0.00285242 RH+20

As shown in Table 5 and Figure 8, a strong dependence was demonstrated between transpiration
and meteorological factors. The correlation between E and VPD in conditions without soil water
deficit was linear (R2 = 0.72) and in conditions with water deficit, the relationship was best described
by a polynomial function (R2 = 0.55). The correlation between E and RS was linear in both cases.
In contrast, the correlation between E and AT and RH was polynomial in both cases, but within the
relationship between E versus RH, the correlation was negative. The main drivers of transpiration
process are mostly considered RS and VPD (e.g., [17,40,43,74]). The linearity between transpiration and
environmental variables was also observed in other studies [40,43,75,76]. For example, [43] observed
linear correlation of stand transpiration and RS, but the relationship between E and VPD was well
fitted by a two-degree polynomial function, as well as the relationship between E and AT.

Table 5. Regression analysis of stand transpiration and environmental variables shifted in time for 2
categories of soil water conditions: without water deficit versus water deficit.

Variable
Without Water Deficit, REW > 0.4 Water Deficit, REW < 0.4

Time Lag R2 Equation Time Lag R2 Equation

Rs −60 min 0.76 y = 0.0035 + 0.0005x * −80 min 0.69 y = 0.0099 + 0.0004x *
AT - 0.64 y = 0.0955 − 0.0237x + 0.0014x2 * +40 min 0.42 y = −0.0408 + 0.0005x + 0.0003x2 *
RH +40 min 0.54 y = 0.6651 − 0.0094x + 2.8194 × 10−5x2 * +60 min 0.49 y = 0.5425 − 0.0105x + 5 × 10−5x2 *

VPD +20 min 0.72 y = −0.0001 + 0.0002x * +40 min 0.55 y = −0.0207 + 0.1723x − 0.0262x2 *

* p = 0.0000.

The strongest dependence of transpiration on the environmental variables was primarily found
in conditions of sufficient water supply (without water deficit, REW > 0.4). The highest strength of
linear correlation was between E and RS shifted in time by −60 min, where 76% of the variability
in transpiration can be explained by changes in global radiation (R2 = 0.76). Hence, transpiration
was most affected by RS, which occurred 60 min ‘before’. In the same manner, but in the opposite
direction (positive), the tightness of the relationship between transpiration and VPD was higher
when VPD was shifted in time by +20 min (R2 = 0.72) (the VPD 20 min ‘after’ transpiration).
Similarly, the tightest relationship between E and RH was confirmed by RH shifted in time of +40 min.
The time lag was not confirmed within air temperature, although it is possible that the time shift was
less than 20 min. Global radiation is the main driver that determines other variables, and their course
tends to lag behind. That may be the reason why only time lag of RS is negative.

The effect of drought stress was also reflected by a notable decrease in the dependence of
transpiration from the tested variables. R2 decreased to 0.69 (from 0.76), 0.42 (from 0.64), 0.49 (from 0.54)
and to 0.55 (from 0.72) for E versus RS, AT, RH and VPD, respectively (Table 5). These observations
are consistent with the conclusions of [74]. Besides that, based on linear or polynomial regression,
as a consequence of drought stress, the time shifts were prolonged by an average of 25 min (Figure 9).
Hence, the course of transpiration lagged behind the course of global radiation by 60 min and by
80 min in conditions without water deficit and with water deficit, respectively. This phenomenon may
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be related to the plant’s water-saving strategy. At the same time, water from the trunk’s reserves is
used more during the soil water deficit [12].

Figure 8. Relationships between 20-min values of transpiration (E) computed from sap flow
measurements (in 2014, 2015) and environmental drivers: global radiation (RS), air temperature
(AT) vapour pressure deficit (VPD) and relative humidity (RH) shifted in time (+ or −min); data divided
into two categories according to the state of REW: left/blue when REW > 0.4 (without water deficit) and
right/red when REW < 0.4 (with water deficit).

Figure 9. Changes in time lags for conditions with water deficit (REW < 0.4) and without water deficit
(REW > 0.4).
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Several authors have observed the time shift in the daily course of transpiration compared to the
course of various environmental factors. Xu and Yu [43] studied hysteresis loops in shrub species and
described the time legs in 2014 between transpiration and RS, AT and VPD at an average of 1.5, 4.5,
and 4.5 h, respectively. This study from desert ecosystem pointed that in 2015 maximum transpiration
occurred after maximum RS for 1.5 h, but before AT and VPD (for 2 h), which approximately
corresponded with our results. The authors found seasonal patterns and as a possible cause marked
stem water storage. Carrasco et al. [77] and Xu and Yu [43] also reported the water storage in the tree
trunk having a role in time shift. Similarly, [40] analysed the relationships between transpiration of Scots
pine and meteorological variables and also observed time lags and their seasonality. They found that sap
flow lagged behind daily changes in meteorological variables indicated by phase shifts. Some studies
claimed that the time shifts could be connected to the water conservation or self-protection mechanism
of plants through stomatal control. Therefore, when the transpiration/sap flow reached the maxima
earlier than environmental drivers (mainly VPD), further increases in the latter did not lead to more
water loss by transpiration due to stomatal closure in response to meteorological changes [75,76].
In our study, the results pointed to the occurrence of the transpiration maxima before the peak of VPD,
AT and RH. On the other hand, the situation was different for the courses of RS. At the same time,
the impact of the soil water deficit to the time lags was confirmed. O’Grady et al. [42] also described
larger lags in dry than in wet seasons in Australian savannas (eucalyptus). A similar effect was
identified by [78].

The relationship between E and VPD in the conditions of sufficient soil moisture was best described
by a linear equation (coincided with [43]), and in the period of drought stress, this relationship changed
and was described by a polynomial function. During water non-limited conditions, the stand
transpiration increased linearly with the increase in VPD, because stomatal control of transpiration
was minimal, and in drought conditions, the transpiration increased rapidly only until an unspecified
threshold in VPD was gained. Then, transpiration was already inhibited. This finding may indicate
that high values of VPD drive the stomatal regulation of transpiration. Similarly, [71] stated that in
conditions of well-watered soil, beech shows a strong link between transpiration and VPD, but in
conditions with limited soil water, canopy conductance decreases and is weakly related to atmospheric
water demands. MacKay et al. [16] marked VPD as the main control of water loss in the forest,
whereas soil moisture had an effect when the content of soil water decreased below a site-specific
threshold during the growing season. Many authors have described the threshold control of VPD
on transpiration, although the threshold value tends to be slightly different (1.2–2 kPa) [43,77,79,80].
However, [81] reported that hourly sap flow in northern hardwood forest declined in dry soil when
VPD exceeded 1 kPa.

Transpiration is driven by energy income and connected evaporative demand, provided enough
extractable soil water. Global radiation is the main driver that determines the course of other variables,
and their course tends to lag behind. When assessing the causes of the delayed course of
transpiration, it is also necessary to take into account that sap flow measurements take place on
the tree trunk, whereas evaporation occurs in the tree canopy (the evaporating surface involves leaves).
As was confirmed, there exist time shifts in sap flow measured in different parts of the tree (stem base
versus crown part) caused by the use of water stored in the trunk for transpiration. The stored water is
depleted in the morning and refilled during the night (nocturnal sap flow), depending on the weather.
The amount of stored water depends on the species and dimensions of trees and varies in time.
Čermák et al. [82] stated that on a daily basis (but not for the entire +growing season), the volume of
water withdrawn from storage was equivalent to the water refilled to storage. The storage water on
clear days was ca. 23% of the daily sap flow in old-growth Douglas-fir tree. For comparison, [83] for
Douglas-fir stated water stored in xylem was 20 to 25% of total daily water use in 60-m trees, whereas in
15-m trees it was only 7%. For Oregon white oak stored water accounted for 10–23% of total daily
water use in 25-m tall trees, whereas stored water comprised 9–3% in 10-m trees. The research of [77]
indicated that tree trunk water storage contributes from 6 to 28% of the daily water budget of large trees
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depending on the species and [44] found the strong relationship between stored water use and DBH,
sapwood area and leaf area. Wang et al. [40] determined nocturnal sap flow as 17% of the total sap
flow on average in Scots pine in a humid low-energy headwater catchment and stated that trunk water
storage would contribute to hysteresis and time lags between sap flow and meteorological forcing.

We can conclude that both the water storage and its use for morning transpiration and also
atmospheric drivers can cause time lags. However, it is important to recognise their existence to
incorporate them into water flux modelling and when investigating plant responses to changing
environmental drivers.

4. Conclusions

This paper has evaluated the seasonal and diurnal dynamics of transpiration as a component of
potential evapotranspiration and examined the environmental drivers’ control of beech transpiration
and the impact of water deficit on this relation. The experiment was based on the in-situ measurement
of sap flow and accompanying measurement of environmental variables and soil water potential.
It was found that seasonal beech transpiration (from May to September) achieved 59% of potential
evapotranspiration in 2014, whereas in 2015, it was only 46%. During the studied growing seasons 2014
and 2015, soil water deficit led to the radical limitation of transpiration and affected the relationship
between transpiration and environmental drivers. The ratio of transpiration (E) against potential
evapotranspiration (PET) was significantly affected by the deficit of soil water and in dry September
2015 decreased to the value of 0.2. The maximum monthly value (0.8) of E/PET was recorded in
August and September 2014. These months were characterised by above-normal precipitation totals,
REW values above 0.4 and SWP values close to 0 MPa.

A time lag was demonstrated between the course of transpiration and environmental factors
on a diurnal basis. Performing a time series cross-correlation, time lags for environmental variables
were observed. An application of the time lags within the analysis increased the strength of the
association between transpiration and the variables. We determined that the variation in beech
transpiration was tightly associated with alterations in global radiation (RS), air temperature (AT) and
air humidity (RH). A multiple regression model constructed from these three environmental variables
explained 69% of the variability in the beech stand transpiration. When we used time-shifted variables
in the model (based on the cross-correlation), the model explained 73% of the transpiration variability.
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8. Čermák, J.; Kučera, J.; Nadezhdina, N. Sap flow measurements with some thermodynamic methods,
flow integration within trees and scaling up from sample trees to entire forest stands. Trees 2004, 18, 529–546.
[CrossRef]

9. Köstner, B.; Falge, E.; Alsheimer, M. Sap Flow Measurements. Struct. Role Submerg. Macrophytes Lakes 2017,
99–112. [CrossRef]
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Abstract: Forest management practices and droughts affect the assemblages of carabid species,
and these are the most important factors in terms of influencing short- and long-term population
changes. During 2017 and 2018, the occurrences and seasonal dynamics of five carabid species
(Carabus coriaceus, C. ulrichii, C. violaceus, C. nemoralis and C. scheidleri) in four oak hornbeam forest
stands were evaluated using the method of pitfall trapping. The climate water balance values were
cumulatively calculated here as cumulative water balance in monthly steps. The cumulative water
balance was used to identify the onset and duration of drought. The number of Carabus species
individuals was more than three times higher in 2018 than in 2017. Spring activity was influenced by
temperature. The extremely warm April in 2018 accelerated spring population dynamics; however,
low night temperatures in April in 2017 slowed the spring activity of nocturnal species. Drought
negatively influenced population abundance, and the effect of a drought is likely to be expressed
with a two-year delay. In our investigation, a drought in 2015 started in May and lasted eight
months; however, the drought was not recorded in 2016, and 2016 was evaluated as a humid year.
The meteorological conditions in the year influenced seasonal activity patterns and the timings of
peaks of abundance for both spring breeding and autumn breeding Carabus species.

Keywords: Carabus; Báb; seasonal activity; abundance; recovering forest stand; climate; drought

1. Introduction

Ground dwelling invertebrates such as carabid beetles and spiders are often surveyed with respect
of ecosystem changes. These invertebrates have strong potential as ecological indicators, as they are
readily surveyed in sufficient numbers for meaningful conclusions to be drawn, have a stable taxonomy,
and, at least in the case of ground beetles, are readily identified. They are, for example, good local
scale indicators of ecosystem disturbance in forested landscapes at both the short- and long-term time
scales, responding to clear-cut logging and fire differently [1].

Carabids belong to one of the most frequently used model groups for biological studies. The reasons
for this are various, including the relatively stable taxonomy, species richness, occurrence in most
terrestrial habitats and geographical areas, availability of simple collection methods, and known
sensitivity to environmental changes [2]. The effect of clearcutting on Carabidae is well studied.
Clearcutting has a definitive impact on Carabidae, depending on species, and notably in cases
with the replacement of large forest species by the usually smaller eurytopic open field species in
clearings [3]. Human impacts in forest ecosystems generally cause losses for some relict species and
gains for ubiquitous species. Clearcutting leads to a drastic decrease in mean individual biomass.
The regeneration of carabid fauna after clearcutting is a very slow process, and typical relict forest
species are absent even after several decades of forest regeneration [4]. The impact of a drought on
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carabid assemblage has been studied in forests damaged by a windstorm in the High Tatra Mountains,
focusing on the trends of community differentiation according to the state and management of
damaged sites. The revealed trends included reversible quantitative changes recorded on stands with
the fallen timber in situ, the disappearance of less tolerant forest species at sites with extracted timber,
and temporal invasions of xenocoenous open-landscape species at the sites with extracted timber and
additionally burned sites [5].

Phenology, which is the timing of the seasonal activities of animals and plants, is perhaps the
simplest process for monitoring changes in the ecology of species in response to climate change.
Species responses to climate change can disrupt their interactions with others at the same or adjacent
trophic level. If closely cooperating or competing species show different responses or susceptibility to
change, the outcome of their interactions may change, as suggested by long term data for terrestrial
and marine organisms. Therefore, rapid climate change or extreme climatic events can be expected to
change the compositions of organism communities [6]. Phenological changes caused by climate change
are slower at higher trophic levels (i.e., secondary consumers) than at lower trophic levels (excluding
woody plants), thus higher trophic levels are particularly sensitive to the disruption of phenological
connections [7]. Carabidae represent an important food role in many terrestrial ecosystems [8,9].
They are among the most important insect predators of soil fauna, especially in temperate climate
regions [10].

Climate change is expected to alter average temperature and precipitation values and increase
the variability of precipitation events, which may lead to even more intense and frequent floods and
droughts [11], although future projections reveal regionally different occurrences of extreme events.
As projected in [12], at a pan-European scale, the regions that are most prone to a rise in flood frequency
are located in northern to northeastern Europe, while the southern and southeastern European regions
show significant increases in the frequencies of drought. Similarly, significant regional differences have
also been projected for extreme events in China and East Africa [13,14].

As pointed out in [15], altitude and topography are strong climate-differentiating factors.
The Slovak territory has been divided by [16] into nine altitudinal vegetation stages. The vegetation
stages of lower elevations, i.e., oak vegetation (stage 1), are rather arid during the vegetation period
(from March to September). Altitudinal analysis of the drought climatology of the Western Carpathians
in Slovakia has been carried out by [15,17], and the results point out a significant trend for aridity at
the lowest altitudes, which is where the oak vegetation stage occurs. The southern part of the Slovak
Republic territory is the region where agricultural landscape is prevailing, and forests are scarce there
and mostly occur as isolated enclaves [18]. Apart from altitudinal vegetation stage division, the Slovak
Republic territory is traditionally divided into the varying agroclimatic zones, and the climatic water
balance is the basis for such regionalization [19]. This practice of regionalization is still under scientific
revision with respect to climate change [20] or drought occurrence analysis [21].

The aim of our research here is to determine the impact of drought on Carabus beetles populations
in lowland oak hornbeam forest occurring at the driest region of the Slovakia. The influence of different
types of forest stands on the Carabus beetles populations is also studied.

2. Materials and Methods

The study was carried out at the locality of Báb (Figure 1), which is situated approximately 15 km
from Nitra, Slovakia, and located in the southwest of Slovakia. The forest is a rest of former climax
woodland covered lowlands and hill areas of in the Nitrianska pahorkatina region. The locality belongs
to the Pannonian Bio-geographical Region. The deciduous oak hornbeam forest of 66 ha is partly
preserved as a natural reserve and the rest of the forest area is managed [22]. Báb research site is a
part of the national LTER (Long term ecological research) network, which is part of the organizational
structure of LTER-Europe (http://www.lter-europe.net/). The site was established in 1967 under the
International Biological Program (IBP) framework and research started with the IBP (1967–1970)
and UNESCO Man and Biosphere (1971–1974) projects. The research activities were carried out until
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1974 [23]. After the complex and intensive ecosystem research in 1967–1974, research continued to
a restricted extent with the work of individual researchers [24]. In November 2006, single line and
shelterwood logging was carried out and, the area was than cleaned up from brushwood beginning
2007. After tree removal, four clear-cut stands were created at the locality.

 
Figure 1. The localization of the Báb research area (RA) and meteorological station (MS) where the
meteorological data were derived. The coordinates for the RA are 17.886, 48.3033, with an average
elevation of 190 m a.s.l. (minimum of 170 m a.s.l, maximum of 210 m a.s.l.). The coordinates for the MS
are 17.87881, 48.30331, with an elevation of 207 m a.s.l. The data were obtained from the DEIMS-SDR
(Dynamic Ecological Information Management System-Site and dataset registry) database [25].

For our study, four 20 × 20 m2 study plots were chosen at the locality. Two plots were chosen to
represent forest stands. The first, named L1, represented close-to-nature forest, i.e., where no forest
intervention had been carried out since 1962. The characteristic features of the L1 stand are higher
wood cover and lower herb cover caused by overshadowing. The characteristics of the second forest
stand, named L2, were influenced by logging in the neighborhood. Higher illumination resulted in
higher herb cover and lower cover of the shrub layer. The other two plots represented recovering forest
after clearcutting 10 years prior. The plot R1 represented a recovering forest stand that had become
overgrown with shrubs and young tree vegetation (Acer campestre, Crataegus laevigata, Carpinus betulus,
Rosa canina, Quercus cerris, Q. petrea, etc.). The dense canopy closure of the young trees resulted in lower
herb cover. A higher presence of fine woody debris was typical for the ground at the R1 study plot.
The plot named R2 represented another after recovering stand after logging operations. Compared to
R1, the R2 plot was characterized by the dominance of the invasive tree species Ailanthus altissima and
the dense herb layer cover that was mostly formed by medium to tall herbs (e.g., Mercurialis annua,
Convallaria majalis, Urtica dioica, Ballota nigra). The trees of A. altissima were approximately 2–3-year-old
sprout shoots, as single-cut removal of this invasive species was performed in 2015. The localizations
of the individual study plots are given in Figure A1.

Carabids were collected using the method of pitfall trapping (180 mL plastic cups buried in the
soil and filled with vinegar to kill and preserve samples). Seven pitfall traps were installed at each
research plot. Four traps were located at the corners, where the remaining three traps were placed
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diagonally inside the plots at regular spacings. The samples were removed weekly from the beginning
of April to the end of September. The species determination was based on adult beetles morphology,
where the classification method of [26] was adopted.

The occasional damage of traps is common in the field. For this reason, it was not possible to
use absolute numbers of trapped individuals. The numbers of individuals for each species were
evaluated as the number of individuals per trap. Weekly catches, i.e., the number of individuals per
trap per week, were used for seasonal activity evaluation. Weekly evaluation allowed comparison
of the dynamics of carabid populations between the two years and more precise identification of the
peak activity timing. With the monthly catches, number of individuals per trap per month values were
calculated for the purpose of the evaluation of the impact of drought on carabid species populations.

We used the index of dominance (Di) to compare the occurrence levels between species and the
four forest stands:

Di = (ni/N) × 100 (%) (1)

where ni is the abundance of individual species and N is the total abundance.
The temperature and precipitation data were obtained from the automatic climatic station located

in the open area next to the Báb forest (Figure 1). The meteorological conditions in the year were
characterized according to the climatological normal and the period of 1961–1990 was used as normal.
The monthly values of the precipitation total and the average temperature were compared to the
normal values. The cumulative water balance was used for drought episode identification and the
duration of the drought. Firstly, the climate water balance calculation, based on the monthly values
of atmospheric precipitation and potential evapotranspiration, was derived for every month in the
year. The result can be positive, representing a positive water balance in the given month, or negative,
representing the water deficit. Then, the climate water balance values were cumulatively calculated as
cumulative water balance in monthly steps. The criterion for identifying a drought was the occurrence
of a negative cumulative value for a specific month. A polynomial fourth-order trend line described
the dynamics of the drought. When the trend line cut the x-axis towards the negative values, this was
considered as the onset of a drought, and vice versa, where cutting the x-axis towards positive values
represented the end of a drought [20,27].

3. Results

3.1. The Occurrence of the Carabus Species

Five species of the genus Carabus were recorded during the two years of our research: Carabus
coriaceus, Carabus nemoralis, Carabus ulrichii, Carabus scheidleri, and Carabus violaceus.

Carabus beetles were active during the whole period of study, i.e., from the beginning of April
until the end of September. The considerable difference between the total number of caught beetles
was the most obvious aspect between the two compared years, where more than triple the number of
individuals were caught in 2018 than in 2017 (583 and 1789 individuals in 2017 and 2018, respectively).

The Carabid occurrence levels, evaluated as the number of individuals per trap caught through
the whole research period, were not equal for the four study plots. The highest carabid occurrence
was recorded at the forest stand L2, where 7.7 and 22.8 individuals per trap were caught per season
in 2017 and 2018, respectively. The results for the close-to-nature forest stand (i.e., the L1 research
plot) showed that Carabid occurrence there was the lowest in 2017, but the second best overall in
2018, with 3.4 and 18 individuals per trap per season, respectively. The occurrences recorded at the
recovering forest stand R1 were lowest in 2018, but second best in 2017 (12.8 and 6.3 individuals caught
per trap per season in 2018 and 2017, respectively). For the R2 recovering forest stand, the numbers of
caught individuals per trap and season were 5.5 in 2017 and 15 in 2018.

The differences between the occurrences of the individual species were also recorded, and some
specifies that related to stand preference were also recorded.
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Carabus ulrichii was the most frequent species for both 2017 and 2018, with approximately 27 and
42% of collected individuals belonging to this species in 2017 and 2018, respectively (Table 1). In 2018,
C. ulrichii dominated at all stands, and its dominance was even higher than 50% at the L2 study plot.
In 2017, C. ulrichii dominated at the two the closest stands, which were the recovering forest plot R2
and forest plot L2 (Table 2).

Table 1. The index of dominance calculated for Carabus species at four different forest stands (L1 and L2
are forest plots and R1 and R2 are recovering forest plots) at the locality of Báb (southwestern Slovakia)
in 2017.

Index of Dominance (%)

Species Total L1 L2 R1 R2

C. coriaceus 20.8 24.2 15.1 30.8 13.9
C. scheidleri 23.3 24.2 26.0 25.4 16.7
C. ulrichii 27.4 17.7 32.3 16.2 39.6

C. nemoralis 6.3 11.3 8.9 3.2 4.9
C. violaceus 22.1 22.6 17.7 24.3 25.0

Table 2. The index of dominance calculated for Carabus species at four different forest stands (L1 and L2
are forest plots and R1 and R2 are recovering forest plots) at the locality of Báb (southwestern Slovakia)
in 2018.

Index of Dominance (%)

Species Total L1 L2 R1 R2

C. coriaceus 22.1 14.4 11.8 30.3 21.9
C. scheidleri 23.4 34.6 15.9 26.2 29.6
C. ulrichii 41.5 25.8 53.2 34.5 37.4

C. nemoralis 7.5 23.5 15.1 4.4 2.0
C. violaceus 5.5 1.7 4.1 4.7 9.1

The species with the lowest occurrence was Carabus nemoralis. The dominance of this species
was slightly higher in 2018 than 2017. The dominance of this species was especially low at the two
recovering forest stands (Table 2). In 2018, almost 70% of the individuals of C. nemoralis were caught at
the L1 forest stand, and more than 90% of individuals were collected at both forest stands. In 2017,
the catch percentages at the forest plots were lower, but still high with values of almost 65%.

Carabus coriaceus and Carabus scheidleri reached dominance percentages of approximately 20%
during both survey years (Tables 1 and 2). Almost 50% of Carabus coriaceus individuals were caught
at the R1 recovering forest stand in 2017, where it was also the dominant species (Table 1); however,
the dominance of this species was still high at the same study plot in 2018 (Table 2). The same number
of individuals were collected at L2. Comparing the dominance of the species Carabus scheidleri in the
two years of study and the four studied stands, there was no clear preference for a specific stand.
When comparing the absolute numbers of caught individuals, slightly fewer individuals were captured
at the L1 forest stand.

The species Carabus violaceus was the only species with lower occurrence in 2018; however,
the absolute number decrease was only 31 individuals, where several-fold increases in the numbers of
individuals for other species made this species the least represented in 2018 (Table 2).

3.2. The Seasonal Activity of the Carabus Species

In 2017, Carabus species activity remained low until first ten days of May (Figure 2).
Then, the activity raised gradually, reaching a peak by the end of May, followed by a sudden
decline in activity in the beginning of June (22nd week). The early summer activity period reached a
peak in the beginning of July. After the summer stagnation, Carabids performed late summer–early
autumn activity period with the peak of activity recorded in the middle of August.
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Figure 2. The seasonal activity of Carabus species in the oak hornbeam forest at the locality of Báb
(southwestern Slovakia) during 2017 and 2018.

Besides the higher culmination levels, the difference in timing was another important aspect of
the seasonal activity course in 2018 (Figure 2). In 2018, the beginning of Carabid activity was more
dynamic when compared to the previous year. From the beginning of April, the activity rapidly
increased and the spring peak of activity was recorded at the turn of April to May. After the period of
decline in the middle of May, the activity raised again by the end of May and decreased in the end of
June. The summer activity period culminated at the turn of July to August. The autumn period of
activity culminated in the middle of September (Figure 2).

The observed activity peaks could be divided into seasonal activity for three distinct periods:
(1) the spring to early summer activity period, (2) summer activity period, and (3) late summer to
autumn activity period.

In 2017, the carabid activity through April and May was mostly influenced by the activity of
C. ulrichii at all study plots (Figure 3). The peak of activity recorded by the end of May was almost
exclusively influenced by this species. C. scheidleri started to activate from the second half of May,
and the activity culmination at the turn of June to July was considerably influenced by this species,
especially for both forest study plots (Figure 3); however, few individuals of the species C. coriaceus
were recorded in April at L2 and R1. The species started its main activity at the end of June, where the
maximum activity was recorded during the beginning of July. During the same period, the activity of C.
nemoralis peaked at both forest stands (Figure 3). From the second half of July to the first half of August,
summer activity stagnation was observed at all research plots. C. violaceus started to activate at the turn
of July to August and considerably contributed to activity during middle to late August. The activities
of C. ulrichii and C. scheidleri at the two forest recovering stands also significantly contributed to the
August activity culmination. The autumn activity period was characterized by C. coriaceus and C.
violaceus activity (Figure 3).

The very dynamic start of carabid activity in April in 2018 was affected by C. ulrichii activity.
In contrast with the spring activity observed in 2017, the two other species, C. scheidleri and C. nemoralis,
were active through April and May. C. nemoralis was especially active at the both forest stands (Figure 4).
A sudden decline in activity in the middle of May was recorded for C. ulrichii at all study plots.
The decline in activity was also recorded for other spring active species in 2018, with the exception
of C. scheidleri activity in the close-to-nature forest stand (L1, Figure 4). Afterwards, the recovery of
activity was recorded, and the culmination of the activity at the end of May was affected by the activity
of C. ulrichii and C. scheidleri at the two forest stands (Figure 4, L1, L2). The June activity period in 2018
was affected by the three mentioned species, featuring gradual decreases in activity towards the end of
June. Similar to 2017, C. coriaceus and C. nemoralis exhibited their typical summer activity period in July.
The high activity rate in late summer (July and August) is the most obvious difference in the activity
patterns between the two years (Figure 2). Two species were active through this period (C. ulrichii and
C. scheidleri), in contrast with the same period in 2017, especially in terms of increased activity in the
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two forest stands. The late summer to early autumn activity of C. coriaceus and C. violaceus showed the
same pattern as in 2017, with much higher occurrence levels in 2018, as in 2017 in the case of C. coriaceus.

 

Figure 3. The monthly activity of five carabid species at Báb forest stands with four different study
plots in 2017. Two forest stands: L1—close-to-nature forest plot; L2—managed forest plot. Two stands
after logging operations 10 years ago: R1—recovering indigenous tree species plot; R2—alien Ailanthus
altissima dominance.

Figure 4. The monthly activity of five carabid species at Báb forest stands with four different study
plots in 2018. Two forest stands: L1—close-to-nature forest plot; L2—managed forest plot. Two stands
after logging operations 10 years ago: R1—recovering indigenous tree species plot; R2—alien Ailanthus
altissima dominance.

175



Water 2020, 12, 3284

3.3. Meteorological Conditions in 2017 and 2018 for the Locality of Báb

The year of 2017 was characterized by the onset of higher air temperatures compared to the
climate normal, especially during the months of February and March. The middle of the growing
season was very warm in 2017 and the end of the year was normal in terms of the temperature
(Table 3). Overall, 2017 was characterized as warm with an average annual air temperature of 10.3 ◦C.
The beginning of the growing season in 2018 was characterized by a sudden transition from cold
March to extremely warm April (Table 4). Until the end of the year, the temperature was above the
long-term normal. During the growing season, there were up to three extremely warm months (Table 4).
Overall, 2018, with an average annual air temperature of 11.5 ◦C, was assessed as extremely warm in
terms of the deviation of the annual air temperature from the climatic normal ΔT of +1.8 ◦C.

In 2017, dry conditions prevailed in the first half of the year, where two extremely dry months
were recorded and May fell into the growing season (Table 3). The second half of the year was slightly
richer in terms of precipitation and September was evaluated as extremely wet. Overall, 2017 was
extremely dry and seven of the months were evaluated as dry (either very dry or extremely dry),
and the annual precipitation total was 69% compared to the normal period 1961–1990. As in the case
of temperature, the beginning of the season in 2018 was characterized by a sudden transition from
normal precipitation in March to an extremely dry April (Table 4). Four of the months were evaluated
as wet, and, as in the previous year, September was assessed as extremely wet (Table 4). With an
annual precipitation total of 540 mm, 2018 was evaluated as a year with normal precipitation.

Table 3. The comparison of monthly precipitation totals and the average monthly temperature in 2017
with the climatological normal (period 1961–1990) for the locality of Báb (southwestern Slovakia).

Month
Average Monthly

Temperature (T, ◦C)
Thermal Characteristic

Monthly Precipitation
(P, mm)

Precipitation
Characteristics

2017 1961–1990 ΔT (◦C) 2017 1961–1990 ΔP (%)

I. −7.1 −1.7 −5.4 Extremely cold 0 31 0 Extremely dry
II. 1.9 0.5 1.4 Warm 13.2 32 41 Very dry
III. 8.4 4.7 3.7 Extremely warm 13.8 33 42 Very dry
IV. 9.5 10.1 −0.6 Normal 36.2 43 84 Normal
V. 16.2 14.8 1.4 Warm 13.8 55 25 Extremely dry
VI. 20.8 18.3 2.5 Very warm 24.6 70 35 Very dry
VII. 21.3 19.7 1.6 Warm 63.6 64 99 Normal
VIII. 22.1 19.2 2.9 Very warm 22.6 58 39 Very dry
IX. 14.3 15.4 −1.1 Cold 83.4 37 225 Extremely wet
X. 10.5 10.1 0.4 Normal 48.4 41 118 Normal
XI. 4.4 4.9 −0.5 Normal 25.8 54 48 Very dry
XII. 0.8 0.5 0.3 Normal 40.0 43 93 Normal

Table 4. The comparison of monthly precipitation totals and the average monthly temperature in 2018
with the climatological normal (period 1961–1990) for the locality of Báb (southwestern Slovakia).

Month
Average Monthly

Temperature (T, ◦C)
Thermal Characteristic

Monthly Precipitation
(P, mm)

Precipitation
Characteristics

2018 1961–1990 ΔT (◦C) 2018 1961–1990 ΔP (%)

I. 1.6 −1.7 3.3 Very warm 19 31 61 Dry
II. −1.5 0.5 −2.0 Cold 33 32 103 Normal
III. 2.9 4.7 −1.8 Cold 33 33 100 Normal
IV. 15.2 10.1 5.1 Extremely warm 5 43 13 Extremely dry
V. 18.6 14.8 3.8 Extremely warm 15 55 27 Very dry
VI. 20.0 18.3 1.7 Warm 136 70 195 Very wet
VII. 21.6 19.7 1.9 Warm 34 64 53 Dry
VIII. 22.8 19.2 3.6 Extremely warm 78 58 134 Wet
IX. 17.0 15.4 1.6 Warm 99 37 267 Extremely wet
X. 12.9 10.1 2.8 Very warm 10 41 25 Very dry
XI. 6.5 4.9 1.6 Warm 24 54 44 Very dry
XII. 0.4 0.5 −0.1 Normal 54 43 125 Wet
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3.4. The Drought Occurrence at the Locality of Báb between 2015 and 2018

Figure 5 documents the occurrence of drought episodes during the years 2015 to 2018 at the locality
of Báb (southwestern Slovakia). According to the cumulative water balance, drought occurrences
were recorded in 2015 and 2017. Drought lasted longer in 2015 and was more pronounced in 2017.
For both 2016 and 2018, positive water balance was recorded throughout the year and there was only
the occurrence of a mild drought in May in 2018 (Figure 5). Comparing the trend line trajectories and
the points of x-axis cutting in 2015 and 2017, the onset of drought started earlier in 2017, i.e., by the end
of April, and lasted seven months. The drought episode ended in the turn of November to December
in 2017; however, the drought onset started a little later in 2015, where the drought lasted until the end
of the year.

  

  
Figure 5. The cumulative water balance for the locality of Báb (southwestern Slovakia) in 2015, 2016,
2017 and 2018.

4. Discussion

In [28], changes in the occurrence of beetle families in the locality of Báb were evaluated in terms
of research during the periods of 1968–1969 and 2002–2004. The results were evaluated from the point
of view of changing climate parameters in the research area; however, there were no significant changes
recorded for the proportions of beetle families, but some aspects of desertification were observed
in the research area. The occurrence of six hygrophilous carabid species was not recorded and new
thermophilous species were recorded when compared to the results of a survey thirty years ago.

The five monitored carabid species have different phenological characteristics, which has an
impact on seasonal activity but also seasonal changes in carabid assemblage compositions.

In Europe and elsewhere within temperate zone, most Carabidae are single-generation [8],
although adults may survive for more than one season. They can overwinter either as a larva or as an
adult beetle.

Carabus coriaceus has a two-year cycle, where in Central Europe it is mostly reported to reproduce
in autumn. The copulation and laying of eggs takes place from the second half of August to November,
where individuals overwinter as larva of the first to second instar. The larva of the last instar require a
long time to mature, so they pupate only in the following year during June to July. Newly hatched
individuals appear in summer and early autumn, where after hibernation they are active in spring but
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do not reproduce until autumn after aestivation [29]. The work in [30] showed females with developed
eggs since the beginning of August. Before this date, the female ovaries were undeveloped. [29] shows
that Carabus nemoralis is an active species in early spring, laying eggs from March to May. Adults remain
active until about July, then start aestivation during August and September. The work in [31] states
that C. nemoralis is a species that reproduces in spring and that its seasonal activity features two peaks.
The second maximum of the activity of C. nemoralis occurs in October, which is outside the period of
our study. The course of the second maximum is influenced by temperature, where, in warmer years,
newly hatched individuals are more active in autumn [31]. This situation occurred in the autumn of
2018, where the species was active at three study plots (both forest stands and the R1 recovering forest
stand, Figure 4).

Carabus ulrichii overwinters as an adult [30] and therefore this species showed the earliest activity
in both years (Figures 3 and 4). Wintering individuals lay eggs from the second half of April to June.
Newly hatched individuals appear during the second half of August, rarely from the end of July,
and are active until hibernation [30]. The spring activity of this species is affected by the activity of the
overwintering population and the summer activity is affected by the population of newly hatched
individuals (Figures 3 and 4). Carabus violaceus, like C. coriaceus, overwinter as larvae [30] and therefore
their activity peaks later in the summer months (Figures 3 and 4). C. violaceus lay eggs from the
second half of July to early September. The third instar larvae usually overwinter, but part of the adult
population also overwinters and reproduces again during the following year [30]. The peak activity
of this species was recorded during July to September, and this was the activity of the reproducing
population (Figures 3 and 4).

Carabid spring activity is also influenced by the wintering conditions. For most temperate
invertebrates, the length of the day is a stimulus for the onset of hibernation, but the end of winter
is already controlled by other environmental factors, often in the temperate zone of the frost [32,33].
After the diapause is terminated by a frost, the synchronization of spring development is passively
achieved based on the cumulative effect of rising temperatures [34]. The warm February and extremely
warm March in 2017 (Table 3) could have promoted the spring activity of carabids. In reality,
beetle activity declined throughout April and the first ten days of May (Figure 2). The answer is instead
found in the behavioral pattern of the studied carabid species, where the species feature nocturnal
activity, with the exception of C. ulrichii. If we take a closer look at the night temperatures (Figure A2),
after approximately the 10th of April until the end of April, the night temperatures were mostly below
5 ◦C, including a few nights with frost. Even during the first ten days of May, the night temperatures
did not rise above 10 ◦C. Warm nights with a temperature above 10 ◦C occurred regularly since the
middle of May in 2017. The only species active in April in 2017, was C. ulrichii, the species having both
nocturnal and diurnal activity. Warmer days with a temperature above 15 ◦C occurred regularly from
the middle of March and activated this species early in the season, especially at the L2 and R2 plots,
where this species was the most abundant the previous year when compared with its occurrence at the
two other stands (Figure 3).

Ref [35] analyzed drought occurrence in the period of 1966–2013 and identified drought trends for
the Danubian lowland area. Both a significant difference and trend were observed in April, where they
confirmed a significant increase (α = 0.05) in the number of dry periods, i.e., an arid trend. The authors
evaluated the significant arid trend in April as the main warning signal. Drought occurrence analysis
and future projection within the region where our research locality occurs, is vital because the region is
important from an agricultural production point of view. The Danubian lowland is classified as a very
dry and hot region, as projected by the climate change scenario in [21]. Cumulative water balance
was used for the projection of drought occurrence alongside climate change. According to the RCP
4.5 scenario for time slice 2070–2100, the onset of drought could occur from the 10th of March in the
warmest regions, and balanced cumulative water balance are projected to not occur until the end of the
year [27].
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Humidity significantly affects the activity of the ground beetles. Carabidae are not adapted to
low humidity and Central European species are strictly hydrotactic [36]. The work in [37] studied the
impact of drought on ground beetle assemblages in Norway spruce forests with different management
after windstorm damage. Comparison of the changes in the numbers of individuals and species as
a result of drought periods showed that changes in both the numbers of species and individuals
mostly occur with an approximate delay of 1–2 years after an incidence of extreme drought or rainy
years. However, only five species occurrences were evaluated during our research, similar effect
was observed if we take into account the climatic characteristics of the two previous years. The year
of 2015 was characterized as dry, where five months were evaluated as extremely dry and three of
them (April, June, and July) fall within the main growing season. Moreover, May was evaluated as
very dry as well. According to the cumulative water balance, the drought started during the turn of
April to May and lasted until the end of the year. In contrast with 2015, the drought did not occur
throughout whole year of 2016. Three months of 2016 were evaluated as extremely wet and two of
them (July and September) fall within the main growing season. Moreover, none of the months in 2016
were evaluated as extremely warm, which contributed to the positive water balance in 2016. As in
the findings of [37], we can suppose, that the two-year delay effect of the meteorological conditions
on carabid populations was manifested in our study as well. The cause of such a delay stems from
the relationship between the predator and the prey population dynamics. The main food sources
for carabids are snails, slugs, earthworms, and other soil arthropods [29], where all are hygrophilous
organisms. According to an analysis of carabid gut content, the prey group most frequently detected
was earthworms, followed by slugs, especially in the case of large carabids such as Carabus species [38].
The activity of land gastropods is restricted to humid conditions in both time and space [39]. The effect
of dry conditions on the terrestrial slug species A. biplicata was delayed reproduction, and a drought
that lasted two weeks resulted in lower fertility [40]. A drought could also affect snail mortality
where during a drought that lasted 1 month, immediately after arousal from hibernation when snails
had to recover from winter fasting, mortality reached up to 70% for H. pomatia in Germany [41].
Regarding earthworms, [42] reported that the monthly abundance of earthworms is significantly
related to the amount of rainfall. Earthworms are only active if free water is available in the soil [43].
Epigeic earthworm species living at the soil surface are strongly affected by dry and hot conditions
during summer, as these species dwell in and feed on the litter layer and have a limited ability to move
down into deeper soil [44]. The work in [45] also revealed strong relationship between carabid and
slug population dynamics. The change in the beetle population from year to year was strongly related
to both the slug population numbers in the soil and the crop mass of the beetles. This indicated that the
slugs influenced the nutritional status of the beetles, and hence their reproductive success. The beetle
crop mass was positively correlated with growth in the beetle population, suggesting that the greater
the quantity of prey consumed one year, the greater the growth in the beetle population between
years. [46] revealed that the egg production of the females of Anchomenus dorsalis (Carabidae) was
positively affected by the amount of food, influencing the number of mature eggs in female ovaries,
as well as total egg production. Starved females had no mature eggs in their ovaries.

However [47] studied the effect of temperature on the activity of selected Carabidae species. It was
found that in addition to temperature, humidity also has a significant effect. The study highlighted
the same temperature recorded for higher activity on a moist substrate, e.g., after rain. Both the soil
moisture and humidity of the air layer near the ground are extremely important factors for limiting the
distribution of the ground beetles, as well as the water balance [8]. However we did not measured the
humidity conditions at the individual study plots, two plots, recovering forest stand R2 and forest
stand L2, were more humid than the two other study plots. The terrain at the research site gradually
decreases towards the Bábsky potok stream, and the forest stand L2 plot was situated at the foot of
the slope and study plot R2 was situated within the near vicinity. The slope features a northeastern
orientation, and thus study plot R2 was located in the shade of the neighboring forest vegetation for
almost half of the day, causing dew to remain longer there; however, this observation is only based
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on subjective personal experience during field work This aspect is likely to be reflected by a higher
abundance of carabids than with the two other study plots in 2017 (Figure 4).

5. Conclusions

The Carabus species populations observed in the oak-hornbeam forest considered here over two
years showed large differences in terms of both the abundance and seasonal activity. The meteorological
conditions during the year influenced the seasonal activity, and the temperature influenced the peak
timings of Carabus species activity. Early spring activity was influenced by temperature, influencing the
onset and the dynamics. Warmer spring conditions in 2018 caused a rapid onset of activity. Especially,
the effect of warmer spring was observed with C. ulrichii, having both nocturnal and diurnal activity;
however, very low night temperatures during April and the beginning of May in 2017 negatively
influenced the spring activity of nocturnal species.

Drought negatively influenced the abundance of Carabus species population numbers, and this
negative effect was reflected by lower populations with a two-year time delay. By analyzing the
observations of other authors in terms of the effects of a drought on earthworm and mollusk populations,
being the main food sources for Carabus species, we believe that the low population abundance in
2017 was influenced by the drought that lasted for eight months in 2015. In 2016, a drought was not
recorded, and the populations of Carabus species in 2018 were more than three times more numerous
than in 2017; however, a more detailed study, including, for example, carabid body mass evaluation,
is needed to explain the mechanisms of the impact of drought on forest carabid populations at the
studied locality.

The Carabus populations in the oak hornbeam forest, occupying forest enclaves in the intensively
used agricultural landscape within Slovakia’s driest region, are experiencing several environmental and
anthropogenic pressures. The results of this study could contribute to finding appropriate management
schemes for such forest ecosystems.
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Appendix A

 
Figure A1. The forest research area in Báb with the localizations of the research plots. (R1, R2, L1, L2).
The picture is a screenshot of an aerial map from the mapy.cz web application. The tool for adding the
marks on the map was that used [48].

 
Figure A2. The night temperatures (20:00–05:00) through April and May in 2017 and 2018 at the locality
of Báb (southwestern Slovakia).
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Meteorol. Časopis 2008, 11, 61–64.

182



Water 2020, 12, 3284
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Abstract: European oak species have long been considered relatively resistant to different disturbances,
including drought. However, several recent studies have reported their decline initiated by complex
changes. Therefore, we compared mature sessile oak trees (Quercus petraea (Matt.), Liebl.) infested
versus non-infested by hemiparasitic yellow mistletoe (Loranthus europaeus Jacq.) during the relatively
dry vegetation season of 2019. We used broad arrays of ecophysiological (maximal assimilation
rate Asat, chlorophyll a fluorescence, stomatal conductance gS, leaf morphological traits, mineral
nutrition), growth (tree diameter, height, stem increment), and water status indicators (leaf water
potential Ψ, leaf transpiration T, water-use efficiency WUE) to identify processes underlying vast oak
decline. The presence of mistletoe significantly reduced the Ψ by 1 MPa, and the WUE by 14%. The T
and gS of infested oaks were lower by 34% and 38%, respectively, compared to the non-infested oaks,
whereas the Asat dropped to 55%. Less pronounced but significant changes were also observed at the
level of photosystem II (PSII) photochemistry. Moreover, we identified the differences in C content,
which probably reduced stem increment and leaf size of the infested trees. Generally, we can conclude
that mistletoe could be a serious threat that jeopardizes the water status and growth of oak stands.

Keywords: hemiparasite; oak stands dieback; water deficit; mineral nutrition; photosynthesis;
growth response

1. Introduction

European oak species are dominant species in temperate European hardwood forests [1] and
among the main components of the European forest economy [2]. These woody plants are, therefore,
of great environmental, economic and cultural importance [3]. There is high genetic, physiological and
morphological differentiation within the genus, but European oaks may be generally considered as
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one of the most drought-tolerant tree species in comparison with other deciduous trees of European
forests [3–5]. With average air temperatures significantly rising and significant changes in precipitation
regime in Europe over the last several decades [6], conditions at higher altitudes have become more
suitable for these species [7]. However, they have been more often negatively affected and reports
about the decline of oak stands suggest that multifactorial processes are responsible for the increased
damage [8]. Inappropriate oak forest management [9], cold winters [10] and soil nutrient imbalance [11]
may lead to a strong decrease in oak resistance potential. The interaction of various factors occurring
on the background of climate changes leads to the more frequent extreme weather events, namely,
heat stress, and a lack of precipitation during the beginning of the vegetation season and during the
summer, which may affect the growth and survival of trees [12,13]. There is evidence of frequent
crown and stand declines, especially at dry sites [14]. Weakened oak forests are more affected by
biotic factors which may include infection by pathogenic fungi and microorganisms [15–17], and insect
attacks [8,10,18]. Most of the aforementioned factors that negatively affect the vitality of trees can be
amplified by an often neglected biotic agent with an increasing significance: hemiparasitic plants [19–21].
Hemiparasitic plants and their hosts form integrated systems that are stable for many years [22].
They occur more often in less dense stands [23] and even though they can assimilate CO2, their exclusive
source of water and minerals is the host plants. Thus, hemiparasites need to keep their stomata open
whenever possible to sustain the stream of transpiration and the amount of water lost by hemiparasitic
plants may be enormous [24]. By withdrawing water from the host trees even during drought periods,
hemiparasites cause the drought effects to become more severe [23,25]. The cumulative effect of
these factors leads to a more pronounced decrease in the water potential [26], stomatal conductivity
and assimilation rate [23,27,28], which alter the nutrient and carbon status of host trees compared to
non-infested trees growing in the same conditions [29]. Moreover, transpiration-mediated cooling
of host trees is restricted, and heat stress may also impact light-dependent photosynthetic reactions.
The probability of yellow mistletoe spreading is higher with rising temperatures [30], resulting in a
feedback loop.

We focused on examining how yellow mistletoe (Loranthus europaeus) impacts the physiology of
sessile oak trees (Q. petraea s.l.). This hemiparasitic plant is widespread in Europe, and its northern
distribution border crosses Slovakia [31]. It grows mainly in oak tree crowns and occurs less frequently
on stems at the places where the outer bark is cracked, and it mainly infests oaks that are more than
60 years old [19].

Lower branches of infested trees become more massive resulting in changes of overall tree shape.
The accelerated growth of lower branches is a rebalancing effort of the tree to maintain the physiological
performance as the upper part of the crown is more severely affected by the presence of yellow
mistletoes. However, this defence mechanism is effective only when the infection is not spread and has
a small extent [32]. Currently, a high population density of mistletoe can be observed and, therefore,
the defence mechanism of oak trees is often ineffective. Severely infested trees respond by a premature
senescence of the crown, which may eventually result in the death of the whole individual [32,33].

As results from the aforementioned, yellow mistletoe negatively affects the physiological status
of host trees in many ways [23,25,26,34]. The goal of this study was to analyse a broad array of
ecophysiological properties and processes in oak trees infested by yellow mistletoe during the drought
period. We compared indicators of water status, photosynthetic performance, drought-induced
stress nutrient status, growth and leaf traits on the infested, and non-infested mature oak trees and
yellow mistletoe. We hypothesize that (i) the water potential of infested trees is significantly lower
than that of non-infested trees and even lower for mistletoe, seriously influencing photosynthesis.
The drought enhanced by the presence of yellow mistletoe leads to drops in both the light-dependent
and light-independent stages of photosynthesis. We expect the lowest water-use efficiency (WUE) for
yellow mistletoe and the highest for non-infested trees. Another hypothesis is that (ii) infested trees
have significantly lower content of minerals due to losses to mistletoe and due to restricted upward

186



Water 2020, 12, 2985

transpiration stream, limiting the growth of leaves and the stem increment. Finally, we expect that
(iii) higher and thicker individuals are more infested than those of lower diameters.

2. Materials and Methods

2.1. Study Site and Design Description

The research was performed in Slovakia, in the central part of the Považský Inovec Mts.
(48◦40′02′′ N; 18◦04′09′′ E, 360–400 m a.s.l.). The site is located on a southwest-oriented slope
with an inclination of 10–30◦. The soils are acid cambisol podzol. The area belongs to a warm,
dry region, hilly land and highlands.

For the research, a stand with an age of 95 years consisting exclusively of sessile oak trees
(Q. petraea (Matt.) Liebl s.l.), was chosen. The stand belongs to managed forests with an area of
12.95 ha, stand density of 0.8 (8) and full canopy. Trees have originated from generative regeneration of
100% sessile oak seeds. The standing volume per hectare is 264 m3 and the total standing volume is
represented by 3419 m3.

The long-term climatic data (1961–1990) for the study area were taken from the nearest
meteorological station Topol’čany. The air temperature and precipitation during 2019 were measured
on an open field close to the study site using our own meteorological station with Minikin Tie and Eri
sensors (EMS, Brno, Czech Republic) and a built-in datalogger. The annual mean air temperature was
higher in 2019 compared to the long-term mean (10.4 ◦C and 9.4 ◦C, respectively) and the average
air temperature during the vegetation period (from April to September) was higher in 2019 (16.6 ◦C
and 15.9 ◦C, respectively). The long-term mean annual rainfall was 549 mm, while the rainfall in 2019
was 782 mm. The amount of precipitation during the vegetation season in 2019 was 409 mm and the
long-term mean was 326 mm. Even though the total precipitation was quite high compared to the
long-term averages, the distribution was uneven (Figure 1) and only 23 mm fell during the 30-day
period prior to the physiological measurements.

Figure 1. Precipitation and mean air temperatures for years 1961–1990 and 2019.

We identified 100 adult dominant oak trees with canopies comparably exposed to sun radiation
(excluding extreme phenological forms): 50 individuals of non-infested oaks and 50 individuals
infested by the hemiparasitic yellow mistletoe (Loranthus europaeus Jacq.), which were comparable for
both, the height and diameter. All chosen trees were situated inside the stand and did not show any
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other visible damage, except the presence of yellow mistletoe. The diameter at breast height (DBH),
the tree height, and the height of the first branch were assessed for each of 100 oak trees. The heights
were measured using the ultrasonic hypsometer for the measuring of tree height and distance—Vertex
IV (Haglöf, Långsele, Sweden) at late autumn of 2018. The DBH was measured in early spring and
late autumn (before and after leaf unfolding) of 2018 using the steel manual band dendrometers with
an accuracy of 1 mm, which were mounted at a height of 1.3 m. The difference between the two
measurements represents the stem increment per year. Moreover, we visually checked each infested
oak tree using binoculars, and mistletoes were counted during the winter of 2018/2019. The mean
number of mistletoes per infested tree was 8.30. A total of 67% of the infested oak trees had fewer
than 10 mistletoes. The maximum number of mistletoes per oak was 19, while the smallest number of
mistletoes per infested oak tree was 2 individuals.

For further physiological measurements, the subset of 14 infested and 14 non-infested trees were
selected, whereas we chose infested trees with between 8 and 11 mistletoes. The sampling of leaves and
the in situ measurements were carried out during two sequential days on 6 and 7 August 2019 from
8:30 to 12:00 and from 15:00 to 18:00. The 2–4 m long branches from the upper, unshaded part of the
crown of selected trees were cut in turns during the day by professional climbers. Immediately after
cutting, the branches were put into water and measured to prevent the rapid desiccation of tissues.

The more detailed information about the individual measurements and their sample sizes are
displayed in Table 1.

Table 1. The description of sample sizes for conducted measurements.

Sampling and Measurements
Oak Trees Per

Variant/Repetitions
Yellow Mistletoes/Repetitions

Diameter at breast height 50/1 -
Height of tree 50/1 -

Height of the first branch 50/1 -
Stem increment 50/1 -

Leaf water potential 13/2–4 10/1
Gas exchange 14/8 14/6

Chlorophyll a florescence 14/5 -
Content of nutrients in leaves 14/1 (ca. 30 leaves) 14/1 (ca. 100 leaves)

Leaf morphological traits 14/1 (ca. 20 leaves) 14/1 (ca. 100 leaves)

2.2. Leaf Water Potential

The water potential (Ψ) was assessed for a total of 10 to 13 individuals per group. A Scholander-type
pressure chamber SAPS II (Soil Moisture Equipment Corp., Goleta, CA, USA) was used and
2–4 repetitions for each tree were measured. Just one value was assessed for the mistletoe, as the
variability found for one individual was low and measurements were more demanding regarding the
pressure in the portable gas bottle.

2.3. Gas Exchange Measurements

Parameters related to photosynthesis and water-use efficiency were compared among infested
trees, non-infested trees and yellow mistletoes. Eight and six leaves were recorded per individual oak
and mistletoe, respectively. Measurements were carried out using an Li-6400XT gas exchange system
connected to a standard 6 cm2 chamber fitted with a 6400-02B light-emitting diode (LED) light source
(LI-COR Biosciences, Lincoln, NE, USA). Inside the chamber, the reference CO2 concentration and
photosynthetically active radiation were maintained at 400μmol mol−1 and 1400 μmol photons m−2 s−1,
respectively. The air temperature inside the chamber was set to 23 ◦C and the relative humidity of the
air was approximately 70%.

Values of the CO2 assimilation rate (Asat), transpiration rate (T), intercellular concentration of CO2

(Ci) and stomatal conductance to water vapour (gS) were recorded after the adaptation of leaves inside
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the chamber, when the values of CO2 assimilation rate remained stable (1–2 min). The intrinsic water
use efficiency WUEi was calculated as the ratio of the CO2 fixation rate to the stomatal conductance
(Asat/gS).

2.4. Chlorophyll a Fluorescence Measurements

Chlorophyll a fluorescence was assessed using a PAM-2500 fluorimeter (Walz, Effeltrich, Germany).
Five leaves per oak tree (infested and non-infested) were measured. The leaves were kept in darkness for
30 min and then illuminated by a saturation pulse with an intensity of approximately 6580 μmol m−2 s−1

for a duration of 1 s to assess the minimum fluorescence of dark-adapted leaves (Fo) and the maximal
fluorescence of dark-adapted leaves (Fm). Then, the leaves were illuminated with an actinic light of an
intensity 350μmol m−2 s−1 for 1.5 min to obtain the steady-state fluorescence (Fs). The second saturation
pulse was used to measure the maximal fluorescence of light-adapted leaves (F′m). The maximal
efficiency of the photosystem II (PSII) photochemistry (Fv/Fm), the actual efficiency of the PSII
photochemistry (ΦPSII), the electron transport rate (ETR) and the non-photochemical quenching (NPQ)
were calculated as follows [35]:

Fv
Fm

=
Fm− Fo

Fm
(1)

ΦPSII =
F′m− Fs

F′m (2)

ETR = ΦPSII × PAR× 0.84× 0.5 (3)

NPQ =
Fm
F′m − 1 (4)

2.5. Content of Nutrients in Plants and Soil

Biomass samples consisting of approximately 30 leaves per tree (infested and non-infested oaks)
and 100 leaves per mistletoe individual were collected. Subsequently, the leaves were dried for 48 h in
a drying oven at a temperature of 105 ◦C. The dry matter was then milled into a powder in a Fritsch
Planetary Micro Mill (Fritsch, Markt Einersheim, Germany). The total nitrogen and sulphur content
were determined with a FLASH 1112 Nitrogen, Carbon and Sulphur Analyser (Thermo Fisher Scientific
Inc, Hanau, Germany). The Ca, Mg, K, and P contents were determined after mineralization of the
samples in concentrated HNO3 using microwave decomposition (UniClever type, Plazmatronika,
Wrocław, Poland). The content of P was measured with an atomic emission spectrometer (AES-ICP,
type LECO ICP-3000, LECO, St. Joseph, MI, USA), while the Ca, Mg and K contents were analysed
using a SensAA atomic absorption spectrometer (GBC, Dandenong, Victoria, Australia).

The biological absorption coefficient (BAC) defined in 1969 by Kovalevsky [36] was calculated
as the ratio between the nutrient content in the plants and the same nutrient in the soil. We utilized
this relationship to determine the ability of the species to accumulate nutrients from a soil subsystem
into the plant biomass or from the host plant into the parasitic plant during the growing season.
Within the research plot, the infested and non-infested trees were randomly integrated, and therefore
the calculation of BAC was based on the same soil samples. Sampling of the soil was carried out
in August 2019. Ten samples of mineral topsoil (5–10 cm deep) were taken along two line transects
(contour and fall line with lengths of 10 and 15 m, respectively) at regular distances of 5 m. These 10
samples from research plot were mixed and analysed. The collected soil sample was dried at 105 ◦C to
a constant weight. Subsequently, the samples were milled into a fine dust using the Planetary Micro
Mill. We determined the total N and S content with the FLASH 1112 CNS analyser. Available forms of
the other macronutrients (Ca, Mg, K, P) were extracted according to Mehlich II, and then the samples
were analysed using an atomic emission spectrometer.
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2.6. Leaf Morphological Traits

Leaves from non-infested trees, infested trees, and yellow mistletoe plants were sampled and
transported to the laboratory to measure of the mean leaf size (area, cm2), using ImageJ 1.51 k software
(National Institute of Health, Bethesda, MD, USA), and the leaf mass area (LMA, g cm−2). LMA was
calculated as the ratio between dry weight and area of leaves. We sampled approximately 20 leaves
per oak tree and 100 leaves per mistletoe.

2.7. Statistical Analysis

Hierarchical analysis of variance was performed to reveal the differences among the studied
parameters whenever more repetitions for one individual were measured (more leaves/twigs per oak
tree/yellow mistletoe). This was used for the measurements of leaf water potential, gas exchange
parameters, and chlorophyll a fluorescence parameters (Table 1). The analysis was performed in R
(R Core Team 2017) using the lme function from the nlme package. For the measurements, where just
one repetition per individual oak tree/yellow mistletoe was conducted (e.g., tree height, DBH, LMA,
content of nutrient; Table 1), a one-way analysis of variance was used. Then, the Tukey tests
(with significance level α = 0.05) were performed for multiple comparisons using the glht function
from the multcomp package.

Moreover, relationships between the number of mistletoes and the growth parameters of the
infested trees were tested using the linear regression models.

3. Results

3.1. Leaf Water Potential and Photosynthesis

The water potential values were negative, with the lowest value in the yellow mistletoe,
higher values in the infested sessile oaks and the highest value in the non-infested sessile oaks.
The steps between respective variants were nearly 1 MPa, and the differences among all groups were
significant (Figure 2a). Strikingly low variability was found for mistletoe.

There were no significant differences in the assimilation rate between the infested trees and the
mistletoes (Figure 2b), but these two groups differed statistically from the best-performing non-infested
trees. The average value of the assimilation rate for the non-infested trees was almost twice as high as
that of the infested trees or mistletoes.

The yellow mistletoe showed the highest average values of transpiration rate and stomatal
conductance which were 3.3 and 4 times higher than values of the infested oaks and 2.2 and 2.5 times
higher than the values of the non-infested trees (Figure 2c,d). Even though the differences between the
infested and non-infested trees were not as pronounced for the assimilation rate, they were statistically
significant between all three groups for both, T and gS. Despite the lower stomatal conductance
in the infested trees, their intercellular concentration of CO2 was significantly higher than that of
the non-infested trees (Figure 2e). The Ci values of the yellow mistletoe was close to the ambient
concentration of CO2, and again, the variability was extremely low.

The differences in the intrinsic water-use efficiency were significant between all three groups.
The lowest WUEi value was recorded for mistletoe and the highest value was recorded for the
non-infested trees (19.2 and 84.5 μmol mol−1 respectively). The WUEi values of the non-infested trees
was roughly 4 times higher than that of the mistletoe (Figure 2f). The differences between the groups
of oaks were significant, with higher WUEi values confirmed for the non-infested trees, in particular
due to much higher assimilation rates.

Based on the maximal (Fv/Fm) and the actual photochemical efficiency of PSII (ΦPSII), we did not
confirm significant damage to the PSII photochemistry induced by the activity of yellow mistletoe
(Figure 3a,c). However, the non-infested sessile oak trees showed a slightly (but significantly)
higher efficiency of the electron transport rate (Figure 3b). The dissipation of excess energy as heat
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(non-photochemical quenching, Figure 3d) differed greatly between the groups of trees, with average
values of 1.03 and 1.31 for non-infested and infested oaks, respectively.

Figure 2. Water potential (Ψ, (a)), assimilation rate (Asat, (b)), transpiration rate (T, (c)) stomatal
conductivity (gS, (d)), intercellular concentration of CO2 (Ci, (e)) and intrinsic water-use efficiency
(WUEi, (f)) of non-infested oaks, infested oaks and yellow mistletoes. The median (black line),
25% quantile (box; 37.5–62.5%), 50% quantile (whiskers; 25–75%) and mean (red diamond) are
displayed. Lowercase letters represent statistical significance at the level of p = 0.05.

3.2. Content of Nutrients in Plants and Their Absorption

By comparing mistletoe and both groups of sessile oak trees we found that content of Ca, Mg,
K and P in the leaves of mistletoe were significantly higher than those of both groups of oaks
(Figure 4a–f). In contrast, the contents of C and N were significantly lower in the leaves of mistletoe.
Most importantly, the only significant difference between the two groups of oaks was confirmed for
C. Non-infested trees had a lower concentration of C in their leaves compare to the infested trees
(479.2 and 498.4 g kg−1, respectively).
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Figure 3. The maximal efficiency of the PSII photochemistry (Fv/Fm, (a)), actual efficiency of the PSII
photochemistry (ΦPSII, (b)), electron transport rate (ETR, (c)) and non-photochemical quenching (NPQ,
(d)) of non-infested oaks and infested oaks. The median (black line), 25% quantile (box; 37.5–62.5%),
50% quantile (whiskers; 25–75%) and mean (red diamond) are displayed. Lowercase letters represent
statistical significance at the level of p = 0.05.

 

Figure 4. Contents of carbon (a), nitrogen (b), calcium (c), magnesium (d), potassium (e) and phosphorus
(f) of non-infested oaks, infested oaks and yellow mistletoes. The median (black line), 25% quantile
(box; 37.5–62.5%), 50% quantile (whiskers; 25–75%) and mean (red diamond) are displayed. Lowercase
letters represent statistical significance at the level of p = 0.05.
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Analyses of the mineral topsoil (5–10 cm) at the study site showed a low base saturation. On the
poorest solid rocks we detected acid cambic podzol (pH 4.8). The content of C showed the highest
value (22.1 g kg−1) among all nutrient. On the other hand, the contents of other nutrients (N, Ca, Mg,
K and P) did not exceed 1.2 g kg−1. Biogeochemical flows of selected nutrients between the soil and
the oaks were analysed using the biological absorption coefficient (BAC, Table 2).

Table 2. Biological absorption coefficient of nutrient (in direction from soil to oaks and from oaks to
mistletoe). Mean ± standard deviations are displayed. Superscript letters (a,b) represent the statistical
significance at the level of p = 0.05.

Carbon Nitrogen Calcium Magnesium Potassium Phosphorus

Non-infested tree 21.7 ± 0.92 b 17.3 ± 2.31 a 12.3 ± 1.96 a 190.9 ± 37.11 a 18.4 ± 4.77 a 55.7 ± 9.57 a

Infested tree 22.6 ± 0.60 a 17.7 ± 1.77 a 13.2 ± 1.28 a 179.8 ± 69.83 a 18.5 ± 5.46 a 59.2 ± 12.71 a

Mistletoe 0.9 ± 0.02 0.7 ± 0.13 1.4 ± 0.23 1.9 ± 0.58 1.5 ± 0.27 5.2 ± 1.44

We confirmed that there were no significant differences for nutrient accumulation between groups
of trees (except C). The nutrients with the highest accumulation were Mg and P, while Ca had the lowest
accumulation in the leaves of trees. The accumulation of Mg was 14 times higher than the accumulation
of Ca for infested oak trees and almost 16 times higher for the non-infested oak trees. We found the
following BACs for the nutrients in the leaves of the tested trees: Mg > P > C > K >N > Ca.

Hemiparasitic yellow mistletoe gains nutrients exclusively from its host (oak). For this reason,
we calculated the BAC of the leaf nutrients ratio (mistletoe/infested oak tree). The highest values of the
BAC among all the nutrients were detected for P (5.16 ± 1.44), while the lowest values were found
for N (0.66 ± 0.13). By comparing the ability of mistletoes to accumulate nutrients with that of oaks,
we found much lower values (Table 1) and a markedly different order: P >Mg > K > Ca > C > N.
We assume that the values of the coefficients reflect the bioaccumulation potential of mistletoe and the
oak–mistletoe interaction.

3.3. Growth and Rate of Infestation

We confirmed marginally significant differences in leaf area between infested and non-infested oaks.
Infested oaks had significantly smaller and slightly (but not significantly) thicker leaves (Figure 5a,b).

Figure 5. Leaf mass area (a) and leaf area (b) of non-infested oaks, infested oaks and yellow mistletoes.
The median (black line), 25% quantile (box; 37.5–62.5%), 50% quantile (whiskers; 25–75%) and mean
(red diamond) are displayed. Lowercase letters represent statistical significance at the level of p = 0.05.

From the point of view of tree growth, we found significant differences in all studied traits,
except diameter at the breast height (Table 3). The mean height of the infested sessile oak trees was 2 m
lower compared to non-infested trees with the lower-lying crown as well. Although, the differences
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in DBH were not significant, analysis of the average stem increment per year showed that the stem
increment of the infested oaks was approximately 34% lower than of non-infested trees.

Table 3. Growth traits of non-infested and infested oak trees. Mean ± standard deviations are displayed.
Superscript letters (a,b) represent the statistical significance at the level of p = 0.05.

DBH (cm) Height (m)
Height of the

First Branch (m)
Stem Increment

(mm)

Non-infested trees 36.6 ± 3.5 a 25.2 ± 1.7 a 9.1 ± 3.3 a 1.75 ± 1.4 a

Infested trees 39.2 ± 5.1 a 23.2 ± 1.9 b 6.7 ± 2.6 b 2.38 ± 1.7 b

Moreover, we calculated the correlation coefficient between the height of oak trees and the
frequency of mistletoe in the infested oaks and found no significant relationship. On the other hand,
we found a significant positive relationship between the diameter at breast height of the infested oak
trees and the frequency of mistletoe (r2 = 0.234, Figure 6a,b).

Figure 6. Relationship between the number of mistletoes and the tree height (a) and the tree diameter
at breast height (b). For statistically significant relationships (b), the regression line (dashed line) and
the 95% confidence interval (grey area) are displayed.

4. Discussion

4.1. Impact of Mistletoe on Photosynthesis and Water Relationships

Our results showed that yellow mistletoe infestation alters the water status of its host plant.
Infested trees showed a more negative leaf water potential Ψ (−2.5 MPa) than did non-infected trees
(−1.58 MPa). This result was expected because part of the water is drained by mistletoe, amplifying
the drought stress of the host trees in our experiment. Moreover, plants try to avoid water shortage
and wilting caused by drought and hemiparasite by lowering the osmotic potential via production of
osmoprotective compounds, in addition to closing their stomata [24,37]. There is a close relationship
between the severity of drought stress and the leaf water potential. Breda et al. [4] reported a predawn
leaf water potential of −2 MPa and midday leaf water potential of −3.3 MPa as a threshold values of
Q. petraea when the number of embolised vessels significantly increase. Cochard et al. [38] estimated
the threshold value for midday water potential of −3 MPa in a 30-year-old Q. petraea stand. While the
non-infested trees in our study were, during the observations (from 8:30 to 12:00 and from 15:00 to

194



Water 2020, 12, 2985

18:00), in the “safe zone”, the infested ones were threatened in the long term by water shortage. The high
water demands of mistletoe are guaranteed by a greater negative leaf water potential (−3.5 MPa),
which causes the hydrostatic pressure in the cells between the host and the hemiparasite to favour the
hemiparasite and the xylem sap to flow from the host to the mistletoe [39]. The average differences in Ψ
during observation hours between the infested oaks and the mistletoes was 0.75 MPa, which is a smaller
value than the published values for yellow mistletoe parasitizing Q. robur (from −1.0 to −1.5 MPa, [40]).
Davidson et al. [41] pointed out that the Ψ difference between a host and mistletoe depends on the
air temperature and vapour pressure deficit (VPD). Higher air temperatures and VPDs lead to larger
differences. During our experiment, the VPD ranged from 1.54 to 2.48 kPa, and the air temperature
ranged from 22.0 to 26.0 ◦C indicating rather mild conditions. However, drought was present, and the
rainless period lasted for nearly one month prior to the experiment; therefore, we assume that under
more severe climate conditions (warmer and drier), the difference in Ψ between a hemiparasite and its
host might be higher.

As European oaks are considered as an anisohydric species in general, which are characterized by
relatively low stomatal control and under drought conditions they try to retain the CO2 assimilation
rate at the costs of water loses [42,43], we expected that the presence of yellow mistletoe would enhance
the anisohydric behaviour of the oak–mistletoe system. However, based on our results as we observed
the decrease in stomatal conductance and transpiration rate, we now suppose that behaviour of infested
oak trees is more isohydric compared to the non-infested trees. Transpiration in the infested trees was
66% of that in the non-infested ones. Reduced transpiration of the infested trees was connected to
an increased stomatal closure. In our case, the closing of stomata is a water-saving tool that prevent
hydraulic failure in host trees suffering from the presence of hemiparasites. The activity of mistletoe
leads to a reduced water supply in the host tree, a lower transpiration rate due to preventive stomatal
closure and an eventual reduction in the cooling ability at high air temperatures [44]. Unlike host trees,
mistletoe controls its own transpiration rate at very low levels and keeps stomata open allowing it to
transpire large amounts of water [26]. However, several studies have described the coupled regulation
of mistletoe stomata based on the host tree water status [28,40,45], light and air humidity [46] to some
extent. In our study, we did not observe any of these regulatory mechanisms. Ullmann et al. [45]
reported that the ratio between the transpiration rate of most mistletoe species and their hosts usually
ranges between 1.5 and 7.9, but only a few studies have dealt with yellow mistletoe and Quercus sp.
relationships. The ratio of transpiration between the mistletoe and its host in our study was 3.3, which is
in good accordance with the findings published by Schultze et al. [40] and [28]. Urban et al. [47] reported
that the transpiration rate of Loranthus europaeus was 5 times higher than that of oak. The differences in
the transpiration rates might be caused by a different duration of observations and the presence of
drought in our study.

In addition to the reduced transpiration in the infested oaks, the stomatal conductance was also
significantly lower compared to the non-infested trees (0.039 mmol m−2 s−1 and 0.062 mmol m−2 s−1,
respectively). Low stomatal conductance on infested trees prevents water loses, but on the other
hand, it causes limited CO2 assimilation. Hence, the presence of yellow mistletoe increases the risk
of carbon starvation. Under a sufficient water supply, this is not an issue for a host [24], but carbon
starvation remains a challenge under drought conditions. The activity of mistletoe reduced the stomatal
conductance to the same extent as that of the transpiration rate, as these processes are tidily coupled.
This is in accordance with Orcutt and Nilsen [48], who demonstrated a decline in the conductance in
tree leaves infested by yellow mistletoe to 68% when compared with non-infested oaks. The stomatal
conductance of mistletoe (0.159 mmol m−2 s−1) was significantly higher than in both groups of oaks
confirming the huge water withdrawal from the host tree xylem sap. A high rate of water loss due to
stomata openness is the most common feature among mistletoes either from temperate, tropical or arid
regions [40,41,45,46,49,50].

As is apparent from the aforementioned results, we found a difference in the photosynthetic
performance between the infested and non-infested trees. The close relationship between the severity
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of drought stress and the decline in photosynthetic activity was earlier described by Wang et al. [51],
who mainly attributed the decline of photosynthesis during mild and severe drought stress to
the stomatal limitation and PSII photoinhibition with accumulation of reactive oxygen species
(ROS), respectively. Queijeiro-Bolaños et al. [52] stated that the presence of mistletoes impacts the
photosynthetic performance of host according to the severity of infestation. The maximal rate of
CO2 assimilation (Asat) in our study dropped to 55%. A similar decline (drop to 68%) was found
by Johnson and Choinski [44]. For oaks infested by mistletoe, Schulze et al. [40] found Asat values
between 4 and 7 μmol CO2 m−2 s−1. Generally, the Asat values of non-infested oaks are much higher.
Epron et al. [53] found Asat values for Q. petraea ranging from 12 to 14 μmol CO2 m−2 s−1 and
Morecroft and Roberts [54] published a value of 10.4 μmol CO2 m−2 s−1 for Q. rubra. Osuna et al. [55]
published values from 7 to 15 μmol CO2 m−2 s−1 for Q. douglasii in dry years, but the Asat values
shifted to 15–23 μmol CO2 m−2 s−1 during the peak of the growing season for precipitation rich years.
Differentiation between our results and those mentioned above suggests pronounced drought stress
during the measurements. Typically, most mistletoes have lower rates of CO2 assimilation rate than the
trees they infest, but this is not an absolute rule [56–58]. Davidson et al. [41], as in our case, observed
that the Asat values of a hemiparasite and its host were nearly equal. In addition to reducing the CO2

assimilation rate of the host tree, yellow mistletoe can gain carbon from host xylem sap, as there is no
phloem bridge between the host tree and hemiparasite [59]. This heterotrophic carbon gain by mistletoe
species could range from 5% to 62% [57,60,61], which might lead to different impacts on host trees
according to the abundance of the parasite. To date, no such data are available for yellow mistletoe.

Coupled processes of CO2 assimilation and water transpiration on the leaf level are described
by the intrinsic water use efficiency (WUEi), which is the ratio of carbon assimilation to the
rate of stomatal conductance. Lower WUEi values generally means that more water is required
for carbon fixation. In our study, the WUEi values of infested trees were significantly lower
(73 μmol H2O mol−1) than that of non-infested trees (84 μmol H2O mol−1). This corresponds well with
the results of Sangüesa-Barreda et al. [62], who reported the substantial decrease in WUEi of Scots
pine (Pinus sylvestris) severely infested by European mistletoe (Viscum album) based on long-term
observation. Similar results were recorded by Queijeiro-Bolaños et al. [52] for the same species.
The mistletoes in our study had WUEi values 4 times lower than those of non-infested oaks, which also
support the strongly anisohydric behaviour of this hemiparasitic plant.

In addition to the above, drought stress could be identified with the intercellular concentration of
CO2 (Ci). Cornic and Massachi [63] identified drought stress by declining CO2 concentration inside
the leaf. We found significantly higher Ci values accompanied by lower stomatal conductance
in infested oaks. A situation in which Ci increases with declining stomatal conductance was
described by Flexas and Medrano [64], who identified an inflexion point beyond which Ci starts
to increase with declining conductance. The inflexion point usually lies close to the value of
50 mmol H2O m−2 s−1. In general, stomatal conductance below 150 causes metabolic limitation;
for gS values below 100 mmol H2O m−2 s−1, photochemical activity is reduced; and for gS values below
50 mmol H2O m−2 s−1, permanent photoinhibition frequently occurs [65]. The stomatal conductance
values in our study were notably low, at 60 mmol H2O m−2 s−1 in non-infested tree leaves and
39 mmol H2O m−2 s−1 in infested tree leaves. According to the association of higher Ci values with
lower conductance values in infested trees, we assume that the Ci values were beyond the inflection
point of the Ci curve, and photoinhibition is present. In contrast, non-infested trees show lower Ci
values and higher gS values. This points out that the inflection point of the Ci curve lies between
these two values and that infested individuals undergo severe heat-light stress, which could lead to
permanent photoinhibition.

The method of chlorophyll a fluorescence can be a sensitive indicator of plant photochemical
performance under a wide range of stress factors and it is suitable for assessing photoinhibition [66].
Even though PSII has been considered relatively resistant to drought and is more suitable as an indicator
of heat stress than drought [67,68], several studies have used this method and confirmed significant
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reduction in the photochemical performance under drought conditions [35,68,69]. Moreover, oaks in
field conditions may suffer from additive effects, such as heat stress or a hindered ability to regenerate
photosystems II [70]. Therefore, we expected that the unsuitable conditions intensified by yellow
mistletoe (Ψ = −1.58 MPa in non-infested trees and Ψ = −2.5 MPa in infested oaks) will alter the PSII
photochemistry yield in both the dark-adapted and light-adapted states. However, the Fv/Fm and ΦPSII

values (ranging in the interval 0.8–0.81 and 0.4–0.45, respectively) showed no significant differences
between non-infested and infested oak trees. ΦPSII values in the range of 0.3–0.6 were described for
two oaks species by [71], whereas the values were the same during wet and dry summers, suggesting
a relatively high resistance of PSII photochemistry to drought. However, the electron transport rate
(ETR), which is closely coupled with the maximum velocity of carboxylation (Vc,max), can be used as a
surrogate for leaf biochemistry and reflects gross photosynthesis [72,73], was significantly reduced
in infested trees. This suggests that non-infested oaks utilize light energy in carboxylation more
efficiently than infested trees, which corresponds well with the carbon assimilation rate results. On the
other hand, we observed substantially upregulated non-photochemical quenching NPQ in infested
oak trees. The higher values of NPQ means that the infested trees probably tried to avoid possible
damage caused by the ROS overproduction by dissipating excess energy through the xanthophyll
cycle, as they were under more severe drought stress [74,75]. Such a protective behaviour to maintain
normal photochemistry has been described in several studies dealing with drought stress [51,76].
However, Wang et al. [51] described the upregulated NPQ under moderate drought stress caused by
reversible photosynthetic adjustment (e.g., limited stomatal conductance, Ribulose-1-5-bisphosphate
(RuBP) regeneration, adenosine triphosphate (ATP) synthesis, and/or decreases in Rubisco activity).
On contrast, under a severe water deficit (with a Ψ values of approximately −3 MPa in apple tree
leaves), the sharp drop of NPQ was observed, which suggests the irreversible impairment of PSII
units. As we observed the higher ability of NPQ in the infested trees, we can conclude that the changes
in photosynthesis of infested oaks were caused by reversible photosynthetic adjustment rather than
irreversible damages of PSII.

4.2. Relationships between Oaks and Mistletoes: Growth and Mineral Nutrition

Long-term reduced photosynthesis may alter growth as well. The results of our study show
significant differences in the growth parameters between non-infested and infested oak trees. We found
differences in the stem increment (ca. 0.63 mm) and height (2.6 m) of non-infested oaks. Infested trees
were significantly lower compare to the non-infested ones as well as their radial growth was slower.

We found that the height of trees has no significant effect on the number of mistletoes, while the
relationship between the diameter at breast height and the number of mistletoes on the oaks was
significant (r2 = 0.234). Similar to Aukema and Martinez del Rio [77], we suppose that the tree height,
crown density and position of oaks in the forest stand play important roles for infestation of the oak by
mistletoe. However, the frequency and density of mistletoe are not related just to a character of the
oaks and the forest stand. In general, the distribution of mistletoes is affected by climate conditions
such as winter and spring frosts [31] and the presence and frequency of common bird species that feed
on mistletoe fruits [78–80]. Birds usually prefer higher oak trees with a high crown density to smaller
oak trees with crown lift in the forest stand [77]. According to Overton [81], larger trees are older and
have more branches (space) for birds. This could be a reason why they have a higher probability of
being colonized by mistletoe [82]. Matula et al. [23] found that the probability of mistletoe infection
increased significantly as the stem diameter of oak increased (>27 cm). Our results confirm this
observation, because mistletoe infestation occurred (Figure 6b) on trees with a stem diameter above
31 cm. If mistletoe attacks an individual oak tree, the probability of mistletoe frequency will increase
due to its own reproduction and to the behaviour of birds, which disperse mistletoe seeds. This means
that the most infested oaks could be those that are the nearest to other infested trees. If the distance to
an infested oak tree is greater than 5 m, the likelihood of infection is much smaller [23].
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Growth of oak trees has focused not only on the carbon and water cycle mechanisms, but also on
the critical role of soil-available nutrients [83]. Our results show that the soil under oak forests is an
important reservoir of organic C. In the soil of our study area, we found 22.1 g kg−1 of C. Soils from
European oak forests show similar carbon concentrations [84]. On the other hand, we detected a
relatively low content of Mg. According to Nilsson [85], this is not especially surprising because
acidic, respectively cambic podzols are characteristic of a low availability of nutrients (particularly
Mg). The ability to accumulate nutrients (other than Mg) was slightly higher in infested oaks than
in non-infested oaks (Table 2), but this difference was not significant suggesting that mistletoe does
not reduce the nutrient content of host trees. The reason for the low differences between infested and
non-infested oaks could be the stock of nutrients that oaks have, similar to other long-living plants.
We suppose that the infested trees acclimated their metabolism and mineral acquisition processes to
mitigate the negative effect of the hemiparasites. On the other hand, this phenomenon may be related
to the number and age of mistletoes. We expect that a low number of young mistletoes will not cause
as much damage as a high number of older mistletoes. However, as there is no data about the length of
time for which this particular mistletoe infestation has been in the study area, the present study can only
describe one snap shot in time. Mistletoes derive nutrients from their hosts [86], so we expected lower
nutrient contents in the leaves of infested trees. However, the nutrient content in leaves did not differ
significantly between infested and non-infested trees in our study. Infested oaks had a relatively higher
nutrient accumulation than non-infested oaks. However, the overall biomass of leaves may differ
between infested and non-infested oaks. The formatting of smaller and thicker leaves and the overall
reduction of growth is probably a reaction to competition for water, inorganic ions, and metabolites [87],
and, at the same time, could be a mechanism to maintain a relatively high efficiency of light-dependent
photosynthetic reactions. We confirmed that infested trees formed smaller leaves without significant
differences in the thicknesses of the leaves between oaks. Thus, the total amounts of allocated nutrients
in leaves probably differ too. The high hemiparasite to host phosphorus ratio (5× higher concentration
in mistletoe) is in agreement with data published by Lamont [88]. Ca and Mg are in the plausible
range, but potassium was much lower in our study. According to Hosseini et al. [86] and Glatzel and
Geils [26], nutrient flow through the transpiration stream is predominantly a one-way flow (from host
to mistletoe, not the opposite direction). This may be the main reason why the content of some mineral
nutrients is higher in mistletoe leaves than in infested and non-infested oak trees. Many other authors
have reported similar findings on various host and mistletoe species [89–91] Mistletoe parasitism is a
strategy for N acquisition [61,88]. In our study, the N content was markedly lower in mistletoe than in
both infested and non-infested oaks. Schulze and Ehleringer [22] and Ehleringer et al. [50] reported N
availability as a limiting factor for mistletoe growth. In the study by Schultze et al. [40], the ratio of
parasite/host N content was 1.08. Additionally, in the study by Bowie and Ward [92], the N content
was higher in mistletoe than in host trees. In our case, the ratio is opposite (0.66), and we found higher
N contents in the host tree leaves. The same findings were published Hosseini et al. [86]. However,
we discarded the leaf petiole prior to determination of the elemental contents, which could cause a
discrepancy with the aforementioned studies.

5. Conclusions

According to our results, we can conclude that yellow mistletoe (Loranthus europaeus) infestation
seriously threatens the physiological and growth performance of sessile oak (Quercus petraea s.l.) trees.
We observed a significant reduction of leaf water potential, transpiration rate and stomatal conductance
in infested oak trees, which resulted in the decrease of their CO2 assimilation rate as well. Moreover,
significant changes of PSII photochemistry were observed in infested trees. Considering the nutrient
status, infestation by yellow mistletoe caused a reduction in the accumulation of C, which probably led
to a lower stem increment and leaf size of infested oak trees.

For this reason, we suppose that yellow mistletoe may represent a great ecological and economic
problem in Europe oak forest stands, which could also reduce expected ecosystem services in
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these unique habitats. To determine the most effective way to combat yellow mistletoe infestation,
intensive monitoring of both hemiparasite and its host is required.
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Abstract: Forest ecosystems are faced with a variety of threats, including increasingly prolonged
droughts and other abiotic stresses such as extreme high temperatures, very strong wind,
invasive insect outbreaks, and the rapid spread of pathogens. The aim of the study was to
define crucial abiotic stressors affecting Central Europe forest ecosystems and, with regard to their
possible simultaneous effect, develop a universal method of multi-hazard evaluation. The method
was then applied to the particular area of interest represented by part of the Czech Republic with
forest land cover (12–19 ◦ E, 48–51 ◦ N). Based on National Threat Analysis, the most significant
threats of natural origin with a close relationship to forest stability were identified as drought,
high temperature, and wind gusts. Using suitable indicators, a level of their risk based on occurrence
and consequences was estimated. The resulting combined level of risk, divided into five categories,
was then spatially expressed on a grid map. The novelty of our paper lies in: (i) all relevant
climatic data were combined and evaluated simultaneously with respect to the different level of
risk, (ii) the developed methodological road map enables an application of the method for various
conditions, and (iii) multiple hazards were estimated for the case study area.

Keywords: forest ecosystem; climate change; abiotic stressors; drought; wind gust; high temperature

1. Introduction

Forest ecosystems are affected by various threats, including increasingly prolonged and severe
droughts and other abiotic stresses, invasive insect outbreaks, and the rapid spread of pathogens [1].
The impact of climate change on forests is an important issue that concerns a large number of the
international scientific community [2–5].

Safety and security of ecosystems, and their fundamental functions and services, is a crucial
security issue. Serious damage to the environment has far-reaching implications, including endangered
basic functions of states, as evidenced by environmental crises that have led to conflict escalation in
the past. Environmental threats have two time horizons. Threats caused by extreme meteorological
events, such as storms and floods, constitute a sudden and intense emergency, whereas others, such as
droughts, are characterized by a slow and gradual development. A complex approach must address
not only both time dimensions but also all phases and mutual combinations. It has been proven
that environmental crises do not arise only as a consequence of particular stressors but also by their
combination and interactions. Previous events clearly indicate that environmental crises are typified by
synergic, cascade, and domino effects, when one stressor is forced or weakened by others. Several crises
with different triggers can affect an ecosystem simultaneously and their resulting effect is much

Water 2020, 12, 2872; doi:10.3390/w12102872 www.mdpi.com/journal/water205



Water 2020, 12, 2872

stronger. Ref. [6] developed and tested individual and collective multi-hazard risks and noted that
natural hazards are often studied in isolation. However, there is a great need to examine hazards
holistically to better manage the complexity of threats found in a given region. Many regions of
the world have complex hazard landscapes in which risk from individual and/or multiple extreme
events is omnipresent. The issue of multiple hazards is also a subject of a UN strategy for disaster risk
reduction and part of the consecutive Sendai Framework for 2015–2030. The framework introduces
innovative risk attitudes, ranging from risk control to risk management, thus creating the opportunity
for strengthened prevention and for the application of the BBB principle—"Build Back Better”—even in
the case of the ecosystems and planting of forests. Analogously, the EU Science Hub has highlighted
the need for multi-hazard assessment when prioritizing security research for 2021–2030.

A wide range of national and international organizations and strategic documents exist, such as the
United Nations Office for Disaster Risk Reduction (UNISDR) and the consecutive Sendai Framework for
Disaster Risk Reduction 2015–2030 [7]. In addition, the European Commission’s Science and Knowledge
Service (EU Science Hub), the Internal Security Strategy for the European Union [8], Transforming Our
World, the 2030 Agenda for Sustainable Development [9], the United Nations Framework Convention
on Climate Change (UNFCCC) [10], the Strategic Concept for the Defence and Security of the Members
of the North Atlantic Treaty Organisation [11], and the Conception of Environmental Security of the
Czech Republic [12] each identify and address relevant security risks, including natural catastrophes
and risk of natural origins. At the Czech national level, the basic security document, Security Strategy of
the Czech Republic 2015 [13], includes catastrophes of natural origin with anthropological risks among
the basic security issues. A detailed classification and description of particular risks was conducted
in [12]. Coordinated by the Ministry of Defense, a complex Threat analysis for the Czech Republic was
also carried out [14]. The final report summarizes the natural abiotic threats with an unacceptable level
of risk: floods and extreme precipitation, long-term drought, extremely high temperature, and high
wind speed and gusts. These risks were amplified when combined.

1.1. High Temperature and Heat Wave and Forest

The increasing trend in the number and intensity of heat waves is likely to continue throughout
the 21st century. Heat waves are often accompanied by drought. Heat wave events affect a wide
variety of tree functions. Photosynthesis is reduced, photooxidative stress increases, leaves abscise,
and the growth rate of the remaining leaves decreases. Stomatal conductance of some species increases
at high temperatures, which may be a mechanism for leaf cooling. Heat stress reduces growth and
alters biomass allocation. When drought stress accompanies heat waves, the negative effects of heat
stress worsen and can lead to tree mortality [15–17].

Other authors [18,19] also emphasize that common temperate European forest tree species are
more vulnerable to extreme drought and heat waves. Because drought and heat events are likely to
occur more frequently due to climate change, temperate European forests might approach a point at
which a substantial ecological and economic transition is required. The study of [20] also highlights
the urgent need for a pan-European ground-based monitoring network that is suitable for monitoring
individual tree mortality.

1.2. Drought and Forest

Climate scenarios predict a rapid warming and an increase in the frequency and duration of
droughts across Europe [21]. One of Central Europe’s most severe summers, characterized by a long
drought and heat wave, was recorded in 2018. On par with that of 2003, the summer of 2018 was
classified as the most severe event in Europe of the previous 500 years. Nonetheless, the drought event
in 2018 was climatically more extreme and had a larger impact on Central Europe’s forest ecosystems
than the 2003 drought. The most ecologically and economically important tree species in the temperate
forests of Austria, Slovakia, Germany, and Switzerland showed severe symptoms of drought stress,
such as exceptionally low foliar water potentials crossing the threshold for xylem hydraulic failure,
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widespread leaf discoloration, premature leaf shedding, and drought-induced tree mortality [22].
Moreover, in the following year the forests were highly vulnerable to secondary drought impacts,
such as insect or fungal infection pressure [20,23]. Productive, hydrological, and soil protection
functions are harmed in mountain forests subject to such disasters [24,25].

According to [26], drought-induced tree mortality in Israel has been observed in diffuse patterns
in forests, typically affecting approximately 5% of the trees in each forest. “Hotter” droughts may have
more severe impacts on terrestrial vegetation than “normal” droughts (i.e., droughts that occur at lower,
more typical temperatures) [27]. Ref. [28] evaluated the consequences of the 2000 and 2012 droughts
on stands of Scots pine forest in Romania. In these two years, low precipitation and warm conditions
during the growing season significantly reduced Scots pine growth and productivity, and triggered
mortality events in some areas. The authors concluded that it is necessary to develop adaptive forest
management and mitigation strategies across drought-prone forested regions of Europe as a response
to extreme climate events.

1.3. Windstorms and Wind Gusts and Forests

Windstorms and strong winds cause major disturbances and consequent economic losses in
European forests. During the past century, in particular, forests in Europe have suffered from
windstorms and this trend is likely to continue [18,29–31]. For example, in Finland, a total of
7 million m3 of timber was damaged in 2001 in two separate storms (Pyry and Janika) in autumn,
and four strong storms caused damage in 2010 [32].

Wind damage is influenced by forest characteristics (e.g., tree species, tree height, crown and rooting
characteristics, and stand density), forest management, and the abiotic environment, particularly local
wind and soil conditions [33–35]. The mean wind speed and duration, in addition to gust level, are also
significant influences.

According to [34,36], the probability of wind damage increases with tree height and for certain
species, e.g., Norway spruces are particularly vulnerable to wind. Forest management also influences
wind damage sensitivity. Trees grown in sheltered conditions and later exposed to wind are especially
sensitive to damage [34,37,38]. Areas exposed to strong wind gusts [39] or where rooting conditions
are limited due to soil characteristics [40] are more predisposed to wind damage.

Ref. [41] studied combined information on windstorms and damage to forest stands from a
long-term perspective (1801–2015). The concentration of extremely damaging windstorms after 1950
(9 of the 14 selected) is an indication of increasing windstorm damage to forests in the Czech Republic.
This can be partly attributed to the cultivation of two tree generations of spruce monoculture in places
where diverse forests once stood, and clear-felling management of those forests.

The current study identifies key abiotic stressors affecting Central Europe forests and, with regard
to their combined effect, provides a universal method of multi-hazard evaluation. The method was
applied to a case study (Figures 1 and 2).
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Figure 1. Area of interest.

 

Figure 2. Species composition of forests in the Czech Republic; data source: Forest Management Institute.

2. Materials and Methods

2.1. Methodological Roadmap in Eight Steps

1. Identification of relevant threats
2. Election of suitable indicator for each threat (see Table 1)
3. Estimation of level of risk for each threat based on [14] in the Czech Republic (see Tables 2–7)
4. Calculation and spatial expression of long-term annual value of all indicators (Figures 3–5)
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5. Overlapping of three risk maps
6. Final determination of combined abiotic risk according to Table 9
7. Division of each indicator into five risk categories (Table 8, Figure 6)
8. Spatial expression of combined risk (Figure 7).

Table 1. Individual abiotic threats and their indicators.

Abiotic Threat Indicator

High temperature HT long-term annual number of tropical days TD
Drought D long-term annual water balance WB

Wind gust WG long-term annual occurrence of wind speed above 10 m s−1 (% of time) WS10

Table 2. Frequency of the threat.

Occurrence of the Threat F

Up to half a year 10
40 to 90 years 5

1000 or more months 1

Table 3. Consequence on people coefficient.

Death Cases Endangered People CP1; CP1

1–4 1–20 1
51–100 500–1000 5

more than 1000 more than 1,000,000 10

Table 4. Consequence on the environment coefficient according to the level of environmental damage.

Affected Area CEn

Water stream (up to 2 km)
1–2Water reservoirs beyond waterworks (up to 1 ha)

Non-specific natural ecosystem (up to 1 ha)

Protected hydrologic areas

3–5
Water stream (up to 5 km)
Water reservoirs beyond waterworks (above 1 ha)
Non-specific natural ecosystem (up to 3 ha)

Nature reserves, NATURA 2000 areas (up to 0.5 ha)

6–8
Non-specific natural ecosystem (up to 100 ha)
Protected hydrologic areas and waterworks
Water stream (up to 10 km)

Nature reserves, NATURA 2000 areas (above 0.5 ha)

9–10
Non-specific natural ecosystem (above 100 ha)
Protected hydrologic areas and waterworks
Water stream (above 10 km)

Table 5. Consequence on the economy coefficient.

Direct Economic Losses Including the Cost of Emergency and First Response CEc

up to 4,000,000 EUR 1
4,000,000,000 to 20,000,000,000 EUR 5

more than 40,000,000,000 EUR 10
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Table 6. Social consequences coefficient.

People Affected by
Restrictions

Duration of the
Restrictions

Level of Restrictions CS1; CS2; CS3

up to 1000 several h (12) without significant restriction 1
50,000 to 125,000 several weeks public services and basic commodities failure, blackout 5

more than 5,000,000 more than 25 years complete destabilization of the state 10

Table 7. Estimation of level of risk for each threat; data source [14].

Threat F CP1 CP2 CEn CEc CS1 CS2 CS3 C R

D 7 2 6 10 5 9 6 4 5.9 41
HT 7 5 7 6 5 7 4 3 5.5 39
WG 8 2 4 8 4 5 4 4 4.5 36

Figure 3. Categories of high temperature (HT) risk based on long-term annual number of tropical
days (TDs).

Table 8. Overview of threat categories, their weights, and range of relevant indicators.

Categories of
D, HT, WG

Weight of HT
Categories

Range of TD
(Number of Days)

Weight of D
Categories

Range of
WB (mm)

Weight of WG
Categories

Range of WS10
(% of Time)

1 1.083 0.00 1.139 ≤−150 1.000 ≤3
2 2.167 <5 2.278 (150, 0〉 2.000 (3, 6〉
3 3.250 〈5, 150〉 3.417 (0, 150〉 3.000 (6, 9〉
4 4.333 (150, 300〉 4.556 (150, 300〉 4.000 (9, 12〉
5 5.417 >300 5.694 >300 5.000 >12
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Figure 4. Categories of drought (D) risk based on long-term annual water balance (WB).

Figure 5. Categories of wind gust (WG) risk based on long-term annual occurrence of wind speeds
above 10 m s−1 (WS10).
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Figure 6. Percentage/area of categories of the case study area. HT = high temperature; D = drought risk;
WG =wind gust.

Table 9. Matrix of degrees of combined risk for D, HT, and WG based on their weight categories.

Weight of WG

1.000 2.000 3.000 4.000 5.000

W
e

ig
h

t
o

f
H

T 1.083 3.222 4.222 5.222 6.222 7.222 1.139

Weight of D
2.167 5.445 6.445 7.445 8.445 9.445 2.278
3.250 7.667 8.667 9.667 10.667 11.667 3.417
4.333 9.889 10.889 11.889 12.889 13.889 4.556
5.417 12.111 13.111 14.111 15.111 16.111 5.694
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Figure 7. Spatial expression of combined risk.

2.1.1. Steps 1 and 2: Identification of Relevant Threats and Election of Suitable Indicator for
Each Threat

Based on the reviews of the introduction and [14], the most significant abiotic threats of natural
origin with a close relationship to woodland stability were identified as drought, high temperature,
and wind gusts. Subsequently an appropriate indicator for each threat was selected (see Table 1).

2.1.2. Step 3: Estimation of Level of Risk for Each Threat

Estimation of the level of risk for each threat was conducted using the basic idea that the level
of risk is related to the frequency of occurrence and the level of consequence (Equations (1) and (2)).
The values of both F and C range from 0 to 10. The method of estimation of frequency and consequence
is described in detail by [14].

R = F × C (1)

where R is the level of risk, F is the frequency (see Table 2), and C is the consequence.

C = 0.4 × CP + 0.2 × CEn + 0.2 × CEc + 0.2 × CS (2)

where 0.4 and 0.2 are weight coefficients; CP is the consequence on people coefficient (see Equation (3)
and Table 3); CEn is the consequence on the environment coefficient (see Table 4); CEc is the consequence
on the economy coefficient (see Table 5); and CS is the social consequences coefficient (see Equation (4)
and Table 6).

CP = (CP1 + CP2)/2 (3)

where CP1 is the coefficient of mortality and CP2 is the coefficient of endangered people.

CS = (CS1 + CS2 + CS3)/3 (4)
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where CS1 is the coefficient of people affected by restrictions, CS2 is the duration of the restrictions
coefficient, and CS3 is the level of restrictions coefficient.

2.1.3. Data Source

To spatially determine the degree of abiotic risk, it was necessary to prepare raster data layers
with categorized values of individual selected indicators (tropical day, TD; water balance, WB;
WS10—see Table 1). For the preparation of raster data layers, a data set of 268 technical climatological
stations was used. A technical series of meteorological elements was created in daily intervals on
the basis of measured data of the Czech Hydrometeorological Institute (CHMI) climatological station
network. The process of creating a technical series of meteorological elements comprised a combination
of several data quality control procedures, completion of missing values, and homogenization of time
series [42–44].

2.1.4. Period of Estimation

All indicators in Table 1 were expressed as average values for the 20 year period of 2000–2019.

2.1.5. Description of Indicators

TD: A tropical day is defined as a day in which the maximum air temperature measured at a
height of 2 m above the ground reaches or exceeds 30 ◦C. The annual number of TDs thus reflects
extreme heat weather conditions of the locality.

WB: As a characteristic that indicates an increased probability of drought, the water balance
is used to analyze the moisture conditions in the landscape in a straightforward manner during a
certain period. The water balance is calculated as the difference between precipitation and potential
evapotranspiration of grassland. Evapotranspiration in its potential form is practically identical to
the maximum possible value of evaporation under optimal humidity conditions. When calculating
potential evapotranspiration, the moisture conditions of the subsoil formed by the soil horizon are
not taken into account. In essence, potential evapotranspiration expresses the influence of climatic
conditions on the water balance (and also on evaporation) while suppressing all other factors that affect
evaporation (soil moisture, etc.). This provides the scope for the concept of a climate water balance.
In this study, the agrometeorological model AVISO [45–47] based on the complete Penman–Monteith
combined equation (modified to the conditions of the Czech Republic) with correction for temperature
of the evaporating surface and calculation of the expression of air humidity using water vapor pressure,
was used to calculate grassland evapotranspiration.

WS10: To calculate the risk of wind threat, measurements of wind gusts in 15 and 10 min intervals
from a set of 210 meteorological stations during the period 2000–2019 were processed. From these
values, the percentage of total measurements with wind gusts above 10 m s−1 was calculated for the
whole year. The long-term average value of each of the 3 indicators for the period 2000–2019 was
then calculated individually for each station used. The preparation of climatic data and subsequent
statistical analysis, including interpolation, was performed using statistical tools included in the
ProClim software.

2.1.6. Software Used and Interpolation Method

The point values of long-term annual water balance, long-term annual number of tropical days,
and long-term annual occurrence of wind speed above 10 m s−1 for the period 2000–2019 were
interpolated and used to produce raster layers. The interpolation method used for raster creation was
regression kriging with residuals remaining using a set of predictors (altitude, station position, slope,
and terrain orientation). The resulting raster layers were processed in the ArcGIS 10.5 environment,
in which raster selection was performed only on areas with forest stands. Grids were reclassified into
5 categories and were assigned a risk level value according to Table 7. The division into categories was
performed according to a constructed histogram of the grid values using Sturges’ rule and maintaining
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a partially regular range of value intervals. The result of the categorization is evident from the graphs
of the percentage of raster cells in the individual classes.

The resulting raster layer of combined risk was created as the sum of reclassified raster layers
of 3 indicators. Its categorization was performed in the same way as for the input indicators,
when 5 categories with a range of intervals of 2 were determined. The individual layers of indicators,
in addition to the combined risk layers, were processed into the final map form.

2.1.7. Area of Interest

The area of interest is located in central Europe (12–19 ◦ E, 48–51 ◦ N) and represents part
of the Czech Republic, namely the area with forest land cover (see Figure 1). CHMI reports
long-term (1990–2019) average annual precipitation of 614.4 mm, average annual temperature of 9 ◦C,
annual average wind velocity in spring (March–May) of 2.5 m s−1, and annual average wind velocity
in autumn (September–November) of 2.2 m s−1. The lowest wind velocity occurs during summer,
whereas spring and autumn are windier [48].

The potential natural forest cover of the Czech Republic is 98%, whereas the present-day forested
area is 34%. Roughly half of the forests in the Czech Republic are managed by Lesy CR (a state
enterprise). Other major owners are private owners (25%), and towns and municipalities (17%) [49].
Of the total Czech territory (comprising 78,866 km2), the forested area increased from 28.9% in 1845
to 33.7% in 2010 (29.0% in 1896, 30.2% in 1948, and 33.3% in 1990). The area of the main coniferous
trees, i.e., spruce and pine, is declining, whereas the percentage of fir shows a slight, steady rise.
The proportion of deciduous trees, particularly beech and oak, is also increasing. Figure 2 presents the
species composition of forests in the Czech Republic.

3. Results

3.1. Estimation of Level of Risk for Each Threat Based on Results of the Threat Analysis for the Czech
Republic (2015)

3.1.1. Step 4: Calculation of Long-Term Annual Value of All Indicators

The greatest risk of high temperatures due to the long-term number of tropical days is in areas
with lower altitude, particularly South Moravia and central Bohemia (Figure 3). The risk based on the
long-term annual water balance largely corresponds to the risk of high temperatures. The riskiest part
of the Czech Republic is mainly South Moravia (Figure 4). The risk of wind gusts based on annual
wind speeds above 10 m s−1 is highest in mountainous areas, i.e., the areas with the highest altitude.
These mountain areas are adjacent to the borders of the Czech Republic (Figure 5).

3.1.2. Step 5: Division of Each Indicator into Five Risk Categories

According to level of risk of each threat (see Table 7), weights were assigned to indicate significance;
the threat with the lowest risk level (DG: risk level of 36) was assigned a value of 1.

Table 8 provides an overall summary of all threat categories, their weights, and the range of
relevant indicators.

In terms of drought risk, the majority of the case study area falls into category 3. In the case
of high temperatures, most areas of the case study fall into category 3. In terms of wind gust risk,
category 2 covers the majority of the area (Figure 6).

3.1.3. Steps 6–8: Overlapping of Three Risk Maps, Final Determination of Combined Abiotic Risk
(According to Table 7), and Spatial Expression of Combined Risk

The combined risk of the abiotic stressors is shown in the map in Figure 7 and Table 10. The majority
of the case study area in terms of combined risk falls into categories 2 (slight risk) and 3 (moderate risk)
(approximately 82%) (Figure 8). It might be concluded that about 10% of the area (categories 4 and 5,
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i.e., high to very high risk) require special attention in terms of landscape adjustments, more detailed
in situ measurement, or adaptive forest management to prevent ecological and economical losses
and damage.

Table 10. Characterization of categories of combined risk in terms of their degree of combined risk
(based on Table 9).

Categories of Combined Risk Degree of Combined Risk

1–low risk 4–7
2–slight risk 7.1–9

3–moderate risk 9.1–11
4–high risk 11.1–13

5–very high risk 13.1–16

Figure 8. Categories of combined risk.

4. Discussion

Ref. [50] provided evidence of a direct link between a climate-induced increase in forest diseases
and pests, and increased tree mortality. According to [17,51,52], higher temperatures also shorten
the development cycles of disease and pest organisms. Many studies have found that increasing
temperatures can be attributed to climate change. In their review, [53] identified six key principles for
enhancing the adaptive capacity of European temperate forests in a changing climate. Climate change
causes various extreme weather events, floods, and droughts, thus leading to a reduction in water
quality and availability, frequent heat waves, etc. High temperature combined with severe drought and
strong wind creates suitable conditions for the starting and fast spread of wildfires. Burning biomass
then releases increased greenhouse gases, e.g., CO2. Ref. [54] quantified the greenhouse gas emissions
from forest fires in the European Slovak Paradise National Park, in which fire destroyed an area of
80 ha in the year 2000.

Severe and repeated droughts are currently considered one of the main factors contributing to
forest dieback in Central Europe. Under Central European climatic conditions, tree species do not have
sufficiently efficient defense mechanisms or strategies to survive severe drought periods without a
negative impact on their physiological processes and growth. This is evidenced by the drought events
in 2000, 2003, 2012, and 2018 [22,28], which had a major impact on the forest ecosystems of Central
Europe. In humid temperate conditions, intense periods of drought should not be considered isolated
extreme events, but events that can occur with increasing frequency in the near future [55].

Natural reserves in Central Europe, such as the Low Tatras National Park in Slovakia and the
Sumava National Park in Czechia, were damaged by wind and bark beetle outbreaks, which had
a major influence on the health of the forest vegetation at the end of the 20th and beginning of the
21st century.
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In November 2004, forest with an area of 12,000 ha in the Tatra National Park, Slovakia,
was seriously damaged by northern wind gusts exceeding 200 km h−1. In July 2005, a wildfire
broke out in a wind-damaged area of 220 ha [56]. The results of [57] showed that, in addition to
economic losses, the fire caused significant environmental changes to the structure and properties
of humic acid. However, [58] claimed that forest regeneration on sites cleared of windthrow is
less intensive than in those forest ecosystems which were subjected to direct human impact, i.e.,
clear cuttings.

Sufficient evidence exists that individual threats, such as drought, hot weather, and extreme
winds, represent a serious danger, not only for forest ecosystems, but for all natural and anthropogenic
ecosystems. When these influences occur at the same time or when a given area is affected by more
of them in a short time, their negative effect is considerably stronger. Although a complex analysis
of forest damage was not the goal of this paper, various data on real detrimental impacts on forests
provide a large amount of evidence that the health of forests largely reflects the zoning derived in the
current study. Monitoring of agents that cause damage to forests (e.g., recorded damage to stands by
wind; recorded damage to stands by drought; volume of spruce wood infested by bark beetles) in the
Czech Republic has been undertaken by several institutions using various methods (Forestry and Game
Management Research Institute [59], the Ministry of Agriculture of the Czech Republic [60], the Forest
Management Institute [61]). Based on this monitoring, we can conclude that the spatial expression
of combined risk in Figure 7 generally corresponds to the actual occurrence of agents causing forest
damage. This is particularly true of sector D4, which was strongly affected by severe drought and an
infestation of bark beetles in 1 ha of spruce stands; the area was classified as an area with significant
deterioration in health status between 2016 and 2019. From this perspective, we can conclude that
Figure 7 represents the potential combined risk of forest damage due to climate effects. The real impact
of these risks on the forests will only be revealed in combination with actual data on stand structure,
pests, and various diseases. This idea thus indicates a direction for future research i.e., validation of the
findings of the current study via comparison of the “potential climate-driven combined risk” with the
“real effect” of the risks on the forests.

A complex analysis of forest damage is a challenging research issue that has been addressed by a
number of authors [62–64]. These previous surveys of forest damage can be significantly enhanced by
a comprehensive analysis of multiple abiotic hazards which, combined with analysis of other relevant
stressors, might help to identify crucial causes of forest damage.

Spatial expression of the different levels of combined risk might help optimize management and
thus increase forest resilience. Theoretically, when the riskiest areas are combined with appropriate
forest management, it is possible to avoid detrimental impacts on the forest landscape.

5. Conclusions

Using [14] we identified and employed key climatic elements that pose a threat to forests,
namely drought, high temperature, and strong wind. When these elements are combined it is possible
to evaluate the resulting level of combined risk. The developed methodological road map enables an
application of the method for various conditions. We applied the method to a case study, in which
we also suggested possible indicators for each element. The elements under investigation not only
represent the current risks—their effect is expected to strengthen in the future due to climate change.

Although complex analysis of forest damage was not the goal of our paper, various data on real
detrimental impacts on forests provide a large amount of evidence that the health of forests largely
reflects the zoning derived in the current study. Biological evidence of detrimental impact is also
affected by other stressors, both abiotic (such as thick and dense snow cover, winter windstorms,
and heavy frosts) and biotic (e.g., the wide distribution of pests, gnawing of trees by animals), which are
beyond the scope of our paper.

The potential climate-driven combined risk of forest damage might help to address the question
of how information about multiple hazards in forest ecosystems can be incorporated into management
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decisions. Figure 7 represents one of the crucial conceptual tools to achieve a stable and resilient
landscape structure. To be effective, forest management research and practice requires explicit
articulation of their objectives, which should be interpreted and translated into real actions. Our results
provide a useful tool for all stakeholders, particularly communities, municipalities, and government
who are responsible for effective landscape planning and management. To do so, these stakeholders
demand high quality data and analyses that can support their decision making. Based on our method it
is possible to set threshold values that, when exceeded, trigger landscape adjustments or more detailed
in situ measurements, or indicate a need of specific management.

In addition to the conceptual dimension, it is also necessary to address the issue of the real
effect of abiotic threats on forest ecosystems. Follow-up research should thus focus on validation
of the combined risk map using: (i) identification of the most vulnerable segments from A1 to F4,
(ii) selection of appropriate data on the real occurrence of forest damage [59–61], and (iii) validation of
the potential climate-driven combined risk.

Author Contributions: Conceptualization, H.S.; methodology, H.S.; software, F.C.; validation, T.S.; formal analysis,
P.F.; resources, P.F.; writing—original draft preparation, P.F. and H.S.; writing—review and editing, T.S.; All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Agriculture of the Czech Republic (National Agency of
Agricultural Research Ministry of Agriculture of the Czech Republic) project No. QK1710197 Optimization of
methods for the assessment of vulnerability to wind erosion and proposals of protective measures in intensively
exploited agricultural countryside.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Mezei, P.; Jakuš, R.; Pennerstorfer, J.; Havašová, M.; Škvarenina, J.; Ferenčík, J.; Slivinský, J.; Bičárová, S.;
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