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• Tree dieback changed the hydrology
and microclimate in an unmanaged
mountain forest.

• Water input to soils, soil moisture, run-
off, air and soil temperature increased.

• Relative air humidity decreased but
started to increase together with tree
regeneration.

• Climate change increasedmean air tem-
perature by 1.6 °C, tree dieback by 1.2 °C
more.

• Hydrological changes were small
(within 4–20%) compared to the undis-
turbed forest.
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After tree dieback:
Air and soil temperature 0.7–1.2 °C increased
Relative air humidity 4% decreased
Soil moisture 5% increased
Runoff 6% increased
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Hydrological andmicroclimatic changes after insect-induced tree dieback were evaluated in an unmanaged cen-
tral European mountain (Plešné, PL) forest and compared to climate-related changes in a similar, but almost in-
tact (Čertovo, CT) control forest during two decades. From 2004 to 2008, 93% of Norway spruce trees were killed
by a bark beetle outbreak, and the entire PL area was left to subsequent natural development. We observed that
(1) climate-related increases in dailymean air temperature (2m above ground)were 1.6 and 0.5 °C on an annual
and growing season basis, respectively, and an increase in dailymean soil temperature (5 cmbelow ground)was
0.9 °C during growing seasons at the CT control from 2004 to 2017; (2) daily mean soil and air temperatures in-
creased by 0.7–1.2 °C on averagemore at the disturbed PL plots than in the healthy forest; (3)water input to soils
increased by 20% but decreased by 17% at elevations of 1122 and 1334 m, respectively, due to decreased occult
deposition to, and evaporation from, canopies after tree dieback; (4) soil moisture was 5% higher on average
(but up to 17% higher in dry summer months) in the upper PL soil horizons for 5–6 years following the tree die-
back; (5) run-off from the PL forest ~6% (~70mmyr−1) increased relatively to the CT forest (butwithout extreme
peakflows and erosion events) after tree dieback due to the ceased transpiration of dead trees and elevatedwater
input to soils; and (6) relative air humidity was 4% lower on average at disturbed plots than beneath living trees.
The rapid tree regeneration during the decade following tree dieback resulted in a complete recovery in soilmois-
ture, a slow recovery of discharge and air humidity, but a still insignificant recovery in air and soil temperatures.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

The number of studies on relationships between forest health and
climate has increased during the past two decades due to the accelerat-
ing increase of temperature related insect infestation-induced treemor-
tality in vast areas of European and North American forests
(e.g., Anderegg et al., 2012; Mikkelson et al., 2013; Seidl et al., 2017).
These studies mostly focussed on climate effects on forest development
and the impacts of changes in forest cover on hydrology (e.g., Brown
et al., 2005; Wei and Zhang, 2010; Bearup et al., 2014). Information on
the effects of natural tree dieback and stand-replacing disturbances on
changes in microclimate characteristics (air and soil temperature and
moisture) are, however, sparser. The available studies mostly evaluate
spatial variability in selected climatic characteristics, comparing their
patterns in healthy, naturally disturbed, managed, or clear-cut stands
(e.g., Chen et al., 1999; Hais and Kučera, 2008, 2009; Ehbrecht et al.,
2019). In general, hydrological andmicroclimatic variables (particularly
solar radiation, air temperature at the ground surface, soil temperature
and moisture, throughfall, transpiration, groundwater levels, and dis-
charge) are sensitive to changes in canopy and vegetation characteris-
tics, and exhibit relatively high spatial and temporal variability within
a forest (e.g., Chen and Franklin, 1997; Beudert et al., 2007; Bearup
et al., 2014; Slinski et al., 2016). Removing tree canopies may result in
increasing surface and air temperatures and in decreasing air humidity
(Chen et al., 1999; Hesslerová et al., 2018). For example, Hais and
Kučera (2008) used thermal remote sensing to determine differences
in the surface temperature of spruce forest areas, and observed 5.2
and 3.5 °C increases in clear-cut areas and naturally disturbed stands,
respectively, compared to undisturbed stands. Changes in the forest
structure and species composition affect water input to soils and run-
off (Wei and Zhang, 2010; Caldwell et al., 2016). Most published studies
have shown that water discharge from catchments increases when re-
ductions in forest cover by harvesting or natural disturbances exceeded
20–30% (Brown et al., 2005; Beudert et al., 2018;Wei and Zhang, 2010).
The elevated water run-off is a net result of decreasing tree transpira-
tion and interception, while increasing soil evaporation and understory
transpiration are due to the loss of canopy cover after tree dieback and
elevated energy input to (and storage in) the soils (Beudert et al.,
2007; Wehner and Stednick, 2017).

One major weakness of many studies on effects of forest distur-
bances on microclimate patterns is that they do not include pre-
disturbance conditions. Long-term empirical data on microclimatic
characteristics are especially absent for natural disturbances due to
their more stochastic and poorly predictable occurrence than in the
case of clear-cuts. Moreover, until recently, disturbed forests have al-
ways been salvage-logged in the temperate zone and there was no op-
portunity to study post-disturbance patterns in non-intervention sites.
In the case of surface temperature, this disadvantage can be partly com-
pensated for by evaluating pre-disturbance satellite images in studies
based on remote sensing (Hais and Kučera, 2008). This method, how-
ever, usually evaluates typical situations during sunny days, thus pro-
viding significant differences in surface temperature (and not real
differences in air and soil temperature) between individual plots, and
may lead to overestimating possible effects. The real effects of natural
disturbances on microclimate and hydrological characteristics are very
important in models assessing nutrient losses from unmanaged vs.
managed forest ecosystems, aswell as for knowledge on how forests in-
herently function (e.g., Aber and Driscoll, 1997; Edburg et al., 2012).
Moreover, they can provide a framework within which the impacts of
global changes (climate, atmospheric pollution, land-use) on forest eco-
systems can be predicted (Houlton et al., 2003).

In this study, we evaluate available data on the microclimatic and
hydrological characteristics in two unmanaged mountain forest catch-
ments in the Bohemia Forest (central Europe) obtained over the last
two decades. These data were collected as a background for environ-
mental studies focused on the effects of ecosystem recovery from
acidification on element and nutrient cycling in soils and waters
(Kopáček et al., 2016, 2017), ecosystem modelling (Oulehle et al.,
2012, 2019), and reconstructions of historical trends in air temperature
(Turek et al., 2014). During ourmonitoring, a bark beetle outbreak killed
most of themature spruces trees in one of the catchments.We used this
unique chance to evaluate the effects of bark-beetle canopy removal on
microclimate and water cycle. The aim of this study is to assess changes
in air and soil temperature and moisture, water input to soils, and run-
off prior to, during, and after tree dieback in the infested catchment,
using the intact catchment as a control. Due to the unmanaged regime
in these catchments, the following data can be considered as a natural
background to all possible management practices and human interven-
tion (including biomass removal or salvage logging) in similar moun-
tain forest areas.
2. Materials and methods

2.1. Description of the study site

Plešné Lake (PL; 13.9 °E and 48.8 °N) and Čertovo Lake (CT; 13.2 °E
and 49.2 °N) are situated at elevations of 1087 and of 1027 m, respec-
tively, on the north-eastern slope of the mountain ridge of the Bohe-
mian Forest (Šumava) at the border between the Czech Republic,
Austria and Germany (Supplementary information, SI; Fig. SI-1). The
areas of PL and CT lakes are 7.6 and 10.7 ha, respectively. The PL and
CT drainage areas (catchments including lakes) are 67 and 89 ha in
size and are steep,withmaximum local reliefs of 288 and 315m, respec-
tively. The PL and CT catchments are covered with ~0.2 m deep leptosol
(38 and 17%, respectively), the rest is dominated by ~0.5m deep podsol
or dystric cambisol (Kopáček et al., 2015, 2017).

In 2000, mountain forest vegetation covered 80–90% of the PL and CT
catchments and was dominated by mature Norway spruce (Picea abies),
with a minor contribution of birch (Betula pubescens and B. pendula),
rowan (Sorbus aucuparia), and European beech (Fagus sylvatica). Under-
story vegetation was dominated by blueberry (Vaccinium myrtillus), fern
(Athyrium distentifolium), grass (Calamagrostis villosa and Avenella
flexuosa), and wood-rush (Luzula sylvatica) in both catchments
(Svoboda et al., 2006; Matějka, 2015).

The unmanagedmature spruce forestwas healthy in the PL catchment
in 2000, with only a ~7% proportion of dead trees. Most of the PL forest
was attacked by a bark beetle (Ips typographus) between 2004 and
2008, N80% of original mature spruce trees died in 93% of the PL forest,
and only a small area with younger spruce trees survived (Fig. SI-1).
Dead trees have been continuously broken bywinds during the following
years (Kopáček et al., 2015, 2017). All dead biomass has been left on site,
because the area is part of the Šumava National Park (declared in 1991).
Natural forest regeneration started within 1–3 years after the dieback of
adult trees (especially under the parent canopies), when the availability
of sunlight on the forest floor increased due to the thinning of dead can-
opies. This process was rapid (especially at elevations b~1200 m), and
the number of spruce seedlings (diameter of crown b0.8 m) increased
by an order ofmagnitude between 2005 and 2015,with average densities
of 47 and 670 trees ha−1, respectively (Kopáček et al., 2017); for an exam-
ple of these changes see Fig. SI-2. The biomass of understory vegetation,
especially blueberry, increased after the tree dieback (Matějka, 2015).

The CT forest was almost intact in 2000 and was affected by wind-
throws in 2007 and 2008, which broke most of the trees along the
south–western ridge of the catchment (Fig. SI-1). Other relatively
small patches with broken trees and the following bark beetle outbreak
occurred in the northern part and throughout the whole CT catchment
in 2007–2011. Altogether, the total area of damaged forest (with N50%
dead trees) in the CT catchment increased from ~4% to 18% from 2000
to 2011 (Kopáček et al., 2016). Another windthrow uprooted most
trees in a relatively small area of western ridge of the CT catchment in
October 2017.
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2.2. Research plots

Three permanent research plots were established in both catch-
ments for measurements of precipitation (or throughfall), air and soil
temperature, and soil moisture. Bulk precipitation (BP) was sampled
in open areas without trees at elevations of 1087 (PL-BP) and 1180 m
(CT-BP) in the PL and CT catchment, respectively. Throughfall plots
were located in flat areas beneath mature Norway spruce trees
(~150 years old) at low (L; b1122 m; PL-L and CT-L) and high (H;
~1330 m; PL-H and CT-H) elevations (Table SI-1). The plots PL-H and
PL-L have been infested by insects since summers of 2004 and 2006,
and all trees above the collectors died between 2004 and 2008 and
2006–2007, respectively. Afterwards, dead trunks were continuously
broken bywind and only stumps of different heights remained standing
in 2015. The CT-H and CT-L plots were less affected than the PL plots,
and only 24% and ~6% of their vigorous trees, respectively, were broken
between 2000 and 2011 (Kopáček et al., 2016). Another windthrow
uprooted all trees at the CT-H plot in October 2017.

The areal densities of mature healthy trees, younger growing trees,
and seedlings at all throughfall plots from 2000 to 2015were calculated
using colour aerial photographs (Table SI-1; Kopáček et al., 2016, 2017).
In 2018, these numbers were based on direct counting in the field. The
biomass of understory vegetation at these plots was annually estimated
from 2007 to 2018 (Table SI-2).

Another two research plots were established in the PL catchment for
detailed measurements of temperature and air humidity beneath living
trees (LT) and in the close vicinity (~80 m) beneath dead and broken
trees (DT). Both the LT and DT plots had similar elevation, slope, and as-
pect (Fig. SI-1). The LT forest survived the bark beetle attack due to its
younger age compared to the rest of the PL catchment.
2.3. Precipitation and throughfall

Each of the bulk precipitation and throughfall plots was equipped
with two and nine bulk collectors, respectively. Rain was regularly sam-
pled at two-week intervals (May to October) using collectors protected
against sample evaporation and situated 1.5–2 m above the ground.
Snow was sampled at two to four-week intervals (November to April)
using collectors situated 2–2.5 m above the ground. After heavy snow-
fall or rain, the sampling intervalwas shortened to avoid the loss of sam-
ples. The sampling lasted from November 1997 to December 2018 at all
plots, except for the PL-H plot that was operated from November 2000.
All collectors were destroyed by falling trees at the CT-H plot during a
windthrow in October 2017. These collectors were replaced with 2
new ones situated in the close vicinity in an open area. After tree die-
back at both PL-L and PL-H throughfall plots, sampling of precipitation
continued identically to the pre-disturbance period.

Bulk precipitation and throughfall amounts were recalculated from
the irregular sampling intervals to daily data (and then summed to
monthly data) using daily records from the following sources: Summer
daily data were from continual precipitation measurements at auto-
matic weather stations situated at lake outlets (see next section); win-
ter daily data were from the nearest meteorological stations, i.e.
Churáňov (13.6 °E, 49.1 °N, elevation of 1118 m) and Špičácké sedlo
(13.2 °E, 49.2 °N, elevation of 978 m), operated by the Czech Hydrome-
teorological Institute.

The annual (mm yr−1) and monthly (mm month−1) precipitation
inputs (H) to the ground (forest floor and lake surface) of PL and CT
catchments (HPL and HCT, respectively) were derived from bulk precip-
itation in the treeless area (HBP) and throughfall (HTF) at the low and
high elevation plots (HTF-L and HTF-H\\, respectively). For more details
see Kopáček et al. (2016, 2017). Themonthly HBP, HTF-L and HTF-H values
were used to calculate HTF-L:HBP, HTF-H:HBP, and HTF-H:HTF-L ratios to
evaluate changes in water inputs to soil after tree dieback at the PL-L
and PL-H plots.
2.4. Discharge

Discharge from the PL and CT lakes (QPL and QCT) was continuously
monitored using a gauge-recorder (part of an MS4016-G automatic
weather station; Fiedler AMS, České Budějovice; readings at 15-min in-
tervals) at a weir situated close to the lake outlet (Fig. SI-1) during the
2000–2018 hydrological years (from 1 November to 31 October).
Daily average discharges (m3 day−1) were summed to providemonthly
(m3 month−1) and annual (m3 yr−1) discharges. After converting the
annual discharges to mm yr−1, the ratios of QPL:HPL and QCT:HCT were
used to compare water outputs from catchments relative to the water
inputs from2002 to 2018, i.e., prior to and after the bark beetle outbreak
in the PL catchment. Monthly ratios of QCT:QPL (both expressed in mm
yr−1) were used to determine relative changes between water outputs
from the control CT and disturbed PL catchments. The years 2000 and
2001 were not included because the QPL values were affected by artifi-
cial manipulations with water level in PL Lake during this period.

2.5. Air temperature and humidity and soil temperature and moisture

Air and soil temperatures were measured at the PL-L, PL-H, LT, DT,
CT-L and CT-H plots in different time intervals (Table SI-1), using
TBI32–20 + 50 registration thermometers with an accuracy of ±0.4
°C, and UTBI-001 sensors with an accuracy of ±0.2 °C (Onset Com-
puters, USA). U23-001 sensors (Onset Computers, USA) with an accu-
racy of ±0.2 °C and ±2.5% were used for measurements of air
temperature and relative air humidity at 2 m above ground from Octo-
ber 2008 to December 2018. Prior to use, the thermometers were kept
several days at 4 °C and then at a laboratory temperature of ~20 °C,
and only thermometers that met the accuracy range of ±0.2 °C at
both temperatures were used. This means that the maximum system-
atic difference between individual thermometers was ≤0.4 °C. More-
over, the thermometers were distributed randomly and changed in
1–3-year intervals. Hence, we can exclude that any trend herein re-
ported was permanently affected by between-sensor differences. The
thermometers were situated in solar radiation shields (diameter of
10 cm, height of 15 cm) fixed on the northern sides of wooden poles
(or dead trees) 2 m above ground in the middle of the experimental
plots (Fig. SI-3). Other thermometers were installed in soil at a depth
of 5 cm, i.e., mostly in or just below the surface organic (litter) horizon
in areas without understory vegetation and seedlings and in the close
vicinity of the air thermometers at each plot. In this study, we used
hourlyminimumandmaximumvalues and daily averages (arithmetical
means of all 24 daily records) of soil and air temperatures.

At the LT and DT plots, eight other thermometers were situated to
determine the variability in above ground air temperature (at 30 cm
height) caused by topographical shading, which generally has impor-
tant effects on the energy balance in complex terrains (Bellasio et al.,
2005). One of the thermometers was on the same trunk as that at 2 m
height in a flat area without understory vegetation, the other seven
thermometers were situated on tripods in the close vicinity to cover
the variability between microhabitats differing in terrain and under-
story characteristics (in a group of dense young spruces, in a small nat-
ural depression between rocks, below broken trunks, and in blueberry,
fern, rowan and raspberry bushes; Fig. SI-3). The temperatureswere re-
corded in 15-min intervals, and hereinwe use time series of dailymeans
(arithmetic means of all 96 records per day) and daily minima and
maxima.

To determine differences in soil and air temperature at the PL-L, PL-
H, CT-L, and CT-H plots prior to and after tree dieback in the PL catch-
ment, we evaluated time series of daily mean, minimum andmaximum
temperatures, and computed daily temperature amplitudes (the differ-
ence betweenmaximumandminimum) for the periods 2004–2005 and
2009–2017; the year 2018 was omitted due to forest disturbance at the
CT-H plot. These datawere evaluated both for thewhole year and grow-
ing season, defined uniformly for the purpose of this study from 1 April
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Fig. 1. Annual amounts of bulk precipitation in treeless area (HBP) and throughfall at low
(HTF-L) and high (HTF-H)\\elevation plots in the Plešné (A) and Čertovo (B) catchments
during the 1998–2018 hydrological years. For plot locations see Fig. SI-1. The grey area
indicates the period of tree dieback in the Plešné catchment.
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to 31 October at all plots. Between-catchment differences in air temper-
atures were calculated for plots of similar elevations, i.e. PL-L minus CT-
L and PL-Hminus CT-H values. Data on air humidity were only available
and evaluated for the 2009–2017 period.

The difference between soil and air temperatures and relative air hu-
midity at plotswith dead and living trees in the PL catchmentwere eval-
uated as differences between these characteristics for the DT and LT
plots (DT minus LT). In addition, we evaluated variability in above-
ground temperatures at 8 microhabitats within each of the DT and LT
plots.

The long-term trend in air temperature reconstructed for the undis-
turbed CT-L plot came from Turek et al. (2014) and was updated till
2018 using the same approach (details are in Part SI-2). Data on cloud-
iness in the Bohemian Forest were provided by the Czech Hydrometeo-
rological Institute, and averaged 68% during the last two decades.

Gravimetric soil moisture contents were determined as loss on dry-
ing at 105 °C at 6-week intervals at the PL-L and CT-L plots fromOctober
2007 to December 2018. Soils were sampled from the surface organic
(litter) horizon (O) and the uppermost organic rich horizon
(A) during each sampling as described by Kaňa et al. (2013). In short:
Samples were taken separately for each horizon from six pits (15
× 15 cm, 10–20 cm deep) and weighed. During each sampling, we pre-
pared mixed samples for each soil horizon by combining samples from
two randomly selected pits. Thus, the analyses were performed in three
mixed samples of the O and A horizons. Average soil moisturewas com-
puted for each sampling period as mass weighted means for O- and A-
horizons from all replicates and is relevant to the upper ~15 cm
(Kopáček et al., 2018).

2.6. Statistical methods

We used the non-parametric Mann-Whitney-U test in XLSTAT 2019
with a significance level of 0.05 to test for differences in precipitation
and throughfall amounts, soil and air temperatures, soil moisture, and
air humidity between (1) the PL and CT catchments, (2) low and high
elevation plots, (3) periods prior to (2004–2005) and after
(2009–2017) tree dieback in the PL catchment, and (4) the DT and LT
plots in the PL catchment. The null hypothesis was that the sample
mean ranks were equal. A non-parametric procedure was selected be-
cause of non-normal distribution of some data (Shapiro-Wilk test).
The trend analyses, including decomposing time series into three com-
ponents (seasonality, trends, and random fluctuation)were done in the
R environment for statistical computing (R Core Team, 2019), using the
function “decompose()”. The non-parametric Mann-Kendall test
(Pohlert, 2018) was used to detect monotonic trends. The magnitudes
of trends were computed by Sen's slope test. The function “na.seadec”
from the package “imputeTS” (Moritz and Bartz-Beielstein, 2017) was
used to replace missing values (November 2007 through April 2008)
in time series of soil temperatures.

3. Results

3.1. Precipitation and throughfall

The annual average precipitation and throughfall amounts var-
ied from 780 to 1981 and 815–2104 mm yr−1, respectively, in both
study catchments during the 1998–2018 hydrological years
(Fig. 1). Throughfall amounts were significantly higher (p b

0.001) at the high than low elevation plots, with an 1998–2017 av-
erage HTF-H:HTF-L ratio of 1.34 and throughfall gradient of
1.35 mm m−1 in the CT catchment. This throughfall gradient was
similar to the average precipitation gradient of 1.3 mm m−1 in
the south-western part of the Czech Republic at elevations from
900 to 1300 m (Kopáček et al., 2012). In the PL catchment, the
HTF-H:HTF-L ratio was similar (1.39 mm m−1) to the CT catchment
prior to tree dieback from 2001 to 2004. After tree dieback,
however, the difference between water inputs to soils at the PL-L
and PL-H plots almost disappeared (Fig. 1A), and the HTF-H:HTF-L

ratio significantly (p b 0.001) decreased to ~1.1 from 2009 to
2018 (Fig. 2A). Significant (p b 0.001) changes also occurred in
the HTF-L:HBP and HTF-H:HBP ratios. The HTF-L:HBP ratio increased
from 0.78 to 0.98 (Fig. 2B), while the HTF-H:HBP ratio decreased
from 1.19 to 1.02 (Fig. 2B) in the PL catchment after the tree die-
back. The HTF-L values were 9% lower at the PL-L than CT-L plot (av-
erage for 1998–2006), despite being 65 m higher in elevation. The
HTF-L values, however, became almost identical (p N 0.05) at the
PL-L and CT-L plots after tree dieback (Fig. 3A). The opposite situa-
tion occurred at high elevation plots. While the HTF-H values were
5% higher at the PL-H than CT-H plot from 2001 to 2004, they be-
come 25% lower (average from 2009 to 2017) after tree dieback
(Fig. 1). The changes in HTF-H:HTF-L:HBP ratios in the PL catchment,
as well as changes in throughfall ratios between the PL and CT
plots, clearly show that the water amount entering soils increased
at the PL-L plot, but decreased at the PL-H plot after tree dieback.
A similar decrease in HTF-H also occurred at the CT-H plot in the
2018 hydrological year, following the plot disturbance by the
windthrow (Fig. 1). In contrast, no significant between-
catchment difference (p N 0.05) occurred for annual precipitation
amounts, with average (± standard deviation) HBP values of 1309
± 225 and 1291 ± 267 mm yr−1 in the PL and CT catchments, re-
spectively, during the 1998–2018 hydrological years.

3.2. Soil moisture

Despite similar water inputs to the forest floor at the PL-L and CT-L
plots (p N 0.05) throughout 2008–2018 (Fig. 3A), soil moisture contents
began to differ between the PL-L and CT-L plots soon after tree dieback
(Fig. 3B). Soilmoisture contentswere similar (76±3%; p N 0.05) at both
plots after tree dieback until autumn 2009, but became consistently
higher (p b 0.001) at the disturbed than control CT-L plot from 2010
to 2016, with averages of 78 vs. 73%. The difference was especially ap-
parent (up to 17%) in the summer months of 2013 and 2015 after pe-
riods with low water inputs to soils. The between-catchment
difference disappeared (p N 0.05) from 2017 to 2018; however, soil
moisturewas higher at the PL-L than CT-L plot during the very dry sum-
mer of 2018 (Fig. 3B).
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Fig. 2. Ratios among monthly values of bulk precipitation in treeless area (HBP) and throughfall at low (HTF-L) and high (HTF-H)\\elevation plots in the Plešné (PL) catchment. For plot
locations see Fig. SI-1. Solid lines show average HFT-H:HTF-L (A), HTF-L:HBP (B), and HFT-H:HBP (C) ratios prior to and after tree dieback that significantly (p b 0.001) differ. Grey areas
indicate the period of tree dieback at the PL-L and PL-H plots.

5J. Kopáček et al. / Science of the Total Environment 720 (2020) 137518
3.3. Water balance

The respective total water inputs to the PL and CT catchments (by
precipitation in treeless areas including the lake, and throughfall to
the forest soil) averaged 1289 ± 203 and 1396 ± 232 mm yr−1, and
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Fig. 3.Average daily throughfall to the forest floor at low elevation throughfall plots in the
Plešné (PL-L) and Čertovo (CT-L) catchments during the periods between the subsequent
soil samplings (A), and soil moisture at these plots (B). Solid lines are moving averages of
two periods. Tree dieback occurred from 2006 to 2007 at the PL-L plot.
water outputs from lakes averaged 1118 ± 285 and 1208 ±
243 mm yr−1 (i.e., ~36 and ~39 L km−2 s−1) from 2000 to 2018 hydro-
logical years. The monthly QCT:QPL ratio averaged 1.41 from 2002 to
2005, i.e. during the period of a healthy status for most stands in both
catchments (Fig. 4A). After tree dieback, this ratio decreased to 1.32, in-
dicating a ~6% elevated discharge from the PL relative to the CT catch-
ment (i.e., by ~70 mm yr−1 on average). The monthly QCT:QPL ratios
varied within similar ranges prior to and after tree dieback (Fig. 4A).

The catchment annual water output to input ratios averaged 0.78 ±
0.10 for QPL:HPL and 0.89±0.07 for QCT:HCT from2002 to 2005 (Fig. 4B).
This between-catchment difference almost disappeared immediately
after tree dieback, when the QPL:HPL ratio increased. Afterwards, the
Q:H ratios slowly decreased in both catchments to 0.84 ± 0.04 from
2014 to 2017. The year 2018 is not included in this average because
the QCT:HCT ratio was elevated due to the decreased HTF-H (Fig. 1) after
the partial tree dieback in the CT catchment.

The observed changes in QCT:QPL and QPL:HPL ratios indicate slightly
elevated run-off from the PL catchment after tree dieback. The increased
discharge fromPL lakewas not accompanied by any extreme events rel-
ative to CT lake.

3.4. Between-catchment differences in air and soil temperature and air
humidity

Daily mean soil and air temperatures, their minima, maxima, and
daily amplitudeswere expectedly higher (p b 0.05) at lower than higher
elevation plots for almost all tested variables in both catchments
(Table 1). The air temperature lapse rate (i.e., the rate at which air tem-
perature decreases with elevation) averaged 7.4 °C km−1 between the
PL-L and PL-Hplots during both the 2004–2005 and 2009–2017 periods,
while the lapse rate between the CT-L and CT-H plots was 5.5 °C km−1

during the identical periods. None of the tested air temperature
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characteristics (except for average daily amplitude during the growing
season) exhibited significant between-catchment differences from
2004 to 2005. In contrast, significant between-catchment differences
occurred from 2009 to 2017 (Table 1), because air temperature in-
creasedmore steeply in the PL than CT catchment even though air tem-
peratures increased in both catchments during the study (Fig. 5A,B,
Table SI-4).

In the CT catchment, air temperature increased by 1.6 and 0.5 °C on
annual and growing season basis, respectively, from 2004 to 2017
(Table SI-4). The increasing temperature trends accelerated in the PL
catchment after tree dieback (Fig. 5C, Table 1). Hence, the between-
catchment differences in daily mean temperature increased by 0.6 °C
Table 1
Soil temperature (0.05 m below ground) and air temperature and relative air humidity (2 m a
catchments prior to (2004–2005) and after (2009–2017) tree dieback in the PL catchment. Sy
at comparable elevations, i.e. PL-L vs. CT-L and PL-H vs. CT-H in the same period; (b) low and
period; and (c) periods for individual plots, i.e. 2004–2005 vs. 2009–2017 for daily means, aver
Growing season (1 April through 31 October).

Variable Period Plot Minimum in the
period

Maxim
period

Soil temperature (°C) 2004–2005 PL-L 0.3 18.0
2004–2005 CT-L −1.7 23.3
2004–2005 PL-H −0.1 19.0
2004–2005 CT-H −2.0 21.1
2009–2017 PL-L −0.1 28.2
2009–2017 CT-L 0.1 20.6
2009–2017 PL-H 0.1 19.1
2009–2017 CT-H −3.1 19.5

Air temperature (°C) 2004–2005 PL-L −15.1 28.3
2004–2005 CT-L −16.3 29.5
2004–2005 PL-H −18.0 28.9
2004–2005 CT-H −16.9 28.8
2009–2017 PL-L −21.3 37.0
2009–2017 CT-L −20.0 29.5
2009–2017 PL-H −23.9 33.6
2009–2017 CT-H −22.2 27.8

Relative air humidity (%) 2009–2017 PL-L 12 100
2009–2017 CT-L 17 100
2009–2017 PL-H 12 100
2009–2017 CT-H 14 100
on average after tree dieback; their average differences (PL minus CT)
were −0.1 and 0.5 °C at both elevations from 2004 to 2005 and
2009–2018, respectively (Fig. 5C, Table 1). During the 2009–2018 grow-
ing seasons, daily mean air temperatures were by 1.4 and 1.2 °C higher
at the PL-L and PL-H plots, respectively, than in 2004–2005, compared
to the 0.5 °C increase at the CT plots (Table 1).

The greatest difference among all tested parameters occurred for
maximum air temperatures, which reached values of up to 37.0 and
33.6 °C at the PL-L and PL-H plots, respectively, after tree dieback, but
remained stable (~28–30 °C) at the CT plots (Table 1). The averagemin-
imumair temperatures significantly increased by 0.9–1.1 °C at all PL and
CT plots between the 2004–2005 and 2009–2018 periods. A similar
bove ground) at low (L) and high (H) elevation plots in the Plešné (PL) and Čertovo (CT)
mbols in superscripts indicate significant (p b 0.05) differences between: (a) catchments
high elevations in individual catchments, i.e. PL-L vs. PL-H and CT-L vs. CT-H in the same
age minimum andmaximum values, and average daily amplitude (maximum–minimum).

um in the Annual data Growing season

Daily
mean

Average
minimum

Average
maximum

Daily
mean

Average
amplitude

5.4a,b,c 5.1a,b,c 5.8a,b,c 8.3b,c 1.2c

5.5a,b,c 5.0a,b 6.0a,b,c 8.1b,c 1.6b,c

4.5a,b,c 4.1a,b,c 4.9a,b,c 6.9b,c 1.3a,c

4.6a,b,c 4.2a,b,c 5.1a,b,c 6.6b,c 1.5a,b,c

6.7c 5.7b,c 8.0a,b,c 10.2a,b,c 3.7a,b,c

5.9b,c 5.3b 6.5a,b,c 9.0a,b,c 2.0a,b,c

5.5c 4.9a,b,c 6.0a,b,c 8.5a,b,c 1.8a,b,c

4.8b,c 4.3a,b,c 5.5a,b,c 7.5a,b,c 1.9a,b,c

4.7b,c 2.3b,c 7.1b,c 9.8b,c 5.5b,c

4.8b,c 2.4b,c 7.3b,c 10.0 b,c 5.8
3.2b,c 0.6b,c 6.1b,c 8.3b,c 6.4a,b,c

3.3b,c 1.0b,c 6.0b,c 8.4b,c 5.9a

6.2a,b,c 3.3b,c 9.6a,b,c 11.2a,b,c 7.4a,b,c

5.7a,b,c 3.3b,c 8.4a,b,c 10.5a,b,c 6.1a,b

4.7a,b,c 1.7b,c 8.3a,b,c 9.5a,b,c 7.7a,b,c

4.2a,b,c 2.1b,c 6.9a,b,c 8.9a,b,c 5.6a,b

81a,b 67a,b 92a,b 79a,b 28a,b

84a,b 74a,b 91a,b 81a,b 21a,b

84a,b 71a,b 94a,b 83a,b 27a,b

86a,b 77a,b 93a,b 85a,b 19a,b
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increase also occurred for the average maximum air temperatures at
both CT plots. In contrast, the average maximum air temperatures in-
creased by 2.2–2.5 °C at the PL plots after tree dieback. As a result,
daily amplitudes of air temperature increased in the PL catchment
while remained stable at the CT plots (Fig. 6, Table SI-4). During the
growing season, the post-disturbance daily temperature amplitudes in-
creased by 2.2 and 1.3 °C on average at the PL-L and PL-H plots, respec-
tively, while remaining stable in the control CT catchment (Table 1).

Daily mean soil temperatures were similar in both catchments, with
growing season averages of ~8.3 and ~6.9 °C at the low and high eleva-
tion plots, respectively, prior to tree dieback. Daily mean soil tempera-
tures significantly increased at all PL and CT plots from 2004 to 2017
(Table SI-4). Similarly, their minima, maxima and daily amplitudes sig-
nificantly increased at all plots between the 2004–2005 and 2009–2017
periods (Table 1). The increase was, however, steeper at the disturbed
PL than control CT plots (Fig. 7, Table SI-4). For daily means during
growing seasons, this increase in soil temperature averaged 0.9 °C at
both CT plots, while 1.9 and 1.6 °C at the PL-L and PL-H plots, respec-
tively. As in the case of air temperature, the increases in soil tempera-
ture were more pronounced for maximum than minimum values. The
minimum values of soil temperatures fell below freezing only for 5,
13, 44, and 29 days at the PL-L, CT-L, PL-H and CT-H plots, respectively,
from 2004 to 2018. Most of these events occurred in late October–
November, when frosts untypically occurred prior to the first snowfall.
Otherwise, even a relatively thin snow cover of a few cm effectively in-
sulated the soil from freezing at the study plots.

Relative air humidity varied in a wide range from 12 to 100% be-
tween 2009 and 2017, with minimum values during days below freez-
ing and daily mean values averaging 79–85% during growing seasons.
All tested characteristics of air humidity were significantly lower at
low than at high elevation plots and at the PL than CT plots (Table 1).
The average daily amplitude in air humidity was 7% lower beneath liv-
ing trees at the CT plot than at the disturbed PL plots during growing
seasons. The between-catchment differences most probably resulted
from the absence of mature trees in the PL catchment during the mea-
surements, as in the case of differences in air humidity between the
DT and LT plots (see the next section). The trend analysis showed
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increasing relative air humidity at both PL plots, while no change (or
even a significant decrease) occurred at the CT plots (Table SI-4).

3.5. Between-plot differences in air and soil temperature and air humidity
in the Plešné catchment

The daily mean soil and air temperatures, their maxima, and daily
amplitudes were significantly lower beneath the living than dead and
broken trees (Table 2). The most pronounced differences occurred for
above-ground air temperature (at the 0.3 m height), especially during
growing seasons (Table 2). Spatial variability in minimum and maxi-
mum values of above-ground air temperature at 8 microhabitats differ-
ing in topographical and understory conditions was higher in the DT
than LT plot (Fig. 8). Daily mean and maximum air temperatures were
on average 0.7 and3.5 °Chigher at theDT than LTplot, respectively, dur-
ing growing seasons (Table 3). At the same time, minimum values were
on average 0.5 °C lower at the DT plot. Consequently, the daily ampli-
tude in above-ground temperature was on average 4.0 °C higher at
the disturbed plot than beneath leaving trees. This amplitude varied in
wide ranges due to terrain and understory characteristics, with growing
season averages from 5.7–12.3 °C at the DT plot and 4.8–7.2 °C at the LT
plot (Table 3). For details onmorphological and temperature character-
istics of individualmicrohabitatswithin theDT and LTplots see Table SI-
5.

The differences between maximum above-ground air temperatures
observed daily for all 8 microhabitats at the DT plot vs. those observed
at the LT plots were on average 5.0 °C during growing seasons
(Fig. 9A). The similarly computed between-plot differences for mini-
mum air temperatures observed at these plots were −0.6 °C during
growing seasons. The opposite situation (higherminimum air tempera-
tures at the DT than LT plots) occurred as an artefact during winter
months (Fig. 9A), when higher snow cover at the DT plot than beneath
living trees insulated the above-ground DT thermometers.

The between-plot differences in air temperature were on average
~50% lower at 2 m than at 0.3 m for maximum values, with daily
means being on average 0.8 °C higher at the disturbed plot, and negligi-
ble differences occurring for minimum values (Fig. 9B). The differences
2012 2014 2016 2018      2012         2014 2016          2018  

2012 2014 2016 2018      2012         2014 2016          2018  

Plešné (PL) and (B) Čertovo (CT) catchments. The grey area indicates the period of tree
ntly (p b 0.001) increasing, with Sen's slopes of 9.8·10−5 (A), and 8.6·10−5 (B) °C d−1.
lstein (2017).



Table 2
Soil and air temperature and relative air humidity at two neighbouring plots in the Plešné catchment with dead and broken trees (DT) and beneath living trees (LT) from 2012 to 2016.
Asterisks indicate significant differences between the DT and LT plots (***, p b 0.001; **, p b 0.01; *, p b 0.05; and NS, not significant) for daily means, average minimum and maximum
values, and average daily amplitudes (maximum–minimum). All parameters were measured at a similar site at each plot; growing season (1 April through 31 October).

Variable Tree status Minimum Maximum Annual data Growing season

Daily mean Average minimum Average maximum Daily mean Average amplitude

Soil temperature at −0.05 m (°C) DT −1.8 21.5 6.2⁎⁎ 5.2⁎⁎⁎ 7.5⁎⁎⁎ 9.6⁎ 3.4⁎⁎⁎

LT −1.6 18.4 5.6 5.0 6.1 8.9 1.6
Air temperature at 0.3 m (°C) DT −12.4 38.3 7.4⁎⁎⁎ 3.9NS 12.8⁎⁎⁎ 11.4⁎⁎⁎ 11.1⁎⁎⁎

LT −13.2 29.1 6.3 3.8 9.2 10.2 6.4
Air temperature at 2 m (°C) DT −13.7 32.5 7.3⁎ 3.9NS 11.6⁎⁎⁎ 11.5⁎⁎ 8.8⁎⁎⁎

LT −13.4 30.0 6.7 3.9 9.7 10.7 6.6
Relative air humidity at 2 m (%) DT 5 100 83⁎⁎⁎ 68⁎⁎⁎ 94⁎⁎⁎ 80⁎⁎⁎ 29⁎⁎⁎

LT 8 100 86 73 95 84 24
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between daily mean soil temperatures and their amplitudes at the DT
and LT plots were relatively small (9.6 vs. 8.9 °C and 3.4 vs. 1.6 °C, re-
spectively, during growing seasons; Table 2). Soil temperatures beneath
living trees in the PL catchment were thus similar to those at the CT-L
plot (of similar elevation) during 2009–2017 (Table 1).

Relative air humidity was significantly higher (84 vs. 80% on aver-
age) and exhibited lower daily amplitude (24 vs. 29% on average) be-
neath living trees than at the disturbed plot during growing seasons
(Table 2). These differences were thus similar to those observed be-
tween the disturbed PL and control CT plots (Table 1).

4. Discussion

4.1. Water fluxes, soil moisture and air humidity

Tree dieback significantly affected water inputs to soils (Figs. 1 and
2). After the bark beetle outbreak, spruce rapidly lost needles within a
year, and fine twigs and small branches during the following ~5 years
(Kopáček et al., 2015), which continuously reduced the specific surface
area of canopies. This reduction resulted in decreasing occult deposition
(i.e., the sedimentation and impaction of water droplets from wind
driven low clouds, mist and fog, and formation of rime and hoar frost
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Fig. 8.Minimum, maximum and daily mean air temperatures observed above-ground (0.3 m)
broken (DT) and living (LT) trees in the Plešné catchment. All data are based on measurement
on foliage) that importantly contributes to throughfall in central
European mountain forest areas at elevations above 800 m (Eliáš
et al., 1995; Tesař et al., 2000), and progressively increases with eleva-
tion (Moldan, 1991). In contrast, the decreasing surface area of canopies
also reduces water evaporation (apart from transpiration) from vegeta-
tion surfaces (Beudert et al., 2007; Anderegg et al., 2012; Wehner and
Stednick, 2017). Prior to tree dieback, throughfall to precipitation ratios
were N1 at the PL-H plot situated at an elevation of 1334m, while b1 at
the PL-L plot (elevation of 1122 m) (Fig. 2). The smaller HTF-L:HBP ratio
at the PL-L plot resulted from lower occult deposition and higher evap-
oration from canopies, due to the 1.5 °C higher air temperature
(Table 1), than at the PL-H plot. After canopy loss, the effects of occult
deposition and evaporation from tree surfaces almost ceased, and the
water input to soils decreased at the high elevation plot, but increased
at the low elevation plot, and they both became similar to bulk precipi-
tation (Fig. 1). This suggests that the loss of canopies may (besides
ceased transpiration) contribute to elevated run-off from disturbed for-
ests, as generally reported in numerous studies (e.g., Beudert et al.,
2007, 2018; Anderegg et al., 2012; Bearup et al., 2014), and that the
magnitude of this effect is elevation-related. For the Bohemian Forest,
the threshold below which the loss of canopy represents a net water
gain for soils is between 1100 and 1300 m.
10/2014 5/2015 10/2015 5/2016 10/2016

Minimum Maximum

10/2014 5/2015 10/2015 5/2016 10/2016
(m/yyyy)

at 8 microhabitats with different terrain and understory characteristics beneath dead and
s at 15-min intervals.



Table 3
Average (± standard deviation) characteristics of air temperature (°C for all values) at
0.3 m above ground at 8 microhabitats differing in topographical and understory condi-
tions at each of two neighbouring plots in the Plešné catchment with dead and broken
trees (DT) and in the surviving forest with living trees (LT) from 2012 to 2016. Asterisks
indicate significant differences between the 8microhabitats at the DT plot vs. 8 microhab-
itats at the LT plot (**, p b 0.01; and *, p b 0.05) for daily means, average minimum and
maximum values, and average daily amplitudes (maximum–minimum). Data on individ-
ual microhabitats within the DT and LT plots are in Table SI-5.

Plot Annual data Growing season

DT LT DT LT

Daily mean 6.9 ± 0.6⁎ 6.4 ± 0.2 10.8 ± 0.7⁎⁎ 10.1 ± 0.2
Average minima 3.8 ± 0.2⁎ 4.1 ± 0.2 6.8 ± 0.3⁎⁎ 7.3 ± 0.2
Average maxima 11.8 ± 1.6⁎⁎ 9.2 ± 0.5 17.1 ± 2.0⁎⁎ 13.6 ± 0.6
Average amplitude 8.0 ± 1.7⁎⁎ 5.1 ± 0.6 10.3 ± 2.2⁎⁎ 6.3 ± 0.7
Amplitude range 4.4–9.4 3.8–5.8 5.7–12.3 4.8–7.2
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The interplay between occult deposition and interception also con-
tributed to seasonal variations in throughfall to precipitation ratios,
with maximum values in winter and minimum values in summer
(Fig. 2). This seasonal variation resulted from the higher contribution
of occult deposition to throughfall inwinter, alongwith higher evapora-
tion from canopies in summer (Moldan, 1991), and continuously de-
creased with decreasing canopy surface after tree dieback.

Besides decreased transpiration and interception, the loss of canopy
cover from tree mortality increases radiation and wind at the ground
surface, which both increase soil evaporation and understory transpira-
tion (Anderegg et al., 2012). Because pre-disturbance transpiration by
mature trees is usually higher than post-disturbance increases in evapo-
transpiration from soils and understory vegetation, the net results are
elevated soil moisture and run-off from disturbed forests (Bearup
et al., 2014; Caldwell et al., 2016; Beudert et al., 2018). A similar situa-
tion occurred in the disturbed PL forest, where soil moisture increased
after tree dieback and remained relatively stable and higher than at
the undisturbed CT forest for 5–6 subsequent years despite similar
water inputs (Fig. 3). The rapidly increasing density of regenerating
trees (Fig. SI-2, Table SI-2) and increasing biomass of understory vegeta-
tion at the PL-L plot (Table SI-3) resulted in increasing transpiration, and
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Fig. 9. Between-plot differences in daily mean, minimum and maximum air temperatures bene
difference between values given in Fig. 8A and B) and (B) 2 m above ground. All data are base
soil moisture at both localities again became similar. This increasing
transpiration was the likely reason for significantly increasing air hu-
midity at both PL plots from 2009 to 2017, while a slight decrease or
no change in air humidity occurred at the CT plots (Table SI-4). The ef-
fect of the ceased transpiration of dead mature trees on differences in
relative air humidity between the living and dead stands (Tables 1
and 2) thus started to diminish about one decade after tree dieback at
the PL-L and PL-H plots.

The rapid tree re-growth in the PL catchment shows that mountain
spruce forests are restored through advance regeneration (Messier
et al., 1999), with the majority of seedlings established before the dis-
turbance (Bače et al., 2015;Macek et al., 2017). Bark beetle disturbances
harm these seedlings and their natural environment significantly less
than salvage logging, which disturbs the vegetation cover and reduces
advance regeneration densities (Nováková and Edwards-Jonášová,
2015; Michalová et al., 2017), and/or less than windthrows and tree
uprooting, which create pit and mound topography with bare mineral
soil (Vodde et al., 2010; Michalová et al., 2017). Stands regenerating
after bark beetle attacks in unmanaged areas have a heterogeneous
structure due to the predominant association of seedlings with specific
microhabitats, like dead wood (Bače et al., 2015). A post-disturbance
rapid growth of seedlings is enabled by enhanced light conditions
(Messier et al., 1999; Bače et al., 2015). Moreover, the survival of these
seedlings is more successful at unmanaged sites than in clear-cut and
artificially reforested areas (Nováková and Edwards-Jonášová, 2015;
Zeppenfeld et al., 2015) due to the protecting effect of dead trees
(Macek et al., 2017), higher nutrient availability in soils from
decomposing dead biomass (Kaňa et al., 2013, 2019; Tahovská et al.,
2018), and stable and available soil moisture (Fig. 3B).

Awide range in the response of hydrology to forest disturbances and
regrowth has been reported, from negligible effects compared to those
related to changes in climate and snowmelt timing (Slinski et al.,
2016) to large changes in run-off (Caldwell et al., 2016). Our results sug-
gest a relatively modest (~6%) increase in run-off from the disturbed PL
catchment after bark-beetle induced tree mortality (Fig. 4). This small
increase was similar to those observed in nearby larger catchments
(Upper Große Ohe and Forellenbach) in the Bavarian Forest, after
40–60% of forest area was disturbed by a bark beetle infestation
10/2014 5/2015 10/2015 5/2016 10/2016

Minimum Maximum

10/2014 5/2015 10/2015 5/2016 10/2016
(m/yyyy)

ath dead and broken (DT) and living (LT) trees in the Plešné catchment at (A) 0.3 m (the
d on measurements at 15-min intervals.
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(Beudert et al., 2018). The QCT:QPL ratios varied within similar ranges
prior to and after tree dieback (Fig. 4A), indicating no extreme hydro-
logical events after the PL forest disturbance, despite the steepness of
the catchment. Moreover, we observed no signs of soil erosion during
repeated soil sampling throughout the PL catchment in 2010 and 2015
(no landslides and/or missing uppermost soil horizons). The residence
of water in PL Lake could possibly have partly mitigated elevated
flows from its catchment, but negligible modifications in peak flows
after forest disturbance have also been observed in other unmanaged
catchments (Slinski et al., 2016; Beudert et al., 2018). This is in contrast
to elevated peak flows from clear-cut areas (Caissie et al., 2002).
Beudert et al. (2018) explained the difference between these extreme
management practices by unaffected soils and understory vegetation
and more coarse woody debris in unmanaged areas. Soil compaction
and rut formation by heavy machinery leads to increasing surface
flow, forced erosion, and accelerated run-off generation in managed
areas (Beschta, 1978, Beudert et al., 2018).

4.2. Air and soil temperature

Air and soil temperatures significantly increased during our study at
all research plots (Table SI-4), despite the extent of their disturbance
due especially to the unprecedentedly highest air temperatures since
1781 that occurred from 2014 to 2018 as an effect of global warming
(Fig. SI-5). All measured temperatures expectedly increased more
steeply at the disturbed than control plots (Tables 1 and 3). The highest
differences between the disturbed and control plots occurred for above-
ground temperature, with differences ranging between 0.8 and 1.1 °C
and 0.7–1.0 °C at 2 m above ground and at 5 cm below ground, respec-
tively, during growing seasons. While the differences between daily
mean air and soil temperatures at disturbed and control plots were rel-
atively small, larger differences occurred for daily maxima and ampli-
tudes (Figs. 8 and 9). These differences were especially high during
sunny days, but their averages were less pronounced (Table 2).

The relatively small differences in daily mean air and soil tempera-
tures between disturbed and undisturbed forests generally result from
their lower values in the day and relatively warmer conditions at
night beneath the living trees due to the effect of their transpiration
and long-wave radiation, respectively (Chen et al., 1999; Tesař et al.,
2006). Consequently, lower daily maxima and higher daily minima in
forests than in open land are typical for diurnal patterns in air tempera-
tures at paired sites located at latitudes from 28 to 45°N (Lee et al.,
2011). This pattern was especially evident for microhabitats at the DT
and LT plots, with the respective maxima in daily temperatures averag-
ing from 12.9–19.0 and 12.4–14.5 °C, and minima averaging from
6.4–7.2 and 7.0–7.6 °C at 0.3 m above ground during growing seasons
(Table SI-5).

The spatial variability in above-ground temperatures was higher
among theDT than LTmicrohabitats (Table 3). Themicrohabitats in nat-
ural depressions or below broken trunks at the disturbed plot had sim-
ilar above-ground temperatures to those above the bare litter horizon at
the undisturbed plot (Table SI-5). This large variability of microclimate
in forest undergrowth is one of the most important biological legacies
following natural disturbances; these post-disturbance structures pro-
motemicrosite diversity and associated biodiversity, including regener-
ation of various tree species (Swanson et al., 2011). Between-
microhabitat variability is very important due to its large potential to
buffer extreme climate events and thus decrease the vulnerability of
ambient communities (Scheffers et al., 2014). For instance, Farská
et al. (2014) observed that the impact of disturbance on soil inverte-
brates wasmitigated bymore rapid forest regeneration andmore com-
plicated microrelief (with dead wood-sheltered microhabitats) in
unmanaged than clear-cut areas. Similarly, Čuchta and Shrubovych
(2015) and Kokořová and Starý (2017) observed significant differences
in the composition of the soil mesofauna community between naturally
regenerating vs. managed spruce forests, which was more abundant in
unmanaged areas, as well as more similar to the communities in undis-
turbed mature forests.

4.2.1. Air and soil temperature vs. surface temperature
The ranges inmaximumdaily above-ground temperatures observed

at the DT and LT microhabitats (Fig. 9, Table SI-5) were relatively nar-
row compared to the wide differences in maximum surface tempera-
tures observed in the study region during sunny days. For example,
Hojdová et al. (2005) observedmaximum ground surface temperatures
of 28, 42, and 52 °C in an undisturbed forest, dry forest, and peat bog
(Sphagnum moss), respectively. Similarly, Matějka (unpublished data)
measured a range of ground temperatures varying from 23 °C at a sur-
face shaded by grass to 60 °C at a bare surface exposed to full sunshine
at the PL-H plot at noon on 23 July 2019. Themaximumair and soil tem-
peratures at 2m above ground and at 5 cmbelow groundwere 26.6 and
15.0 °C at the lattermicrohabitat, respectively (Turek, unpublished data),
suggesting that a ground surface temperature of 60 °C cannot be used as
a realistic proxy for environmental interpretations.

Even greater problems with environmental interpretations of sur-
face temperatures occur for studies based on surface temperatures esti-
mated by remote sensing (Hesslerová et al., 2018). Many distant data
studies are based on measurements during sunny days and represent
extreme rather than “average” conditions, especially for mountainous
areas like the Bohemian Forest, with an average cloudiness of 68%.
Moreover, these methods are biased by surface temperatures of dead
trunks, which overestimate the measurements. Dead trunks also pro-
vide shade and limit wind speed, thus maintain microclimatic variabil-
ity in their surroundings and underlying soils. These conditions
(together with stable soil moisture) enable the more successful regen-
eration and survival of seedlings (Macek et al., 2017), mitigate impacts
on soil invertebrates (Farská et al., 2014; Kokořová and Starý, 2017),
and limit the temperature effect on soil microbial processes, like miner-
alization and nitrogen cycling (Šantrůčková et al., 2009). While remote
sensing is useful for tracking spatial variability and relative changes in
surface temperatures for vast areas (e.g., Hais and Kučera, 2009), its
use in regional models (Hesslerová et al., 2018) may lead to significant
misinterpretations and overestimations of the real impacts of distur-
bances on forest ecosystems.

5. Conclusions

We observed statistically significant, but relatively small responses
in hydrology and microclimatic characteristics to tree dieback in the
PL catchment (despite the 93% tree dieback, thin soils, and steepmoun-
tainous terrain), whichwerewithin ranges reported for disturbed lower
elevation catchments elsewhere (e.g., Chen et al., 1999; Brown et al.,
2005; Beudert et al., 2018). The disturbance-induced increases in daily
mean soil and air temperatures observed during growing seasons
were 0.7–1.0 °C higher in the disturbed PL catchment than their parallel
increases of 0.9 and 0.5 °C, respectively, due to climate change in the
control CT catchment from 2004 to 2017 (Tables 1 and 2). The effects
of tree dieback in the unmanaged forest and climate change were thus
of the samemagnitude. Moreover, high spatial variability amongmicro-
habitats (representing different terrain and understory characteristics,
Table 3) provided possible refuges for original species after the forest
disturbance and limited the risk of their extinction prior to forest
regeneration.

The actual effects of tree dieback after bark beetle infestation on hy-
drology, microclimate, and original biodiversity are thus less pro-
nounced and more variable in unmanaged, naturally disturbed areas
than in clear-cut areas (Hais and Kučera, 2008; Farská et al., 2014;
Zeppenfeld et al., 2015; Beudert et al., 2018). Our data clearly suggest
that the effects of natural forest disturbances in unmanaged areas on re-
gional climate, predicted on the basis of satellite or thermovision cam-
era images (e.g., Hesslerová et al., 2018), are not fully reliable.
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Part SI-1: Details to Materials and Methods 

 

Fig. SI-1. Location of Plešné (PL) and Čertovo 
(CT) lakes in Europe and maps of their catchments 
with locations of low (L) and high (H) elevation 
throughfall plots (PL-L, PL-H, CT-L, and CT-H), 
bulk precipitation plots (BP), and additional 
research plots in the survived PL forest beneath 
living trees (LT) and beneath dead and broken trees 
(DT). Brown colour in the PL catchment denotes 
areas with dominant dead trees in 2000. Gray 
colour denotes catchment parts with dieback of the 
original forest stands after 2000: (1) in the PL 
catchment, >80% reduction of living trees by bark 
beetle infestation during autumn 2004–2018 
(Kopáček et al. 2017); (2) in the CT catchment, 
>50% reduction of living trees by windthrows in 
2007 and 2008 and the following bark beetle 
infestation (Kopáček et al. 2016). Water discharge 
from lakes was recorded at weirs.  
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Table SI-1. Locations of research plots for measurement of bulk precipitation (in treeless areas), throughfall, 
temperature and moisture in the Bohemian Forest. Abbreviations: PL, Plešné Lake; CT, Čertovo Lake; BP, bulk 

precipitation; L, low elevation; H, high elevation; DT, dead trees; LT, living trees; ND, not determined. 
 PL catchment CT catchment  
 BP Throughfall Temperature BP Throughfall 
 PL-BP PL-L PL-H DT LT CT-BP CT-L CT-H 

Latitude (°N)1  48.7760 48.7758 48.7773 48.7774 48.7777 49.1754 49.1627 49.1696 
Longitude (°E)1 13.8708 13.8689 13.8556 13.8634 13.8632 13.1990 13.1993 13.1858 
Elevation (m) 1087 1122 1334 1130 1143 1180 1057 1330 
Precipitation2  1998–2018 1998–2018 2001–2018 ND ND 1998–2018 1998–2018 1998–2017 
Soil temperature (–0.05 m)2,3 ND 2004–2018 2004–2018 2014–2016 2014–2016 ND 2004–2018 2004–2017 
Soil moisture2 ND 2008–2018 ND ND ND ND 2008–2018 ND 
Air temperature (0.3 m)2,4 ND ND ND 2012–2016 2012–2016 ND ND ND 
Air temperature (2 m)2,4 ND 2004–2018 2004–2018 2012–2016 2012–2016 ND 2004–2018 2004–2017 
Air humidity (2 m)2,5 ND 2009–2018 2009–2018 2012–2016 2012–2016 ND 2009–2018 2009–2017 
1Data given in World Geodetic System (WGS-84). 
2Data show periods of measurement. 
3Themometers were situated 5 cm below ground in (or below) the litter horizon. 
4Themometers were situated in solar radiation shields (diameter of 10 cm, height of 15 cm) fixed on northern sides of 
wooden poles 30 cm and 2 m above ground, respectively.  

5Relative air humidity was measured at 2 m above ground. 
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2011 
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Fig. SI-2. Photographs of the low elevation plot in the Plešné catchment (PL-L) showing development of forest 
status one year after tree dieback (2008) and its development during the following years, with already abundant 
spruce seedlings and young rowan and birch trees in 2017. Photo: J. Kopáček. 
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Fig. SI-3. Photographs of selected microhabitats at the DT (dead tree) and LT (living tree) plots in Plešné catchment 
in 2012: (A) and (B) central microhabitats at the DT and LT plots, respectively, with thermometers situated at 2 and 
0.3 m above ground; (C) tripod with thermometer in natural depression between rocks at the DT plot, and (D) detail 
of solar radiation shields (diameter of 10 cm, height of 15 cm) fixed on northern side of trunk at the DT plot. Photo: 
T. Kučera. 
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Table SI-2. Number of mature and growing (young) trees (Norway spruce) and seedlings (diameter of canopy < 0.8 m) 
at the throughfall plots in the Bohemian Forest. Unit: number ha–1.  Data for 2000–2015 were calculated using colour 
aerial photographs (Kopáček et al. 2016, 2017), the 2018 data are based on direct counting in terrain (R. Bače, 
unpublished data). 

 Plot Tree category Year 
2000 2003 2005 2007 2008 2009 2010 2011 2013 2015 2018 

PL-L 
Mature trees 709 701 661 64 48 0 0 0 0 0 0 
Growing trees 24 24 24 24 16 8 8 8 8 8 8 

Seedlings 0 0 0 0 0 0 0 72 119 422 1700 

PL-H 
Mature trees 709 709 231 104 88 8 8 8 8 0 0 
Growing trees 24 24 24 32 32 32 32 32 80 16 40 
Seedlings 0 0 0 0 0 0 48 80 223 350 760 

LT 
Mature trees 191 191 159 127 127 127 127 127 127 64 60 
Growing trees 318 318 318 318 318 318 318 318 478 414 520 
Seedlings 0 0 0 0 32 32 223 223 64 191 280 

DT 
Mature trees 299 252 133 44 37 3 3 3 3 0 0 
Growing trees 50 50 46 43 39 38 39 49 60 76 60 
Seedlings 14 23 51 69 82 90 137 185 357 570 1800 

CT-L Mature trees 307 ND 294 ND 287 ND ND 285 ND 261 258 
Growing trees 45 ND 44 ND 43 ND ND 40 ND 39 39 

CT-H Mature trees 312 ND 295 ND 245 ND ND 229 ND 216 0 
Growing trees 123 ND 122 ND 113 ND ND 104 ND 96 52 

Table SI-3. Development of dominant understory vegetation in the Plešné (PL) and Čertovo (CT) catchments at the 
PL-L, PL-H, CT-L, and CT-H plots from 2007–2018 (Matějka 2015 and unpublished data). Units: g of dry weight 
biomass per m2. 

Plot Tree category Year 
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 

PL-L 
Avenella flexuosa 6 2 0 0 1 1 1 1 6 6 0 1 

Vaccinium myrtillus 60 79 186 173 225 257 279 464 398 431 431 509 
Total 65 81 187 173 225 257 280 466 404 438 431 510 

PL-H 

Avenella flexuosa 27 29 52 67 92 103 108 108 142 151 136 108 
Calamagrostis villosa 34 37 66 56 51 32 33 55 55 58 51 55 

Luzula sylvatica 67 42 19 16 10 10 10 18 17 18 17 2 
Vaccinium myrtillus 90 97 101 85 189 201 201 111 54 58 178 272 

Total 218 205 237 224 342 347 352 291 268 285 381 436 

CT-L 
Avenella flexuosa 5 3 3 0 0 0 0 0 0 0 0 0 

Vaccinium myrtillus 284 116 127 208 212 188 188 188 175 200 244 264 
Total 289 119 130 208 212 188 188 188 176 200 244 264 

CT-H 
Avenella flexuosa 33 35 61 74 76 78 73 81 75 71 80 22 

Calamagrostis villosa 39 31 36 25 27 28 37 31 41 34 30 62 
Total 72 67 98 100 103 106 110 112 116 104 110 85 

 
Part SI-2: Details to Materials and Methods 

Section: Air temperature and humidity and soil temperature and moisture  
Long-term trend in annual air temperature at the CT-L plot in the catchment of Čertovo Lake (Fig. SI-3) was 
reconstructed by Turek et al. (2014), using hourly measurements at the CT-L plot during 2004–2012 and their 
correlations with daily air temperatures back to 1961 and monthly mean air temperatures back to 1781 from Churáňov 
meteorological station (Bohemian Forest) and Hohenpeissenberg meteorological station (Germany), respectively. The 
meteorological station Churáňov (Czech Hydrometeorological Institute; 49.07 N, 13.61 E) is situated in the central part 
of the Bohemian Forest ~40 km southeast of Čertovo Lake and ~30 km northwest of Plešné Lake at elevation of 1118 m 
a.s.l. The data were recorded daily at 7, 14, and 21 hour from 1 January 1961 to 31 December 2012. The 
Hohenpeissenberg station is situated at 47.80 N, 11.01 E, and elevation of 977 m a.s.l. The data come from Global 
Historical Climatology Network, version 3 (Lawrimore et al. 2011) and were downloaded via the web page of 
www.ncdc.noaa.gov/ghcnm/v3.php. The data consist of monthly means from 1781 to 2012, with the exception of 
missing data from June 1862 to March 1864. The data from Hohenpeissenberg have been demonstrated to be robust and 
free of interference due to urbanisation or changes in instrumentation or position (Schönwiese 1987). The original data 
by Turek et al. (2015) were updated till 2018 using the same approach.  
 

http://www.ncdc.noaa.gov/ghcnm/v3.php
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Part SI-3: Details to Results 
Sections: “Between-catchment differences in air and soil temperature and relative air humidity” and “Between-plot 

differences in air and soil temperature and air humidity in the Plešné catchment” 
Following Fig. SI-4A,B,C show details on trend analyses of air temperature given in Fig. 5 that include decomposing 
time series into three components (seasonality, trends, and random fluctuation) done in R environment for statistical 
computing (R Core Team 2019). The original time series (A) was split into seasonal patterns (B) that repeat with a fixed 
period of time, trend (C) that represents the underlying trend of the metrics, and random values (D) that show residuals 
of the original time series after the seasonal and trend series are removed. Trends shown in Fig. 6 and 7 were 
determined analogously.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. SI-4A. Decomposition of daily mean air temperature at the PL-L plot at 2 m above ground during 2004–2018 (A) 
into components of trend (B), seasonal periodical function (C), and random residuals (D). 

 



SI-6 

 

 

Fig. SI-4B. Decomposition of daily mean air temperature at the CT-L plot at 2 m above ground during 2004–2018 
(A) into components of trend (B), seasonal periodical function (C), and random residuals (D). 

 

 

 

Fig. SI-4C. Decomposition of difference between daily mean air temperatures at the PL-L and CT-L plots at 2 m 
above ground (Δ PL-L–CT-L) during 2004–2018 (A) into components of trend (B), seasonal periodical function (C), 
and random residuals (D). 
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Table SI-4. The τ-values of seasonal Mann-Kendall test (R Core Team 2019) and rate of change of trends in soil and 
air temperature and relative air humidity at low (L) and high (H) elevation plots in catchments of Plešné (PL) and 
Čertovo (CT) lakes. For plot location and characteristics see Fig. SI-1 and Table SI-1. Rate of change is Sen's slope 
multiplied by number of days during particular period (365 days on annual basis and 214 days during growing season). 
Year 2018 was excluded due to tree dieback at the CT-H plot. Negative values of rate indicate decreasing trends. 
Significance: (***, p < 0.001; **, p < 0.01; *, p < 0.05; and NS, not significant).     
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 τ 0.055*** 0.013NS 0.076*** 0.163*** 0.110*** 0.030* 0.181*** 0.316*** 

Rate (°C yr–1) 0.050 0.009 0.069 0.038 0.097 0.022 0.188 0.123 

PL
-H

 
 τ 0.105*** 0.109*** 0.101*** 0.065*** 0.071*** 0.079*** 0.057*** 0.022NS 

Rate (°C yr–1) 0.085 0.083 0.085 0.002 0.055 0.057 0.049 0.004 

C
T-

L  τ 0.046*** 0.042*** 0.048*** 0.075*** 0.059*** 0.057*** 0.056*** 0.046*** 
Rate (°C yr–1) 0.041 0.033 0.042 0.004 0.046 0.043 0.048 0.011 

C
T-

H
 

 τ 0.043*** 0.034*** 0.048*** 0.100*** 0.079*** 0.062*** 0.092*** 0.135*** 
Rate (°C yr–1) 0.025 0.019 0.028 0.005 0.048 0.035 0.067 0.035 
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 τ 0.053*** 0.037*** 0.073*** 0.128*** 0.060*** 0.030* 0.091*** 0.147*** 

Rate (°C yr–1) 0.165 0.103 0.253 0.140 0.077 0.033 0.133 0.097 

PL
-H

 
 τ 0.046*** 0.043*** 0.068*** 0.089*** 0.048*** 0.037** 0.074*** 0.089*** 

Rate (°C yr–1) 0.142 0.120 0.240 0.106 0.061 0.040 0.115 0.067 

C
T-

L  τ 0.038*** 0.038*** 0.034*** 0.001NS 0.031* 0.032** 0.021NS –0.011NS 
Rate (°C yr–1) 0.112 0.104 0.111 0.001 0.037 0.034 0.028 –0.006 

C
T-

H
 

 τ 0.038*** 0.029** 0.026** 0.000NS 0.030* 0.030* 0.018NS –0.014NS 
Rate (°C yr–1) 0.112 0.079 0.084 0.000 0.038 0.032 0.025 –0.008 
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 τ 0.068*** 0.027* 0.209*** 0.030** 0.052*** 0.041** 0.174*** 0.018NS 

Rate (°C yr–1) 0.477 0.321 0.567 0.278 0.242 0.281 0.296 0.088 

PL
-H

 
 τ 0.059*** 0.011NS 0.207*** 0.030* 0.074*** 0.044** 0.221*** –0.002NS 

Rate (°C yr–1) 0.339 0.079 0.366 0.212 0.258 0.273 0.181 0.000 

C
T-

L  τ –0.023NS –0.018NS –0.034** 0.011NS –0.051*** –0.011NS –0.120*** –0.019 NS 
Rate (°C yr–1) –0.127 –0.167 –0.085 0.063 –0.190 –0.066 –0.175 –0.080 

C
T-

H
 

 τ 0.004NS –0.009NS 0.041*** 0.001NS 0.022NS 0.011NS 0.090*** –0.001NS 
Rate (°C yr–1) 0.013 –0.073 0.088 0.000 0.073 0.059 0.104 0.000 
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Table SI-5. Average characteristics of air temperature (°C for all values) at 0.3 m above ground at 8 microhabitats 
differing in topographical and understory conditions at each of two neighbouring plots in the Plešné catchment with 
dead and broken trees (DT) and in the survived forest with living trees (LT) during 2012–2016. For plot locations see 
Fig. SI-1 and their other characteristics Tables SI-1 and SI-2. 
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Bare litter horizon –12.4 38.3 7.4 3.9 12.8 11.4 7.1 18.1 
Dense young spruces –13.4 33.4 6.6 3.6 10.6 10.6 6.7 15.6 
Depression between rocks –11.6 26.5 5.8 4.1 8.5 9.3 7.2 12.9 
Dense old blueberry –14.6 36.6 7.4 3.8 13.1 11.3 6.7 18.3 
Sparse raspberry –15.0 38.3 6.5 3.4 12.0 10.7 6.4 18.3 
Young rowans –14.5 36.2 7.3 3.7 12.5 11.4 6.7 18.0 
Below broken trunks –9.1 36.4 6.8 3.9 11.3 10.5 6.6 16.7 
Fern –13.9 39.9 7.4 4.0 13.4 11.3 6.7 19.0 
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Bare litter horizon –13.2 29.1 6.3 3.8 9.2 10.2 7.1 13.5 
Dense young spruces –12.9 30.0 6.3 4.0 8.9 9.9 7.2 13.2 
Depression between rocks –11.7 27.1 6.3 4.5 8.3 9.8 7.6 12.4 
Dense old blueberry –13.6 31.0 6.5 4.0 9.6 10.2 7.0 13.9 
Sparse raspberry –12.8 31.1 6.3 3.9 9.0 10.0 7.2 13.3 
Young rowans –13.0 31.8 6.6 4.1 9.9 10.4 7.3 14.5 
Litter horizon with moss –13.1 30.4 6.6 4.3 9.4 10.3 7.3 13.8 
Sparse young blueberry –12.9 31.7 6.5 4.2 9.4 10.2 7.3 13.9 

 
 

Part SI-4: Details to Discussion 
Section: Air and soil temperature 
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Fig. SI-5. The modelled trend in annual mean air temperature at the reference CT-L plot (2 m above ground). Legends: 
Individual values of annual average; and their averages for decades (10-yr-average), 3 decades (30-yr-average), and the 
whole 1781–2018 period (4.18 °C). Large black points indicate years with climate affected by volcanic eruptions. Date 
of eruption: Laki and Grímsvötn (1783–1785), Tambora (April 1815), Katla (May 1860, October 1918), Krakatau 
(August 1883), Bezymianny (March 1956), St. Helens (May 1980), Pinatubo (June 1991), and Eyjafjallajökull (May 
2010). Data were updated from Turek et al. (2014). 
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