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Abstract: Large-scale forest dieback was reported in recent decades in many parts of the world. In Slovakia, the most
endangered species is Norway spruce (Picea Abies). Spruce dieback affects also indigenous mountain forests. We ana-
lysed changes in snow cover characteristics in the disturbed spruce forest representing the tree line zone (1420 m a.s.l.)
in the Western Tatra Mountains, Slovakia, in five winter seasons 2013—2017. Snow depth, density and water equivalent
(SWE) were measured biweekly (1012 times per winter) at four sites representing the living forest (Living), disturbed
forest with dead trees (Dead), forest opening (Open) and large open area outside the forest (Meadow). The data con-
firmed statistically significant differences in snow depth between the living and disturbed forest. These differences in-
creased since the third winter after forest dieback. The differences in snow density between the disturbed and living for-
est were in most cases not significant. Variability of snow density expressed by coefficient of variation was approximate-
ly half that of the snow depth. Forest dieback resulted in a significant increase (about 25%) of the water amount stored in
the snow while the snowmelt characteristics (snowmelt beginning and time of snow disappearance) did not change much.
Average SWE calculated for all measurements conducted during five winters increased in the sequence Living < Dead <
Meadow < Open. SWE variability expressed by the coefficient of variation increased in the opposite order.
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INTRODUCTION

Forest significantly influences the hydrological cycle
(Bredemeier et al., 2010; Jewitt, 2005; Mracek and Kre¢mer,
1975). Part of precipitation intercepted by the forest is evapo-
rated back to the atmosphere (Chang, 2006). Interception also
changes the spatial distribution of precipitation under the cano-
py (e.g. Bartik et al., 2016; Holko et al., 2009; Lundberg et al.,
1998). On the contrary, horizontal precipitation captured by the
forest can represent an important component of the water and
hydrochemical balance (Elias et al., 1995; Fisak et al., 2001;
Mind’a$ and Skvarenina, 1995). Moreover, forest significantly
affects precipitation partitioning into overland and subsurface
flow through its influence on the soil (Gomoryova et al., 2013;
GOmoryova et al., 2017; Stahli et al,, 2011). Hence, forest
change has manifold hydrological consequences, the effects of
which are not easy to predict in detail (Bredemeier et al., 2010;
Michalova et al., 2017; Rogger et al., 2017).

Forest affects also the snow accumulation and melt. The dif-
ferences in snow characteristics in the forest and in nearby open
areas have been observed for more than a century (e.g. Church,
1914). A number of studies compared snow in the forest and
forest clearings or specifically addressed the influence of forest
management practices, i.e. direct human interventions (e.g.
Andreson, 1963; Ellis et al., 2010; Garstka et al., 1958; Golding
and Swanson, 1986; Kittregde, 1953; Koivusalo and Kokonen,
2002; Kuusisto, 1980; Mayer et al., 1997; Stahli et al., 2000;
Swanson and Golding, 1982; Troendle and King, 1987; Zeleny,
1971). The results of empirical studies of changes in forest
cover and associated changes in snow accumulation and abla-
tion rates were reviewed by Varhola et al. (2010). More recent
studies addressed also the effects of forest dieback, i.e. natural
disturbances, on snow characteristics. They used measured data
or modelling to study the effects of dieback caused by bark
beetle or forest fires (e. g. Bartik et al., 2014; Boon, 2012;

Harpold et al., 2014; Jenicek et al., 2018; Perrot et al., 2012;
Pugh and Small, 2012).

Large-scale forest disturbances were recently reported in Eu-
rope (Mezei et al., 2014, 2017; Seidl et al., 2011) and a number
of authors have pointed out the hydrological consequences of
forest dieback (e.g. Adams et al., 2012; Vido et al., 2015; Win-
kler et al., 2014). In Slovakia, forests cover approximately 40%
of the country. Extensive areas of Slovak forests were recently
affected by dieback as well (Grodzki et al., 2006; Jakus et al.,
2011). Norway spruce (Picea Abies (L.) Karst.), the most abun-
dant coniferous tree in Slovakia (about 26% of all forest tree
species), is one of the most endangered species, especially
owing to its high sensitivity to increasing air temperature. Die-
back does not occur only in areas where spruce was introduced
by people. It is documented also in indigenous mountain forests
(Janda et al., 2016; Parobekova et al., 2016) and in areas which
were until now relatively less affected by human activities
(Fleischer et al., 2017). Because such forests often occur in
headwater catchments, their change can influence snow accu-
mulation and melt and consequently runoff formation and dis-
charge regimes in downstream areas. Understanding the local
effects of such changes on snow accumulation and melt re-
quires studies based on local data measured over a long time.

This article presents the results of measurements of snow
depth, density and water equivalent from the highest part of the
Carpathian Mountains during five winters. It differs from pre-
vious studies in that the measurements were conducted over the
entire winter seasons with a relatively high frequency (approx-
imately every two weeks). The overall objective of our study is
to analyse the influence of the mountain spruce forest dieback
on snow accumulation and melt. The article is organised so that
we first compare snow characteristics and their variability at
sites with different land cover (living and disturbed forest,
forest opening and a large open area outside the forest). Then
we evaluate the influence of different stand characteristics (land
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use) on snow accumulation and melt. The results could be
useful in the assessment of regional snow cover development in
similar snowmelt dominated headwater catchments affected by
forest dieback.

MATERIAL AND METHODS
Study area

The study was conducted at research plot Cervenec
(49.183617°N, 19.641944°E, elevation 1420 m a.s.l.) in the
Western Tatra Mountains, northern Slovakia. The plot is locat-
ed in the Jalovecky creek catchment which is the subject of
long-term hydrological research devoted also to snow cover
(Holko and Kostka, 2010). The bedrock at the research plot is
formed by limestone, marlstone, claystone and dolomite. The
soil is classified as Cambisol and has high stoniness (Hla-
vacikova et al., 2016). The forest at the plot is representative of
the tree line zone in the highest part of the Carpathian Moun-
tains. Although the forest at the plot was significantly affected
by human activities in the past, today it is classified as domi-
nantly natural (Celer, 2013). It is composed solely of Norway
spruce. The age of the trees is more than 130 years (Orenak et
al., 2013). Places with sparse density of the forest are over-
grown with rowan (Sorbus aucuparia L.). The understory is
represented by bilberry (Vaccinium myrtyllus L.); raspberry
(Rubus idaeus L.) occurs in the open area. Part of the forest died
in summer 2012 as a result of the bark beetle (Ips typhographus
L.) outbreak. Branches of the dead trees are covered with lichen
“tree moss” (Pseudevernia furfuracea (L. Zopf.).

Data

Snowpack measurements in the open area and in the forest
have been conducted since the 1990°s (Holko et al., 2009). The
results presented in this article are based on data from the new
snow courses established after the forest dieback since winter
2013. We present data from five winters (2013-2017). A “win-
ter” is defined as the period from November through the fol-
lowing May. For example, winter 2013 is represented by data
measured from November 2012 until May 2013.

The snow courses are located in the living forest (hereafter
denoted as ,,Living*), disturbed forest with dead trees (Dead),
forest opening (Open) and in the large open area outside the
forest (Meadow). The size of the forest opening is 1H — 2H,
where H is tree height. Snow depth (SD) and water equivalent
(SWE) were measured at the snow courses every two weeks
(biweekly) depending on weather conditions (10-12 times per
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winter). Snow density was calculated from snow depth and
snow water equivalent at the snow course.

SWE was measured using a fibre glass snow tube with a
cross section area of 50 cm”, which was weighed with a digital
scale with resolution of 10 grams. SD was measured by a grad-
uated rule with resolution of 1 cm.

Snow courses in the open area, i.e. at sites Open and
Meadow, were located 50 meters and 300 meters away from the
snow courses at forested sites (Living and Dead), respectively.

SD was measured every meter at 31 points at each snow
course in the forest sites (Living and Dead). SWE in the forest
was measured every five meters, i.e. seven values were ob-
tained at each snow course (Fig. 1). In the open area, 20 SD
measurements and 3 SWE measurements were made at each
snow course (sites Open and Meadow). Mean values for the
snow courses on individual dates were calculated as follows:

— mean SD value was calculated from 31 (forest) and 20
values (open area),

— mean snow density was calculated from 7 (forest) and 3
(open area) SWE values and the corresponding SD values,

— the SWE for the snow course was obtained by multiplica-
tion of the mean SD by the mean snow density.

Precipitation at the snow courses was measured manually by
the standard rain gauges of the Slovak Hydrometeorological
Institute with orifice area 500 cm’. Three gauges were installed
in the forest to capture precipitation patterns at the typical forest
locations, i.e. in the forest opening, the drip zone and the near-
stem zone (Holko et al., 2009).

Daily precipitation and air temperature data from the auto-
matic weather station equipped with a weighing rain gauge
located near the snow courses were used in snow accumulation
and melt modelling. The weather station is located in the open
area. Therefore, measured precipitation and air temperature
from the station were directly used in the modelling for the
Meadow and Open sites. Model input precipitation for sites
Dead and Living was modified according to the throughfall
measurements conducted at both sites. The throughfall values
calculated from the readings of raingauges located under the
trees and in the forest windows provided precipitation correc-
tion coefficients. The coefficients were applied backwards to
calculate the input daily precipitation at sites Dead and Living
since the previous day with throughfall data. Comparison of air
temperature measured at the weather station with that measured
under the nearby dense spruce tree stand showed that air tem-
perature under the canopy was on average 1°C lower than that
in the open area. This value was therefore used to prepare the
model input air temperature data for the site Living.
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Fig. 1. Snow depth and density measurements at forested sites (Dead, Living).
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Methods

Climatic characteristics of the studied winters were first
evaluated using the total precipitation amount and sum of posi-
tive daily air temperature from December to March. The values
for individual winters were plotted as anomalies (Holko et al.,
2012), i.e. as deviations from the long-term mean values for the
period 1989-2017. Such presentation allows fast identification
of extreme winters in the time series data. Climatic conditions
important for snow cover evolution, i.e. precipitation amount
and potential snowmelt in the study winters can also be quickly
assessed and compared. Temporal evolution of SD and snow
density at all sites in the five study winters was compared.
Variability of SD and snow density along each snow course
was expressed by standard deviations to obtain the absolute
values in cm and kg.m”, respectively. The use of standard
deviation helps to perceive the importance of the variability
when compared to the temporal evolution of SD or snow densi-
ty (as in Figs. 3 and 5). Comparison of variability in snow
characteristics among the sites (snow courses) and on different
dates was based on coefficients of variation (Cv). Box-whisker
plots were used to compare the data measured at individual
SNOW courses over entire winters.

Mean values of SD and snow density for each snow course
and day with measurements as well as for the entire study peri-
od were compared using the Student paired test. The aim was to
test whether the two compared data sets were significantly
different from each other at a significance level of 95%. Signif-
icantly different data sets were marked in results with ,,x“ (e.g.
Table 2). Statistical analysis was carried out with Statistica 10
and Statgraphics Centurion XVLI.

Biweekly measurements at snow courses may not capture
the maximum seasonal snow water equivalent (SWE) and pro-
vide correct snowmelt characteristics (onset, termination).
Therefore, snow accumulation and melt modelling was used to
provide daily values of SWE. A simple degree-day model was
used. Snow accumulation was simulated if the mean daily air
temperature during days with precipitation was below the
threshold temperature. Snow melt was calculated according to
the following well-known formula:

M = DDF (T-T,,.,) (H

where M is the snowmelt [mm], DDF is the degree-day factor
[mm.OC".day’l], T is the mean daily air temperature [°C] and
T, [°C] is the threshold air temperature above which the snow
starts to melt.

The threshold air temperature above which all precipitation
falls as rainfall, threshold air temperature at which the snow-
melt starts and the temporally variable degree-day factor were
used to fit the simulated and measured SWE values. The aim of
the modelling was solely to fit the simulated and measured
values during the time of maximum SWE and the snowmelt
period (i.e. not to transfer the model to other sites or time peri-
ods or evaluate the calibrated degree-day factors). Therefore,
model parameters were variable in time and different for each
site and winter. After the simulations we have calculated the
Kling-Gupta efficiency coefficient KGE (Gupta et al., 2009):

KGE=1—\(r=1) +(a=1) +(8-1) )
= Gsim = Hsim
o= (Tbbx /g /lolm

where 7 is the linear correlation coefficient, o is standard devia-
tion, u is arithmetic mean and sim and obs represent simulated
and observed values, respectively.

KGE was used instead of the more common Nash Sutcliffe
coefficient (Nash and Sutcliffe, 1970), because it allows identi-
fication of the origin of model errors.

The degree-day model was run at a daily time step for the
period November 1st to May S5th. Model parameters were cali-
brated by the trial and error approach. Simulated SWEs were
visually compared with measured values during model calibra-
tion. Maximum SWE, dates of snowmelt onset and termination
and snowmelt duration were then obtained from the modeled
data for each site and winter.

RESULTS
Climatic characteristics of winters 2013-2017

The long-term average (1989-2017) of precipitation in cold
months (December to March) at the research plot is about 400
mm (Fig. 2). About 25 days during the same period had daily
mean air temperature above zero. The long-term average of the
sum of positive air temperature from December to March is
about 54°C. Fig. 2 shows that above-average precipitation
occurred in winter 2013. At the same time, the sum of positive
air temperatures was below-average. Thus, winter 2013 had the
most favourable conditions for snow accumulation out of the
five studied winters. Winter 2014 represented the opposite
situation, namely below-average precipitation and above-
average sum of positive daily temperatures. Fig. 2 reveals that
shifting from wet to dry or cold to warm in successive winters
is quite common in the study area. However, winter 2014 was
unique for its unusually dry and warm weather. Satellite data
confirmed that all of Slovakia was extremely snow-poor (Kraj¢i
et al., 2016). In winters 2015-2017, total precipitation and sum
of positive air temperatures were close to long-term averages.
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Fig. 2. Anomalies of total precipitation and positive air temperature
of winter periods (December to March) at the research plot accord-
ing to data from the meteorological station located in the open area.

Snow depth

Annual maximum snow depths at different sites exceeded
80-100 cm and standard deviations for most days with meas-
urements were under 10 cm (Fig. 3). Coefficients of variations
(Cv) of the SD calculated for individual dates with measure-
ments mostly did not exceed 0.3. The highest SD was almost
always measured in the forest opening (Open). This pattern is
well known and reflects increased snow accumulation at sites
protected from the wind (e.g. Troendle and King, 1985). SD in
the disturbed forest (Dead) was almost always higher than in
the living forest (Living), a result of the interception decrease
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Fig. 3. Mean snow depth and its variability (SD in the figure represents the standard deviation) at all sites and on all days with measure-

ments in winters 2013-2017.

Table 1. Snow depth [cm] and its variability for the entire winter season.

2013 2014 2015 2016 2017 20132017
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Living 12 43 23 0.53 8 13 13 0.97 10 47 23 0.50 8 16 6 0.38 10 46 22 047 48 35 24 0.67
Dead 12 47 23 0.50 8 17 14 0.79 10 53 26 0.49 8 24 8 0.31 10 53 24 045 48 41 25 0.61
Meadow 12 62 24 0.38 11 26 12 0.46 9 59 13 0.23 9 38 14 0.37 10 49 20 041 51 47 22 0.46
Open 12 81 29 0.36 11 35 13 0.37 10 80 31 0.39 10 53 24 0.45 12 71 27 0.38 55 64 30 0.47
Total 48 58 28 0.49 38 24 15 0.62 39 60 27 0.45 35 34 21 0.60 42 55 25 045 202 47 28 0.58
Table 2. Statistical significance of the differences in mean snow depth among the sites.
2013 2014 2015
5 L _=2oSEsEZE K¥EE . =285 2 = _=mg2g2E8422
X TN = v L 6 B .o 6 » L = R =R R T e T S - N Yo B
o™ o~ — (ae} — (ag} — o~ w — — N — (o] (=2} (o] (=2} (] o~ (] Lagl — vy — — — (] — [l [=)} (] )
Living vs. Dead X X X X X X X X X X - X X X - X X X X X X X X X -
Livingvs.Meadow X X X X X X X X X X X X X X X X X X X X X X X X X X
Living vs. Open X X X X X X X X X X X X X X X X X X X X X X X X X X
Dead vs. Meadow X X X X X X X X X X X X X X X X X X X X
Dead vs. Open X X X X X X X X X X X X X X X X X X X X X X X X X X X
Meadow vs. Open X X X X X X X X X X X X X X X X X X X X X X X X X X X X
2016 2017
= RS- = = N =
T B B i B B = R = = e =
=X+ —~— & — O —~ O & B N v A Y —~ 4 = o =
Living vs. Dead X X X X X X X X X X X X X X X X X
Living vs. Meadow X X X X X X X X X X X X X X X X X
Living vs. Open X X X X X X X X X X X X X X X X X X
Dead vs. Meadow X X X X X X X X X X X X X X
Dead vs. Open X X X X X X X X X X X X X X X X X X
Meadow vs. Open X X X X X X X X X X X X X X X X X X X

x- Significant difference at 95% level .-comparison is not available

caused by defoliation. While the differences between the two
sites were not very high in the first two winters after forest
dieback (2013 and 2014), they clearly increased in winters
2015-2017. The mean SD differences during the first two win-
ters were about 4 cm. In winters 2015-2017 they increased to
7-8 cm (Table 1).

The SD data sets at different sites (snow courses) were sta-
tistically significantly different for most days with measure-
ments (Table 2). The SD at site Open was always significantly
different from that measured at the forested sites (Living,
Dead).

SD in the open area located outside the forest (Meadow) did
not have a consistent relation to the SD at sites located in the
forest (Dead and Living). In winters 2013, 2014 and during the
maximum snow depth period of winter 2016 it was higher, but
in winters 2015 and 2017 it was similar (Fig. 3). Wind redistri-
bution and solar radiation have the biggest influence at site
Meadow. Therefore, the snow depth at this site is more depend-
ent on weather conditions during any particular winter.

The SD data for the entire winters presented in Fig. 4 show
that medians and most often also the first and third quartiles were
increasing in the sequence Living <Dead <Meadow < Open.
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Fig. 4. Box-whisker plots (max-min, lower and upper quartiles, median) of the snow depth for the entire winters; the crosses show arithme-

tic mean.
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Fig. 5. Snow density and its within-site variability expressed by the standard deviation (SD).

The differences in the average snow SD over the winter
were statistically significant with the exception of Living vs.
Meadow and Dead vs. Meadow in winters 2015 and 2017. SD
variability expressed by Cv at the forested sites (Dead, Living)
was in most winters higher than at the sites located in open
areas (Open, Meadow) (Table 1). An exception was observed in
winter 2016 when the coefficients of variation of SD at the
forested sites were smaller than in other winters.

Snow density

Snow density and its within-site variability expressed by the
standard deviation are shown in Fig. 5. Maximum snow density
was close to 0.5 g.cm” and standard deviations were mostly
below 0.05 g.cm ™. Coefficients of variation of snow density
were smaller than those of snow depth. Cvs of snow density on
individual days with measurements were mostly below 0.15.
Temporal evolution and to some extent also differences in snow
density among study sites reflected climatic conditions in indi-
vidual winters. Favourable conditions, i.e. above-average pre-
cipitation and below-average sum of positive air temperatures
in winter 2013 were reflected in the continuous increase of
snow density. On the contrary, warm weather in winter 2014
resulted in a rapid increase of snow density to high values (wet
snow) as early as December, and high variability due to thaws
and new snow events afterwards. Fig. 5 also shows that snow
density at sites without trees (Open, Meadow) was in most
winters higher than at sites located in the forest (Living, Dead).
This difference was clearly visible especially in the snowy winter
2013, and it was very small in winter 2017. Differences among
particular sites were not large at the beginning of the accumula-
tion period (fresh snow). Rapid decreases in snow density at the

end of winter 2014 and at the beginning of April 2017 were
caused by new snow following snowpack melt-out.

Snow density at site Dead was significantly different from
that at site Living in 13 out of 48 days with data (Table 3). The
mean snow density in the living forest was higher than that in
the disturbed forest in 18 out of 48 days. However, larger dif-
ferences (> 0.030 g.cm ), were observed only in 6 cases. The
differences in the remaining 12 cases varied from 0.002 to 0.016
g.cm . Such small differences can result from measurement error
or natural variability of snow density along the snow course.

Snow density data for the entire winters (Fig. 6, Table 4)
show that the main difference among the sites was between the
forested and the open areas. The differences within these two
groups, i.e. between the living and disturbed forest or between
the forest opening and large open area were comparatively
smaller. Winter 2017 was an exception, because snow densities
at all sites were very similar. Differences in snow density be-
tween the disturbed and living forest for the entire winters were
not statistically significant.

Unlike with snow depth, the coefficients of variation of
snow density at the forested sites (Dead, Living) were often not
very different from those in open areas (Open, Meadow). (cf.
Tables 1 and 4).

Snow water equivalent and the results from SWE modelling
(maximum SWE, snowmelt beginning and duration)

Summary statistics of measured SWE for all sites and the
entire winters are presented in Fig. 7. SWE increased in the
sequence Living < Dead < Meadow < Open. As expected, open
areas had higher SWE than the forested sites. Average SWE
during the entire study period in the disturbed forest was about
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Table 3. Statistical significance of the differences in mean snow density among the sites.

2013

2014 2015
R _L.=2zSEg2EEz #FE L _=gE52 L _o==2E2,2%
a2 e2=gy A e A O w2 o2 R2C8 s8R
Living vs. Dead X X X X X X X X
Living vs. Meadow X X X X X X X X X X X X X
Living vs. Open X X X X X X X X X X X X X X X X
Dead vs. Meadow X X X X X X X X X X X X X
Dead vs. Open X X X X - X x- X - X X l
Meadow vs. Open X X X X
2016 2017
SX oS82 EEY gH o HdZdEESE
2328 E=I s & E& 6T = a2
Living vs. Dead X X X X
Living vs. Meadow X X X X X X X X X X X X X
Living vs. Open X X X X X X X X X
Dead vs. Meadow X X X X X X X X X X X X
Dead vs. Open I X X X X X X
Meadow vs. Open X X X X
x- Significant difference at 95% level .—comparison is not available
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Fig. 6. Box-whisker plots (max-min, lower and upper quartiles, median) of snow density for the entire winters; the crosses show the arith-

metic mean.

25% higher than in the living forest. SWE in the forest opening
was on average 31% higher than in the large open area (Mead-
ow). This is in agreement with the finding that forest openings
with widths about 1-2 times the canopy height (such as the
opening in our study) have the most snow (Kittredge, 1953).
SWE variability expressed by Cv increased in the opposite
order as the SWE values, i.e. Open < Meadow < Dead <Living.
Similarly to snow density, the SWE variability within the two
groups of sites (forested, open) was smaller than between them.

After visual comparison of measured and simulated SWE
(Fig. 8) we have concluded that simulated SWE maxima and
dates when the snowpack entirely melted were estimated rea-
sonably well. A more detailed analysis of data reproduction is
given later in the discussion.

Modelling results relevant to the theme of this article, i.e. the
differences in snow accumulation and melt at different sites, are
summarized in Table 5. They show that since winter 2015,
maximum SWE in the disturbed forest was always greater than
in the living forest. That corresponds to the increase in snow
depth that started to become evident at the Dead site since the
same winter. The final snowmelt phase, i.e. the snowmelt
which ended with snow disappearence, started in the living

55/0.52

400 |-

F 55/0.60

300 |-
= 54/0.80
5 L 54/0.84
o 200 T
@ T

100 - l

N il L
Living Dead Meadow Open

Fig. 7. Box-whisker plots (max-min, first and third quartiles, medi-
an) of measured SWE for all winters; the crosses show the arithme-
tic mean; the numbers above the graphs represent number of meas-
urements (54—55) and coefficient of variation (0.52-0.84).

forest mostly later than in the disturbed forest (Dead), but the
delay was only about 1-2 days. Although the SWE in the living
forest was typically smaller than at other sites, the snow usually
disappeared there approximately on the same days.
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Table 4. Snow density [g.cm ] and its variability for the entire winter seasons.

2013-2017

2017

2016

2015

2014

2013

UONJBLIBA JO “JJO0D)

UONJBIADD pIepue)s

aferoAy

juno)

UONJBLIBA JO “JJO0D)

UOIJBIASD pIepue)s

ageroAy

juno)

UONJBLIBA JO “JJO0D)

UOIJBIASD pIepue)s

age1oAy

juno)

uoneLIEA JO JJO0D)

UOIJBIADD pIepue)s

ageroAy

juno)

uoneLIeA JO JJO0D)

UONJBIAJD PIepue)§

oge10Ay

juno)

UuoneLIEA JO JJO0D)

UONJBIAJD PIepue)§

aderoAy

juno))

0.31
0.29
0.25
0.28
0.29

0.078
0.073

0.253
0.253
0.307
0.294
0.278

48
48
51
55
202

0.32
0.32
0.22
0.23

0.081

0.258
0.264
0.276
0.290
0.273

10
10
10
12
42

0.25

0.

0.054
0.036

0.220
0.214

8
8
9

33
32

0.087 0.

0.266
0.280
0.298
0.303
0.286

10
10
9

42
35

0.

0.107
0.078

0.252

8
8

25
0.22
0.25
0.28
0.26

0.

0.066
0.058

0.260
0.266
0.310

12
12

12

Living
Dead

0.085

17

0.

0.090
0.070
0.102
0.086

0.

0.225

0.076
0.082

0.060
0.066
0.072

0.066
0.050

0.326
0.283
0.264

0.24
0.34

0.31

0.100
0.108
0.103

0.322

11

0.077

Meadow

0.18

0.26

10

0.37

0.295

0.301  0.084
0.073

12
48

Open

0.081

0.26

0.069

35

0.37

0.279

38

0.284

Total

Measured data at the end of the snowmelt season were used
to compare maximum snowmelt intensities at different sites
during the precipitation free periods and corresponding degree-
day factors obtained from both measured data and model cali-
bration. Unfortunately, this was possible only for winter 2013,
because precipitation occurred during maximum snowmelt
intensity periods in all other winters. The results are presented
in Table 6. Although the numbers from only one winter cannot
be generalized, the results confirm that snowmelt intensity in
the disturbed forest was higher than in the living forest. The
largest snowmelt was observed in the forest opening. Snowmelt
in the open areas (Open, Meadow) was almost 60% greater than
at the forested sites (Living, Dead).

Degree-day factors for 18-28 April 2013 calculated from
measured data were similar to those obtained during model
calibration.

SWE in our study was significantly higher (25%) in the dis-
turbed forest than in the living forest. This difference is proba-
bly related to higher snow depth in the disturbed forest. How-
ever, unlike for snow depth, there was no significant SWE
difference between the disturbed and living forest in individual
winters (Fig. 8). Jenicek et al. (2018) did not directly compare
SWE in the healthy and disturbed forest. However, they reported
a smaller SWE difference (29%) between open areas and defo-
liated spruce forest with standing trees compared to the differ-
ence between open area and healthy forest (45%). This implies
that the difference between the disturbed and healthy forest was
16%. Boon (2012) concluded that snow density and SWE in
disturbed and living forests are similar in high snow years while
they are distinctly different in low-to-average snow years.
However, their study was based only on two years of measured
data. Pugh and Small (2012) reported 15% more snow in a
“grey phase stand” (needleless trees) than in a paired living
stand. Their results are also based on two years of measured
data at eight pairs of living and disturbed forest stands. Our data
confirm the findings of Boon (2012) and Pugh and Small
(2012) that the SWE difference between the disturbed and
living forest is smaller for winters with higher snow accumula-
tion (Fig. 9). Nevertheless, the SWE difference remained rela-
tively high (about 20%) also in winters with high snow accu-
mulation (Fig. 9).

Evaluation of the snowmelt model efficiency by the objec-
tive function showed that KGE efficiency was high (between
0.7 and 1) for almost all simulations (Table 7). This is not sur-
prising, because model parameters were changed independently
for each site and winter to obtain the best simulation possible
and we focused primarily on good reproduction of measured
values on dates close to winter maximum SWE and during the
ablation period. While model parameters based on such a strat-
egy cannot be transferred to other sites or winters, we believe
that SWE maxima and dates when the snow cover entirely
melted were estimated reasonably well. However, detailed
analysis of other simulated results such as the degree-day fac-
tors from such a modelling strategy is not meaningful. Table 7
shows that deleting one overestimated value at the beginning of
the winter would significantly improve the KGE values for two
of three simulations (sites Living and Dead in winter 2016).
Analysis of the sources of modelling errors for site Meadow in
winter 2015 (equation 2) showed that mean values of observed
and corresponding simulated data were the same (172 mm) and
the correlation coefficient was high (0.88). A low KGE value
(0.008) resulted from the much higher standard deviation of the
simulated data compared to that of observations. However, the
observed values at the time of maximum measured SWE and
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Table 5. Characteristics of snow accumulation and melt from snow modelling.

Winter Maximum snow water equivalent [mm] Snowmelt duration [days]

Living Dead Meadow Open Living Dead Meadow Open
2013 191 202 350 392 19 24 20 23
2014 124 96 173 173 10 5 17 19
2015 212 263 250 351 22 22 21 26
2016 37 81 205 258 3 4 18 20
2017 189 239 236 325 45 46 44 48

Snowmelt beginning Snowmelt end

Living Dead Meadow Open Living Meadow Open Dead
2013 10-Apr 5-Apr 10-Apr 10-Apr 29-Apr 30-Apr 3-May 29-Apr
2014 19-Mar 17-Mar 20-Mar 20-Mar 29-Mar 6-Apr 8-Apr 22-Mar
2015 9-Apr 8-Apr 8-Apr 8-Apr 1-May 29-Apr 4-May 30-Apr
2016 27-Mar 28-Mar 26-Mar 26-Mar 30-Mar 13-Apr 15-Apr 1-Apr
2017 19-Mar 19-Mar 19-Mar 19-Mar 3-May 2-May 6-May 4-May

the beginning of snowmelt were simulated moderately well (the
differences between measured and simulated values were 10%
and 3%). Unlike in other winters, SWE close to snow disap-
pearance was not measured at the Meadow site in winter 2015
(Fig. 8) which did not allow us to compare the measured and
simulated values during the time of intensive ablation and
which would probably improve the KGE value.

DISCUSSION

Our results revealed a statistically significant difference in
SD between the living and disturbed forest which increased
since the third winter after forest dieback. The difference in SD
was most noticeable during snow maximum. These results cannot
be directly compared with findings of other studies using meas-
ured snow characteristics in the disturbed forests, because most
of them were based only on 1-2 years of data. Only Jenicek et

al. (2018) had five years of data. They measured snow charac-
teristics at 16 sites including 3 sites affected by the bark beetle.
Although their measurements were conducted only 2-4 times
per winter, the snowmelt periods were captured in all five win-
ters. However, they did not evaluate the interannual evolution
of SD differences in the living and disturbed forest.

Snow density in the disturbed and living forest was in most
cases not significantly different. Jenicek et al. (2018) reported
that compared to the healthy forest (an analog of the living
forest in our study), snow density was slightly greater in the
disturbed forest during the accumulation period. In contrast,
snow density in the healthy forest was greater in the snowmelt
period. Their conclusions were drawn from integrating the
snow density data for the entire study period. Analogous data in
our study reveal clear differences between the two groups of
sites (forested versus open) while the differences within each
group were smaller (Fig. 6, Table 4).
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Table 6. Snowmelt characteristics during the maximum snowmelt
intensity period (18-28 April 2013); DDF,,s and DDF_, are de-
gree-day factors calculated from the measured data and from model
calibration, respectively

Site Snowmelt Total DDF g6 DDF
intensity snowmelt [mm.day ™' °C] [mm.day™ °C]
[mm.day '] [mm]
Living 123 123 1.51 1.45
Dead 14.3 143 1.76 1.80
Meadow 20.6 206 2.53 2.50
Open 214 214 2.63 2.40

Table 7. Kling-Gupta efficiency coefficients; the values with
asterisks represent KGE if one simulated value at the beginning of
the snow season were omitted.

Winter Living Dead Meadow Open
2013 0.902 0.773 0.692 0.942
2014 0.821 0.833 0.901 0.93
2015 0.695 0.952 0.008 0.959
2016 | —0.807 (0.698%) 0.275 (0.969%) 0.699 0.936
2017 0.866 0.962 0.909 0.99
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Fig. 9. The relationship between winter snow accumulation (simu-
lated maximum SWE in the living forest at the beginning of the
final snowmelt phase in mm) and the percent difference in meas-
ured mean winter SWE in the disturbed (SWEp.,4) and living forest
(SWELiying) for winters 2013-2017; a value of 50% on the vertical
axis means that mean SWE in the disturbed forest was 50% greater
than that in the living forest.

Snowmelt intensity in the disturbed forest based on meas-
ured data from the end of winter 2013, i.e. the first winter after
forest dieback (and the high-snow winter), was 16% higher than
in the living forest (Table 6). This was an expected result be-
cause forest dieback increases incoming solar radiation. Jeni¢ek
et al. (2018) reported a similar difference (18%). Their value
was based on simulated degree-day factors for five winters. Our
preference of using measured instead of simulated values
means that we could compare the data from only one of the five
winters. In other winters, either the SWE was not measured on
days close to the snow disappearance or the snowmelt was
affected by precipitation. Thus, it was not possible to investi-
gate the evolution of the differences in ablation rates with time
elapsed since the forest dieback. Simulated SWEs indicated that
the mean ablation intensities at the end of winters 2013-2017 in
the living and disturbed forest were similar, and ablation at the
Meadow and Open sites were on average 7% and 16% higher
than at forested sites, respectively. However, because we had

only five values (winters) for each site and the values in indi-
vidual winters varied, the comparison of the mean values of
ablation rates obtained from the modelling is not meaningful.

CONCLUSIONS

This article presents the results of longer-term (five winters)
and relatively frequent (every two weeks) measurements of
snow characteristics at four sites with different land cover. The
main focus was the differences between the living and dis-
turbed forest. Snow depth was significantly greater in the dis-
turbed forest and the difference increased since the third winter
after dieback. Differences in snow density were in most cases
not significant. Differences in snow water equivalent (SWE)
reflected differences in snow depth, although the progressive
increase during the study period (as in the case of snow depth)
was not observed. Average SWE over the entire study period in
the disturbed forest was 25% greater than in the living forest
stand. This indicates that the amount of water accumulated in
snow in areas affected by large-scale forest dieback could sig-
nificantly increase. Higher snow accumulation does not neces-
sarily mean that total runoff or flood peaks would be higher
(Jenicek et al., 2018). Results of our plot-scale simulations did
not indicate significant differences in snowmelt characteristics
between the disturbed and living forest. Although the SWE in
the living forest was smaller and its variability was greater, the
beginning of the final snowmelt phase and the date of snow
disappearance at the two stands were similar. However, timing
of snowmelt runoff events can change if large parts of original-
ly forested catchments are affected by forest dieback due to
higher ablation rates in the disturbed forest. This scenario can
be tested in follow-up modelling studies validated against the
measured values from the plot-scale data.
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