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Abstract

Miklo§ M., Vyskot L, Satala T., Koristekovd K., Jan¢o M., Skvarenina J.: Effect of forest ecosystems
on the snow water equivalent in relation to aspect and elevation in the Hucava river watershed,
Polana Biosphere Reserve (Slovakia). Ekoldgia (Bratislava), Vol. 36, No. 3, p. 268-280, 2017.

The aim of this work was to assess how forest ecosystems dominated by Norway spruce (Picea
abies (L.) or European beech (Fagus sylvatica L.) affect snow water equivalent (SWE) in relation
to aspect and elevation. The research plots were established in a small headwater watershed of
the Hucava flow belonging to the Polana Biosphere Reserve (Central Europe, Inner Western Car-
pathians). The SWE values in this watershed (approximately 580-1270 m a.s.1.) were monitored
during the three winter seasons starting from 2012-2013 to 2014-2015. The results revealed high
variability in SWE and in snow cover duration between the studied seasons. The spatial variability
was significantly affected by the forest ecosystem, aspect and elevation. The seasonal mean SWE
value was lower by about 50-60% in the spruce forests and by about 21-30% in the beech forests
compared to the open areas (100%). Over the whole seasons, the whole watershed mean SWE
value on the slopes with the northern aspect was mostly higher compared to the slopes with the
southern aspect. The effect of aspect was significant mainly in the open areas and in the forests
dominated by European beech during the ablation periods of every season. In the case of the suf-
ficient snow cover, the mean SWE value always increased with elevation. The elevation gradient of
SWE was steepest at the open areas of the watershed in the peaks of the winter seasons. The three-
season mean value of SWE elevation gradient (per 100 m) at the time of snow accumulation peak
was equal to 16 mm in the spruce forests, 20 mm in the beech forests and 26 mm in the open areas.
The research revealed that SWE is significantly affected by the forest ecosystem whilst its effect
is dependent on the occurrence of dominant deciduous or coniferous tree species. However, the
effect of forests is closely related to topographic characteristics (aspect and elevation) of a locality.

Key words: snow cover, snowpack properties, elevation gradient, Picea abies, Fagus
sylvatica, water supply.



Introduction

Snow cover represents an important phenomenon of water balance of forest ecosystems
mainly in the mountainous areas, because in these parts, precipitation is temporarily ac-
cumulated in the solid state and, thus, transport of precipitation to soil environment is cut
oft (Mindas, 2003). The current increasing pressure on hydrologic resources, their quality
and availability increases the demands on the precision of estimation of winter water sup-
ply accumulated in snow cover. Previous works (Hribik et al., 2009, 2012) found that winter
precipitation fixed in snow cover in Huc¢ava watershed represents from 15 to 40% of the total
annual precipitation. On one side, snow cover is an important source of water for vegeta-
tion, but on the other side, it represents a potential risk of spring floods. Field monitoring
of snowpack properties such as snow water equivalent (SWE) is one of the possibilities how
to determine the water amount accumulated in snow cover (Danko et al., 2004). Forests and
tree species composition of a watershed significantly affect the accumulation and duration
of snow cover (Mind4as, 2003; Holko et al., 2009; Hribik et al., 2012). Elder et al. (1991, 1998)
and Jain et al. (2009) showed that snow accumulation and ablation is primarily controlled by
atmospheric conditions, elevation and slope of the terrain. Important atmospheric processes
affecting snow cover are precipitation, deposition, condensation, turbulent transfer of heat
and moisture, radiative exchange and air movement. Land features influence snow accumu-
lation by slope, aspect and shadowing properties. These factors act together and are related
to each other (Luce et al., 1998; Jost et al., 2007).
The goal of this work was on the base of the measurements during three seasons in the
Hucava river watershed situated in the Biosphere Reserve Polana:
o To compare the courses of the mean SWE values calculated for the whole watershed
amongst the three winter seasons.
o To determine the average differences in mean seasonal SWE values between open areas
and forest ecosystems dominated by Norway spruce and European beech.
« To identify and quantify the impact of aspect and elevation on the SWE in forest eco-
systems and open areas of the watershed in accumulation and ablation periods of each
winter season.

Material and methods
Study area

The research was performed in a small headwater watershed of the Hucavy flow (41.2 km?), which is situated in
the Polana Mits. (Slovakia, Central Europe, Inner Western Carpathians). The Polana Mts. is the highest volcanic
mountain range in Slovakia in which the elevation ranges from 460 to 1.458 m a.s.l. A large area of the examined
part of the watershed (94%) belongs to the Polana Biosphere Reserve (BR) (Fig.1, part of UNESCO World Network
of Biosphere Reserves). According to the zonation of BR, 29.4% of the watershed is in the transition zone, 58.9% is
in the buffer zone and 5.7% is in the core zone. The core zone encompasses all most important protection areas (left
to self-regulation processes), the buffer zone protects the core area against the surrounding influences (manage-
ment is subject to nature protection) and the management activity in the transition area should be in accordance
with the interests of nature and landscape protection. Forest cover of the watershed is 81.6% (33.6 km?), permanent
grassland cover 18.5% and arable land and settled area cover 0.2%. Forest stands of the watershed occur in four for-
est elevation zones (beech - fourth forest elevation zone (FEZ); fir-beech - fifth FEZ; spruce-fir-beech - sixth FEZ;
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and spruce - seventh FEZ). The most common tree species is spruce (45.4%) followed by beech (35.6%), sycamore
maple (6.8%) and fir (5.0%). Other tree species (predominantly broadleaved) make together 7.2% (Kadlec, Kovat,
2008). Beech forests are predominant at southern aspects, whilst mixed forests with beech, fir and spruce prevail
in the parts with the northern aspect. The natural tree species composition is more preserved at higher elevations,
whilst at lower elevations, tree species composition has been substantially changed. The Polana Mts. were created by
tertiary activities. It represents an eroded form of a volcano - stratovolcano. Its massif consists of Neogenic volcanic
rocks, resistant andesites and rhyolites and softer volcanic clastic andesites in tuff and tuffite development (Dublan,
Janosova, 1991). Gomoryova et al. (2006) present that saturated and unsaturated Cambisols are the most common
soil types. Andosols occur in the highest parts of the mountains. At one-third of the area, soils contain allophane,
which causes high production of forest stands. From the climatological point of view, Polana watershed belongs to
a slightly warm (slightly warm, very moist, upland district) and a cool climatic region (slightly cold and cold moun-
tainous district). The average annual air temperature at the BR area fluctuates from 3 to 5 °C. January and February
are the coldest months, and July and August are the warmest months. Average annual precipitation totals are from
600 to 900 mm, and they are 1,100 mm at the top of the Polana Mts. (1.458 m a.s.l.). On an average, snow cover is
formed from the third decade of October and lasts until the end of April. In Polana, snow cover occurs on 130 days
per year, on an average (Skvarenina, Mind4s, 2002).

Snow survey

For data collection, we used a classical, standard snow survey measurement technique (Anderton et al., 2002). It is
based on the measurement of SWE along transects at regular intervals. In the watershed area of the river Huc¢ava, 13
research plots (576—-1.275 m a.s.l.) were established at elevation intervals of 100 m (7 plots in northern aspect and
6 plots in southern aspect; Fig. 1). At each research plot, we assessed SWE along three transects (Table 1). The first
transect was located in a forest dominated by Norway spruce (Picea abies (L.) Karst.), the second in a forest domi-
nated by European beech (Fagus sylvatica L.) and the third in an open area. The description of the research plots is
presented in Table 1. In total, 39 transects were measured in the watershed. Ten SWE values were measured on each
transect. A manual mass method (Durand, 2011) was used to measure the SWE. The measurements were performed
during three winter seasons (from 2012-2013 to 2014-2015) in approximately biweekly intervals. The measured
data were evaluated for the whole season or for the periods of the season (snow accumulation period, peak of snow
accumulation and ablation period).

Research plots

Drainage network
H_:H Watershed area
Forest
BR zonation
Buffer zone

Core area

Transition area

Fig. 1. Study site — upstream area of Hucava river watershed (Polana Mts.) where 13 research plots were located. At
each plot, we established a transect in an open area, in a forest dominated by Norway spruce, and in a forest domi-
nated by European spruce. More than 81% of the watershed is covered by forests (upper right picture). The study
site is located in Central Europe, Central Slovakia.
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Table 1. Description of 13 research plots (7 with northern aspect and 6 with southern aspect). At each plot, SWE
was measured on a transect situated in a forest dominated by Norway spruce (Ns), in a forest dominated by Euro-
pean beech (Eb) and in an open area (Oa).

Northern aspect Southern aspect
ﬂ:‘::f )n Transect Age class dsetr?:i(tiy i:‘;astllo )n Transect Age class dS:;:i(tiy
578 Ns 41-60 1.0 604 Ns 41-60 0.8
578 Eb 21-40 0.9 567 Eb 41-60 1.0
576 Oa 601 Oa
809 Ns 41-60 0.8 835 Ns 41-60 0.8
805 Eb 41-60 0.8 830 Eb 61-80 0.8
804 Oa 833 Oa
897 Ns 41-60 1.0 915 Ns 41-60 0.8
900 Eb 61-80 0.8 918 Eb 61-80 0.8
899 Oa 920 Oa
1.003 Ns 61-80 0.8 1.001 Ns 81-100 0.9
1.003 Eb 61-80 0.9 1.007 Eb 81-100 0.9
1.004 Oa 1.001 Oa
1.059 Ns 81-100 1.0 1.082 Ns 101-120 0.8
1.076 Eb 61-80 0.9 1.074 Eb 120+ 0.7
1.066 Oa 1.095 Oa
1.179 Ns 120+ 0.8 1.160 Ns 101-120 0.8
1.167 Eb 120+ 0.8 1.159 Eb 120+ 0.7
1.174 Oa 1.175 Oa
1.259 Ns 120+ 0.7
1.239 Beech 120+ 0.8
1.275 Oa

Data analysis

A paired t-test was used for the statistical comparison of the paired samples (measurements) to determine whether
the mean of the differences between the two paired samples differed from zero. Prior to the comparison, the paired
zero values were excluded from the samples. As the p-value for this test was less than 0.05, we could reject the
null hypothesis at 95% confidence level. Each mean value is presented with its standard error (mean + SE). The
relationship between the dependent and independent variables was tested by a simple linear regression. Statistical
significance of the linear relationship was tested with analysis of variance at 95% significance level. If p-value was
equal to or greater than 0.05, the relationship was not significant. The strength of the linear statistical relationship
is quantified by the value of Pearson correlation coefficient (r). Elevation gradients of SWE were deduced from the
linear models as their regression coefficients. Linear models (SWE vs. time) were also used to calculate the ablation
rate values. All analyses were performed using Statgraphics Centurion XVI software (Version 16.1.11).

Results
SWE measurements were performed during the three winter seasons (from 2012-2013 to

2014-2015). Each season was divided into a period of snow accumulation, a period with
the first (1.3.13, 16.12.13, 11.2.15) and the second peaks (2.4.13, 31.1.14, 9.4.15) and a snow
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ablation period (Fig. 2). For the statistical analyses, we used one peak for each season as an
average of the first and second peaks.

The studied winter seasons were highly variable in SWE (Fig. 2). According to our moni-
toring, the duration of snow cover in the snow-rich winter of 2012-2013 was 145 days and
the whole watershed mean peak SWE value was 157.7 + 11.2 mm. The duration of the snow
cover in the winter 2014-2015 was 82 days and the mean peak SWE value was 69.3 + 5.2 mm.
In the snow poorest winter of 2013-2014, the snow cover lasted only 46 days and the mean
peak SWE value was 13.5 + 1.7 mm. In that winter season, the duration of snow cover was
more than three months shorter and the value of the mean peak SWE was lower by about 144
mm (91.4%) compared to the season 2012-2013. The three-season, whole watershed peak
SWE value was 80.2 + 5.7 mm (Fig. 2).
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Fig. 2. Temporal development of the whole watershed mean SWE in the open areas (Oa) and the forest stands
dominated by Norway spruce (Ns) or European beech (Eb). The horizontal line indicates the three-season, whole
watershed peak SWE value.

Effect of forests

Forest ecosystems significantly decreased SWE on the ground in the winters 2012-2013 and
2014-2015 (Table 2). In the season 2013—-2014, total solid precipitation was too low to prove
the significant effect of forests. The difference in seasonal, whole watershed mean SWE val-
ues was evident mainly between the open areas (Oa) and the forests dominated by Norway
spruce (Ns) than between forests dominated by European beech (Eb). If we take Oa as a
reference plot (100%), the seasonal mean SWE value in Ns and Eb was lower, on an average,
by 50-60% and 21-30%, respectively, in every of the monitored seasons (Fig. 2, Table 2). The
greatest whole-season difference between Oa and Ns equal to 57.1 + 9.1 mm was recorded in
the winter 2012—2013 (Table 2a).
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T able 2. Differences between the seasonal mean SWE values (whole watershed values) in the open areas of the
whole watershed area and the forests dominated by (a) Norway spruce (Ns) and (b) European beech (Eb). The cal-
culation of the relative difference assumes that Oa is 100% (reference plot). The paired t-test compared data set of
mean SWE values in watershed. Asterisk (*) indicates significant difference at p < 0.05.

Mean SWE + SE Difference (Oa — Ns) p-value
(a) Oavs. Ns . n
Oa Ns Mean * SE Percentage paired t-test
2012-2013 1132+200 | 561+112 | 57.1£9.1 50.4 6.3-10°* 12
2013-2014 10.2 + 4.4 50£14 52£33 51.1 0.191 5
2014-2015 63.611.0 2531638 383£54 60.2 1.9-10* 8
Mean SWE + SE Difference (Oa — Ns -
(b) Oavs. Eb ( ) p value n
Oa Eb Mean * SE Percentage paired t-test
2012-2013 1132200 | 894+162 | 238+£50 21.0 6.1.10** 12
2013-2014 10.2 + 4.4 7.1£24 3.1£27 304 0.309
2014-2015 63.6%11.0 44.7+9.2 18.9 +4.2 29.7 0.003
150
Impact of aspect B 01213 e e £ Oa
0
Aspect has a significant impact on g ol
the SWE values in the watershed. Q1 e T T T TN
. L0 ¥ + ~= + + + + +
Mean SWE mn NS, Eb and Oa V\"as = 1912 3012 131 271 102 242 103 243 74 214
usually higher on the slopes with 50
northern aspect than on those with 150
southern aspect (Fig. 3, valid for 7 | 20131e =77 £ o
2012-2013 and 2014-2015 sea- E
sons). The exceptions were only = °°7
v
five dates in the ablation period in 7 o S X P
the forest ecosystems dominated 112 3012 131 271 102 242 103 243 74 214
. . -50
by Norway spruce (Fig. 4). This
150
phenomenon was most prob- 5014015 ——=Ns s B oa
ably caused by the micro-climate E 100 4
of the specific spruce stands with £ 50 ]
high canopy cover. In the season 7
. e 0 + + +
2013_2014’ tOtal SOhd preCIPIta_ = 1412 3012 131 271 102 242 103 243 74 21.4
tion was too low to see and con- -50

firm the significant effect of aspect.
The paired comparison of mean
SWE values (a paired t-test) of 13
research plots with northern and
southern aspects showed the high-
est statistical differences in the
open areas and in the forests domi-
nated by European beech (Table 3).

Fig. 3. Visualisation of differences between mean SWE at north-
ern and southern slopes of the watershed in open areas (Oa) and
the forests dominated by Norway spruce (Ns) and European beech
(Eb) in three seasons. N—S SWE mean values represent the results
of the subtraction between the paired mean SWE values measured
at the research plots with the northern and southern aspects. We
excluded zero-paired values of SWE from the subtraction. If N-S
SWE value was negative at a particular date, the SWE value on
southern slopes was greater, on an average.
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Fig. 4. Correlation (simple linear regression) between mean SWE and elevation in the forest stands dominated by
Norway spruce (Ns) and European beech (Eb) and in the open areas (Oa) in three winter seasons. Each winter sea-
son was split into the period of snow accumulation (Ac), snow ablation (Ab) and peak of season (Peak). Every dot
represents a mean SWE value of the research plots with the northern and southern aspects. If y = bx + a (equation
of the linear model), then b (regression coefficient) is a modelled value of elevation gradient per 1 m of elevation.
The strength of the linear relationship is expressed by the value of the Pearson correlation coefficient - r (1 - strong-
est, 0 — no correlation), and the significance of the relationship is indicated by p-value (p-value is underlined if the
relationship is statistically significant). In the season 2013-2014, the accumulation period was equal to the peak.
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Table 3. Mean SWE values on the northern and southern slopes of the watershed in the period of snow accumula-
tion, peak of snow accumulation and ablation period. The zero-paired values were excluded from the calculation of
the mean difference (N-S) between SWE measured at the northern and the southern research plots. The calculation
of the relative difference assumes that the value for the northern aspect is 100%.

2012-2013 Mean SWE + SE Difference (N - S) p-value n
N S Mean + SE | Percentage | paired t-test

Accumulation period 62.6+74 53.5+5.9 9.1+35 14.6 0.013* 48

Ns Peak 111.7 +18.1 76.9 +15.0 347+93 31.1 0.003* 12

Ablation period 66.7 £ 15.8 42.6+11.9 241+6.3 36.1 0.002* 13

Accumulation period | 103.6 +10.1 79.3+7.6 243 +52 23.5 2.3-107°* 48

Eb Peak 176.4+17.1 | 109.5+16.7 | 66.9+12.2 37.9 1.9-10** 12

Ablation period 123.5+22.3 62.8 +£17.6 60.7 £ 10.0 49.1 3.9-10°* 14

Accumulation period | 130.1+12.0 | 106.6 + 8.3 23.6+6.2 18.1 4.0-10** 48

Oa Peak 220.2+23.3 | 150.7+154 | 69.6+18.2 31.6 0.003* 12

Ablation period 157.9+27.7 | 66.1+£23.6 | 91.8+19.5 58.1 4.0-10** 14

2013-2014 Mean + SE Difference (N — -S) P-value N
N S Mean + SE | Percentage | paired t-test

Ns Accumulation period 9.0 +0.6 9.7 0.6 -0.7 £0.2 -8.1 0.292 8

Ablation period 7.9+2.4 29+1.9 5.0 £0.6 62.9 0.001* 5

Eb Accumulation period 153 +1.1 15.9 £0.9 -0.6 £0.3 -4.0 0.573 8

Ablation period 8.0 +3.0 7.0 £2.0 1.0 +2.0 11.9 0.658 6

Oa Accumulation period 27.8 +6.1 19.4 +3.9 8.4+4.7 30.2 0.113 9

Ablation period 17.9 +4.0 6.1 £3.1 11.9 +3.6 66.2 0.082 3

2014-2015 Mean + SE Difference (N - S) P-value N
N S Mean + SE | Percentage | paired t-test

Accumulation period 39.5 +4.8 38.6 £5.5 0.9 +£3.0 2.3 0.763 20

Ns Peak 45.1 £5.8 43.4+7.8 1.7 +4.7 3.7 0.730 12

Ablation period 33.7+7.1 22.4+7.6 114 +2.4 33.8 0.001* 10

Accumulation period 59.7 +8.2 48.0 £6.8 11.7 £3.3 19.6 0.002* 23

Eb Peak 70.1 £10.8 56.0 £8.0 14.1 £5.9 20.1 0.036* 12

Ablation period 64.0 £11.6 21.7 £6.6 42478 66.2 2.1.10* 12

Accumulation period 78.7 £10.2 57.1+8.4 21.5+4.9 274 2.4.107** 23

Oa Peak 95.5 £15.0 65.9 +10.7 29.6 £8.4 31.0 4.9-1073* 12

Ablation period 90.4 £9.9 49.4 +14.1 41.0 £8.3 45.3 1.9-10~4* 16

The statistical results revealed the weakest impact of aspect in the forests dominated by Norway
spruce.

In each season, the percentage difference between the mean SWE on the northern and the
southern slopes increased starting from the accumulation period through the peak of snow ac-
cumulation up to the ablation period when the difference was greatest (Table 3). The values of the
differences followed the same trend. The greatest average differences between the northern and
southern aspects were recorded in the open areas of the watershed to the end of the winter sea-
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sons (Fig. 3). The mean SWE values calculated from the measurements on the north facing slopes
were considered as the reference values (100%). The mean SWE (in the ablation period) in the
Oa at the southern slopes was lower by 36-66% compared to the northern slopes; the differences
were from 12 to 66% lower in the Eb and from 34 to 63% lower in the Ns (Table 3, three-season
variability).

Impact of elevation

Elevation affects SWE. SWE increased with the increasing elevation in all three seasons in the ac-
cumulation and ablation periods and also in the peak of the winter seasons (Fig. 4). The highest
SWE values were recorded at the research plots situated at the highest elevations. The relationship
between SWE and elevation was described using linear models, whilst their correlation coeffi-
cients indicated relatively strong relationships between the variables. In the ablation period, the
strength of the relationship was the lowest. The relationship was significant (if p-value is <0.05)
in all three seasons in the period of snow accumulation with the peak of the season and in the
ablation period of snow cover. The statistical significance was not proved only in the poor snow
season 2013-2014, in the ablation period of the forest dominated by Ns. In that period, there was
so little snow in the forest that the generally strong relationship between SWE and elevation was
not significant.

The equation of the linear regression model is y = bx + a. In our case, b (regression coefficient)
indicated a modelled value of elevation gradient of SWE per 1 m of elevation. The increasing
mean SWE value with the elevation was obvious in all three seasons (Fig. 4). The lowest value of
gradient was always found in the ecosystems dominated by Ns, and the highest value was always
in the open areas of the watershed, whilst the gradient of the ecosystem dominated by Eb was
in between. The three-season mean value of SWE elevation gradient (per 100 m) in the peaks
of the seasons was 16 mm in Ns, 20 mm in Eb and 26 mm in Oa. The greatest gradient value of
46 mm per 100 m of elevation was found in Oa in the peak of the snow-rich season 2012-2013.
As the value of the elevation gradient increases, the spatial variability of SWE in the watershed
also increases. The greatest variability of mean SWE values at the research plots was found in the
snow-rich season 2012—2013.

Discussion

Snow cover duration, depth and water equivalent (SWE) are the three major snow cover charac-
teristics (Bulygina et al,, 2009). SWE represents the amount of water that will be available for the
surrounding watershed environment during spring melt (Durand, 2011). SWE has a great inter-
annual variability at a large scale of the Northern hemisphere (Brown, 2000; Peng et al., 2013) but
in Europe also at local scales of the Pyrenees (Lopez-Moreno, Vicente-Serrano, 2007), the Alps
(Beniston, 1997; Lopez-Moreno et al., 2015) and the Carpathians (Hribik et al., 2009). We con-
firmed large three-season inter-annual variability in snow cover duration and mean peak SWE in
the mountains of the Inner Western Carpathians. The comparison of the snow richest and poor-
est winter seasons showed the difference in their snow cover duration of more than three months
and 91.4% difference in the mean peak SWE.
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The spatial-temporal variability of snow cover characteristics has a significant effect on lo-
cal ecology (Litaor et al., 2008) and hydrology (Balk, Elder, 2000; Lundquist, Dettinger, 2005;
Bavay et al., 2013). At the watershed scale, the variability of SWE is mainly influenced by topog-
raphy, elevation, aspect (Anderton et al., 2004) and vegetation (Winkler et al., 2005). Forest cover
decreases SWE and snow melt rate compared to open areas by changing the snowpack energy
balance (Essery et al., 2008) and interception (Bartik et al., 2014). We found significantly lower
means and seasonal SWE values in the forests compared to the open areas. The difference was evi-
dent mainly between the open areas and the forest dominated by Norway spruce (Ns) (50-60%,
on an average), and it was less evident for the forest dominated by European beech (Eb) (21-30%,
on an average). Kuzmin (1960) revealed similar results, as he found that the mean peak SWE in
spruce forests is 10-60% lower than that in open areas. Other studies (Hedstrom, Pomeroy, 1998;
Pomeroy et al., 1998) showed that 40-60% of the total annual snowfall can be intercepted by co-
niferous forest cover. Generally, SWE on the ground decreases with the increasing leaf area and
canopy density during the winter season (Pomeroy et al., 2002).

Topography strongly influences snow distribution (Griinewald et al., 2013). The effect of as-
pect on snow accumulation and ablation depends on the exposure to solar radiation. Higher SWE
values are expected on slopes with northern aspects (in the northern hemisphere) because of the
reduced melting and sublimation rates (Golding, Swanson, 1986). Our results showed a general
tendency of higher SWE values on north-facing slopes compared to south-facing slopes. This ten-
dency was more obvious in the open areas and the forests dominated by Eb than in Ns forest. The
probable reason is that the high spruce canopy cover protects the snowpack from incoming solar
radiation, resulting in lower melting rate (Pomeroy et al., 2002; Talbot et al., 2006). The percentage
difference in SWE between the north and south was the lowest in the accumulation period after
which it was increasing and reached its maximum in the ablation period. The difference in the
ablation period varied from 12 to 66%. D "Eon (2004) and Jost et al. (2007) revealed that less snow
was accumulated on the southern compared to northern aspects in different elevation ranges.

Precipitation usually increases with elevation (Roe, Baker, 2006; Liu et al., 2011). The mag-
nitude of snowfall also increases with the increasing elevation resulting in the increase of snow
depth and SWE (Lopez-Moreno, Stahli, 2008; Griinewald, Lehning, 2011). We confirmed strong
positive relationships of SWE with elevation in all three seasons in the accumulation, ablation
period and also the peak of the winter seasons. The statistical significance was not proved only in
the snow poor season but also in the ablation period of the forest dominated by Ns. The reason
was high canopy interception of the coniferous spruce forest ecosystem resulting in significantly
decreased SWE. The values of the elevation gradient were always lowest in the ecosystems domi-
nated by Ns, whilst in the ecosystems dominated by Eb, the gradients were higher and the highest
values were found at the open areas of the watershed. The three-season mean value of SWE eleva-
tion gradient (per 100 m) in the peaks of the seasons was 16 mm in Ns, 20 mm in Eb and 26 mm
in Oa. Toews and Gluns (1986) found out the increase of 11-15 mm of SWE per 100 m in forested
sites and 21-27 mm for open sites along elevation gradients. Kirchner et al. (2014) also found a
positive elevation gradient, although with a sharp decrease in the highest elevations. A similar
pattern was identified by Holko (2000) in Slovakia (Nizke Tatry Mts.) where it was explained by
the wind exposure of the summit zone. Wind redistributes snow from the top of the hills (Trujillo
etal., 2007; Lehning et al., 2008). We cannot confirm this pattern in the Polana Mts. (Slovakia) be-
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cause of the absence of the zone above the upper tree line where wind plays a major role for snow
deposition and redistribution. Hence, on the contrary, we always found the highest SWE values
at the research plots situated at highest elevations both in open areas and in forest ecosystems.

Conclusion

The three winter seasons from 20122013 to 20142015 were highly variable in the snow cover
duration and the mean peak SWE. In the snow poorest season 2013—2014, the duration of snow
cover was more than three weeks shorter and the mean peak SWE was lower by about 91.4%
compared to the snow-rich season 2012—2013. Forest ecosystems at the watershed scale signifi-
cantly decreased the SWE over the seasons. The mean seasonal SWE value was lower by 50-60%
in the spruce forest and by 21-30% in the beech forest compared to the open areas (100%). The
topography of the watershed plays also an important role in the spatial distribution of SWE. On
the north-facing slopes, the SWE was normally higher compared to the south-facing slopes. The
impact of aspect increases from the accumulation period through the peak of snow accumulation
up to the ablation period when the difference was greatest. The difference between the north- and
south-facing slopes varied from 12 to 66% in the ablation period. In the spruce forest, the differ-
ence was significantly lower than that in the beech forest and the open areas of the watershed.
Elevation is another factor of the watershed topography. We found strong positive relationship
between SWE and elevation. SWE increased with elevation to the upper zone where it reached
its maximum. The three-season mean value of SWE elevation gradient (per 100 m) was in the
peaks of the seasons and was equal to 16 mm in the spruce forest, 20 mm in the beech forest and
26 mm in Oa. The value of the elevation gradient decreased due to the high canopy cover of the
spruce forest and in the snow-poor winter season. From the research results, we can conclude
that the forest ecosystems significantly decrease the SWE but their impacts depend on the domi-
nance of deciduous or coniferous tree species. In addition, the effect of forests depends also on
the topographic characteristics (aspect and elevation) of a watershed. We can conclude that in the
forested mountainous watershed, there is a lower risk of spring flooding from snow melt because
of the evident decrease in SWE on the ground under the forest canopy. Hence, the highly forested
Biosphere Reserve Polana is protected against the extreme flooding events originating from snow
melting.
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