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Abstract

Mindas J., Bartik M., Skvareninova J., Repisky R. (2018): Functional effects of forest ecosystems on water
cycle — Slovakia case study. J. For. Sci., 64: 331-339.

The paper presents the results from three different experimental plots in mountain areas in Slovakia. Annual inter-
ception losses varied in mature forest stand in Polana Mts. (850 m a.s.l.) in mixtured (spruce, fir, beech) from 10.6 to
23.5%, in spruce from 20.5 to 35.5% and in beech forest from 8.8 to 26.9%. Horizontal precipitation reduces long-term
average of interception loss by 3.2% (mixtured and spruce) and 2.9% for beech forest. Decline process in supramontane
spruce forest has significant influence on interception process in climax spruce stand in Cervenec. Mean biweekly
interception loss in the central crown zone near the stem during growing seasons was 76.9% in living and 69.2% in
dead forest. In the gap canopy interception loss was observed 11.7% in living and 17.9% in dead forest, in the dripping
zone under the crown periphery 11.1% in living and 25.7% in dead forest. Results from the experimental catchment
Lomnistd dolina showed that forest ecosystems increase the variability of rainfall amounts infiltrated to the soil en-
vironment in mountain watersheds, interception loss varied in a wide range: from 42 up to —10% due to altitudinal

influence, tree species composition, stand age, and horizontal precipitation occurence.
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Forest ecosytems as an integrated part of catch-
ments “manage” a high proportion of the water for
domestic, agricultural, industrial and ecological
needs in both upstream and downstream areas. A
key challenge faced by landscape, forest and water
managers is to maximize the wide range of multi-
sectoral forest benefits without detriment to water
resources and ecosystem functions (CHANG 2013).
To address this challenge, there is an urgent need

for a better understanding of the interactions be-
tween forests/trees and water, for awareness rais-
ing and capacity building in forest hydrology, and
for embedding this knowledge and the research
findings in policies (VYSKOT et al. 2003; CALDER
et al. 2007).

Interception is the part of the rainfall that is in-
tercepted by the earth’s surface and which subse-
quently evaporates. In this definition the earth’s
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surface includes everything that becomes wet af-
ter a rainfall event and that dries out soon after. It
includes: vegetation, soil surface, litter, build-up
surface, etc. How much of the precipitation evapo-
rates depends on land cover characteristics, rain-
fall characteristics, and on the evaporative demand
(CHANG 2013). Interception in temperate mountain
European forests, in the most cases, can amount
up to 7-52% of precipitation, which is a significant
part of the water balance (MINDAS, SKVARENINA
2010). One can distinguish many types of intercep-
tion, which can also interplay with each other. For
example canopy, forest floor, fog, snow, and urban
interception (LEVIA et al. 2011).

The conversion of precipitation to groundwater
and streamflow is reduced mainly by the intercep-
tion of forests, the ground cover (herbs and shrubs)
and by evaporation from the tree canopy. Further
reduction is through transpiration of soil moisture
from foliage.

Interception is a unique key process of precipi-
tation transformation in forest ecosystems and has
several different roles in the hydrological cycle.
Rainfall interception loss of forest is an important
component of water balance in a forested ecosys-
tem. Canopy interception is determined by the dif-
ference between gross precipitation and the sum
of throughfall and stemflow precipitation (CHANG
2013).

The most important role of forest ecosystems is
as a rainfall reducer (amount of water as well as a
cinetic energy of rain drops), causing a significant
amount of rainfall to be directly fed back to the
atmosphere which is not available for infiltration.
Second, interception influences the spatial distri-
bution of infiltration (GOMORYOVA et al. 2013).
This has large influences on the soil moisture pat-
tern and on subsurface flow paths. Finally, inter-
ception redistributes the water flows in time. Due
to the filling of the spatial variable storage capacity
and rainfall, the delay time is not homogeneous in
space. This paper shows that interception is a key
process in the hydrological cycle. It involves signifi-
cant fluxes in the water balance and influences the
subsequent processes both in quantity and timing.
It is an important cause for non-linear behaviour of
catchments. The role of interception in the hydro-
logical cycle is crucial (LEviA et al. 2011).

Since the beginning of the 90s (20" century) took
place in Slovakia systematic study of the water bal-
ance of forest ecosystems in terms of quantitative
and qualitative parameters (MINDAS, SKVARENINA
1995; STRELCOVA et al. 2006; HRIBIK et al. 2012).
Experimental measurements have been concen-
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trated in mountain regions due to their importance
in hydrological regime of landscape.

MATERIAL AND METHODS

In this paper we present the results of precipita-
tion measurements in forest ecosystems in Polana
and Western Tatras. Basic characteristics of the ex-
perimental plots (Hukavsky grin and Cervenec) is
presented in Table 1.

Detailed description of the experimental plots
and methodology can be found in MINDAS (2003)
and ORENAK et al. (2013). At the experimental plot
Cervenec also automatic rainfall gauges were used
(Met One 370; Met One Instruments, Inc., USA)
with colectors (4,000 cm?) in forest stands.

In an experimental watershed at Lomnistd dolina,
designed with focus on the assessment of the water
functions of forests, the spatial variability of rainfall
in the open area within the catchment area and pre-
cipitation variability of throughfall precipitation in
forest ecosystems have been assessed. Fig. 1 shows

Table 1. Basic site characteristics of experimental plots
for water balance measurements located at Polana Mts.
and Western Tatras Mts.

Polana Mts. Western Tatras Mts.
Site location ~ Hukavsky gran Cervenec
Altitude 850-900 1,420
(ma.s.l.)
Tree age (yr) 90-110 110
. Norway spruce,

Tree species fir, beech Norway spruce
Geolo volcanic crystalline and mesozoic

gy rocks with limestone
Soil type cambisol cambisols, rankers and

lithosols

Non-forest area
Bl Forest area

1km

Fig. 1. Experimental catchment Lom-
nistd dolina in Low Tatras Mts. and
distribution of the experimental plots
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Table 2. Basic site characteristics of the experimental plots
for precipitation mesurements located at the experimental
catchment Lomnista dolina in Low Tatras Mts.

Experimental Altitude Stand
plot (ma.s.l) Exposure density °8¢
(yr)
1 1,450 NW 0.3 110
2 1,500 WNW 0.2 130
3 1,090 S 1.0 90
4 1,070 E 1.0 30
5 1,150 W 0.8 90
6 1,100 W 1.0 40
7 1,250 SE 0.9 70

the spatial distribution of the experimental plots
with precipitation measurements and Table 2 sum-
marizes the basic site characteristics of the plots.

Precipitation totals were measured by Hellman
rain gauges (Thies Clima, Germany) — collecting
area of 200 cm? — placed in an open area and in the
forest stands (7 rain gauges per plot). The measure-
ments were carried out at 14 days intervals.

RESULTS AND DISCUSSION
Interception loss and tree species composition

It is well known that the species composition
significantly determines the value of intercept
stormwater capture the crown layer, in view of the
different structures and arrangements of crowns
character assimilation apparatus. The biggest dif-
ferences in the temperate zone is observed between
softwoods and hardwoods (KANTOR 1983).

Impact of tree species on rainfall interception
throughfall was evaluated both within mixtured
stand, and between other stands with a distinct
species composition.

Total precipitation (open area) over the 10-year
period were in the range of 799 to 1,158 mm. The

Table 3. Intervals of annual interception loss (%) for ma-
ture forest stands — Polana Mts. (850 m a.s.l.), 10-year

measurements
TF TF + SF
minimum maximum minimum maximum

Spruce,

fir, beech 14.3 29.4 10.6 23.5
Norway 20.5 35.5 20.5 35.5
spruce

Beech 18.1 34.6 8.8 26.9

TF — throughfall precipitation, SF — stemflow
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rainfall precipitation represents about 70-80%
from the total annual precipitation, the rest is
snowfall. The annual total throughfall precipitation
in mixtured stand ranged from 595 to 906 mm,
which represented 70.6 to 85.7% of total precipita-
tion above the forest canopy. The lowest intercep-
tion calculated from the throughfall precipitation
was 14.3%, the highest 29.4% (Table 3). Beech trees
with their stemflow reduce interception losses
to values in the range of 10.6 to 23.5% (Table 3).
A more detailed analysis of selected interception
set by rain gauges of tree species showed that the
interception of spruce in mixtured stand is rela-
tively balanced (30-33%) and fluctuations in over-
all throughfall precipitation are mainly connected
with the fluctuations in the beech part of the mix-
tured stand. This is mainly due to a share of rain
fallen during the growing season in a state of full
foliage beech trees. The percentage of precipitation
fallen during the growing season (in a state of full
foliage beech) varies within a wide range from 48
up to 64%, which largely affects the resulting of to-
tal interception.

The results presented in Table 3 clearly show of
the differences among interception processes in
stands with different tree species composition.
The highest interception loss values recognized
the spruce stand (maximum up to 35.5%), some-
what lower values were measured in the beech
stand (maximum 34.6%) and lowest intercep-
tion losses showed a mixtured stand (maximum
34.6%). These values of interception are related
to the values of throughfall precipitation. Taking
into account the value of stemflow, the total value
of interception losses reduced in the case of mix-
tured stands about 5-7% and for beech stands by
6-10%. Spruce stand has negligible value of stem-
flow, therefore only throughfall values are taken
into account.

Interception loss and horizontal precipitation

Presence of fog/cloud precipitation has strong in-
fluence on interception loss during rainfall event.
In case, that income of occult precipitation is large
enough, net precipitation in forest can exceed pre-
cipitation recorded in open area (KRECMER 1968;
GABRIEL, JAUZE 2008; ORENAK et al. 2013). Fig. 2
shows the mean interception loss in living and dead
forest recorded in research plot Cervenec in West-
ern Tatras Mts. Presence of occult precipitation
was derived from two indicators: throughfall pre-
cipitation in stands was higher than precipitation
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Fig. 2. Mean values and multiple box statistics of intercep-
tion loss in living and dead forest with and without hori-
zontal precipitation recorded in research plot Cervenec in
Western Tatras Mts.

in open area and/or throughfall precipitation in
dead forest was higher than throughfall precipita-
tion in living forest.

Differences of interception loss between dead
and living forest was statistically significant (a <
0.001) in both cases (with/without occult precipi-
tation, Wilcoxon and Student paired test was used).
Mean interception loss during rainfall event with-
out supposed occult precipitation (@ gross precipi-
tation 5.4 mm) was 52.2% (2.82 mm) in living and
40.4% (2.18 mm) in dead forest. In case of a rainfall
event with supposed fog precipitation mean inter-
ception loss was 7.2% (0.63 mm) in the living and
31.2% (2.71 mm) in the dead forest.

The impact of horizontal precipitation on inter-
ception of throughfall precipitation (only for rainy
season) was also analyzed for three mature for-
est stands: mixtured, spruce and beech at Polana
Mts. The results are presented in Fig. 3. In all three
stands a decrease in interception of throughfall
precipitation was observed and a statistically sig-
nificant relation (a < 0.01, Student ¢-test of the
significance of the regression model) was identi-
fied for mixtured and spruce stands. Coniferous
trees (especially Norway spruce) with their crown
structure and high surface potential of the needle
are “more effective” in capturing fog droplets than
deciduous trees (KRECMER et al. 1979).

The occurrence of horizontal precipitation in this
area reduces the long-term average of interception
loss (throughfall) by 3.2% (mixtured and spruce
stands) and 2.9% for beech forest.
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Fig. 3. Relationship between interception loss (throughfall)
and horizontal (fog/cloud) precipitation amounts for three
mature forest stands at Polana Mts. (850 m a.s.l.) — 5-year
measurements: Norway spruce + fir + beech (a), Norway
spruce (b), beech (c)

Interception loss and forest structure

Interception losses in forest stands are variable.
Fig. 4 shows the mean value of interception losses
recorded in biweekly intervals during vegetation
period (May—October) in years 2013 and 2014. Net
precipitations were monitored in three different
places in living and dead forest: in a canopy gap,
in a dripping zone under crown periphery and in a
central crown zone near the stem.

The highest mean interception losses were ob-
served in the central crown zone near the stem
(in living forest 76.9% and dead forest 69.2%). The
most variable interception losses are in dripping
zone under crown periphery (in living forest from
—47.9 to 85.7%, in dead forest from —55.5 to 57%).
Mean interception in this place was in dead 25.7%
and 11.1% in living forest. In canopy gap (free area
in forest for 1-2 crowns) mean interception was
17.9% in dead and 11.7% in living forest.
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Fig. 4. Mean interception loss in three different zones in liv-
ing and dead forest: in canopy gap (GAP), in dripping zone
under crown periphery (CROWN) and in central crown
zone near the stem (STEM) in research plot Cervenec in
Western Tatras Mts.

Table 4. Results of regression analysis of interception for
different parts of mixtured stands (Hukavsky gran, Polana
Mts.) — 10-year measurements

Canopy storage )

Linear regression .
capacity (mm)

Canopy gap 0.849 x TP - 1.2 1.2 0.979
Beech part 0.782 x TP - 1.7 1.7 0.984
Spruce part 0.737 x TP - 2.5 2.5 0.964
Mixtured forest 0.807 x TP — 2.1 2.1 0.985

TP - precipitation totals in an open area (mm), R?> — coef-

ficient of determination

We compared the same locality in dead and liv-
ing forest. In all cases a statistically significant dif-
ference was proved (a < 0.05). High interception
losses in dead forest can by due to massive pres-
ence of lichen Pseudevernia furfuracea (Linnaeus)
Zopf, which covered branches of standing dead
trees. Lowest mean interception loss was recorded
in the dripping zone under crown periphery in the
living forest. Captured precipitation in canopy lay-
er is leading due canopy architecture in the crown
periphery. Other potential reason is rich net pre-
cipitation in this locality is capturing of occult/fog
precipitation. ORENAK et al. (2013) present mean
interception during years 2007-2011 in living for-
est 27% in canopy gap, 20% in dripping zone under
crown periphery and 63% in central crown zone
near the stem, HoLko et al. (2009) present mean
interception in the same localities 28, 44 and 65%,
what declare large yearly variance.

To determine the impact of the structure of mix-
tured forest (Hukavsky gran, Polana Mts.) to stand
interception we extracted the individual data of
rain gauges in different parts of the stand (canopy
gaps, spruce trees and beech trees) to compare the
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differences in throughfall precipitation and inter-
ception impact of different tree species. The Table 4
presents the calculations by regression of precipi-
tation between the open area and throughfall spe-
cifically for crown gap portion beech and spruce
section. The lowest values of initial canopy stor-
age are achieved in canopy gap (1.2 mm). A little
higher canopy storage capacity represents beech
parts (1.7 mm) and a maximum value is related to
spruce parts (2.5 mm). For all mixtured stand is
canopy storage capacity of 2.1 mm, therefore can
be conclude that the admixture of spruce in mix-
tured stands increases the values of canopy storage
capacity for precipitation.

Interception loss and rainfall intensity

Dependence of interception losses in relation to
the rainfall intensity was evaluated on a 6-year set
of precipitation measurements in the area of Polana
Mts. for three types of forest ecosystems: (i) mix-
tured (fir, spruce, and beech), (ii) Norway spruce,
(iii) beech mature forest stands. Relationship be-
tween the rainfall intensity above tree canopy and
percentage of interception loss was expressed by
the regression equations (Fig. 5).

In all cases interception decreases with increas-
ing rainfall intensity. The highest negative slope
of the line occurred on the Norway spruce stand,
with a decrease of about 20% of interception to
1 mm-min~! of vertical rainfall intensity. Mixtured
forest stand was only slightly lower and beech stand
was 50% lower than on spruce stand. The largest
decline was in values interception intensity values
of 1 mm-min~!. This value has already decreased
only very slight.

The significance of sample correlation coeffi-
cients was tested at the 0.01 (99%) level, in which
we found that the differences between mixtured
and spruce stands are statistically significant, for
the beech forests, the significance at this level has
not been confirmed.

Assessment of the impact of rainfall intensity on
the interception loss is still not clear correspond-
ing to literature. RUTTER (1976) evaluated the de-
pendence of interception losses in relation to the
potential evaporation for different intensities of
rainfall in the range of 0.4 to 2.0 mm-h~! with two
modes of precipitation: continuous (prolonged) and
short-term (intermittent). These results showed
that the higher rainfall intensity increases the in-
terception loss especially for short-term (intermit-
tent) rainfall events.
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Fig. 5. Relationship between interception loss and rainfall
intensity for three mature forest stands at Polana Mts.
(850 m a.s.l.): Norway spruce + fir + beech (a), Norway
spruce (b), beech (c)

TALLAKSEN et al. (1996) made a comparative
study of experimental interception measurements
in spruce stands with three selected models to cal-
culate the interception: HBV Nordic model, Amor
model and simple Rutter model. Based on direct
measurements and model calculations, the authors
did not find a greater dependence on the rainfal in-
tensity. However, the results published by HORMANN
etal. (1996) indicate that a key role in this regard can
play the wind. Measurement results of interception
loss and interception capacity of a 97-year-old beech
stand in northern Germany showed a significant de-
pendence of interception capacity and wind speed,
which has the power law shape. For wind speeds
of around 2 m-s™! amounted to intercept capacity
crowns beech stand a value of about 2.5 mm, at a
speed of 8 m:s7,, it was only 0.5 mm (HORMANN et
al. 1996). If we realize that the highest intensity of
precipitation for the area Polana — Hukavsky gran
occur almost exclusively in connection with the
storm rainfall from convective clouds, which leads
to amplification of wind speed (squall), this fact
might to some extent explain our results.
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The importance of wind and higher energy of
rainfall droplets associated with the higher inten-
sity confirmed by other authors, who also mea-
sured decrease in interception losses with increas-
ing of rainfall intensity (RAMIREZ, SENARATH 2000;
MARKART et al. 2007; Re1p, LEwis 2009; LOPEZ-
LAMBRANO et al. 2013). These results were also
confirmed by experimental measurements based
on an artificial forest (ToBa, OHTA 2008). SCHUL-
zE et al. (1978) for 10 years old forest stand found
the opposite dependence e.g. increase interception
with increasing of rainfall intensity.

The results of rainfall simulation experiments for
eight tested species give quantitative estimates of
how storage varies by rainfall intensity. Incremen-
tal storage gains decreased as rainfall intensity in-
creased. Interception processes are controlled by
a conceptual mechanical model of canopy storage
during rainfall that includes the concepts of static
storage and dynamic storage to account for inten-
sity-driven changes in storage (Ke1m et al. 2006).

These contradictory results may be associated
with the multifactorial impact of landscape struc-
ture, forest structure and meteorological condi-
tions at particular rainfall events.

Precipitation and interception loss — spatial
variability in catchment

Atmospheric precipitation is the most important
input parameter in the water balance of the land-
scape and their regime fundamentally determines
the hydrological runoff. That is the reason why we
pay attention to study the precipitation regime in
an experimental watershed, both in terms of their
spatial distribution as well as of their influencing by
forest ecosytems.

The first step was to evaluate the variability of
precipitation measured in an open area in tracing
comparison precipitation totals obtained from the
nearest meteorological station with rainfall totals
(station Jasenie is about 4 km to south from the be-
ginning of the catchment) from measurements in
the experimental catchment Lomnistd dolina for
each plot separately using regression and correla-
tion analysis. Rainfall totals from Jasenie (Precipi-
tation station of the Slovak Hydrometeorological
Institute — SHMI) had to be converted to the cor-
responding period of measurements on individual
research plots and analyzed to precipitation data
from the catchment (Table 5).

For better illustration of the variability of individ-
ual rainfall events within the catchment, the com-
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Table 5. Funcionality of precipitation totals for precipita-
tion station Jasenie (Slovak Hydrometeorological Institute)
and individual research plots in experimental catchment
Lomnisté dolina

Experimental plot Linear regression R?

1 y=164xx+6.8 0.794
3 y =146 xx+17 0.983
5 y=162xx+0.6 0.985
6 y=108 xx+8.1 0.933
7 y=222xx+45 0.659

x — rainfall totals (mm) from the Jasenie meteorological sta-
tion, R? — coefficient of determination

120

—~ 100 o
y =1.7655x + 6.2388
R?=0.8273

Rainfall — experimental
plot No. 2 (mm

0 10 20 30 40 50

Rainfall — Jasenie (mm)

Fig. 6. Comparison of rainfall events between experi-
mental plot No. 2 (Lomnistd dolina, 1,500 m a.s.l.) and
meteorological station Jasenie (490 m a.s.l.) in period
01.05.-31.10.2000

parison of individual rainfall events between exper-
imental plot No. 2 (Lomnistd dolina, 1,500 m a.s.l.)
and meteorological station Jasenie (490 m a.s.l.) in
period 01.05.-31.10.2000 is presented in Fig. 6.

The next step was to verify the significance of
the differences between precipitation totals of the
closest precipitation stations (Jasenie) as well as
with each experimental site, using statistical paired
t-test. The results confirmed the very high statisti-
cally significant difference between the amount of
precipitation from Jasenie (SHMI) and all research
plots in the area of interest.

The statistical significance of differences in total
precipitation generally decreased proportionally
with the diminishing differences in altitude. It fol-
lows that variability at source field for individual
rainfall events is significant and certainly can not
be represented by precipitation stations lying out-
side the field of mountain forests — basin mountain
streams (LANCARIC et al. 2001).

In terms of interception losses, we investigated
the value of the total interception in individual ar-
eas in relation to the characteristics of individual
stands, as well as the overall variability of through-
fall precipitation totals. Summary results are pre-
sented in Table 6.

J. FOR. SCL, 64, 2018 (8): 331-339

Table 6. Interception loss (throughfall) during the growing
seasons measured at individual research plots in experi-
mental catchment Lomnistd dolina — 3-year measurements

Experimental Interception Altitude
plot loss (%) (ma.s.l)
1 18.6 1,450
2 26.1 1,500
3 41.7 1,090
4 28.8 1,070
5 37.2 1,150
6 -10.2 1,100
7 38.9 1,250

maximum and minimum value (interception loss) in bold

Higher value interception loss at experimental plot
1 compared plot 2 is due to the stand density and can-
opy structure. On the other research areas to meet
the prerequisites of interception loss reduction with
an increase in altitude. Special case is the experimen-
tal plot 6, in which the result of interception process
was —10.18% compared to the open area, what means
that throughfall precipitation were higher than open
field precipitation. Tree species composition (Nor-
way spruce — 100%) and stand density (1.0) together
with west exposure and mountain ridge location
can bring the precipitation profit caused by capture
of horizontal precipitation. The interception values
were tested by a statistical paired ¢-test of the hy-
pothesis of equality of arithmetic means. We tested
the differences in values interception in all research
areas. The main differences (a < 0.01) were identified
for canopy structure, altitude and exposure.

In terms of the total variability in rainfall spatial
distribution needs to be noted that the precipita-
tion transition proces through the forest canopy
means further variability increases as compared
with the primary pecipitation field variability in an
open area (VERTESSY et al. 2001).

CONCLUSIONS

The results of precipitation monitoring in forest
ecosystems of Slovakia has brought many stimulat-
ing knowledge. Area of mountain forests in Slo-
vakia (above 800 m a.s.l.) is significant in terms of
its hydrologic effects due to their distribution in
the landscape with a positive water balance and
structural biodiversity (SKVARENINA et al. 2004;
HRESKoO et al. 2015).

At present, the area of mountain forests is attacked
by several negative factors such as insect pests,
drought and emerging climate change (DURSKY et
al. 2006; KURrjAK et al. 2012; MEZEI et al. 2014). All
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these factors can significantly affect the overall hy-

dric effects of forests in quantity but also the quality

of water runoff.

The presented results from several experimental
plots documented mainly interception process in se-
lected forest ecosystems affected by various factors.
The main findings can be summarized as follows:
(i) Tree species composition of forest ecosystems

significantly influence the entire interception of
forest ecosystems where is a key ratio of conifer-
ous and deciduous trees;

(ii) Forest stand structure significantly modifies
the interception process, especially in the 7t
altitudinal vegetation zone;

(iii) Forest ecosystems due to their tree species com-
position, stand density, stand age and spatial
distribution increase the variability of rainfall
infiltrated to the soil environment in mountain
watersheds;

(iv) Intensity of rainfall entering to the forest eco-
system reduces somewhat interception losses
which may mean an increased risk of surface
runoff during the storm events;

(v) The impact of horizontal precipitation on inter-
ception process applies to the areas of occurrence
of mountain advective fogs in the windward and
ridge locations;

(vi) Precipitation stations outside from the moun-
tain catchments cannot represent the precipita-
tion distribution within the catchments.
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