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Abstract: The effectiveness of small reservoirs in a mountain landscape continuously decreases over
time due to the gradual siltation. We examined two hypotheses about the enhanced siltation rate
and the constant relative contribution of unpaved roads to the siltation of a small water reservoir in
the period 19902014, with pronounced climate change, compared to the reference period 1970-1989.
Analysis was based on deposit volumes extracted from the reservoir in 1989 and detected at the
reservoir bottom in 2014. The geographical information systems, image analysis and universal soil
loss equation were applied to model the soil erosion according to the two sources—catchment area
and roads—to study siltation processes in depth. Despite expectations, rates of siltation were almost
unchanged in compared periods. The positive changes in vegetation cover (the forest expansion and
changes in forest management practices) offset the enlarged rain erosivity. On the other hand, road
erosion increased by 41% from 1990 and became twice as much a contributor to sediments compared
to 1970-1989. The intensity of erosion from roads was from 13 to 29 times greater than from other
areas. Therefore, proper maintenance of road networks could rapidly decrease reservoir siltation.
Moreover, we recommend continuous cover forestry as a critical measure for central Europe’s forested
regions to prevent growing erosion pressures.

Keywords: water reservoir; erosion control; climate change; mountain watershed; forest management;

road maintenance

1. Introduction

Soil degradation and reservoir siltation are two of the significant current environ-
mental, scientific, and engineering challenges [1]. The small water reservoirs in mountain
regions perform various essential functions in the landscape. For example, small water
reservoirs can slow down the water runoff and change the landscape microclimate, dampen
the peaks of flash floodings, facilitate erosion control, accumulate the water in the landscape
and filtrate the wastes. Small dams can be an important local source of drinking/industrial
water; they are utilizable for energy or fish production and provide habitat for water plants
and animals [2]. They can be utilized for biodiversity promotion and represent an essential
element of landscape beauty. People also use them frequently as recreation and as a sports
facility [3].

The effectivity of reservoirs for water management and other tasks continually de-
creases over time due to the gradual siltation of water reservoirs by deposits continually
emerging in watersheds [4]. The siltation of small water reservoirs is a natural phenomenon
that has, however, significantly changed in recent years. Several authors in different parts
of the world have registered that the siltation of water reservoirs was increased at an
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unprecedented pace [2,5]. The siltation has developed to a great extent, resulting in a con-
siderable volume of accumulated sediments, practically in all the reservoirs in Europe [6].
Some authors estimate that the accumulation space of European reservoirs was reduced
by one-third within the last 50 years [7,8]. The siltation is closely related to soil erosion
which mainly depends on rain erosivity, soil erodobility, vegetation cover, topographic
properties of land and protection measures against soil erosion [4,9]. The rain erosivity,
vegetation cover, and protection measures can rapidly change in response to climate change
and changes in land cover/land use. Subsequently, the siltation of water reservoirs can be
highly affected by climate, agriculture, forestry or societal changes [10]. As stated, siltation
has become a severe threat in recent years. Among the main reasons are adverse effects of
climate change (CC), which emphasizes the importance of proper water management in the
landscape on the one hand and of accelerated siltation processes on the other hand [11,12].
Climate change projections in central Europe are characterized by the mean annual tem-
perature increase from 2 to 4 °C until 2100 compared to the pre-industrial period. The
temperature increase will be combined with enlarged winter (+5 to +15%) and decreased
summer (from —5 to —10%) precipitations accompanied by changes in its distribution
within the vegetation period [13-15]. Central Europe has the highest projected increase in
temperature variability among all Europe’s regions—up to 100% [16], causing increased
weather variation within the year. Due to climate change, Europe faces more extreme
weather, such as more frequent and intense heatwaves, flooding, droughts, and storms [17].
Extreme precipitation events and sudden snow melting enlarge the bank abrasion when a
large water volume enters watercourses during short periods [18]. Intensive precipitation
increases the number and intensity of erosion-effective events, which can be a problem in
agricultural areas and forest landscapes with a negative ecological status [19]. The higher
precipitation intensity almost undoubtedly causes the enlarged production of erosion de-
posits in most watersheds. Moreover, the warning changes the biological activity of living
organisms leading to the acceleration of internal sedimentation [20]. Thus, the siltation
of (small) water reservoirs has become a severe environmental and economic problem in
recent years [5,21].

In Slovakia, instrumental measurements already confirmed these expectations. From
1881 the mean annual temperature increased by 1.6 °C, and the mean yearly increments
decreased by 24 mm (5.6%) on average [22]. At the same time, the weather has become more
extreme. Increasingly frequent and prolonged dry periods alternate with short periods of
very intensive rainfall in the warmer part of the year. The intensity of extreme rain events
is projected to increase by 20-40% by 2100 [23,24].

The main goal of the presented work was to assess the changes in erosion processes in a
small catchment in the western Carpathians’ mountain landscape and related modifications
in the siltation intensity of the small water reservoir situated in the catchment. Two distinct
periods—1970-1989 and 1990-2014—were studied. The later period was characterized by
rapid climate change (manifested in the rise of air temperature, and frequency and intensity
of extreme precipitation events) and by fundamental changes in agriculture practices and
forest management (effects of political changes after the fall of communism and transfer to
a market economy).

Concerning the primary goal, we formulated a hypothesis on the increased rate of
siltation due to the negative adverse effects of climate change in the period 1990-2014.
We expected that increased rain erosivity would cause accelerated soil erosion, sediment
yield, and reservoir siltation. Moreover, the relative contribution of two primary erosion
sources—catchment areas and unpaved roads—was supposed to be constant over time
(assuming the same quality of road maintenance in the studied periods). Two interesting
research questions closely related to research hypotheses were: (i) will the reservoir cleaning
interval be shortened due to climate changes in the future? (ii) is the need for thorough
road maintenance becoming increasingly important?
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The study’s minor goal was to evaluate the accuracy and practical utility of two
measurement methods (sonar and measuring rod) to detect the reservoir bottom state for
quantification of sediment volumes.

The study results can serve as an example for mountain regions of Europe and po-
tentially add new information to the ongoing general discussion about the soil loss offset
capacity of reforestation against the effects that could arise from increases in storm intensity.
Furthermore, the role of forest road networks and maintenance will be highlighted to find
proper general mitigation actions against the adverse climate change effects on soil loss.

2. Materials and Methods
2.1. Study Area

The catchment area of inlet streams defined the study area for the selected water
reservoir (local name Hnusno II). The catchment is in a mountainous landscape covering
the southern slopes of the Low Tatras mountain range, Western Carpathians (Figure 1,
location of dam wall N 48.83703, E 19.56300). The area’s lowest point is the reservoir bed
532.5 m above sea level (a.s.l.), and the highest point is the top of the Baba mountain with
an altitude of 1617 m a.s.l. The area is a moderately cool mountain zone, with mean annual
precipitation between 800-1200 mm, mean air temperature in July between 12-16 °C and
in January minus 5-6 °C [25].

Figure 1. Location of catchment area.

The geologic structure is composed of Mesozoic rocks of the Inner Carpathians com-
bined with the early Paleozoic period (shales, sandstones, dolomites, limestones, meta-
psammites, meta-pelites and granitoides). Strongly dissected hill, upland, and highland
form the terrain morphology. The main soil types are the leptosols, cambisols and podsols,
and the soils have loamy, loamy-sandy, or sandy grain structures.

Forests now dominate the landscape (95%), combined with meadows, pastures, and
other typical landscape elements. The forest stands are even-aged, mixed, and conifers
slightly prevail (app. 60%). The health status is good, and most forest stands are fully
stocked with a full canopy cover. The age class structure of forest stands is even—almost
all age classes have roughly the same representation. The most represented species are
Norway spruce (37%), European beech (30%), Dwarf Mountain pine (11%), Silver fir (9%)
and Sycamore (6%).
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2.2. Catchment and Water Reservoir Characteristics

The studied reservoir is part of a system of two reservoirs located at the confluence of
two streams. The catchment area of the streams is situated at the southern foot of the Low
Tatras and has the character of a very narrow valley with steep slopes. The waterwork is
a small water reservoir with a low swell level, built-in to protect the storage space of the
lower, more extensive reservoir Hnusno I. from siltation in 1970 [26]. The larger reservoir
serves as a source of industrial water for the Podbrezova Steelworks. Engineers designed a
combined dam, the stabilizing part of which was built of waste cinder from Siemens-Martin
furnaces, and the sealing part was constructed of clay.

The water level in the reservoir is usually maintained at 539.30 m a.s.1. At the maximal
flood, the elevation of 540.00 m is reached. The minimum height of the reservoir bottom is
532.56 m a.s.l., and the height of the dam dike is 540.45 m a.s.l. The length of the flooded
space is about 300 m (see also Table 1).

Table 1. Catchment, streams and reservoir parameters.

Catchment Stream Reservoir
Total area ha 13644 Spring—altitude aI?l 1200 Total volume m? 55,000
Border length m 21,086 Spr.l ng of the. highest m 1500 Maximum flooded area m? 21,000
inlet—altitude as.L
Length of m 17112 Length m 10,250 Length of the flooded m 300
watercourses area
Average annual
Average slope length m 395 discharge 1/s 330 Dam length m 94.4
Average slope % s545  Maxmaldischarge 5,0 g, Dam width m 46
inclination Q100
Altitude range m  1037.7 Annual rainfall mm 890 Dam height m 8.0
2.3. Methods

The research approach consisted of the following steps:

1. Finding the archive information on sediment volumes (S5V) accumulated in 1970-1989,
extracted from the reservoir during the maintenance in 1989, and visual inspection of
the roads, inlet streams and vegetation state.

2. The measurement of the current state of the reservoir bottom (two measuring methods)
including the inlet part and specification of SV accumulated in the period 1990-2014.

3. Calculating the sediment yield (SY) as an essential measure of siltation intensity based
on estimated reservoir trap efficiency (TE) and measured SV for both periods.

4.  Utilization of Universal Soil Loss Equation (USLE, [9]) to estimate the gross soil erosion
(SE) in total and distinctively according to the main possible sources—catchment and
roads. The climate and vegetation changes were included in calculations through
the determination of USLE inputs for each period individually (rain erosivity and
vegetation cover factors).

5. Comparison of the amount and intensity of soil erosion and sediment yield in total
between studied periods and assessment of relative contributions of primary sources
(including error analysis).

6.  Evaluation of the effects of the pronounced climate change in 1990-2014 and formula-
tion of future recommendations for managing this mountain landscape.

The information on the volume of sediments extracted from the water reservoir in 1989
was obtained from the technical report engineering handbook for Hnusno I and Hnusno II
Reservoirs [27] stored in the enterprise archive of the Podbrezova Steelworks.

The investigators controlled the category, state and maintenance quality of road solids
and surfaces, the state of watercourses and their banks, management practices, and density
and health of forest cover within the visual assessment.
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2.3.1. Water Reservoir Siltation

Determination of sediment volume SV for the period 1990-2014 was performed by
mapping the current shape of the reservoir bottom and its comparison with the original
state known from the project documentation. Measurements of the current state were
made at fixed points evenly distributed over the six transverse profiles over the water
surface (Figure 2). Profiles from the original project documentation gave the location of the
measurement profiles. At measurement, each profile was established on both sides of the
water reservoir by stretching a nylon line with measuring points marked every 5 m [28].
The measurements themselves were performed from a non-powered vessel.
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Figure 2. Measurement profiles of water reservoir Hnusno II.

The measurements of the reservoir bed were conducted by two methods: (i) probing
rod and (ii) sonar method. The probing rod method was applied in line with the instructions
of Slovak technical standards STN ISO 3454. The telescopic rod was 6 m in length with a
measuring accuracy of 10 mm, equipped with a level tube and steel plate at the rod base
against immersion (30 x 30 cm).

The sonar method is a technique that uses the propagation and reflection of sound to
detect the bottom, or objects below the water’s surface. Sonar allows direct reading of the
thickness and calculation of the deposit volumes at the bottom of the reservoir. An Eagle
SeaFinder 480DF sonar equipped with a measuring probe was used for the measurement.
The measurement was performed using a cone with an angle of 35° at a frequency of
50 kHz. The results provided by two measurement methods were statistically examined by
paired difference t-test with a confidence level of 0.05 [29].

Cross-sectional profiles (current and past) were plotted in the Microstation software
environment [30], which then calculated surface areas of deposits and sediment volumes
for both measurement methods. At the reservoir’s inlet, extensive deposition of sediments
did not allow the use of the boat (Figure 2, the area marked with a hatch). The volume of
deposit in this part was calculated by the batigraphic curve method based on the planimetry
of the area identified from the original terrain map.

Measured and quantified deposit volumes were used to calculate the reservoir’s
annual sedimentation rate (in m3/year), serving as a base for the calculation of area-specific
sediment yield (in t/ha/year) from the whole catchment. Sediment yield SY was estimated
by Formula [31]:

M

SV x dBD
SY = 100(7"E><A>
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where SY is area-specific sediment yield (t/ha/yr), SV is the annual sedimentation rate in
the reservoir (m®/yr), and dBD represents the dry sediment bulk density (t/m3)—the value
determined from eight sediment samples taken from a reservoir bed in a laboratory. TE is
the sediment trap efficiency of the reservoir (%), and A is the catchment area (ha).

Trap efficiency of the water reservoir (TE) was estimated using three empirical mod-
els/equations. First, Brown [32] developed a curve that relates TE to a capacity-watershed
area ratio (C/W): >

where C is the reservoir storage capacity in m3, W is the catchment area in km? and D
values range from 0.046 to 1 (with a mean value of 0.1), and they are dependent on the
technical characteristics of the reservoir (we used the mean value according to Brown’s
suggestion).

Second, the use of a C/W ratio has been discussed by Brune [33], who stated that
reservoirs with the same C/W ratio could have completely different TEs if their catchments
produced different runoff volumes due to other hydrological characteristics. He replaced
the C/W ratio and used a capacity-annual inflow ratio (C/I) to predict TE, where the
letter I denotes stream inflow to reservoir inlet. TE for our study by Brune’s method was
determined using a published diagram.

Third, the method developed by USDA forest service [34] was also applied:

)

1

1
C

1+D @

TE =100 <1 -
W

TE = 124 — 6.59 abs (ln( €)

The resulting TE estimate was calculated as the arithmetical mean of three distinct TE
values provided by three different methods (Table 2).

Table 2. Trap efficiency estimation.

Brown Brune USDA
Inputs Units Values Inputs Units Values Inputs Values Average
Storage capacity C m3 55,000 Inflow I ls! 330
Catchment area A km? 13.7811 Inflow I m3 yr—1 10,406,880
Coefficient D km? m? 0.1 C/1 0.005285 C/1 0.005285
Trap efficiency 0.456 0.400 0.422 0.426

Besides the estimation of SY, the errors associated with calculated SY values and
inputs of Formula (1) were estimated to support the reliability of comparisons statistically
(Table 3).

Table 3. Estimation of sediment volume and yield standard errors.

Sediment Volume Dry Bulk Density Trap Efficiency
Source: Measurement Source: Sampling Source: Sampling Source: Estimation
Measurerpent rounding 05 Mean deposit thickness in 40 Mean in kg/m® 9016 Mean value 0.426
incm cm
Rounding in % 1.20 Number of measurement 99 Number of 8 Number of methods 3
measurement
St. error of rounding in % 0.50 St. deviation in cm 20.2  St. deviation in kg/ m3 588.2 St. deviation 0.028
Measurement st. error ) 5, St. error in cm 20 St error inkg/m? 208.0 St. error 0.016
(estimation)
Total measure.mfnt error — g.71 St. error SEgy in % 5.1 St. error SEgpg in % 23.1 St. error SE1g in % 3.8
MEgy in %
Final st. an error of SY 23.9

in %
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The classic error propagation formula calculated the final estimate of SY standard
error (23.9%):

SE%sy = / ME%2, + SE%2y + SE%35p, + SE%2; )

Based on the assumption of the independence of detected SV, dBD and TE serving
as inputs for SY calculation, Equation (4), only with the first two components, provides
information about the estimated standard error of sediment volume measurement—>5.15%.
It should be noted that the combined SE of SV is a conservative estimate neglecting
uncertain error caused by the unknown configuration of post-dredging depths after the
bed maintenance in 1989.

2.3.2. Quantification of Soil Erosion

Four fundamental sources of reservoir siltation exist: (i) soil erosion in the catchment,
(ii) soil erosion from unpaved ground roads, (iii) erosion of inlet streams watercourses and
(iv) natural sedimentation of biological material in the reservoir. Sediment volume caused
by the first pair of sources can be modelled by the universal soil loss Equation USLE [9,35]:

SE=RXKXLxSxCxP 5)

where:

SE—soil loss by water erosion (t/ha/year),

R—rain erosivity (MJ/ha/cm/h) derived from the frequency, volume, and intensity of rain
events in a particular year,

K—the soil erodibility (t/ha/year) per unit of R from a standardized land parcel with a
length of 22.13 m and inclination of 9% maintained as a permanent loose outfield cultivated
in the direction of tilt) given by the content of clay, silt, sand and humus in the soil, soil
structure and its water infiltration ability,

L—ratio of soil loss from real land with a certain length and inclination of slope to the soil
loss from a standardized parcel,

S—ratio of soil loss from real land with the inclination and shape of the longitudinal slope
profile to the soil loss from a standardized parcel,

C—ratio of soil loss from real land covered by vegetation to the soil loss from standardized
parcel depending on the type, coverage and density of vegetation,

P—ratio of measures against the water erosion efficiency related to agricultural or forestry
activities.

To quantify soil loss for a larger area and more extended periods, SE in t/ha/year
must be multiplied by land area size in hectares and by the number of calendar years
composing the period.

In our study, the potential erosion SE and its change were quantified for the catchment
area of the water reservoir and unpaved road surface, respectively, in both considered peri-
ods. The inputs for the USLE equation were measured or estimated. The quantification was
performed according to the logic, procedures and equations recommended by Wischmeier
& Smith [9]. The input factors that significantly vary in time had to be estimated for each
period. Moreover, the different values of input variables were detected for catchment and
roads in cases where the difference can be expected logically.

All input variables were divided into two categories: (i) static factors changing only in
very long periods (e.g., hundreds or thousands of years) as they are variables K, L, S and P
(they were quantified only once, assuming their constancy in both periods), (ii) dynamic
factors manifesting inter-annual or at least inter-decadal variation like a factors R and C
that had to be quantified or estimated twice, separately for both considered periods.
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Rain Erosivity R and Its Change

Only one factor/input in USLE is climatically sensitive—erosion efficiency of rains R.
The R values for a particular period are calculated as:

R= <2 Ei> 2, 6)
i=1

where i E; is the sum of kinetic energies (J/ m?) of n individual erosion-effective rain
events l(iriﬂuential erosion event is rain with a total of over 12.5 mm and maximal intensity
of over 24 mm per hour) and I3, is maximal 30-m rain intensity (cm/h) that occurred
within the most extreme rain event over the monitored period. The kinetic energy of
individual rain is given by:

where I; is the rain intensity (cm/h) and H; is the precipitation sum during the particular
event (cm).

As we can see, the mean annual erosion efficiency of rains depends on the number,
magnitude and intensity of rain events occurring in the defined area in the monitored
period. If the changes in frequency, total amount and intensity of rain events between
1970-1989 and 1990-2014 are assessed, the alteration of R and mean annual soil loss G by
water erosion can also be modelled, and climate change effects can be exposed.

Therefore, to obtain information about the climate changes between considered periods
in the defined catchment area, the mean monthly temperatures and monthly precipitation
sums from 1970 to 2006 were interpolated by two regression models published by Bosela
et al. [36]. The regression models were parametrized on data from 116 meteorological
stations of the Slovak Hydro-meteorological Institute covering the whole area of Slovakia.
The models interpolate the values of mean monthly temperatures (model I, the adjusted
R-square 0.991) and monthly precipitation sums (model II, the adjusted R-square 0.660) for
each month of the calendar year in the period 1961-2006 for any spatial point (with known
coordinates and altitude) on Slovak territory. In our case, the regular grid of spatial points
(46 points, step app. 500 m) with altitudes determined from the digital elevation model
systematically covering the catchment area was used. Final values of interested climate
variables for the whole catchment area in the month of a particular year were calculated by
averaging the sampling point’s records.

Subsequently, the temperature and precipitation time series provided by regression
models for 1970-2006 was prolonged to 2014 using the mean monthly observations of CRU
TS3.21 (0.5° x 0.5° grid interpolated points) available at KNMI Climate Explorer ([37];
http://climexp.knmi.nl, accessed on 31 July 2020). The KNMI source provided the climate
information for the entire period 1970-2014: the data from 1970-2006 were used to quantify
biases between the regression and KNMI data, and bias-corrected KNMI data for the period
2007-2014 were used for time series augmentation.

The average annual precipitation for each year of the investigated periods was calcu-
lated from monthly data, and the relative change of annual precipitation sums between the
investigated periods was revealed. Whereas the assumption that the annual precipitation
sums are proportionally related to precipitation totals H; of each rain event and to }_Ei
sums exist, the relative change of annual precipitations can be regarded also as the relative
change of the first component needed for calculation of R.

The temperature data were needed to estimate the relative change of the second
component—maximal 30-m rain intensity I3) . The identified temperature rise in the
catchment area can be recalculated to estimate of relative change (increase) of maximal rain
intensity I3p. Here, several scenario simulations by authors Lapin et al. [24] projected the
increase of precipitation totals during extreme events up to 50% if the mean temperatures
rise by 3.5 °C by 2075. This fact suggests that the rate of extreme precipitation rises by
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approximately 15% with each one °C of warming. The maximal 30-m rain intensity change
was estimated based on quantified temperature change.

The value of rain erosion efficiency for the period 1970-1989 was published by
Janecek [38], who calculated the R values using the actual precipitation measurements from
86 meteorological stations (measurement period consisting of 15 to 64 years) distributed
over Slovakia. The value R = 24.53 MJ/ha/cm.h for the period 1970-1989 measured on
the nearest meteorological station Jaraba situated app. 10 km away from our study area
was applied.

Subsequently, an updated R-value for 1990-2014 was obtained using the known
absolute R-value for 1970-1989 and its estimated relative change. The total relative change
of R for the period 1990-2014 was calculated easily as the simple multiplication of relative
changes of both components of R calculation in ratio for the sum of kinetic energies of
individual erosion-effective rain events y_F and maximal 30-m rain intensity I50,. The
changes in both components were estimated with the aid of quantified temperature and
precipitation changes in the given area (Table 4).

Table 4. Changes in mean annual temperatures and annual precipitation sum in the period 1990-2014.

Period Temperatures in °C Precipitations in mm
1970-1989 5.36 773.8
1990-2014 6.19 906.1

Change +0.83 132.3 (17.1%)

Whereas the reasonable assumption that a 1 °C increase in mean annual temperatures
will be reflected in a +10% increase in rain intensity during extreme precipitation events [19],
the registered increase in mean annual temperatures by 0.83 °C allows estimation of
the relative increase in maximal intensity AI30, = 8.3%. At the same time, the relative
increase A)_E% can be equated with detected relative change of annual precipitation totals
+17.1%. Subsequently, a combined relative increase of R can be derived by multiplication
of individual component changes AR% = ((1.083 x1.171) — 1) x 100 = 26.3%. The final
updated value of R for the period 1990-2014 was calculated as Ry999_p014 = 24.53 X 1.263 =
31.02 MJ/ha/cm/h. As was expected, the rain erosivity after 1989 increased.

The value of soil erodibility K was estimated using data from the Research Institute
of Soil Assessment and Protection for a representative soil site class unit. Identification of
representative soil site class unit for our case study area was based on detecting prevailing
soil types. The soil site-class unit on the map is freely available on the information site of
the Research Institute of Soil Assessment and Protection [39].

The estimated K was considered constant in time, i.e., the same value was used in
both analyzed periods. Moreover, the exact value of R and K was used for catchment and
road water erosion calculations. The soil erodibility K in t/ha/year per unit of R from a
standardized land parcel (with the length of 22.13 m and inclination of 9% maintained as a
permanent loose outfield cultivated in inclination) was obtained from a map of soil site-
class units of the Slovak republic. According to the map, the value K = 0.26 corresponding
to the prevailing soil site class unit (sandy-clay subvariant) represents the considered area.

The other input variables of USLE were determined or estimated either with GIS
analysis support or based on the assessment of the catchment state obtained during the
visual inspection. The morphological terrain characteristic of catchment and roads (mean
length and inclination of slopes, slope profile form) were identified and quantified through
GIS analysis in the ArcGis 10.0 environment [40]. Terrain characteristics were analyzed
using the digital elevation model (DEM) provided by software DMR 5.0 (digital model of
terrain relief) with a resolution of 1 m. The DMR 5.0 is a software product provided by
Geodesy, Cartography and Cadastre Authority of the Slovak Republic from the ground
class of Lidar point cloud using linear interpolation. Source point cloud had a minimal

point density of 5 points per m?.
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Catchment L =

Based on terrain characteristics, the ratios of L and S were calculated by the formulas
proposed by Wischmeier & Smith [9] separately for catchment and roads. They are used as
constants for both periods. The ratio of soil loss L from real land with the specific average
length and inclination of slopes to the soil loss from standardized parcel was calculated as:

1\ 395\ 1\ 274\
(2213) = (2213) =422 Roads L = (2213> = <2213> = 3.52
where I is mean inclination of slopes in catchment or roads (395 or 274 m, respectively)
detected on DEM in ArcGis 10.0 environment and parameter p is dependent on mean
slope inclination (the value p = 0.5 suggested for slopes with mean inclination over 5% was
applied).

The ratio of soil loss S from real land with the inclination and shape of the longitudinal
slope profile to the soil loss from a standardized parcel was obtained as:

Catchment § = (0.43 +03I + 0.04312)6.613—1 —9.834

Roads § = (0.43 1+031+ 0.04312)6.613*l —11

where [ is the mean inclination of slopes and roads (35.45% and 9.6%) derived from the
DEM of the study area.

Soil Loss Ratios C and P

Ratio C was determined by the approaches published by [41], which uses pan-
European datasets (such as CORINE Land Cover), biophysical attributes derived from
remote sensing, and statistical data on crops and agriculture practices.

The study area has two vegetation types: (i) forest and (ii) permanent grasslands and
pastures. The identification of vegetation type and its change in time was made by the
method of image regression in software ENVI [42]. Detection of forest and pasture extent
was based on pair of ortho-photo images of the study area from 1970 and 2014. The area
and mutual proportion in the analyzed periods were significantly changed. Therefore, two
different C values were estimated for two periods. The different C values were also used
for catchment and roads (Cyy,4s = 1), whereas the roads have no vegetation cover.

The C value for catchment was calculated as the weighted average of predefined C
values determined by [38] for two types of vegetation cover existing in the study area—
forest and meadows. Due to a significant change in vegetation type representation over
time (detected on ortho-photo maps), the different C values were calculated for both periods
(Table 5).

Table 5. Determination of soil loss correction for vegetation cover.

Vegetation Type Value Panagos (2015) Proportion Final Value
1970-1989
Meadow 0.0395 0.15 0.00703
Forest 0.0013 0.85
19902014
Meadow 0.0395 0.05 0.00321
Forest 0.0013 0.95

The results indicate that the high vegetation protection against erosion was even
enlarged in 1990-2014 due to natural afforestation of abandoned pastures (evidence of a
decreased intensity of agricultural land use). The C ratio for roads was set to 1 in both
periods due to the absence of any vegetation cover.



Water 2022, 14, 2606

11 of 21

The value of P (efficiency of management measures against the water erosion) was
set to value 1 for catchment and roads in both periods because no specific technical or
management measures against water erosion were performed in the case study area.

After obtaining the inputs, annual soil loss SE from catchment and roads was deter-
mined by USLE for two separate periods to quantitatively assess and explain the impacts
of climate change on water reservoir siltation.

3. Results
3.1. Visual Observations and Assessments

The water catchment is characterized by high forest cover at the time of investigation
(95%). The ecological state and density of forest stands are good, and wind or insect
disturbances are clearly under management control. The final harvests are performed
under a shelterwood management system; thus, the continuous cover of the forest is
permanently maintained.

On the other hand, forest roads show signs of considerable erosion. The forest roads
have ground or gravel surfaces, and transverse drainage devices shortening the water flow
path and/or velocity are absent. During the flash rains, intensive erosion and material
removal from the road body occur. Subsequently, many roads contain damaged parts that
severely restrict transportation accessibility. Moreover, the watercourses and banks of inlet
streams are not entirely stable and at least some sections evidence erosion processes.

3.2. Siltation of Water Reservoir before and after the Year 1989

The first important facts about the reservoir siltation was extracted from technical
documentation stored in the archive of Ironworks Podbrezova. According to the data of
the Engineering Handbook for Hnusno I and Hnusno II Reservoirs [27], during the first
major planned maintenance of the water reservoir in 1989, app. 10,264 m3 of sediments
were removed from the reservoir bed. During that time, the reservoir storage space was
reduced to 82% of its original capacity. The reduction has begun to negatively affect its
protection efficiency concerning the downstream located main reservoir of industrial water.
The intensity of reservoir siltation within the 19-year period achieved a level of 513 m3/year
or 0.933% per year from storage capacity.

The calculations of sediment volumes for the period 1990-2014 (Tables A1l and A2)
revealed that the volume of sediments from the reservoir bed was 6369 m® and the volume
of sediments in the inlet part was 6114 m3. Total sediment volume was 12,483 m?, which
means a decrease of water storage capacity by 23% to 77% of the original capacity. The
intensity of siltation in 1990-2014 was very similar to the previous period 1970-1989,
whereas it was determined at 499 m3/year level or 0.908% per year in relative terms. The
difference in intensities between periods was just 13 m3/year (or 0.025%), but despite
expectation, the pace of siltation in 1990-2014 was a bit less. Similar results indicate
area-specific and total sediment yields per year (Tables 3, 4 and 6).

Table 6. Deposited sediments and sediment yield.

Variable Units Period
1970-1989 1990-2014
Deposited sediment volume m> 10,264 12,483
Deposited sediment volume per year m?/year 5132 4264 * 499.3 £25.7*
Dry bulk density t/m3 0.902 £ 0.208 *
Trap efficiency Dimensionless 0.426 £ 0.016 *
Watershed area ha 1378.11
Specific sediment yield t/ha/year 0.788 - 0.188 * 0.767 +-0.183 *
Total S‘Eﬁgg;‘igﬂi Ser yeat t/year/m>/year 1086.6/1204.6 1057.2/1172.1
Total sediment yield (mass/volume) t/m3 21,733/24,094 26,431/29,303

* standard errors.
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Specific sediment yield (SSY) and total sediment yield per year (TSY per year) for the
period 1970-1989 differ from the period 1990-2014 by only 0.021 t/ha/year or 29.4 t/year,
ie., 2.74% from mean SSY/TSY and, surprisingly, the smaller value was registered in the
later period. Total sediment yield was higher for the period 1990-2014 by about 21.6%,
but the only reason was the more considerable length of the observed period compared to
1970-1989 (20 vs. 25 years). The sediment yield rate (expressed by specific sediment yield or
total sediment yield per year) was essentially the same. Calculated standard errors provide
statistical confirmation of this crucial finding. The relative differences of the SSY or TSV
per year are marginal from the statistical, scientific and practical point of view—specific
sediment yields are 0.767 vs. 0.788 and/or SY rate 1086.6 vs. 1057.2; thus, they differ by
only 2.7%. The absolute and relative difference is smaller than the associated standard error
of 23.9% so it will be within any larger confidence intervals derived from standard errors.
That means that the registered difference will be statistically non-significant within formal
statistical testing at a high probability level.

3.3. Soil Erosion before and after the Year 1989

After the determination of values of independent variables, the estimates of erosion
and sediment volume from two critical sources—catchment and roads—and for the whole
watershed were obtained from USLE (Tables 7 and 8).

Table 7. The potential soil erosion from catchment and roads.

Variable Units Catchment Roads
1970-1989 1990-2014 1970-1989 1990-2014
USLE inputs

Rain erosion efficiency R MJ/ha/cm/h 24.53 31.02 24.53 31.02
Soil erodibility K t/ha/year/R 0.26 0.26 0.26 0.26
Slope length ratio L Dimensionless 4.22 4.22 3.52 3.52
Slope inclination ratio S Dimensionless 9.84 9.84 1.10 1.10

Vegetation cover ratio C Dimensionless 0.00703 0.00321 1 1

Technical protection ratio P Dimensionless 1 1 1 1

Soil erosion

Area ha 1364.32 13.79
Dry bulk density t/m3 0.902
Specific soil erosion from USLE t/ha/year 1.863 1.076 24.695 31.231
Specific soil erosion volume m3/ha/ year 2.065 1.192 27.378 34.624
Total erosion volume per year m3/year 2817 1627 338 477
Total erosion volume for a period m3 56,344 40,671 7551 11,937

Table 8. Total erosion, sediment yield and sediment delivery ratio for watershed.

Variable Units Period
1970-1989 1990-2014
Total erosion volume per year m3/ year 3155 2104
Total erosion volume for a period m> 63,895 52,608
Total sediment yield per year m3/year 1204.6 1172.1
Total sediment yield for a period m3 24,094 29,303
Sediment delivery ratio Dimensionless 0.377 0.557

Although the share of roads is only 1%, the share of road erosion was 11.8% in
1970-1989 and up to 22.7% in 1990-2014. The main reason for disproportion is that the
road erosion intensity was 13 times in 1970-1989 and up to 29 times in 1990-2014 greater
than erosion intensity from remaining watershed areas. Potential road erosion increased
by as much as 41% between 1990 and 2014, in line with the expectation that increased rain
erosivity R must be reflected in increased erosion, assuming other factors are constant.
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An interesting finding is that the increase in erosion in relative terms is greater than the
expected relative increase in precipitation erosivity (41 vs. 26%).

Other watershed areas covered mainly by forests and meadows accounted for 88.2%
of total erosion in 1970-1989 and only 78.3% in 1990-2014. In contrast to roads, the total
potential erosion decreased significantly in 1990-2014 (by 42.2%). The increased erosivity
of precipitation R was significantly outweighed by positive changes in land use when, after
1989, there was an increase in forest area and a decrease in the erosion of less efficient
meadows by 10%, as a result of which the value of the correction factor C decreased by
more than half (Table 6).

Total erosion for the period decreased considerably by 17.7% in 1990-2014, despite
the period being longer. More objective comparison is made by comparing the values of
total erosion calculated per year (i.e., erosion rate), where we see that the intensity of total
erosion decreased by up to 33.3% in the period 1990-2014, primarily due to the increase in
forest area in the study area.

However, the total sediment yield values derived from the sediment data stored at
the bottom of the reservoir show a completely different picture. As already stated, the
total sediment yield in the period 1990-2014 was 21.6% higher at approximately the same
intensity of production due to the unequal length of the observed periods.

There must have been major changes in the process of transporting soil particles
from the sites of release to watercourses and reservoirs. At a significantly lower total
erosion per year (Table 7) in 1990-2014, deposited sediments per year (Table 6) and the total
sediment yield per year (Table 7) were roughly the same in both periods. This fact was also
numerically reflected in the sediment delivery ratio, which in the period 1990-2014 rose
47.7% from 0.377 to 0.557.

As shown in Figure 3, the most endangered locations are close to the Hnusno streams
and its tributaries and locations at the upper part of the catchment (high altitudes at tree
line), having the largest inclination. Thus, technical measures against water erosion should
be focused here.

To identify the critical spatial zones that significantly contribute to reservoir siltation,
slope inclinations were analyzed using the available DEM (Figure 3).

3.4. Comparison of the Measurement Methods of Sediment Volume

Two measurement methods—probing rod and sonar device—showed almost identical
results (Table 9). The Student’s t-test for paired measurement also confirmed the sta-
tistical non-significance of the method differences at confidence level of 0.05, i.e., the
mean difference deviates from 0 only randomly in a statistical sense. Moreover, the
mean absolute difference (4 cm) did not overcome the size of the measurement error:
mgirf = /(12 +5%) = 5.09 cm, where inputs are the measurement accuracy of probing rod
(1 cm) and sonar (£5 cm).

Table 9. Measurement characteristics for water depth and sediment layer (N = 83).

. . Absolute . .. Sediment
Method/Statistic Probing Rod Sonar Difference t-Statistics Thickness
Mean (m) 3.09 3.13 0.04 1.90 0.42
St. deviation (m) 1.19 1.26 0.20 0.04
St. error (m) 0.13 0.14 0.02 p-level 0.0045
Coef. of variation (%) 38.5 40.3 - 0.060948 9.2

The results prove the usefulness of the sonar method. The sonar method has compara-
ble accuracy to the probing rod method but is much more comfortable and faster. Moreover,
the sonar method provides not only information about water depth but is also able to
measure the sediment thickness directly. Thus, the time consumption for analysis can be
markedly reduced. Eventually, the direct measurements of sediment thickness can be used
for the validity check of sediment calculations from project documentation.
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Figure 3. The slope inclinations in the catchment.

4. Discussion
4.1. Siltation and Climate Change

Soil erosion and siltation of small water reservoirs are complex processes affected by
many factors and processes ongoing in the landscape. Sediment yield at the basin scale
results from all erosion and sediment transport processes active within the basin [43].

Negative effects of climate change (CC) on soil erosion, sediment yield and siltation
were expected in the mountains regions of Slovakia. Slovakia ranks among the countries
where climatic change concerning erosion hits hardest [44]—the highest mean rise of
erosivity caused by rain (>50%) was predicted [45]. The extremity of torrential rains
is caused by the rise of more irregular rainfalls during the vegetation period, which is
one of the main factors behind increased erosion on unpaved roads [46—48]. General
conclusions of domestic research on extreme precipitation indicate that an increased number
of extraordinary rainfall situations was registered during the last decennium. In addition,
the more significant part of these was caused by climate change [49]. The climate in the
case study area became significantly warmer (+15.5%) and wetter (+17.1%) in recent years.

The change in precipitation regimes is expected to impact soil erosion directly regard-
ing rainfall amount, intensity, and spatial or temporal distributions [18]. Soil particles
washed away by saturation excess runoff are mainly fine materials. Because of the easy
transportability of fine particles, long-duration rainfall at low intensities (no more than
1.2 mm/min) can create small channels and thus contributes to total gully erosion [50].
Thus, if rainfall duration is long enough or rainfall amount is great enough, more soil
particles will likely be eroded by saturation excess runoff because of the kinetic energy
provided. Subsequently, increased siltation of small water reservoirs can be expected.

Despite these described facts, the first hypothesis about the promoted siltation rate
of small water reservoirs in the mountain landscape of western Carpathians was not con-
firmed. Rates of sediment yields transported by watercourses and deposited in reservoirs
were very similar in both periods, meaning that the expected adverse effects of CC were
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not manifested. The possible explanation lies in the trade-off between the rain erosivity,
road maintenance and vegetational cover effects on erosion. More specifically, the negative
effects of enlarged amount and intensity of precipitation and worsened maintenance of the
existing road network were probably offset by the extended area and improved status of
vegetational cover.

During the period 1990-2014, the ortho-photo image analyses indicate the spreading
of the forest cover (+10%) instead of mountain abandoned pastures (—10%) which led to
an apparent decrease in total erosion (—33%) [19]. The relatively small positive changes in
land use ultimately outweighed the increased rain erosivity, the negative impact of which
is still clearly observable on the increased overall erosion from forest roads.

The primary means of reduction has been the reduction of soil erosion at the sites of
release. The better ground cover by more dense vegetation in forest land is very positive
for soil erosion and/or sediment yield [51,52]. Expansion of forest cover decreases the
kinetic energy of falling raindrops on the ground, absorbing part of the energy during fall
on the leaves. This significantly retards sheet erosion during intensive rainfall [46,53-55].
Moreover, the forest directly impacts carbon sequestration, which is one of the effective
methods for the fight against climatic change [56].

4.2. Siltation and Vegetation

As already stated, the ortho-photo image analyses indicate the spreading of the forest
cover instead of mountain abandoned pastures. At the same time, visual inspections
confirmed by management records and personal communication with local forest managers
proved the relatively good health status and density of forest in the studied catchment.
In this regard, some authors doubt if it is possible to determine from the long-term point
of view whether climatic change contributes to increased erosion and faster siltation in
the small water reservoirs or not. They stated that the increase in the temperature and
precipitation contribute to the abundance of vegetation cover, which diminishes erosion, or
that the extreme and unpredictable irregularity of intensive rainfalls will be the reason for
increased erosion, despite better conditions for vegetation growth [18,57].

A denser and more vital forest can act as a very effective anti-erosion agent and
significantly reduce erosion. According to [58], bare land had the highest soil loss, followed
by cropland, orchard, grassland, shrubland and forestland. Indeed, in our territory, CC
can support forest expansion and density, especially at the upper altitude limit of its
distribution. However, this can only be expected from a long-term perspective of several
decades to hundreds of years, and visual inspection of the upper tree line did not confirm
the expansion of the forest to higher altitudes. Therefore, we assume that the decisive factor
in our study area was the natural overgrowth of pastures in lower altitudes caused by the
change in land use provoked by damping agricultural activities due to a profound change
in the political and economic system in Slovakia after the year 1989.

In addition, a change in forest management approaches has also become an essential
factor. The original framework based on small-area clear cuttings in conjunction with
artificial forest regeneration was replaced by shelterwood cutting and natural regeneration
of forest stands, maintaining the forested area’s continuous cover almost permanently. In
this context, the visual inspection of the area showed good health of the forest (with only a
few calamities). Appropriate species composition and silviculture care of forest stand thus
significantly contribute to a reasonably dense forest providing excellent soil cover.

It is also crucial that, on steeper slopes and at higher altitudes, forests are purposively
managed in such a way as to prevent soil erosion primarily. It is necessary to maintain or
strengthen this good practice in the future by applying modern procedures for payments
for ecosystem services. We assume that higher locations on the tree line with more than 35%
slopes will be the most endangered by erosion processes in the future (in line with [57,59]).

The latest IPCC report [60] mentions the increasing likelihood of pessimistic climate
change scenarios. If we estimate that during the short 25-year period after 1990, the
warming of 0.83 °C caused an increase in rain erosivity of up to 26%, then in the more
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pessimistic scenarios of climate development in Slovakia, which anticipates an increase
in temperatures in Central Europe by 2—4 °C by the end of the century, rain erosivity can
increase by up to 40-80%. At the same time, the potential for mitigating the negative
impacts of CC by changing land use is practically exhausted in our case study area. The
forest already covers 95% of the catchment area, so the importance of forest management
and health care will grow enormously.

For these reasons, it would be highly appropriate for the owners of the Podbrezova
Steelworks or water management enterprises to consider contributions from forest owners
to support close-to-nature management, which could compensate for increased manage-
ment costs and reduced income from wood harvests. Harvest restrictions and finer but
more expensive forest management should be introduced, particularly near watercourses
and spring zones at higher altitudes and on steeper slopes. Ultimately, this can lead to a
significant reduction in the cost of maintaining water reservoirs in the long run and, in
particular, to improving the quality of the industrial water for fishing or recreation.

4.3. Siltation and Road Network

Proper unpaved road network maintenance is an extremely important means of
reducing soil erosion, sediment yield and siltation [61]. The results showed that, if the
volume of sediments from this source could be reduced, the positive effects of vegetation
change would be significantly enhanced. The negative effects of climate change on the rate
of siltation could not only be offset but even significantly reduced.

Roads represent only 1% of the study area but account for 12% before 1990 and
23% after 1990 (roughly 1/5) of the total gross soil erosion. The road erosion intensity is
13-29 times higher than in the rest of the area. Such a proportion roughly corresponds
to the results published in [47,62]. This finding concurs with [63], who claims that about
70-80% of the suspended sediment is supplied from unpaved roads. His study identified
the lack of maintenance and excessive road network usage. Froelich’s results can be seen
as a demonstration of what can happen if things go in the wrong direction. In some areas,
forest roads are recognized as major source of erosion. They can account for as much as
90% of all sediment production in forested watersheds [64].

Climate change impacts the sediment volume, as the soil erosion rate from the roads
increased by up to 41% from 1990 to 2014. If we combine the increase in the volume of
erosion from roads in 1990-2014 with the decrease in the total volume of erosion, the second
hypothesis on the unchanged relative contributions of roads has to be rejected. Roads with
a high probability began to function as gully channels, worsened the sediment delivery
ratio SDR [65] and became twofold a contributor to sediments compared to 1970-1989.

At the same time, although the construction of new forest roads after 1990 was almost
stopped, the visual check on existing roads revealed the serious lack of responsible mainte-
nance manifested in clear signs of negative erosion effects. The maintenance of the forest
road network was neglected. The main reason was a change in ownership and economic
conditions from 1990-2014 when forest owners were not willing to invest enough funds
for road maintenance and thus created an investment debt. The situation has reached a
point at which the transport accessibility of the forest is currently endangered or reduced
in many locations.

4.4. Siltation and Other Factors

The increase in SDRs was most likely due to two other factors. (i) Increased leaching
of watercourses by extreme flows promoted by the bad technical status of roads. Water
from the roads is clustered into the small channel, and over time it outgrows into the
gully erosions, which are the main transport paths for sediment yields. Water in these
paths accelerates [66] and ends in the watercourse, which causes promoted bank erosion.
(ii) Increased sedimentation of biological material at the bottom of the reservoir caused by
global temperature warming. However, both possible sources still needed to be thoroughly
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experimentally verified to assess their relative contribution more objectively to the total
amount of sediments deposited in the reservoir.

Reducing the rate of siltation can be achieved by proper maintenance of the reservoir,
roads and land use optimization and by additional technical measures. A technical solution
could be to build a check dam on the Hnusno stream before entering the reservoir, which
would be cleaned regularly every year. A storage volume of the check dam equal to the
registered siltation rate of 520 m3 per year would be sufficient.

Opverall, the results show that the storage space of this Hnusno II reservoir is currently
reduced by 23%. The deposit volume has been accumulated for 24 years since past mainte-
nance (reduction of 0.96% per year). The ratio between the volume of settled sediments at
the mouth of the inflow and in the reservoir space is approximately the same.

A similar, slightly smaller intensity of siltation of selected reservoirs in Slovakia is
reported by several authors. For example, [67] report an average annual loss of storage
volume of 0.03% for much the larger Liptovska Mara, and 0.76% for the Drahovce reservoirs.
Ref. [68] state an average annual loss of storage volume of 0.45% for Mala Richiiavska and
0.11% for Vel'’ka Richnavska reservoirs. Worldwide annually, a range of between 0.5% and
1% of reservoir storage is estimated to loss due to sedimentation deposited [10].

At present, the need to remove these deposits does not seem acute, but this may
change over the years. If the sedimentation process in the reservoir continued at the current
pace, the entire storage space would be exhausted over the next 80 years. However, it can
be assumed that this process will accelerate due to the increasing erosion pressure and
overgrowth of the reservoir with aquatic vegetation. The time to complete siltation and the
interval for regular cleaning of the reservoir can thus be significantly reduced.

The expected reduction in maintenance time makes it necessary to monitor and mea-
sure the rate of siltation and the total amount of sediment in the reservoir regularly. Modern
reservoirs provide accurate timing because the onset of operation is well known. Chiefly,
the topography before flooding is documented, allowing for determination of sediment vol-
umes from later bathymetric surveys and isopach maps [69]. Alternatively, high-resolution
seismic investigations may be performed, usually clearly showing the boundary between
unconsolidated sediment infill of the reservoir and the bedrock surface [69].

In this context, measurements using sonar devices have proven to be very promising.
The sonar method has comparable accuracy to the probing rod method, but it is much more
comfortable, faster and has a broader utilization. Therefore, the reasonable assumption
is that surveyors’ reduced salary costs will refund the initial financial investments in
sonar purchase.

5. Conclusions

Due to specific changes in land use in the study area, the rate of siltation of water
reservoirs did not increase despite climate change. The adverse effects of enlarged volume
and intensity of precipitation and worsened maintenance of the existing road network were
probably offset by the extended area and improved status of vegetational cover.

Changing the land use has proven to be an essential means of mitigating the adverse
effects of CC on erosion processes in the watershed. However, the potential of this mea-
sure in the studied area is practically exhausted. Therefore, it is necessary to change the
objectives of forest management and promote more refined, but more expensive, forest
management based on close-to-nature principles combined with strict health care to achieve
permanent forest cover. The change in management approaches and strategies will be a
necessary measure against the increasing erosion pressure due to the expected increase in
the extremity and erosivity of precipitation in the mountainous regions of Central Europe.
Management primarily aimed at erosion protection will be crucial in stands at the upper
tree line, near watercourses and on slopes with a high inclination.

A significant finding of this work is the knowledge that investments in maintenance,
reconstruction or improvement of the quality of forest roads could reduce erosion and
sediment volumes. Reducing the volume of sediments can also be achieved by smaller
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technical measures to improve the current state of reservoirs and by improved care of
watercourse beds, which, however, requires additional financial investment. For all the
above reasons, water management and industrial enterprises interested in water utilization
for commercial purposes should share in the costs of anti-erosion measures, which could
ultimately positively affect their financial results and long-term competitiveness.

In addition, it will be highly desirable to continue experimental research and intensive
monitoring of reservoir siltation. New research could improve anti-erosion measures’
effectiveness and reduce or at least maintain the siltation intensity. Otherwise, soil erosion,
sediment yield and siltation of water reservoirs could be a severe problem in the future,
causing deterioration of many diverse and important functions fulfilled by small reservoirs
in mountain landscapes today.
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Appendix A

Table Al. Calculations of bed-load sediment volumes (main part).

. Mean Distance Sediment Profile Areas Sediment Volumes
Profile (m) S (m2) Ss (m?2) V (m3) Y.V (md
End of dam body 0
profile No.1 15 313 31.3 470 470
profile No.2 50 334 32.35 1618 2088
profile No.3 31.75 31.8 32.6 1035 3123
profile No.4 24 30.08 30.94 743 3866
profile No.5 24 25.9 27.99 672 4538
profile No.6 24.5 24.96 25.43 623 5161
end of backwater 13 160.82 92.89 1208 6369

Table A2. Calculations of inlet part sediment volumes (inlet part).

Altitude of Layer Difference of Contour Lines Sediment Area Sediment Volumes
(a.s.l.) (m) S (m?) Ss (m?) V (m?) Y.V (md)
536.65 0 0
537 0.35 173 87 30 30
538 1 2020 1097 1097 1127
539 1 4853 3437 3437 4567
539.3 0.3 5480 5167 1550 6114
References
1. Sotiri, K.; Hilgert, S.; Duraes, M.; Armindo, R.A.; Wolf, N.; Scheer, M.B.; Kishi, R.; Pakzad, K.; Fuchs, S. To What Extent Can a
Sediment Yield Model Be Trusted? A Case Study from the Passatina Catchment, Brazil. Water 2021, 13, 1045. [CrossRef]
2. Rosas, M.A; Vanacker, V.; Viveen, W.; Gutierrez, R.R.; Huggel, C. The potential impact of climate variability on siltation of

Andean reservoirs. J. Hydrol. 2020, 581, 124396. [CrossRef]


http://doi.org/10.3390/w13081045
http://doi.org/10.1016/j.jhydrol.2019.124396

Water 2022, 14, 2606 19 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Pivnicka, K.; Ryba¥, M. Long-term trends in sport fishery yield from selected reservoirs in the Labe watershed (1958-1998). Czech
J. Anim. Sci. 2001, 46, 89-94.

Dutta, S. Soil erosion, sediment yield and sedimentation of reservoir: A review. Model. Earth Syst. Environ. 2016, 2, 123. [CrossRef]
Lahlou, A. Environmental and socio-economic impacts of erosion and sedimentation in North Africa. In Erosion and Sediment
Yield: Global and Regional Perspectives; IAHS Publications: Oxfordshire, UK, 1996; Volume 236, pp. 491-500.

Bednarczyk, T.; Madeyski, M. Modelling Soil Erosion, Sediment Transport and Closely Related Assessment of Suspended Load Trapped in
a Small Reservoir Related to the Erosion in a Loess Basin; IAHS Publications: Oxfordshire, UK, 1998.

Vrana, K.; Beran, J. Ponds and Purpose Reservoirs, 1st ed.; Czech Technical University in Prague: Prague, Czech Republic, 1998.
(In Czech)

Rizzuan, W.N.; Zainol, M.R. R M.A.; Wahab, M.A.; Kang, C.W.; Setiawan, I. A review: Removal of sediment in water reservoir by
using Siphon. IOP Conf. Ser. Earth Environ. Sci. 2021, 646, 012040.

Wischmeier, W.H.; Smith, D.D. Predicting Rainfall Erosion Losses: A Guide to Conservation Planning; U.S. Department of Agriculture,
Science and Education Administration: Beltsville, MD, USA, 1978.

Whitehead, P.G.; Wilby, R.L.; Batterbee, RW.; Kernan, M.; Wade, A.]. A review of the potential impacts of climate change on
surface water quality. Hydrol. Sci. J. 2009, 54, 101-123. [CrossRef]

Voérosmarty, C.J.; McIntyre, P.B.; Gessner, M.O.; Dudgeon, D.; Prusevich, A.; Green, P.; Davies, PM. Global threats to human
water security and river biodiversity. Nature 2010, 467, 555-561. [CrossRef]

Biggs, J.; von Fumetti, S.; Kelly-Quinn, M. The importance of small waterbodies for biodiversity and ecosystem services:
Implications for policy makers. Hydrobiologia 2017, 793, 3-39. [CrossRef]

Kovats, R.S.; Valentini, R.; Bouwer, L.M.; Georgopoulou, E.; Jacob, D.; Martin, E.; Rounsevell, M.; Soussana, J.-F. 2014: Europe. In
Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part B: Regional Aspects. Contribution of Working Group II to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change; Barros, V.R., Field, C.B., Dokken, D.]., Mastrandrea, M.D., Mach,
KJ., Bilir, T.E., Chatterjee, M., Ebi, K.L., Estrada, Y.O., Genova, R.C,, et al., Eds.; Cambridge University Press: Cambridge, UK;
Cambridge University Press: New York, NY, USA, 2014; pp. 1267-1326.

Fitzgerald, ].; Lindner, M. Adapting to Climate Change in European Forests—Results of the MOTIVE Project; Pensoft Publishers: Sofia,
Bulgaria, 2013.

European Environment Agency. Climate Change, Impacts and Vulnerability in Europe 2012 (EEA Report No 12/2012)—Version of 20
June 2013; European Environment Agency: Copenhagen, Denmark, 2012.

Schir, C.; Vidale, P.L.; Liithi, D.; Frei, C.; Héberli, C.; Liniger, M.A.; Appenzeller, C. The role of increasing temperature variability
in European summer heatwaves. Nature 2004, 427, 332-336. [CrossRef]

European Environment Agency. Climate Change, Impacts and Vulnerability in Europe 2016—An Indicator-Based Report; European
Environment Agency: Copenhagen, Denmark, 2017.

Li, Z.; Fang, H. Impacts of climate change on water erosion: A review. Earth Sci. Rev. 2016, 163, 94-117. [CrossRef]

Haigh, M.].; Jansky, L.; Hellin, ]. Headwater deforestation: A challenge for environmental management. Glob. Environ. Change
2004, 14, 51-61. [CrossRef]

Nazari-Sharabian, M.; Ahmad, S.; Karakouzian, M. Climate change and eutrophication: A short review. Eng. Technol. Appl. Sci.
Res. 2018, 8, 3668. [CrossRef]

Chettri, R.; Bowonder, B. Siltation in Nizamsagar reservoir: Environmental management issues. Appl. Geogr. 1983, 3, 193-204.
[CrossRef]

Gnida, M.; Grajcar, M.; Chocholov4, L.; Kosovsky, P.; Malatinska, L.; gkultéty, J.; Tamasova, A.; Thumova, L.; Viestova, E.;
Zelmanova, M.; et al. The Seventh National Communication of The Slovak Republic on Climate Change; Ministry of Environment of the
Slovak Republic: Bratislava, Slovakia, 2017.

Lapin, M. Changes in meteorological conditions of flood risks during changing climate. Zivotn. Prostr. 2003, 37, 184-190.
(In Slovak)

Lapin, M.; Melo, M.; Damborska, I.; Gera, M. Scenarios of precipitation totals during extreme weather events in Slovakia. In
Proceedings of the Seminary “Extremes of Weather and Climate”, Brno, Czech Republic, 11 March 2004. (In Slovak).
Bochnitek, O.; Borsanyi, P.; Cepéekové, E.; Fasko, P; Chmelik, M.; Jan¢ovi¢ova, L.”.; Kajaba, P.; Kapolkova, H.; Labudov4, L.;
Misaga, O.; et al. Climatic Atlas of Slovakia, 1st ed.; Slovak Hydrometeorological Institute: Bratislava, Slovak Republic, 2015; 131p.
(In Slovak)

Hydroprojekt Bratislava. Water Reservoirs Hnusno; Project Documentation; Hydroprojekt Bratislava: Podbrezovd, Slovakia, 1967.
Hydroprojekt Bratislava. Operation Instructions for Hnusno I and Hnusno II Reservoirs; Operation and Maintenance Documentation;
Hydroprojekt Bratislava: Podbrezova, Slovakia, 2015.

Fuska, J.; Leitmanova, M. Formation of DMR Bottom of the Water Reservoir in the Current State; Slovak Agriculture University in
Nitra: Nitra, Slovakia, 2012; pp. 12-14. (In Slovak)

Sokal, R.R.; Rohlf, EJ. Biometry, 4th ed.; WH Freeman and Company: New York, NY, USA, 2012.

Sykora, P. MicroStation V8 XM Edition: Detailed User Guide; Computer Press: Brno, Czech Republic, 2007. (In Czech)

Verstraeten, G.; Poesen, J. Using sediment deposits in small ponds to quantify sediment yield from small catchments: Possibilities
and limitations. Earth Sur. Processes Landf. 2002, 27, 1425-1439. [CrossRef]

Brown, C.B. The Control of Reservoir Silting, No. 521; US Department of Agriculture: Washington, DC, USA, 1943.


http://doi.org/10.1007/s40808-016-0182-y
http://doi.org/10.1623/hysj.54.1.101
http://doi.org/10.1038/nature09440
http://doi.org/10.1007/s10750-016-3007-0
http://doi.org/10.1038/nature02300
http://doi.org/10.1016/j.earscirev.2016.10.004
http://doi.org/10.1016/j.gloenvcha.2003.11.004
http://doi.org/10.48084/etasr.2392
http://doi.org/10.1016/0143-6228(83)90026-7
http://doi.org/10.1002/esp.439

Water 2022, 14, 2606 20 of 21

33.
34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

Brune, G.M. Trap efficiency of reservoirs. Trans. Am. Geophys. Union 1953, 34, 407-418. [CrossRef]

US Department of Agriculture. Sediment Storage Design Criteria. In USDA-Soil Conservation Service 1983: National Engineering
Handbook, 2nd ed.; US Department of Agriculture: Washington, DC, USA, 1983.

Chuenchum, P; Xu, M.; Tang, W. Estimation of Soil Erosion and Sediment Yield in the Lancang-Mekong River Using the Modified
Revised Universal Soil Loss Equation and GIS Techniques. Water 2020, 12, 135. [CrossRef]

Bosel’a, M.; Sedmak, R.; Sedmdkova, D.; Marusak, R.; Kulla, L. Temporal shifts of climate-growth relationships of Norway spruce
as an indicator of health decline in the Beskids, Slovakia. For. Ecol. Manag. 2014, 325, 108-117. [CrossRef]

Harris, L; Jones, P.D.; Osborn, T.J.; Lister, D.H. Updated high- resolution grids of monthly climatic observations—The CRUTS3.10
Dataset. Int. ]. Climatol. 2014, 34, 623-642. [CrossRef]

Jane¢ek, M.; Dostal, T.; Kozlovsky-Dufkov4, J.; Dumbrovsky, M.; Hula, J.; Kadlec, V.; Kone¢na, J.; Kovaf, P; Krasa, ].; Kubatova,
E.; et al. Protection of Agriculture Soils Against Erosion; Methodics 5/1992; Institute of Scientific and Technical Information for
Agriculture UVTIZ: Prague, Czech Republic, 1992; 110p. (In Czech)

Podnemapy.sk. Available online: http:/ /www.podnemapy.sk/bpej/viewer.htm?activelayer=2&layers=001 (accessed on 20 June
2021).

ESRI. ArcGIS Desktop: Release 10; Environmental Systems Research Institute, Inc.: Redlands, CA, USA, 2010.

Panagos, P; Borrelli, P.; Meusburge, K.R.; Alewell, C.; Lugato, E.; Montanarella, L. Estimating the soil erosion cover-management
factor at the European scale. Land Use Policy 2015, 48, 38-50. [CrossRef]

ITT. Exelis Visual Information Solutions, ENVI 4.5/ IDL Version 7.0 User’s Guide; ITT Visual Information Solutions: Boulder, CO,
USA, 2008.

Vente de, J.; Poesen, J. Predicting soil erosion and sediment yield at the basin scale: Scale issues and semi-quantitative models.
Earth Sci. Rev. 2005, 71, 95-125. [CrossRef]

IPCC. Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change; Stocker, T.F., Qin, D., Plattner, G.-K,, Tignor, M., Allen, S.K., Boschung, J., Nauels, A,
Xia, Y., Bex, V., Midgley, PM., Eds.; Cambridge University Press: Cambridge, UK; New York, NY, USA, 2014; 1535p.

Panagos, P; Ballabio, C.; Meusburger, K.; Spinoni, J.; Alewel, C.; Borrelli, P. Towards estimates of future rainfall erosivity. In
Europe based on REDES and WorldClim datasets. J. Hydrol. 2017, 548, 251-262. [CrossRef]

Nearing, M.A; Pruski, EF.; O'Neal, M.R. Expected climate change impacts on soil erosion rates: A review. . Soil Water Conserv.
2004, 59, 43-50.

Fu, B.; Newham, L.T.H.; Ramos-Scharrén, C.E. A review of surface erosion and sediment delivery models for unsealed roads.
Environ. Model. Softw. 2010, 25, 1-14. [CrossRef]

McCool, D.K.; Williams, ].D. Soil Erosion by Water. In Encyclopedia of Ecology; Jergensen, S.E., Fath, B.D., Eds.; Academic Press:
Oxford, UK, 2008; pp. 3284-3290.

A¢, A.; Pecho, ]. Extreme Climatic Anomalies as a Direct Result of Global Warming; 2012. Available online: https://
www.researchgate.net/profile /Jozef-Pecho/publication/243464774_Extremne_klimaticke_anomalie_ako_priamy_dosledok_
globalneho_oteplovania_in_English_Extreme_climatic_anomalies_as_a_direct_result_of_global_warming/links/0c96051d1
7¢ac796d4000000/Extremne-klimaticke-anomalie-ako-priamy-dosledok-globalneho-oteplovania-in-English-Extreme-climatic-
anomalies-as-a-direct-result-of-global-warming.pdf (accessed on 20 June 2021).

Casaly, J.; Lopez, ].J.; Girdldez, J.V. Ephemeral gully erosion in southern Navarra (Spain). Catena 1999, 36, 65-84. [CrossRef]
Simonneaux, V.; Cheggour, A.; Deschamps, C.; Mouillot, E; Cerdan, O.; Le Bissonnais, Y. Land use and climate change effects on
soil erosion in a semi-arid mountainous watershed (High Atlas, Morocco). J. Arid. Environ. 2015, 122, 64-75. [CrossRef]

Igwe, P.U.; Ezeukwu, ].C.; Edoka, N.E ; Ejie, O.C.; Ifi, G.I. A review of vegetation cover as a natural factor to soil erosion. Int. J.
Rural Dev. Environ. Health Res. 2017, 1, 21-28.

Nearing, M.A ; Jetten, V.; Baffaut, C.; Cerdan, O.; Couturier, A.; Hernandez, M.; Van Oost, K. Modeling response of soil erosion
and runoff to changes in precipitation and cover. Catena 2005, 61, 131-154. [CrossRef]

Woo, M.; Luk, S. Vegetation effects on soil and water losses on weathered granitic hillslopes, south China. Phys. Geogr. 1990,
11, 1-16. [CrossRef]

Sanchis, M.P.S.; Torri, D.; Borselli, L.; Poesen, J. Climate effects on soil erodibility. Earth Surf. Processes Landf. 2008, 33, 1082-1097.
[CrossRef]

Zhou, P; Luukkanen, O.; Tokola, T.; Nieminen, J. Effect of vegetation cover on soil erosion in a mountainous watershed. Catena
2008, 75, 319-325. [CrossRef]

Oygarden, L. Rill and gully development during an extreme winter runoff event in Norway. Catena 2003, 50, 217-242. [CrossRef]
Xiong, M.; Sun, R.; Chen, L. A global comparison of soil erosion associated with land use and climate type. Geoderma 2019, 343,
31-39. [CrossRef]

Borrelli, P.; Panagos, P.; Langhammer, J.; Apostol, B.; Schiitt, B. Assessment of the cover changes and the soil loss potential in
European forestland: First approach to derive indicators to capture the ecological impacts on soil-related forest ecosystems. Ecol.
Indic. 2016, 60, 1208-1220. [CrossRef]

IPCC. Climate Change 2022: Impacts, Adaptation, and Vulnerability. Contribution of Working Group II to the Sixth Assessment Report of
the Intergovernmental Panel on Climate Change; Portner, H.-O., Roberts, D.C., Tignor, M., Poloczanska, E.S., Mintenbeck, K., Alegria,
A., Craig, M., Langsdorf, S., Loschke, S., Méller, V,, et al., Eds.; Cambridge University Press: Cambridge, UK, 2022.


http://doi.org/10.1029/TR034i003p00407
http://doi.org/10.3390/w12010135
http://doi.org/10.1016/j.foreco.2014.03.055
http://doi.org/10.1002/joc.3711
http://www.podnemapy.sk/bpej/viewer.htm?activelayer=2&layers=001
http://doi.org/10.1016/j.landusepol.2015.05.021
http://doi.org/10.1016/j.earscirev.2005.02.002
http://doi.org/10.1016/j.jhydrol.2017.03.006
http://doi.org/10.1016/j.envsoft.2009.07.013
https://www.researchgate.net/profile/Jozef-Pecho/publication/243464774_Extremne_klimaticke_anomalie_ako_priamy_dosledok_globalneho_oteplovania_in_English_Extreme_climatic_anomalies_as_a_direct_result_of_global_warming/links/0c96051d17cac796d4000000/Extremne-klimaticke-anomalie-ako-priamy-dosledok-globalneho-oteplovania-in-English-Extreme-climatic-anomalies-as-a-direct-result-of-global-warming.pdf
https://www.researchgate.net/profile/Jozef-Pecho/publication/243464774_Extremne_klimaticke_anomalie_ako_priamy_dosledok_globalneho_oteplovania_in_English_Extreme_climatic_anomalies_as_a_direct_result_of_global_warming/links/0c96051d17cac796d4000000/Extremne-klimaticke-anomalie-ako-priamy-dosledok-globalneho-oteplovania-in-English-Extreme-climatic-anomalies-as-a-direct-result-of-global-warming.pdf
https://www.researchgate.net/profile/Jozef-Pecho/publication/243464774_Extremne_klimaticke_anomalie_ako_priamy_dosledok_globalneho_oteplovania_in_English_Extreme_climatic_anomalies_as_a_direct_result_of_global_warming/links/0c96051d17cac796d4000000/Extremne-klimaticke-anomalie-ako-priamy-dosledok-globalneho-oteplovania-in-English-Extreme-climatic-anomalies-as-a-direct-result-of-global-warming.pdf
https://www.researchgate.net/profile/Jozef-Pecho/publication/243464774_Extremne_klimaticke_anomalie_ako_priamy_dosledok_globalneho_oteplovania_in_English_Extreme_climatic_anomalies_as_a_direct_result_of_global_warming/links/0c96051d17cac796d4000000/Extremne-klimaticke-anomalie-ako-priamy-dosledok-globalneho-oteplovania-in-English-Extreme-climatic-anomalies-as-a-direct-result-of-global-warming.pdf
https://www.researchgate.net/profile/Jozef-Pecho/publication/243464774_Extremne_klimaticke_anomalie_ako_priamy_dosledok_globalneho_oteplovania_in_English_Extreme_climatic_anomalies_as_a_direct_result_of_global_warming/links/0c96051d17cac796d4000000/Extremne-klimaticke-anomalie-ako-priamy-dosledok-globalneho-oteplovania-in-English-Extreme-climatic-anomalies-as-a-direct-result-of-global-warming.pdf
http://doi.org/10.1016/S0341-8162(99)00013-2
http://doi.org/10.1016/j.jaridenv.2015.06.002
http://doi.org/10.1016/j.catena.2005.03.007
http://doi.org/10.1080/02723646.1990.10642390
http://doi.org/10.1002/esp.1604
http://doi.org/10.1016/j.catena.2008.07.010
http://doi.org/10.1016/S0341-8162(02)00138-8
http://doi.org/10.1016/j.geoderma.2019.02.013
http://doi.org/10.1016/j.ecolind.2015.08.053

Water 2022, 14, 2606 21 of 21

61.

62.

63.

64.

65.

66.

67.

68.

69.

Foltz, R.B. Environmental impacts of forest roads: An overview of the state of the knowledge. In Proceedings of the Second Forest
Engineering Conference, Vaxjo, Sweden, 12-15 May 2003; pp. 12-15.

Zembke, J. Runoff and Soil Erosion Assessment on Forest Roads Using a Small Scale Rainfall Simulator. Hydrology 2016, 3, 25.
[CrossRef]

Froehlich, W. Sediment dynamics in the Polish Flysch Carpathians. In Sediment and Water Quality in River Catchments, 1st ed.;
Foster, I., Gurnel, A., Webb, B., Eds.; John Wiley & Sons, Ltd.: New York, NY, USA, 1995; pp. 453—461.

Swift, L.W.,, Jr. Soil losses from roadbeds and cut and fill slopes in the southern Appalachian Mountains. South. J. Appl. For. 1984,
8,209-216. [CrossRef]

Poesen, ] W.A,; Torri, D.; Vanwalleghem, T. Gully erosion: Procedures to adopt when modelling soil erosion in landscapes
affected by gullying. In Handbook of Erosion Modelling; Morgan, R.P.C., Nearing, M.A., Eds.; Wiley-Blackwell: Chichester, UK,
2011; pp. 360-386.

Croke, J.; Hairsine, P.; Fogarty, P. Soil recovery from track construction and harvesting changes in surface infiltration, erosion and
delivery rates with time. For. Ecol. Manag. 2001, 143, 3-12. [CrossRef]

Nather, B.; Brachtl, I. Some Experience from Research of the Silting of the Water Reservoirs, 1st ed.; Water Management Research
Institute: Bratislava, Slovakia, 1987; pp. 1-7. (In Slovak)

Kubinsky, D.; Fuska, J.; Weis, K.; Lehotsky, M. Changes in the storage volume of water reservoirs Vel'’ka Richriavska and Mala
Richniavska. Acta Hydrol. Slovaca 2013, 1, 402-441. (In Slovak)

Anselmetti, ES.; Biihler, R.; Finger, D.; Girardclos, S.; Lancini, A.; Rellstab, C.; Sturm, M. Effects of Alpine hydropower dams on
particle transport and lacustrine sedimentation. Aquat. Sci. 2007, 69, 179-198. [CrossRef]


http://doi.org/10.3390/hydrology3030025
http://doi.org/10.1093/sjaf/8.4.209
http://doi.org/10.1016/S0378-1127(00)00500-4
http://doi.org/10.1007/s00027-007-0875-4

	Introduction 
	Materials and Methods 
	Study Area 
	Catchment and Water Reservoir Characteristics 
	Methods 
	Water Reservoir Siltation 
	Quantification of Soil Erosion 


	Results 
	Visual Observations and Assessments 
	Siltation of Water Reservoir before and after the Year 1989 
	Soil Erosion before and after the Year 1989 
	Comparison of the Measurement Methods of Sediment Volume 

	Discussion 
	Siltation and Climate Change 
	Siltation and Vegetation 
	Siltation and Road Network 
	Siltation and Other Factors 

	Conclusions 
	Appendix A
	References

