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Small reservoirs, as the preferred blue-green engineering infrastructure for use against intensive runoff processes, 
have risen in number in Central Europe during the past three decades. However, the modelling of sediment 
siltation is not included in reservoir planning. The unknown temporal sedimentation of a reservoir can lead to the 
lifespan of the construction being uncertain. The aim of this study is to present a relatively simple process for 
local managers to model siltation and, consequently, accurately estimate the lifetime of a small reservoir. Three 
empirical models (USLE, RUSLE and USPED) were applied to two small catchments in Central Europe. This paper 
takes advantage of real measured and modelled sedimentation during 2012 and 2017, presenting two different 
terrain measurement approaches. Our study emphasizes the importance of the R-factor value. The temporal 
development of the R-factor is dependent on climate change, and the R-factor value has been rising steadily 
during the last decades. The annual mean R-factor has increased 1.04-times due to changes in precipitation 
patterns between the periods 1961–1980 and 1997–2016. These changes can explain possible growth in the 
levels of incoming sediment into reservoirs. We identified the correlation (R > 0.7) between observed sedi
mentation, the R-factor, and precipitation, and we concluded that the supposed rise of precipitation in Central 
Europe due to climate change will lead to an increase in the levels of stored sediment in reservoirs. Therefore, it is 
recommended for reservoir managers to use USPED model and to include the estimation of modelling of siltation 
rate into reservoirs’ maintenance projects.   

1. Introduction 

The severity and distribution of precipitation in Central Europe have 
been changing due to climate change (Zolina et al., 2014; Dol�ak et al., 

2017; Trnka et al., 2017), and, consequently, flash floods and flooding 
have become frequent occurrences in recent years (van Rompey et al., 
2001; Nelson and Booth, 2002; Abril and Knight, 2004; ; Hlav�cov�a et al., 
2016). The total annual number of floods in Europe since 1871 has been 
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rising (Suppl. I). Generally, the significance of a geomorphological un
derstanding of hydrological events is that it impacts the ability to design 
flood protection measurements that remain stable after construction, 
and thereby require little maintenance (Richter and Thomas, 2007; Yin 
et al., 2011; Nessh€over et al., 2016; Denjean et al., 2017; EEA, 2017). 

Understanding the geomorphological principles as described above 
can lead to more natural and environmentally friendly designs, such as 
the construction of dry or semi-dry reservoirs/detention ponds (Richter 
and Thomas, 2007; EC, 2011; Yin et al., 2011; Denjean et al., 2017). A 
reservoir is an artificial basin excavated on a small (4th order) creek 
tributary to a river, which disconnects or retards the overland flow of 
water and sediments during mean and flood events by storing water and 
sediments for a limited period of time. A small water reservoir must meet 
one of two parameters: (1) the volume of the reservoir must be lower 
than 2 mil. m3, or (2) the depth of the reservoir must not exceed 9 m 
(Technical norm No. CTS 75 2410). 

Because of the importance of flood protection, more elaborate and 
concrete legislation of these structures is needed. The infrastructure of 
small water reservoirs is currently governed by Czech basic standards 
legislation (Act No.114/1992, Act No. 183/2006 and Act No. 
254/2001), and their maintenance is the responsibility of local munic
ipalities or local river managers. Multiple municipalities in cooperation 
with stream managers in the Czech Republic (CZE) have invested in 
blue-green engineering infrastructures, including small reservoirs, as 
maintenance solutions, and construction of these infrastructures began 
in early 2000. Creating a dry or a semi-dry reservoir is an effective flood 
control measure that can help reduce peak flow and distribute flood 
wave volume over a longer period of time by temporarily accumulating 
water (Nessh€over et al., 2016; Denjean et al., 2017; Dong et al., 2017; 
EEA, 2017). Traditionally, there has been little geomorphological or 
sedimentological cost-benefit evaluation of these particular mainte
nance solutions. After a flood has ceased, a dry reservoir is emptied, and 
the area can be used in a manner similar to or the same as its prior use. 
Semi-dry reservoirs, which maintain a permanent water level, may have 
technical, landscaping, and/or ecological functions. In both cases, the 
real volume of captured fine sediment (the suspended load) is unknown. 

The sediment delivery ratio (SDR) is a commonly used indicator of 
basin sediment transport efficiency (Ferro and Minacapilli, 1995; 
Dickinson and Collins, 1998; Krasa et al., 2005; Taguas, 2011; Di Stefano 
and Ferro, 2017). According to Boyce (1975), the SDR generally de
creases where increasing basin size and decreasing average basin slope 
occur at the same time. Large basins also have more sediment storage 
sites located between the sediment source areas and the basin outlet. 
The application of empirical models to SDR has been shown to be highly 
appropriate (Ferro and Porto, 2000; Taguas et al., 2011; Zhao et al., 
2018). 

(Dis)connectivity measures applied for water and sediment retention 
have been proven to have differing levels of efficiency in trapping water 
and sediments in different environments (e.g. Boix-Fayos et al., 2008; Fu 
et al., 2011; Kondolf et al., 2014; Mekonnen et al., 2014; Zhao et al., 
2018). Similar to in large reservoirs (Wohl and Cenderelli, 2000; Yin 
et al., 2011; Baade et al., 2012; Lee and You, 2013; Lewis et al., 2013; 
Rahmani et al., 2018), siltation in small reservoirs decreases storage 
capacity and lifespan (Bazoffi et al., 1996; Bussi et al., 2013; Borrelli 
et al., 2014), and low-frequency high-magnitude events can promote 
disastrous flashing of sediments to adjacent settlements (Stankoviansky 
et al., 2010; Hlav�cov�a et al., 2016). Unlike large reservoirs, however, 
small reservoirs in rural settings rarely have maintenance plans for 
addressing these issues, and municipalities often do not have enough 
funds to adequately maintain and manage these small reservoirs. The 
intensity and drivers of infilling in these reservoirs are largely unknown 
(Uhlí�rov�a, 2007; Yin et al., 2011; Hlav�cov�a et al., 2018). The aim of this 
study is to present a relatively simple process for local managers to 
model siltation and, consequently, accurately estimate the lifespan of a 
small reservoir. 

This paper will answer a key question asked by managers and 

stakeholders from local communities: are the empirical models (USLE, 
RUSLE and USPED) suitable for general estimation of potential siltation 
in small reservoirs? To provide an answer to this question, the aims of 
the study were as follows:  

� To understand the infilling process in small retention reservoirs in 
small rural catchments;  
� To discuss whether the empirical models (USLE, RUSLE and USPED) 

are suitable for assessment of sediment siltation in small reservoirs;  
� To determine the potential correlation between R-factor values and 

real/modelled sedimentation rates;  
� To compare normal estimated R-factor values (1961–1980) to those 

associated with periods of climate change (1997–2016);  
� To evaluate how the lifespans of reservoirs are affected by possible 

increases in the R-factor. 

2. Material and methods 

2.1. Empirical models 

In this study, three empirical models were applied to two small 
catchments in Central Europe: USLE, RUSLE and USPED. Benefits of the 
Universal Soil Loss Equation (USLE) model include the fact that it re
quires less site-specific data than more physically based models, as well 
as its simple structure and ease of application. Nevertheless, USLE-based 
empirical models do not necessarily simulate the processes appropriate 
to every study and should therefore only be applied in the range of 
conditions for which they were developed (Hessel, 2002; Nekhay et al., 
2009; De Vente et al., 2013; ). Despite the limitations of USLE, however, 
these models (developed in the USA by Wischmeier and Smith in the 
1970s) are still widely applied for predicting and controlling soil loss, as 
well as for planning soil conservation measurements, especially in 
developing countries (Onyando et al., 2005; Bhattarai and Dutta, 2007; 
Ramlal and Baban, 2008; Bagherzadeh, 2014; Ayele et al., 2017). The 
empirical models chosen for this study are often discussed in Czech and 
Slovak literature (Gajdov�a, 1999; Stankoviansky, 1999, 2003; Stanko
viansky et al., 2008; Dost�al et al., 2014; Kadlec et al., 2014; Kapi�cka 
et al., 2017) and the USLE-based approach is the recommended meth
odology in the context of soil erosion modelling for Central Europe 
(Jane�cek et al., 2012; Dost�al et al., 2014; Kadlec et al., 2014). The 
Revised Universal Soil Loss Equation (RUSLE) model was developed by 
Renard et al. (1997) to predict long-term rates of inter-rill and rill 
erosion in field- or farm-sized units subject to different management 
practices (; Panagos et al., 2015a; SooHoo et al., 2017; Sujatha and 
Sridhar, 2018). Finally, the Unit Stream Power based Erosion/Deposi
tion model (USPED) was developed in the 1990s to predict the spatial 
distribution of erosion and deposition rates in cases of erosion affected 
by limited transport capacity (Mit�a�sov�a et al., 1996; Mit�a�s and Mit�a�sov�a, 
1998). The USPED model has been applied mainly in North America (Liu 
et al., 2007; Skagen et al., 2016) and Europe (Garcia Rodriguez and 
Gimenez Suarez, 2012; Lazzari et al., 2015). These three different 
empirical models (USLE, RUSLE and USPED) were applied to two study 
sites for this study – the Svacenický Creek catchment (SVC) and the 
Suchý Creek catchment (SUC) – each with variable natural conditions. 

The general USLE equation is (Wischmeier and Smith in 1965): 

G¼R � K � L � S � C � P (1)  

when G is average annual soil loss in t ha� 1 yr� 1, and RKLSCP are the 
factors reflected the main physical-geographic conditions. Using the 
pluviometric data (Suppl. II), the R-factor value in MJ mm ha� 1 h� 1 

year� 1 was calculated according to the Wischmeier and Smith (1978) 
equation: 

R¼
X12

1
1:735� 10½1:5�log10ðP2

i =PÞ� 0:08188� (2) 
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where P is an annual rainfall amount (mm) and Pi is monthly rainfall 
amount (mm). The resulting values of R-factor are in Table 1. Rainfall 
plays a crucial role in soil water erosion, and the erosive force of rainfall 
is dependent upon its amount and intensity (Panagos et al., 2015b). The 
erosive force of rainfall is commonly expressed as the R-factor (Wisch
meier and Smith, 1965). The R-factor can be calculated using several 
methodologies in a wide range of temporal and spatial scales, which can, 
in turn, generate numerous possible results. For example, Kr�asa et al. 
(2014) presented eight different values of R-factor in the CZE calculated 
by seven different Czech authors, and the resulting values ranged be
tween 200 and 690 MJ mm ha� 1 h� 1 yr� 1. Panagos et al. (2015b) 
determined the R-factor value in the CZE at 524 MJ mm ha� 1 h� 1 yr� 1. It 
is obvious that the importance of the R-factor value cannot be under
estimated, especially in light of climate change. 

The K-factor value was calculated by following equation: 

100K ¼ 2:1M1:14 x 10� 4 x ð12 � aÞ þ 3:25ðb � 2Þ þ 2:5ðc � 3Þ (3)  

where M ¼ (% silt þ % sand) * (100 - % clay), a is the organic matter 
content (%), b is the soil structure code (1 is very structured or partic
ulate, 2 is fairly structured, 3 is slightly structured, and 4 is solid), and c 
is the profile permeability code (1 is rapid, 2 is moderate to rapid, 3 is 
moderate, 4 is moderate to slow, 5 is slow, and 6 is very slow). Table 1 
presents the resulting K-factor values. 

The following equation adopted from Mitasova et al. (1996) was 
used to calculate the LS-factor values in USLE: 

LS¼ðA=22:13Þ1:6xðsin B=0:0896Þ1:3 (4)  

where A is the upslope contribution factor, B is the slope steepness in 
degrees. The different computation of LS-factor value in RUSLE model is 

based on equation in Renard et al. (1997): 

LS ¼
�

QaM
22:13

�y

x
�

0:065þ 0:045 x Sg þ 0:0065 x S2
g

�

(5)  

where Qa is the upslope contribution factor, Sg is the slope steepness in 
percentage, M is grid size (X,Y), and y is dimensionless exponent that 
assumes the value of 0.2–0.5. Both calculations were based on particular 
DEMs of both study areas (Suppl. II) and the resulting LS values are 
shown in Table 1. 

The C-factor was based on documented crop rotation in both study 
areas (Suppl. II, Fig. 1) and factor’s values in Table 1 were derived from 
previous investigations carried out in similar environments in Central 
Europe (Malí�sek, 1992; Gajdov�a, 1999; �Súri et al., 2002; Jane�cek et al., 
2012). 

Visual photo interpretation of air photos and field observations were 
used to assess the P value. The value was set up to 1 (without support 
practices; Table 1). 

The last applied model is the USPED (Mit�a�s and Mit�a�sov�a, 1998; 
Mit�a�sov�a et al., 1996). The structures of USLE, RUSLE and USPED 
implementation into GIS software (ArcMap 10.5 provided by ESRI 
Company) are presented in Supplement III and IV. 

2.2. Soil delivery ratio 

In a catchment, part of the soil eroded in an overland region deposits 
within the catchment before reaching its outlet. The SDR is a ratio of 
sediment yield to total surface erosion. According to Bagarello et al. 
(1991), the SDR depends on the contribution area, relief, stream length, 
bifurcation ratio, the proximity of the sediment source to the stream, and 
the texture of the eroded material. 

Table 1 
Factor’s input values.  

R-FACTOR (MJ mm ha¡1 h¡1 yr¡1) 
Year  2012 2013 2014 2015 2016 2017 

Svacenický Creek 
Annual amount of precipitation (mm) 623.2 795.7 640.0 462.2 441.0 656.7 
Factor value  339.5 407.9 478.5 633.2 187.3 325.7 

Suchý Creek 
Annual amount of precipitation (mm) 525.0 612.5 638.5 494.5 614.6 576.0 
Factor value  195.5 496.5 405.0 371.2 389.4 610.4   

Svacenický Creek Suchý Creek   

K-FACTOR (t ha h ha¡1 MJ¡1 mm¡1) 0.017 0.034   
LS-FACTOR (¡)        

USLE  0–333.44 (x ​ 5.57)  0–403.83 (x 1.41)    
RUSLE  0–102.82 (x 4.56)  0–313.03 (x 1.17)    

P-FACTOR (¡)  1 1   
C-FACTOR (¡)        

Land use/cover units  Value Literature     
Arable land Corn (Zea) 0.72 Jane�cek et al. (2012)   

Sorghum (Sorghum) 0.32 Malí�sek (1992), Panagos et al. (2015d) 
Rape (Brassica) 0.22 Jane�cek et al. (2012)   
Rye (Secale) 0.17 Jane�cek et al. (2012)   
Barley (Hordeum) 0.15 Jane�cek et al. (2012)   
Triticale (Triticosecale) 0.15 Jane�cek et al. (2012)   
Wheat (Triticum) 0.12 Jane�cek et al. (2012)   
Oat (Avena) 0.10 Jane�cek et al. (2012)   
Pea (Pisum) 0.05 Jane�cek et al. (2012)   
Clover (Trifolium) 0.02 Jane�cek et al. (2012)   
Lucerne (Medicago) 0.01 Jane�cek et al. (2012)   

Non-arable land Path 0.50 Panagos et al. (2015d)   
Scrubland 0.20 Panagos et al. (2015d)   
Orchard, garden 0.10 Malí�sek (1992); Boyle et al. (2011)  
Grassland 0.005 Jane�cek et al. (2012)   
Forest 0.001 Boyle et al. (2011); Panagos et al. (2015d); Renard et al. (1997) 
Paved area 0 a-priori assumption   
Water body 0 a-priori assumption    
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The Williams equation from 1977 was chosen in this paper: 

SDR¼ 1:366 x 10� 11 x A� 0:0998 x s0:3629
r x CN5:444 (6)  

where SDR is delivery ratio, A is contribution area in square kilometres, 
sr is relief ratio in metres per kilometres, and CN is number of runoff 
curve. The average annual amount of sediments in the research area is 
calculated as the reduction of total annual erosion based on chosen 
empirical equation of the SDR ratio (Jane�cek et al., 2012). 

2.3. The case studies 

The Svacenický Creek catchment (SVC) is situated in western 
Slovakia (SVK) near the frontier with Czechia (CZE) in the middle of the 
Myjava Hill Land (Fig. 2). The Suchý Creek catchment (SUC) is located 
in the south-east part of Czechia on the northern border of the Moravian 
Karst, with a total area of 3.5 km2 (Fig. 2). Further catchments’ infor
mation is provided in Fig. 2 and Supplement V. 

The Svacenický reservoir (Fig. 2b) was built in 2010 at the bottom of 
the catchment. According to the project documentation (VODOTIKA, 
2008), the height of the embankment dam is 10.25 m and the maximum 
retention capacity is 215,808 m3, with a maximum water level of 8.5 m. 
The modelled retention capacity during the 100-year flood was 207,330 
m3, with a peak discharge of 16.0 m3/s. This reservoir serves a 
flood-protection function, and the permanent water level covers 
approximately 3 ha of the catchment. 

The N�em�cice reservoir (Fig. 2e) is located at the bottom of the SUC 
catchment and covers 7352 m2. The dam takes the form of an 
embankment, with a height of 5.1 m and a length of 206 m. The 
maximum retention capacity is 67,757 m3, with a maximum water level 
of 5.1 m. This semi-dry reservoir was built in 2011 as a flood protection 
structure. The modelled retention capacity during the 100-year flood 
was 190,000 m3, with a peak discharge of 11.5 m3/s according to in
formation found in the project documentation (AGERIS, 2009). 

The natural catchment characteristics of both study sites are 

dissimilar in almost all parameters (Suppl. VI). It should be remarked 
that the SVC catchment is almost twice as large as the SUC catchment, 
but also that the SUC catchment is more consistent and asymmetric. The 
drainage networks in both are similar except for stream length, but this 
variable is responsible for significant differences in the drainage texture 
analysis between catchments. Together with the more variable relief in 
the SVC catchment, the concentration time of overland flow is shorter 
where there is a higher value of runoff velocity. 

Long-term terrain measurement of sediment budget in small reser
voirs is rare both within and outside of Central Europe, and that is why 
only two reservoirs were investigated in this study. The sediment budget 
was derived from the bottom’s development of sediment in both reser
voirs by two different terrain measurements compared to original Dig
ital Elevation Model (DEM) from 2012. An AUV EcoMapper recorded 
the bathymetry in the Svacenický reservoir during field measurements 
carried out by the Slovak Academy of Science (SAS) in 2015, 2016, and 
2017. This device is capable of moving independently on both the sur
face and subsurface and performs data logging in water with depths 
between 1 and 100 m. The EcoMapper is ideal for hydrographic spatial 
environmental monitoring in coastal and shallow-water applications. 
Fig. 3 provides the AUV path and the results. The Research Institute for 
Soil and Water Conservation (VÚMOP) carried out survey of the bot
tom’s development of sediment in the N�em�cice reservoir during 2014 
and 2017. The depth of the bottom was recorded on a 5 � 5 meter grid 
covering the entire reservoir. The depth was subtracted from the fixed 
position on the dam construction. The resulting DEMs are presented in 
Fig. 4. 

The input soil data (Table 2) were acquired during a field measure
ment in 2018 (July/August) and following laboratory analysis of 75 soil 
samples – 47 samples of soil and 28 samples of sediments – in both 
catchments (Fig. 5). The 32 intact samples (collected using iron rings) 
were used for bulk density estimation, and 43 samples were used for 
organic carbon content estimation and particle-size analysis. Bulk den
sity was calculated as the weight of dry soil (drying in an oven at 105 �C 
for about 24 h) divided by the total soil volume of the intact core sample. 

Fig. 1. Annual crop distribution in both catchments: the SVC (a); the SUC (c). The annual percentage of crop distribution in both study areas (b).  
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The organic carbon content was determined in a manner similar to the 
bulk density estimation; however each soil sample (10 g) was dried in an 
oven at 550 �C for about 4 h. Finally, the Bettersizer S3 Plus (Dandong 
Bettersize Instruments Ltd.) machine conducted a soil particle-size 

analysis of 43 samples (2 g). The results of the laboratory analysis are 
presented in Table 2. 

Two time periods were used to determine the R-factor development: 
1961–1980 (reference period) and 1997–2016 (investigate period). The 

Fig. 2. Location and characteristics of the research areas: Relief (a), land use (b) and soil condition (c) of the SVC; Relief (d), land use (e) and soil condition (f) of the 
SUC; Localization of both catchments (g,h); Slope steepness in both catchments (i). 

Fig. 3. The evolution of reservoirs’ bottoms during 2012 and 2017 in the Svacenický reservoir: the AUV path and longitudinal/transversal profiles (a); DEM of 
reservoir in 2012 (b), 2015 (c), 2016 (d) and 2017 (e); graphs of bottom’s development – longitudinal profile (f), transversal profile A (g) and B (h). 
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number of floods in Europe was considered, which doubled in the period 
1997–2016 compared to the period 1961–1980 (12.3 events per year 
compared to 23.5 event per year) and we noted the similar trend for 
flash floods (Suppl. I). In addition, the period under study was defined as 
the last possible period to have a complete year dataset because we 
started our research in 2016. The increase of R-factor has been also 
taken into account. The year 1997 is known in Central Europe as the first 
extremely flood-prone year, with tragic consequences in Moravia and 
west Slovakia. At the same time, the calculated R-factor for the year 
1997 (1055.3 MJ mm ha� 1 h� 1 yr� 1) was the highest in the investigated 
time period. 

2.4. Model efficiency analysis 

The model efficiency for each applied erosion model was determined 
by following statistical analysis based on comparison between observed 
and simulated sediment budget in the reservoirs: 

The Model Efficiency (ME) by Nash and Sutcliff (1970): 

ME¼ 1 �
Pn

i¼1ðQoi � QsiÞ
2

Pn
i¼1ðQoi � QmeanÞ

2 (7) 

The Root Mean Square Error (RMSE) in Geza et al. (2009): 

RMSE¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn

i ðQsi � QoiÞ
2

n

s

(8) 

The Relative Root Mean Square Error (RRMSE) in Van Rompey et al. 
(2001): 

RRMSE¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Pn
i¼1ðQoi � QsiÞ

2
q

1
n

Pn
i¼1Qoi

(9) 

The Model Bias (MB) in Safari et al. (2012): 

MB¼
�Pn

i¼1ðQsi � QoiÞ
Pn

i¼1Qoi

�

(10) 

The Modified Correlation Coefficient (rmod) by McCuen and Snyder 
(1975): 

rmod ¼

�
minfσo; σsg

maxfσo; σsg
* r
�

(11) 

The Aggregated Measure (AM) in Henriksen et al. (2003): 

AM¼
rmod þME þ ð1 � jMBjÞ

3
(12)  

where n is number of observations, Qmean is the mean observed value, Qoi 
is the observed value, Qsi is the predicted value, σo, σs are the standard 
deviation of observation or simulation respectively, and r as the corre
lation coefficient between observed and simulated values. 

3. Results 

3.1. R-factor variability 

The change in precipitation caused by global warming is reflected in 
changes to assessed R-factor values. The correlation between the annual 
amount of precipitation and the R-factor value is low (R < 0.5 with α ¼
0.05), because the monthly amount of precipitation (the distribution of 
precipitation within the year) plays an important role (¼> higher R- 
factor values when the precipitation distribution is uneven).The mean 
value of the R-factor calculated at the Myjava meteorological station is 
195.4 MJ mm ha� 1 h� 1 yr� 1 for the time period 1961–1980 and 203.6 
MJ mm ha� 1 h� 1 yr� 1 for the time period 1997–2016, based on mean 
total annual and monthly amounts of rainfalls (Table 3). Considering the 
annual variability between 1997 and 2016, the mean value of the R- 
factor is 501.2 MJ mm ha� 1 h� 1 yr� 1 (Table 3). This difference can be 
attributed to climate change, in that higher values were estimated for 
extreme flood years. For example, the annual value in 1997 was 743.4 
mm (the mean is between 650 and 700 mm at the station), but the 

Fig. 4. The evolution of reservoirs’ bottoms during 2012 and 2017in the N�em�cice reservoir: the grid and longitudinal/transversal profiles (a); DEM of reservoir in 
2012 (b), 2014 (c), 2015 (d), 2016 (e) and 2017 (f); graphs of bottom’s development – longitudinal profile (g), transversal profile A (h) and B (i). 

Table 2 
Observed soil characteristics.  

Study 
site 

Soil particle size (%) Organic 
Carbon 
Content 
(%) 

Bulk Density 
(g/cm3) 

Sand Silt Clay 

SVC 2.8–12.1 
(x 6.6)  

41.4–80.9 
(x 66.9)  

3.6–19.4 
(x 10.6)  

8.8–15.1 (x 
11.2)  

0.982–1.466 
(x 1.307)  

SUC 3.5–11.9 
(x 6.1)  

43.6–85.2 
(x 71.6)  

3.6–15.2 
(x 6.9)  

5.5–9.7 (x 
7.7)  

0.856–1.157 
(x 1.039)   
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monthly value in July of that year was 232.7 mm, which is the highest 
recorded monthly amount at the Myjava meteorological station, and the 
resulting R-factor was 1055.3 MJ mm ha� 1 h� 1 yr� 1. That year was 
particularly affected by flooding, with a high occurrence of floods and 
flash floods across Central Europe, including the Myjava Hill Land. 

3.2. Intensity of soil water erosion/deposition 

The most vulnerable areas threatened by soil water erosion are 
located in the steepest parts of both catchments and are covered by 
arable land (Fig. 6). The intensities are much higher in SVC, with values 
exceeding 10.0 t/ha/yr in almost 25% of the catchment area, than they 
are in SUC, where such locations cover less than 2% of the total area. The 
lowest intensities (<1.0 t/ha/yr) in both catchments are commonly 

located in narrow areas covered by forest and grassland (Fig. 6). The 
mean intensity of soil erosion ranges from 1.3 t/ha/yr (USPED) to 6.5 t/ 
ha/yr (USLE) in SVC, and from 0.9 t/ha/yr to 1.4 t/ha/yr (USLE) in SUC. 
The main difference between these catchments is that the areas pro
tected against erosion processes (e.g., forest, shrubbery, grassland) in 
the SVC catchment cover approximately 27% of the total area, whereas 
in the SUC catchment the protected areas cover almost 53% of the 
catchment, located mainly in the western part. 

The positions of areas protected against soil and water erosion also 
correlate to the deposition of eroded material modelled by USPED. In 
SVC the deposition is very strong in valleys (values > 10.0 t/ha/yr) 
because of the low slope and because land cover consists mainly of 
forest, shrubbery, and grassland (Fig. 6). In SUC the deposition occurs in 
many fragmented locations, which are adjacent to areas with low slope 
covered by grassland and orchards or gardens (Fig. 6). The locations 
without erosion or deposition processes respond to paved areas and 
roads. 

3.3. Siltation of reservoir 

The observed sediment yield in the Svacenický reservoir (consid
ering a sediment water content of 56.5% according to Hucko and 
�Sumn�a, 2003) was 4071.6 m3 during 2012 and 2017. The USPED model 
presents a good prediction rate of sediment yield of about 7.2% in 
contrast to the USLE and RUSLE models (Table 4), confirmed by the 
model efficiency analysis (Table 5) which yielded positive ME (NSE), 
RRMSE, and AM analysis values. 

In the case of the N�em�cice reservoir, the observed sediment volume 
was only 160.6 m3 during 2012 and 2017. This low value is due to the 
specific construction of the dam; the dike release allows the continuous 
discharge of water and suspended load from the reservoir. This has 

Fig. 5. Soil sample and photography localities in the SVC (a catchment; b reservoir) and the SUC (c catchment; d reservoir).  

Table 3 
The mean R-factor value in the Czech Republic (scientific review), calculated 
mean values in both study areas, and the long-term mean value at the Myjava 
meteorological station.  

Source R (MJ mm ha� 1 h� 1 yr� 1) Time period 

Jane�cek et al. (1992) 200 – 
Dost�al et al. (2006) 570 1962–2001 
Dost�al et al. (2006) 690 2000–2005 
Jane�cek et al. (2012) 480 (1961) 1971–2000 
Hanel (2013) 640 1989–2003 
Ro�znovský et al. (2013) 690 2003–2012 
Panagos et al. (2015b) 524 1961–1999 

Svacenický Creek 406.2 2012–2017 
Suchý Creek 411.3 2012–2017 

Myjava station 195.4 1961–1980 
203.6/501.2 1997–2016  
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resulted in a modelled sediment yield almost ten times higher (USLE and 
USPED) than the observation (Table 4), corresponding to the negative 
model efficiency analysis results in Table 5, which included some values 

out of range (e.g., RRMSE and AM). 
The observed annual siltation in the Svacenický reservoir is 678.6 

m3, leading to a predicted total infill of the storage capacity in 318 years, 

Fig. 6. Spatial distribution of soil erosion and deposition estimated by three empirical models (2012–2017): the SVC (a–c); the SUC (d–f).  

Table 4 
Observed and predicted sediment yield in both catchments (2012–2017).  

Model Average annual intensity of soil loss 
(t/ha/yr) 

Amount of soil loss 
(t) 

SDR Bulk 
density 

Predicted sediment volume 
(m3) 

Observed sediment volume 
(m3) 

Δ (%) PRED/ 
OBS 

Svacenický Creek catchment 
USLE 6.5 24,334.0 0.49a 1307 9549.5 4071.6 134.5 

0.71b 13255.4 225.6 
RUSLE 5.6 21,050.1 0.49a 1307 8261.4 4071.6 102.9 

0.71b 11465.4 181.6 
USPED 1.3 4397.8 – 1307 3778.0 4071.6 ¡7.2 
Suchý Creek catchment 
USLE 1.4 2907.2 0.40a 1039 1093.3 160.6 580.8 

0.66b 1769.5 1001.8 
RUSLE 1.1 2397.8 0.40a 1039 901.7 160.6 461.5 

0.66b 1459.1 808.5 
USPED 0.9 1744.2 – 1039 1678.7 160.6 945.3 

Note: 
a SCS-CN set for good hydrological conditions. 
b SCS-CN set for bad hydrological conditions. 

D. Honek et al.                                                                                                                                                                                                                                  



Journal of Environmental Management 261 (2020) 109958

9

corresponding to the 343 years predicted by the USPED model. The 
predicted lifespan of the N�em�cice reservoir, according to observed 
annual sediment siltation of 26.8 m3, is 2531 years. As may be expected, 
the USPED model also predicted much faster reservoir infilling (i.e. total 
infill of the storage capacity in 242 years). It can be finally stated that the 
supposed theoretical lifespan of both reservoirs is approximately 300 
years if no protection measures are applied. We expect the gradual loos 
of functionality (e.g., the transformation effect) with progressive 
decrease of retention capacity. 

The correlation analysis presents a relatively high dependence of 
modelled sediment production on annual R-factor values in both 
catchments. The correlation coefficient (R) is equable among erosion 
models (R ¼ 0.8) in the SUC catchment. Minimal variability of the 
correlation coefficient was found in the SVC catchment (R ¼ 0.7-0.9). It 
can therefore be stated that all three applied models are strongly 
dependent on the R-factor, especially the USPED model (R ¼ 0.8-0.9). In 
the case of the annual observed sediment volume, the dependence on the 
R-factor and the total annual precipitation amount were relatively low 
in both catchments. Only in the SVC catchment was there was a high 
correlation with the R-factor (R ¼ 0.7). The results are not significant, 
with α ¼ 0.05, and it was not possible to validate the results due to the 
small number of available case studies. 

The erosion processes minimally correlate with extreme erosion 
rainfalls (>6.5 mm/15 min) in the SVC catchment (R ¼ 0.4). In contrast, 
the SUC catchment is more dependent on total annual rainfall amounts 
and on rainfalls >1 mm (R > 0.8). These results correspond in part to the 
catchment behaviour, where the observed sediment volume strongly 
correlates with >12.5 mm rainfalls (R ¼ 0.9) and lightly with >1 mm 
and >6.5 mm/min (R < 0.5) in the SVC catchment. However, in the case 
of the SUC catchment, there is low correlation (R < 0.5) between 
observed sedimentation and all rainfall categories. The results are not 
significant, with α ¼ 0.05. 

The correlation analysis revealed relatively high dependence be
tween the modelled sediment production and the mean annual value of 
the C-factor (R ¼ 0.7). This correlation was found in both catchments 
and among all three models, except the USPED model in SVC, where the 
correlation coefficient was lower (R ¼ 0.4). The results are not signifi
cant, with α ¼ 0.05. The rest of the model input factors were not ana
lysed, because the values were constant during the investigated time 
period. 

4. Discussion 

4.1. Modelling and parameters 

Generally, the setting of input factors (RKLSCP) is a crucial aspect of 
empirical modelling, affected by numerous approaches and recom
mendations to determine correct factor values. A scientific review of a 

number of selected studies partially revealed the wide range of factor 
input values (Suppl. VII, VIII). In order to combat the variability of input 
parameters in Europe, new policy developments have been implemented 
throughout the twenty-first century (e.g., INSPIRE Directive, LUCAS, 
ESDAC) to facilitate data-sharing and to standardized spatial and tem
poral data sets (Karydas et al., 2014; Panagos et al., 2015a-e). 
Notwithstanding, incompatibility still remains at the state (regional) 
level as a result of recommended national methodologies (e.g., Jane�cek 
et al., 2012). Finally, responsibility for selection of an appropriate 
methodology lies with individual researchers, who must consider the 
natural conditions of the study area together with the objective of the 
research. Because the predefined values of all factors are different across 
the literature, the setting must be carefully chosen to consider the sim
ilarities in natural conditions between the investigated area and the area 
examined in the literature and, if possible, researchers should use their 
own measured or collected data. 

4.2. Performance of empirical based models for sediment estimation 

USLE-based models are widely used globally to model long-term rill, 
interrill, or sheet erosion (e.g., Onyando et al., 2005; Beskow et al., 
2009; Karydas et al., 2014; ; Kapi�cka et al., 2017). Despite recommen
dations to use USLE-based models only in the range of conditions they 
were developed for (Hessel, 2002; De Vente et al., 2013), USLE-based 
models do seem to be appropriate in conditions ranging from 
farm-sized units to large-scale catchments (Krasa et al., 2005; Bhattarai 
and Dutta, 2007; Skagen et al., 2016). Presented results support claims 
that the models are suitable for spatial localization of intensive erosion 
processes, and in the case of temporal development the models are also 
capable of revealing annual variability of intensities in any (pre)defined 
period of time. It can be stated that the choice of an appropriate erosion 
model is difficult, and it is necessary to understand the natural condi
tions of the investigated area in order to make an appropriate choice 
(Hessel, 2002; Nekhay et al., 2009; Geza et al., 2009; De Vente et al., 
2013; Denjean et al., 2017; Benavidez et al., 2018). 

However, the reviewed publications also indicate overestimations of 
modelled sediment yield calculated by USLE-based models compared 
the real observed sedimentation in reservoirs (Suppl. IX). In addition, 
model accuracy is variable, but it can be noted that the RUSLE and USLE 
models are particularly suitable for modelling of sediment yield in 
comparison to observation. The best matches were found for the Kar
talkaya Dam catchment in Turkey (0.2%), the Zagozdzonka catchment 
in Poland (� 4.7 to � 14.1%), the Ksob catchment in Algeria (� 7.2%), 
and the Somersby Plateau and MacDonald Ranges in Australia (7.3%). In 
other research areas the differences between observation and prediction 
are much higher comparable to our results (e.g., Hlav�cov�a et al., 2018; 
Zao et al., 2018). The notable differences between modelled and 
observed sediment yields indicate the difficulty posed by the model’s 

Table 5 
The results of model efficiency analysis.  

Model  ME (NSE) RMSE (m3) RRMSE MB rmod AM TOTAL 

Svacenický Creek catchment 

USLE a � 0.5 1201.8 1.6 1.345 0.011 � 0.285 OL Bad 
b � 2.6 1842.8 2.5 2.256 � 0.005 � 1.279 OL Bad 

RUSLE a 0.0 993.6 1.3 1.029 0.014 � 0.018 OL Bad 
b � 1.5 1533.1 2.1 1.816 � 0.006 � 0.766 OL Bad 

USPED  0.8 403.7 0.5 � 0.072 0.131 0.629 Good Good 
Suchý Creek catchment 
USLE a � 85.1 173.7 5.9 5.8 � 0.03 � 30.0 OL Bad 

b � 248.1 295.4 10.1 10.0 � 0.02 � 85.7 OL Bad 
RUSLE a � 54.2 139.1 4.7 4.6 � 0.04 � 19.3 OL Bad 

b � 161.8 238.9 8.2 8.1 � 0.03 � 56.3 OL Bad 
USPED  � 214.9 275.1 9.4 9.5 � 0.02 � 74.5 OL Bad 

Note: a SCS-CN set for good hydrological conditions; b SCS-CN set for bad hydrological conditions; TOTAL – summarized evaluation of all analyses; OL – number is out 
of limit; BAD – bad model performance; GOOD – good model performance. 
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simplification of the natural phenomenon of erosion. On the one hand, 
the variability of the natural processes is incompatible with an empirical 
approach, but on the other hand it should be remarked that the results 
from empirical models are often comparable to observations (Suppl. XI). 

To predict catchment sediment yield, the USLE-based models (except 
the USPED model) are usually extended by SDR to evaluate the basin 
sediment transport efficiency (Ferro and Minacapilli, 1995; Dickinson 
and Collins, 1998; Krasa et al., 2005; Taguas, 2011; Di Stefano and 
Ferro, 2017), and the equation given by Williams (1977) was used in this 
paper with satisfying results according to the literature. The resulting 
mean annual siltation derived by using the USPED model was compa
rable to real observation only in the SVC catchment. The rest of the 
results were insufficient for precise estimation of reservoir siltation. 
While the overestimated values produced by the models had been 
predicated, the difference between observed and modelled sediment 
yield was unexpectedly higher (>100%). 

The modelled mean catchment intensities of soil water erosion found 
in our study are lower compared to the results of other Czech and Slovak 
scientists (Suppl. X). The empirical model most often applied in these 
studies was USLE; Hlav�cov�a et al. (2018), for example, applied a USLE þ
SDR approach to the same area of SVC as our study, and Uhlí�rov�a (2007) 
applied a USLE approach in SUC. In the case of Hlav�cov�a et al. (2018), 
results were obtained for five land cover scenarios in which the total 
arable land was covered by one type of cultivated crop. Their results 
show that the winter wheat scenario is sufficient for modelling of po
tential soil water erosion in SVC and are (relatively) comparable to our 
results from USLE. On the other hand, Uhlí�rov�a (2007) presented higher 
values of intensities in SUC, but the calculations in this study were 
performed for chosen runoff lines and not for the entire catchment. 
Other studies examined used different localities with varying natural 
conditions; their differing results may also have been the result of the 
use of standardized R-factor values. 

4.3. Effect of changing precipitation on erosion 

The intensity of soil water erosion and deposition is strongly asso
ciated with the character of the rainfall-runoff processes in a particular 
catchment. The main variables affecting erosion and deposition are the 
intensity and amount of rainfall. Rainfall parameters have been trans
formed by current global climate change (Zolina et al., 2014; Dol�ak 
et al., 2017; Trnka et al., 2017; ), which has caused the number of 
extreme rainfall-runoff processes to rise (Van Rompaey et al., 2001; 
Nelson and Booth, 2002; Abril and Knight, 2004; Hlav�cov�a et al., 2016). 
Climate change in Central Europe is confirmed by the rise in annual 
mean temperatures during the last decades (Suppl. XIb). The annual 
total amount of precipitation, in contrast, seems not to have obviously 
changed (Suppl. XIa). Notwithstanding, climate change has dramatically 
increased the frequency and intensity of rainfalls. In the case of the 
Czech Republic, the precipitation amount is predicted to grow by 10%– 
13% by the end of the twenty-first century, in comparison to the refer
enced period prior to climate change (1981–2010) (�St�ep�anek et al., 
2019). The Slovak Hydrometeorological Institute (SHMÚ) states that the 
number of rain events with durations of 5–240 min has been increasing 
during the last decades (SHMÚ, 2019). In fact, erosive rains (15-min 
intensities) occur 2.5 to 4.7 times per year (which corresponds to our 
analysis in Suppl. XII) and this number is expected to rise in the future, 
especially between the months of April and October (SHMÚ, 2019). 

The increase in the number of the floods in Europe, recorded by 
several authors (Suppl. I), and the rising number of flash floods in 
Central Europe could be explained by the increasing number of rain 
events with durations of 5–240 min (SHMÚ, 2019), also characterized as 
erosive rains. According to IPCC (2014), not only will such flood events 
increase, but dry seasons with abnormally low amounts of precipitation 
are also expected. The number of flash floods caused by intensive 
rainfalls is extensive, and the total number has increased since 1950 
(Suppl. I). The trend during the last twenty years has been stagnated for 

high levels, in spite of the dry season, which corresponds mainly with 
the decrease in the total number of floods (not only flash floods). 
However, flash floods have been occurring more often in Central Europe 
since 1995. 

In erosion modelling the rainfall parameters are represented by the 
R-factor value. It was predicted that the intensification of rainfall would 
force changes to occur in the R-factor value in this study. The results 
significantly confirmed the rise of the R-factor from those of the normal 
climate period (1961–1980) to those of the chosen period influenced by 
climate change (1997–2016). Kr�asa et al. (2014) also state that the 
R-factor value estimated for the Czech Republic is much higher nowa
days, and Dost�al et al. (2006) estimate higher R-factor values for the 
period 2000–2005 than for the period 1962–2001. It must also be noted 
that here the applied methodology is based on monthly and annual 
rainfall amounts (Wischmeier and Smith, 1978), which was proven by 
here presented results to be the suitable approach for revealing annual 
variability of the R-factor, rather than on the total kinetic energy of rain 
and the maximum 30-min intensity (Wischmeier and Smith, 1978), 
using the mean annual values for the chosen time period (Kr�asa et al., 
2014). 

In CZE, several authors have analysed rainfall data to estimate the R- 
factor based on different time periods. These studies used equations 
based on the total kinetic energy of rain and the maximum 30-min in
tensity. Their results are shown in Table 3 together with the newest 
assessment by Panagos et al. (2015b), and it is obvious that the lower 
values of the R-factor were calculated for earlier time periods. Those 
studies are commonly used as the recommended methodologies in CZE 
and SVK. If it is problematic to obtain information about the total kinetic 
energy of rain and the maximum 30-min intensity, the R-factor calcu
lation based only on monthly and annual precipitation can be consid
ered the reliable method (especially in study areas equipped with their 
own meteorological stations). The calculated values of the R-factor are 
comparable to values based on the literature (Table 3). 

The dependence of the observed sediment production on the annual 
total rainfall amount and annual R-factor is different to that of the 
modelled sediment production. The modelled sediments are strongly 
dependent on the R-factor (R > 0.7), but the observed sediments are 
marginally dependent on both parameters. Nearing et al. (2017) discuss 
the role of the R-factor and rainfalls in USLE-based erosion modelling 
and find, significantly, that the erosion process is caused by a combi
nation of natural conditions in the study area; it is hard to say which of 
the six empirical factors the main driver is. There is a statistical rela
tionship between raindrop kinetic energy and splash detachment 
(Nearing and Bradford, 1985), but the soil loss from areas dominated by 
splash and sheet-flow are not correlated to splash detachment (Bradford 
and Foster, 1996). If the soil loss is caused mainly by the interrill erosion 
or the rill erosion is active on the slope, then the major driving factor is 
the runoff rate (Nearing et al., 2017). 

4.4. Life time of small reservoirs and their maintenance under climate 
change 

The two presented terrain approaches, as well as the method for 
measuring the sediment budget of the reservoir, can be influenced by 
several effects, such as water vegetation, the depth of the reservoir, and 
variable sediment water content. Notwithstanding, the results from the 
SUC catchment hint at another influencing factor: namely, the con
struction of the dam. In this case, there is “a missing” sediment budget 
corresponding to material which was allowed to pass continuously 
through the dike release in unknown amounts. Discovery of this corre
spondence can be highlighted as a key outcome of this paper, because 
the continuous measurement of uncontrolled sediment release from 
small reservoirs is problematic for small local municipalities, in contrast 
to measurement of the same from large reservoirs, which are often 
administrated by regional or state authorities (e.g., river basin enter
prises). Despite these problems, the scientific community remains 
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interested in small reservoirs (Erskine et al., 2002; Boix-Fayos et al., 
2008; Banasik et al., 2012; Bussi et al., 2013; Di Stefano et al., 2017; 
Hlav�cov�a et al., 2018; Zhao et al., 2018) and these results provide 
helpful support for local authorities. 

The intensity of erosion processes is expressed mainly in terms of the 
intensity and amount of rainfall. Together with the above-mentioned 
information, rainfall parameters are evolving, and rain events are 
becoming more intensive (SHMÚ, 2019), and it has been documented 
that low-frequency high-magnitude rainfall events are responsible for 
disastrous flashing of sediments (B�rezkov�a et al., 2011; Stankoviansky 
et al., 2010; Hlav�cov�a et al., 2016). This has resulted in the intensifi
cation of erosion processes and rising levels of sediment yield, which 
must be taken as one of the main soil threats worldwide (Boardman and 
Poesen, 2006; De Vente et al., 2013; Santoro et al., 2019). There is also 
expected to be an increase in trapped sediment in reservoirs, leading to a 
decrease in the storage capacity and lifespan of affected reservoirs 
(Bazoffi et al., 1996; Bussi et al., 2013; Lee and You, 2013; Borrelli et al., 
2014). In this study, the presented results show the predicted total 
infilling (on average) of both investigated reservoirs over the course of 
300 years. These findings suggest that estimations of sediment retention 
should be an integral consideration in the planning and maintenance of 
reservoirs; such estimations are rarely considered in the case of small 
reservoirs (Uhlí�rov�a, 2007; Yin et al., 2011; Hlav�cov�a et al., 2018). 

5. Conclusion 

This study has examined methods for estimating sedimentation rates 
in two small reservoirs, with consideration of the importance of the R- 
factor. Three empirical models were applied for this purpose and the 
following conclusions can be made. 

Firstly, the tested models (USLE, RUSLE and USPED) successfully 
predicted erosion rates, but overestimated the reservoir siltation (except 
in the case of the USPED-based model in the SVC catchment). Ac
counting for suspended sediment yield at reservoir outlets may improve 
model performances and, more importantly, provide substantial infor
mation on water quality in streams (e.g., Nitrate directive (CD, 1991)). 

Secondly, the annual mean rainfall erosivity factor has increased by a 
factor of 1.04 due to changes in precipitation patterns between the pe
riods 1961–1980 and 1997–2016. Sediment production was highly, but 
not significantly, correlated (α ¼ 0.05) to the mean annual rainfall 
erosivity factor, while the correlation of observed sediment to the R- 
factor was lower. 

Thirdly, the proposed method based on USPED model was successful 
for evaluating the lifespan of the Svacenický reservoir. We demonstrated 
that the lifespan of the selected reservoirs will be shortened by accel
erated siltation more than a third. The strong relationship between 
erosion rates and changes in precipitation patterns indicate that we can 
likely expect faster siltation in reservoirs, due to more intensive erosion 
processes anticipated over the course of the twenty-first century. The 
increasing occurrence of high-intensity precipitation may lead to both 
higher sediment production and greater rates of sedimentation. 
Furthermore, the proposed methods and results serve as freely available 
support tools for municipalities in which assessment of reservoir func
tionality is relevant. The USPED model provides satisfactory results, but 
further improvement of datasets (e.g., continuous sediment measure
ment) is recommended in order to answer managers’ requirements with 
regard to planning for protection from flash floods, water quality, and 
water quantity measures in changing climate conditions. 
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