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The paper deals with the effect of two factors on the accuracy of T-year discharge estimation resp. fluctuations in 

the estimation of these discharges. As input data the series of daily discharges and peak discharges on the Topľa River at 

Hanušovce nad Topľou for the period of 1931–2015 were used. To estimate the T-year maximum discharges, 

the maximum annual discharges (AM) method was used with theoretical probability distributions that are among the most 

widely used in Slovak hydrological practice (Log-Pearson III, Gamma and Log-Normal). We analysed the effect of 

the time series length and the effect of seasonality (winter, summer) on the accuracy of T-year maximum discharges 

estimation. 
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Introduction 

 

Flood frequency analysis plays a major role in the design 

of hydraulic structures and flood control management. 

One way of estimating the design discharges is the flood 

frequency analysis and solution of the relationship 

between peak discharges of the flood waves and proba-

bility of their return period (T). Directive 2007/60/ EC of 

the European Parliament of 23 October 2007 concerning 

the assessment and management of flood risks requires 

member States to draw up flood hazard maps of floods 

with very long return periods T (500 to 1000 years). All 

methods of estimating floods with a very long return 

period are associated with great uncertainties. Determi-

ning the specific value of a 500- or 1000-year flood for 

engineering practice is extremely complex. Nowadays 

hydrologists are required to determine not only the speci-

fic design value of the flood, but it is also necessary to 

specify confidence intervals in which the flow of a given 

100-, 500-, or 1000-year flood may occur with proba-

bility, for example, 90%. The correct estimations of 

potential culminations of floods require the inclusion of 

the longest data series of observations, as well as the in-

clusion of historic pre-instrumental data to statistically 

analysed data series (Gaal et al., 2010; Elleder et al., 

2013; Kjeldsen et al., 2014). Brazdil et al. (2006) studied 

historic hydrological materials in order to estimate floods 

threat in Europe. Estimation of the uncertainty at the de-

sign discharges was investigated for example by Merz 

and Thieken (2009) or Rogger et al. (2012). In addition 

to this factor, the type of theoretical probability distri-

bution that is used to estimate maximum (extreme) values 

has an impact on the estimation of T-year discharges. 

Bačová (2019) compared the two most commonly used 

methods in estimating T-year maximum discharges, AM 

method and POT method. The author analysed effect of 

the threshold level value and various data set (peaks, 

mean daily discharges) on estimated values of QT. In El 

Adlouni et all (2008), Malamud and Turcotte showed 

that, the most commonly used distributions in hydrology 

can be divided into four groups: the normal family (nor-

mal, Lognormal), the general extreme value family 

(GEV, Gumbel, Fréchet, reverse Weibull), the Pearson 

type III family (Gamma, Pearson type III, Log-Pearson 

type III), and the Generalized Pareto distributionIn prac-

tice, all these models are fitted to data and compared 

using conventional goodness-of-fit tests. Having a data 

set of maximum annual values of discharges different 

statistical tests, like Kolmogorov-Smirnov, Anderson-

Darling and Chi-Squared tests (Ang and Tang, 2007) are 

used to select the suitable continuous distribution. When 

the sample volume is not very large, the volume can be 

extended by numerical simulation of random variable 

based on the inverse method. The maximum discharges 

Qp% corresponding to the probability of exceedance P% 

are not unique values, but they depend on aleatory and 

epistemic uncertainty (Merz and Thieken, 2009). Aleato-

ry uncertainty is mainly due to the time variability and 

the length of the maximum discharges series, while 

the epistemic uncertainty is the consequence of the in-

complete knowledge of the hydrological system. The pa-

per presents an estimation  of the  T-year  maximum dis- 
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charges by the AM method and analyses the effect of 

the time series length and seasonality (winter, summer) 

on the accuracy of T-year maximum discharges estima-

tion. In this approach Log-Pearson theoretical proba-

bility distribution type III. was used. Subsequently, esti-

mated T-year maximum discharges were compared with 

other two theoretical distribution types used in Slovakia: 

Log-normal and Gamma probability distribution. The set 

of daily discharges and peak discharges on the Topľa 

River at Hanušovce nad Topľou for the period of 1931–

2015 was used as input data for our case study. 

 

Method and material 

 

Annual maximum discharges method (AM) 

 

In estimating T-year maximum discharges, the annual 

maximum method (AM) is generally the first and most 

widely used method. It aims to estimate the QT quantiles, 

it means such annual maximum discharges that their 

probability of exceedance is 1/T, where T can be e.g. 10, 

20, 50, and 100, 500 or 1000 or more years. These 

quantiles are determined from the distribution function of 

the maximum annual discharges. Thus, QT is the maxi-

mum discharges with a probability P that occurs, on 

average, once every T-years. When interpreting the re-

sults, it should be borne in mind that the estimated values 

of T-year maximum discharges with very high return 

periods are extrapolated and that each statistical method 

is burdened with some uncertainty. Different types of 

theoretical distributions are used to evaluate the T-year 

maximum discharges. Appropriate choice of the theore-

tical probability distribution type should represent quite 

precisely the uncertainty and variability of the problem. 

In the world literature, there are a number of scientific 

papers dealing with the selection and testing of the suita-

bility of theoretical probability distributions in estimating 

the maximum values of hydrological characteristics.  

In our analysis we use one type of the theoretical proba-

bility distribution the Log-Pearson distribution type III 

(LP III). The advantage of this particular technique is that 

extrapolation can be made of the values for events with 

return periods well beyond the observed flood events. To 

estimate the distribution parameters, the method des-

cribed in Bulletin17B was used. Bulletin 17B was issued 

in USA in 1981, and re-issued with minor corrections in 

1982 in the Center for Research in Water Resources of 

the University of Texas at Austin (IACWD, 1982). 

Bulletin 17B provided revised procedures for weighting 

station skew values with results from a generalized skew 

study, detecting and treating outliers, making two station 

comparisons, and computing confidence limits about 

a frequency curve. Bulletin 17B is based on Bulletins 15, 

17, 17A (http://acwi.gov/hydrology/ Frequency/minutes/ 

index.html). The cumulative distribution function and 

probability distribution function according Hosking and 

Wallis (1997) are defined as: 

 

If 𝛾 ≠ 0 let α=4/ 𝛾 2 and ξ=μ-2σ/ 𝛾 

 

If 𝛾 ˃0 then: 

𝐹(𝑥) = 𝐺(𝛼,
𝑥−𝜉

𝛽
)/𝛤(𝛼), (1) 

 

𝑓(𝑥) =
(𝑥−𝜉)𝛼−1𝑒−(𝑥−𝜉)/𝛽

𝛽𝛼𝛤(𝛼)
 (2) 

 

If 𝛾 <0 then 

 

𝐹(𝑥) = 1 − 𝐺(𝛼,
𝜉−𝑥

𝛽
)/𝛤(𝛼)                (3) 

 

𝑓(𝑥) =
(𝜉−𝑥)𝛼−1𝑒−(𝜉−𝑥)/𝛽

𝛽𝛼𝛤(𝛼)
                 (4) 

 

where 

μ  – location parameter;  

σ  – scale parameter; 

γ  – shape parameter; 

Γ  – Gamma function. 

 

Subsequently, the LP III probability distribution was 

compared with other recommended probability distri-

butions (Gamma and Log-normal) according to OTN 

ŽTP 3112-1: 03. To verify the accuracy of theoretical 

distributions, we used a non-parametric Kolmogorov-

Smirnov goodness of fit test for the significance level 

α=0.05.  

 

Topľa River basin and input data  

 

The Topľa is upland/lowland type of river in eastern 

Slovakia. The catchment drainage area is 1 506 km² with 

length of 129.8 km (Fig. 1). The long-term mean daily 

discharge amounts in Hanušovce nad Topľou was 

8.1 m3 s-1 during period 1931–2015 (runoff height was 

244.2 mm). The maximum discharge during the analysed 

period was 449 m3 s-1 (06.04.1932) in the station Hanu-

šovce nad Topľou. Figure 1 also shows the exceeding 

probabilities of the maximum annual discharges accor-

ding to Log-Pearson Type III. probability distribution 

(LPIII). The advantage of this particular technique is that 

extrapolation can be made of the values for events with 

return periods well beyond the observed flood events. 

This theoretical distribution belongs to the family of 

Pearson distributions, so called three parametric Gamma 

distributions, with logarithmic transformation of the data. 

We compared the LPIII distribution with the theoretical 

probability distributions that were (and still are) most 

widely used hydrological practice in Slovakia: Gamma 

distribution and Log-normal distribution Table 1. From 

Table 1 we can see relatively small differences in the va-

lues of estimated T-year maximum discharge values in 

comparison with other two types of theoretical proba-

bility distributions used in hydrological analyses of 

extremes in the Slovakia. The lowest values of estimated 

T-year maximum discharges, achieved Gamma theore-

tical probability distribution, especially for discharges 

with high return periods. 

Peak annual discharges (points), linear trend (red line), 

and 4-years moving averages for the Topľa River at 

Hanušovce nad Topľou during the period 1931–2015 are 

shown in Figure 2. In the analysed period, two dry 

periods of 1954–1964 and 1990–1999 were occurred. 
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While wet periods can be described only as years with 

extreme flood events (e.g. 1932, 1948, 1952, or 1980), 

a relatively prolonged wet period was in 2004–2010. 

Annual maximum discharges show a decreasing trend for 

the period of 1931–2015.  

 

Results 

 

The effect of time series length on the T-year 

discharge estimation 
 

For analysing the effect of the length of the data series on 

the estimation of T-year discharges, the period 1931–

2015 was divided into two shorter periods: 1931–1973 

and 1974–2015. We had chosen this approach because 

for the frequency analysis is recommended the length of 

the observation series 5T (FEH, 1999). If T=50 years, 

then a 250-member observation series is required for 

a reliable estimate of Q50. Such a length of data series 

(AM) is practically absent. Therefore, the probability of 

a reliable estimate of T-year maximum discharge for 

short-range river basins is relatively low. In the case of 

the 50-year observation series, the probability of Q100 is 

39% and in the case of the 100-year series is 63% 

(Viessman et al., 1977). 

The estimated values of the QTmax for shorter periods of 

the data series are listed in Table 2. There is compared 

the LPIII distribution with other frequently used and 

recommended hydrological distributions in hydrological 

practice in Slovakia: Log-normal distribution and 

Gamma distribution. The exceedance probabilities of 

the annual peak discharges for two shorter periods of 

the Topľa River at Hanušovce nad Topľou according 

the LPIII distribution are presented in Figure 3a-b.  

 

The effect of the seasonality on the T-year discharge 

estimation 

 

For dividing the year into seasons, we proceeded from 

the analysis of the occurrence of floods and from 

the evaluation of the Topľa runoff regime during 

the year. In terms of the type of runoff regime, Topľa 

belongs to the highland-lowland area with rain-snow 

runoff with the culmination of river runoffs in the month 

of March, respectively April. The distributions of 

the mean monthly discharges in 10-year periods are 

presented in Figure 4a-b. The Figure 4a-b shows that in 

some 10-year periods lower values of mean monthly dis-

charges were achieved in months of occurrence of high 

water levels. The long-term mean monthly discharge in 

the month of March reached value 11.82 m3 s-1 and in 

month of September reached value 3.25 m3 s-1 during 

the period of 1931–2015. The occurrence of annual ma-

ximum discharges is presented  in Figure 5. The number 

 

 

 
 

Fig. 1.  A scheme of the Topľa River basin (left) and exceedance probability of 

the annual peak discharges of the Topľa River: Hanušovce nad Topľou within 1931–2015 

period (right). 

 

 
 

Fig. 2.  Peak annual discharges (points), linear trend (red line), and 4-years moving 

averages for the Topľa River at Hanušovce nad Topľou during the period 1931–2015. 
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Table 1.  T-year maximum discharges QTmax [m3 s-1] on the Topľa River: Hanušovce 

nad Topľou (1931–2015) estimated from maximum annual discharges Qamax 

T [year] 2 5 10 50 100 200 500 1000 

P [%] 39 18 9.5 2 1 0.5 0.2 0.1 

Log-Pearson III 

QTmax [m3 s-1] 139 193 249 398 473 556 679 783 

Pvalue K-S                                              0.999 

Log-normal 

QTmax [m3 s-1] 146 199 252 380 439 502 589 660 

Pvalue K-S                                                0.987 

Gamma 

QTmax [m3 s-1] 148 204 255 360 404 446 506 541 

Pvalue K-S                                                0.744 

 

 

Table 2.  Comparison of the estimated QTmax for shorter periods on the Topľa River: 

Hanušovce nad Topľou 

1931–1973 

T [year] 2 5 10 50 100 200 500 1000 

P [%] 39 18 9.5 2 1 0.5 0.2 0.1 

Log-Pearson III 

QTmax [m3 s-1] 143 198 257 427 519 627 797 949 

Pvalue K-S                                           0.813    

Log-normal 

QTmax [m3 s-1] 161 202 249 357 408 457 527 583 

Pvalue K-S                                           0.787    

Gamma 

QTmax [m3 s-1] 169 219 272 321 428 472 529 571 

Pvalue K-S                                              0.44 

1974–2015 

T [year] 2 5 10 50 100 200 500 1000 

P [%] 39 18 9.5 2 1 0.5 0.2 0.1 

Log-Pearson III 

QTmax [m3 s-1] 125 180 239 408 499 602 760 899 

Pvalue K-S                                           0.74 

Log-normal 

Qamax [m3 s-1] 137 181 233 362 423 488 580 654 

Pvalue K-S                                             0.74    

Gamma 

QTmax [m3 s-1] 144 189 236 336 376 416 467 505 

Pvalue K-S                                            0.55     

 

 

 

of annual peak discharges during the period of 1931–

2015 occurred in the month of March was 31 peaks 

(Fig. 5). In terms of the Topľa runoff regime, the measu-

red data were divided into two seasons: 

 Summer season is from May to October, when peak 

discharges occur only from heavy rainfall (Fig. 6a). 

 Winter season is from November to April, when peak 

discharges occur by combining heavy rainfall in the 

form of snow and rain as well as snow melting in the 

area (Fig. 6b). 

 

The statistical data series were supplemented with maxi-

mum discharges in the given season, so that there are 85 

measurements per season. 

The estimated values of the QTmax for summer season and 

winter season are listed in Table 3. There is compared 

the LPIII distribution with other frequently used and 

recommended hydrological distributions in hydrological 

practice in Slovakia: Log-normal distribution and 

Gamma distribution. The exceedance probabilities of 

the maximum seasonal discharges of the Topľa River at 

Hanušovce nad Topľou according the LPIII distribution 

are presented in Figure 7a-b.  

Comparisons of the estimated maximum discharges with 

a return period of 100 and 1000 years according to 

the selected procedures are shown in Figure 8. 

The highest estimated values of QT were achieved accor-

ding the LPIII distribution. 
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a)  

                              b)  

Fig. 3.  The exceedance probabilities of the annual maximum discharges according to 

Log-Pearson Type III. probability distribution (LPIII) a) period 1931–1973 and b) period 

1974–2015 on the Topľa River: Hanušovce nad Topľou. 

 

 

 

a) b)  

Fig. 4.  The distributions of the mean monthly discharges in 10-year periods of 

the Topľa River: Hanušovce nad Topľou. 
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Fig. 5.  Month of the annual maximum discharges occurrence (period of 1931–2015) 

on the Topľa River at Hanušovce nad Topľou. 

 

 

 

 
Fig. 6.  Occurrence of extreme discharges in month of the summer season (left) and 

winter season (right), with supplemented maximum discharges in a given season (number 

of measurements is still 85 per season). 

 

 

 

Table 3.  Comparison of the estimated QTmax in selected two season a) summer and 

b) winter on the Topľa River: Hanušovce nad Topľou 

Summer season 

T [year] 2 5 10 50 100 200 500 1000 

P [%] 39 18 9.5 2 1 0.5 0.2 0.1 

Log-Pearson III 

QTmax [m3 s-1] 68 124 194 423 558 718 975 1209 

Pvalue K-S                                       0.953  

Log-normal 

QTmax [m3 s-1] 75 124 193 422 555 714 971 1202 

Pvalue K-S                                       0.922 

Gamma 

QTmax [m3 s-1] 86 134 189 318 373 428 501 556 

Pvalue K-S                                      0.79  

Winter season 

T [year] 2 5 10 50 100 200 500 1000 

P [%] 39 18 9.5 2 1 0.5 0.2 0.1 

Log-Pearson III 

QTmax [m3 s-1] 117 172 228 372 443 518 626 715 

Pvalue K-S                                        0.94 

Log-normal 

QTmax [m3 s-1] 108 151 204 347 419 498 613 710 

Pvalue K-S                                      0.73 

Gamma 

QTmax [m3 s-1] 115 159 208 315 360 404 462 504 

Pvalue K-S                                     0.78 
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a)  

b)  

 

Fig. 7.  Exceedance probabilities of the maximum discharges according to Log-

Pearson Type III. probability distribution (LPIII) a) summer season and  b) winter season 

on the Topľa River: Hanušovce nad Topľou. 

 

 

 
 

 

Fig. 8.  Comparisons of the estimated maximum discharges with a return period of 100 

and 1000 years according to the selected procedures. 
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Conclusions and discussion 

 

The first part of the paper deals with the estimation of 

the QT from annual peak discharges on the Topľa River 

at Hanušovce nad Topľou (1931–2015).  Results of this 

part showed relatively small differences in the values of 

estimated T-year maximum discharge values in com-

parison with other two types of theoretical probability 

distributions used in hydrological analyses of extremes in 

the Slovakia. The lowest values of estimated T-year 

maximum discharges, achieved Gamma theoretical pro-

bability distribution, especially for discharges with high 

return periods. Phien and Jivajirajah (1984) dealt with 

the use of the Log-Person III distribution to estimate 

the maximum annual rainfall and discharges. They con-

cluded that this distribution is more suitable for dis-

charges with a higher return period, but for the annual 

floods the existence of an upper bound of the distribution, 

in some cases may cause some higher uncertainties. 

Comparing the suitability of several types of probability 

distributions  (GEV, LPIII and Gumbel)  for estimating 

T-year discharges was discussed in Millington et al. 

(2011). Authors do not prefer any of the selected distri-

butions as better and recommend further research. 

Results of our analysis indicate that the LPIII distribution 

is suitable distribution for T-year discharge estimation 

with a higher return period. 

Estimation of flood magnitudes to be used as a basis to 

design the hydraulic structures and flood control mana-

gement is therefore of crucial importance. Therefore 

the paper also presented an estimation of the T-year 

maximum discharges by the AM method and analysed 

the effect of the time series length and seasonality (win-

ter, summer) on the accuracy of T-year maximum dis-

charges estimation. Results showed that not only the se-

lection of the distribution function to estimate T-year 

discharges but also the processing of the statistical series 

affect the results of the estimation. The shorter periods 

showed higher estimations of the T-year discharges. 

The highest estimated values according the LPIII distri-

bution was achieved for summer season. The lowest 

estimated value according the LPIII distribution was 

achieved for winter season. When interpreting the results, 

it should be borne in mind that the T-year maximum 

discharges are related to the length of the analysed series 

and therefore estimated values with very high return 

periods are extrapolated and that each statistical method 

is burdened with some uncertainty that may be caused by 

alone method, but also the data, which may be burdened 

by a certain measurement error. 
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LONG-TERM TREND CHANGES OF MONTHLY AND EXTREME DISCHARGES 

FOR DIFFERENT TIME PERIODS 
 

Dana Halmová, Pavla Pekárová, Veronika Bačová Mitková 
 

 

Nowadays, we are more frequently faced to the information about the extremes in discharge regime (floods and droughts) 

and their catastrophic consequences. Because of this, the first aim of hydrologists should be to verify these hypotheses 

and identify sources of mentioned changes. Rating extreme discharges is very important for example for assessing 

the impact of air temperature on the discharge. The upper parts of river basins are suitable for studying the effect of 

potential climate change or increased air temperature on drainage conditions in the basin. Analysis of trends in minimum 

discharges can predict its development and minimize its negative impacts on society and the environment. The contri-

bution deals with the analysis of monthly discharges regime at gauging stations Bela-Podbanske (1929–2014) and Vah-

Liptovsky Mikulas (1922–2014) and also analysis the minimum/maximum discharges in Bela River basin. Discharge 

analysed trends in mean monthly discharges and extreme discharges for selected time period to determine whether there 

is any significant change in the trend. We used the Mann-Kendall nonparametric test, which is one of the most widely 

used non-parametric tests to detect significant trends in time series. 

 

KEY WORDS: trend analysis, MANN-KENDALL test, extreme and monthly discharges, Vah River basin, Bela River basin 

 

 

 

 
 

Introduction 

 

Currently, we are more frequently faced to the infor-

mation about the hydrological extremes and their 

catastrophic consequences. Because of this, the first aim 

of hydrologists should be to verify these hypotheses and 

identify sources of mentioned changes (e.g. the natural 

variability of runoff). Analysis of trends in minimum 

discharges can predict its development and minimize its 

negative impacts on society and the environment. It is 

important to note that the minimum discharge is one of 

the characteristics that can define hydrological drought. 

So that we can answer these questions, it is necessary to 

statistically analyse long and high quality time series of 

hydrological observations from the river basins, which 

are little affected by anthropogenic activities. The upper 

part of the Bela River Basin is particularly suitable for 

studying the effect of potential climate change on drai-

nage conditions in the basin. Regular, continuous 

evaluation of average daily discharges began in 

1927/1928. Attention was also paid to the precipitation, 

including winter. Based on the measured data originated 

a number of studies, (Burn et al., 2004; Demeterová and 

Škoda, 2009; Majerčáková et al., 2007). Analysis of 

trends in long-term series of hydrological data are an 

important tool for finding and understanding of the chan-

ges in the development of a rainfall-runoff process and 

the results are useful in the water planning and flood 

protection. The main reasons for the runoff changes are 

considered global climate change in combination with 

different types and degree of human activities. The trend 

analysis used different methods. Specific examples of 

analyses of trends in rainfall-runoff time series can be 

found in several works of authors Falarz (2004), Fu et al. 

(2004), Franke et al. (2004), Kundzewicz and Robson 

(2004), Helsel and Frans (2006); Schoner et al. (2009), 

Onoz, Bayazit, (2003), Pekárová, (2003), etc. 

The aim of this article is analysis of monthly discharges 

regime at gauging stations Bela-Podbanske and Vah-

Liptovsky Mikulas for the selected time periods and 

analysis of minimum discharges in Bela River basin.  

 

Methods and data  

 

At the trend analysis of the time series, generally, the null 

hypothesis H0 that there is no trend is to be tested against 

the alternative hypothesis H1, that there is a trend. 

The parametric and non-parametric tests can be used for 

this purpose. The parametric test considers the linear 

regression of the random variable xi on time. The para-

meters of the trend line are calculated by using standard 

method for estimation of the parameters of a simple 

linear regression model, i.e. by using least square 

method. 
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Mann-Kendall nonparametric test 

 

The Mann-Kendall nonparametric test (M-K test) is one 

of the most widely used non-parametric tests for signify-

cant trends detection in time series. The nonparametric 

tests are more suitable for the detection of trends in 

hydrological time series, which are usually irregular, 

with many extremes (Hamend, 2008; Yue et al., 2003; 

Gilbert, 1987; Blahušiaková et al., 2016; Lettenmaier et 

al., 1994; Sonali et al., 2013). The study performs two 

types of statistical analyses: 1) the presence of a monoto-

nic increasing or decreasing trend, and 2) the slope of 

a linear trend is estimated with the non-parametric Sen’s 

method, which uses a linear model to estimate the slope 

of the trend and the variance of the residuals should be 

constant in time.  

By M-K test, we want to test the null hypothesis H0 of no 

trend, i.e. the observations xi are randomly ordered in 

time, against the alternative hypothesis H1, where there is 

an increasing or decreasing monotonic trend. The data 

values are evaluated as an ordered time series. Each data 

value is compared with all subsequent data values. 

If a data value from a later time period is higher than 

a data value from an earlier time period, the statistic S is 

incremented by 1. On the other hand, if the data value 

from a later time period is lower than a data value 

sampled earlier, S is decremented by 1. The net result of 

all such increments and decrements yields the final value 

of S (Shahid, 2011).  

For n (number of tested values) ≥ 10, the statistic S is 

approximately normally distributed with the mean and 

variance as follows 
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where: 

q  – number of tied groups, 

tp  – number of data values in the p group. 

 

The standard test statistic Z is computed as follows 
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The presence of a statistically significant trend is 

evaluated using Z value. A positive (negative) value of Z 

indicates an upward (downward) trend. The statistic Z 

has a normal distribution. To test for either an upward or 

downward monotone trend (a two-tailed test) at α level 

of significance, hypothesis H0 (no trend) is rejected if 

the absolute value of Z is greater than Z1-α/2, where 

Z1- α/2 is obtained from the standard normal cumulative 

distribution tables. The M-K test detects trends at four 

levels of significance: α=0.001, 0.01, 0.05, and α=0.1. 

Significance level of 0.001 means that there is a 0.1% 

probability that the value of xi is from a random distri-

bution and are likely to make a mistake if we reject 

the hypothesis H0; Significance level of 0.1 means that 

there is a 10% probability that we make a mistake if we 

reject the hypothesis H0. If the absolute value of Z is less 

than the level of significance, there is no trend.   

For the four tested significance levels the following 

symbols are used in the template: 

*** if trend at α=0.001 level of significance – H0 

seems to be impossible, 

**  if trend at α=0.01 level of significance,     

* if trend at α=0.05 level of significance – 5% 

mistake if we reject the H0, 

+ if trend at α=0.1 level of significance,      

Blank: the significance level is greater than 0.1, cannot 

be excluded that the H0 is true. 

 

Study area and data  

 

River Vah is the biggest left-side Danube River tributary 

and the second biggest river in Slovakia. The Bela River 

(93.49 km2), tributary of the Vah River, is situated in 

the High Tatra Mountains with the highest degree of pro-

tection and it can be considered as the basin unaffected 

by human activity. Gauging station Vah-Liptovsky 

Mikulas is the final profile above the water reservoir 

Liptovska Mara, one of the largest reservoirs in Slovakia 

and the basin are is 1107.21 km2. Also for that reasons, it 

is useful to know the hydrological changes in the dis-

charge profiles, (Fig. 1).  

In this study the average daily discharges from above 

mentioned water gauges were used (Vah River: 1922–

2014, Bela River 1929–2014). These basins were selec-

ted according of the homogeneity of the discharge time 

series. In order to perform the homogeneity analyses of 

data, two different tests of homogeneity were applied on 

each series, the standard normal homogeneity test 

(Alexandersson, 1986) and the Mann-Whitney-Pettit test 

(Pettit, 1979). Software Anclim (Štěpánek, 2007) was 

used to perform both tests (Pekárová and Miklánek ed., 

2019).   

The Figure 2 shows the long-term percentiles of daily 

discharges, which gives a basic overview of the hydro-

logy regime in the area. E.g. green line means the mean 

of daily discharges, percentile P50. Yellow line represent 

99th percentile. According to classification method by 

Pardé (1947), the Bela River and Vah River have snow-

meltwater (nival) runoff regimes, single-peak with a ma-

ximum in April-May due to snowmelt and a minimum in 

winter when the water is retained in form of ice and snow. 

 

Results 

 

Changes of the monthly and extreme discharge  

from the long-term point of view 

Variation in average monthly discharges 

 

We quantify the variation in average monthly discharges 

from long-term point of view and analysed the monthly 

discharges regime at both profiles Bela-Podbanske and 

Vah-Liptovsky Mikulas for the whole selected time 

periods  and  for  five  shorter  periods,  see  Table 1 and  
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Fig. 1.  Location of the Vah River in Slovakia (left), scheme of the Vah River Basin up to 

Liptovsky Mikulas gauge; green square represents Bela River basin up to gauging station 

Bela-Podbanske (right). 

 

 
 

Fig. 2.  Long-term percentiles of daily discharges, Bela - Podbanske (left), Vah - Liptovsky 

Mikulas (right). 

 

 

Table 2, for both profiles, were average monthly dis-

charges subsequently analysed too. The results show that 

the maximum monthly discharge in each period occurred 

in May at both river basins. Minimum discharges 

occurred in February and March at Bela-Podbanske. 

Minimum discharge occurred in January and February at 

Vah-Liptovsky Mikulas. This mode of maximum and 

minimum discharges coincides with the regime dischar-

ges in these altitudes. Mean monthly discharge in gau-

ging stations Bela-Podbanske and Vah-Liptovsky Miku-

las for selected time periods is in Table 1 and Table 2, 

maximal and minimal monthly values are highlighted. 

The shorter time series distribution was chosen with 

respect to the recommended minimum lengths of time 

series for hydrological analyses (Viessman et al., 1977).  

 

Trend analysis of monthly and extreme discharge 

characteristics 

 

The results of the slope of trend lines analysis for indi-

vidual months give us the information about monthly 

discharge trend changes for different periods (Fig. 3). 

Directive of trend lines for individual months for the se-

lected time periods suggest that a change in trend (from 

decreasing to increasing trend) occurs in the second half 

of the year (from July to December) at Bela-Podbanske 

(Fig. 3a). Conversely, in the month of May, when 

occurring in those watersheds maximum discharges, 

trend remains growing for both periods at the Bela River 

Basin, but during the period of 1960–2014 is three times 

higher than during the period of 1929–2014. On 

the contrary at the Vah River Basin trend remains 

downward. Clearly declare upward or downward trend in 

the flow, it is necessary to analyse the longest series of 

observations at any station. In the profile Vah-Liptovsky 

Mikulas change in trend occurs in different months of 

the calendar year in the months January, March, August, 

September and November (Fig. 3b). However, in some 

months (April, June, July, October) there is a situation 

where the trend does not change, but in the period 1960–

2014 it is several times higher.  

Trends changes of monthly discharges for two different 

time periods and selected months can be clearly seen in 

Fig. 4; Fig. 4a applies to the station Bela-Podbanske, 

months: May, September to November and Fig. 4b. 

applies to the station Vah-Liptovsky Mikulas, months: 

March, September and November. 

The upper part of the Bela River Basin is particularly 

suitable for studying the effect of potential climate chan-

ge on drainage conditions in the basin. Analysis of trends 

in several discharge characteristics (minimum and 

maximum,  1-day,  3-day,  7-day  and 30-day minimum, 
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Table 1.  Mean monthly discharge for selected time periods at gauging stations Bela-Podbanske 

(maximal monthly discharge – bold; minimal monthly discharge – grey color) 

Bela - Podbanske 

Time 

period 1929–2014 1960–2014 1929–1948 1949–1968 1969–1988 1989–2014 

January 1.205 1.205 1.063 1.304 1.244 1.208 

February 0.988 1.017 0.777 1.120 1.018 1.027 

March 1.037 1.001 1.039 1.118 0.920 1.065 

April 3.394 3.291 3.577 3.498 2.843 3.598 

May 8.432 8.418 8.207 8.211 8.372 8.823 

June 6.300 6.274 6.419 6.589 6.156 6.100 

July 4.553 4.436 4.630 4.482 4.607 4.506 

August 3.401 3.240 3.720 3.382 3.415 3.160 

September 2.852 2.816 3.263 2.288 2.709 3.081 

October 2.522 2.450 2.897 2.243 2.381 2.556 

November 2.338 2.072 1.945 1.802 2.412 2.430 

December 1.639 1.535 1.631 1.488 1.651 1.632 

 

 

Table 2.  Mean monthly discharge for selected time periods at gauging stations Vah-L. Mikulas 

(maximal monthly discharge – bold; minimal monthly discharge – grey color) 

Vah-Liptovsky Mikulas 

Time period 1922–2014 1960–2014 1922–1941 1942–1961 1962–1981 1982–2014 

January 9.640 9.550 10.190 9.306 9.640 9.508 

February 9.184 9.226 9.045 9.066 10.125 8.770 

March 14.772 13.954 16.950 14.560 14.829 13.545 

April 30.010 30.107 26.740 32.563 33.325 28.435 

May 39.131 38.689 42.535 35.070 41.436 38.132 

June 26.762 27.380 26.815 25.035 30.872 25.287 

July 20.173 20.009 19.745 21.308 20.406 19.604 

August 16.379 16.277 17.930 15.488 17.021 15.591 

September 14.128 13.934 18.028 10.423 14.199 13.967 

October 14.372 14.533 16.755 11.123 17.700 12.881 

November 15.485 13.687 21.908 14.172 13.768 13.624 

December 12.377 11.477 14.316 12.488 11.883 11.095 

 

a) b)  

Fig. 3.  Slope of trend lines of individual months; a) Bela-Podbanske the time periods 

1929–2014 and 1960–2014; b) Vah-L. Mikulas, the time periods 1922–2014 and 1960–2014. 

 

 

as well as maximum, and day of minimum/maximum 

discharge occurrence) can predict its development and 

minimize its negative impacts on society and the envi-

ronment (fauna and flora of the river basin). It is 

important to note that the minimum discharge is one of 

the characteristics that can define hydrological drought. 
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Trends changes of discharge characteristics for period 

1929–2014 in gauging station Bela-Podbanske and 

period 1922–2014 Vah-Liptovsky Mikulas is shown in 

Fig. 5a and Fig. 5b. 

Results clearly declare increasing (Bela-Podbanske) or 

decreasing (Vah-Liptovsky Mikulas) trend in the Q1-day 

minimum or Q1-day maximum flow. For further analysis 

it is clear that trend in time period 1960–2014 is 

decreesing. 

The trend of other extreme discharges (Q3-day min/max, 

Q7-day min/max, and Q30-day min/max) at gauging 

station Bela-Podbanske during the longer period 1929–

2014 is slightly increasing. While the trend of shorter 

observation period (1960–2014) suggests that individual 

extreme discharges remain unchanged or very slightly 

decreasing. The trend of these characteristics at gauging 

station Vah-Liptovsky Mikulas during the longer period 

1922–2014 remain unchanged or very slightly increasing 

in minimum and decreasing in maximum values. 

According to these differences in trends for shorter and 

longer measurement periods is necessary to analyse 

the longest series of observations at any station. 

 

Non-parametric tests for significant trends detection 

in time series at Bela and Vah 

 

Examples of the evaluation of monthly and extreme 

discharge trends for selected time periods at gauging 

stations Bela-Podbanske (time periods 1929–2014, 

1960–2014, and 1989–2014) and Vah-Liptovsky Miku-

las (time periods 1922–2014, 1960–2014, and 1989–

2014) are given in Table 3 and Table 4. 

The results for the Bela River Basin (profile Bela-Pod-

banske) indicate trends at α=0.05 level of significance 

(marking symbol – *) in November, and trends at α=0.1 

level of significance (marking symbol – +) in December 

for the time period 1929–2014. Guest shorter period 

1960–2014 showed no significant trend. The trend at 

α=0.1 level of significance in November was established 

for the Vah River Basin (profile Vah-Liptovsky Mikulas) 

for the evaluation period 1922–2014. When evaluating 

a shorter time period 1960–2014 no signify-cant trend 

was detected, and we cannot reject the hypothesis H0.  

According to the M-K test, there was a change in 

the trend at the significance level α=0.05 for both stations 

in the analysis of whole periods of measurement (Bela-

Podbanske 1929–2014, Vah-Liptovsky Mikulas 1922–

2014) in the month of November. Figure 6 presents 

comparison of the long-term trend – as the conclusions 

of M-K trend test – of discharge in gauging station Bela-

Podbanske and Vah-Liptovsky Mikulas in November for 

two time periods (1929/1922–2014, and 1960–2014) are 

shown.  

 

Conclusion and discussion 

 

In this study the average daily discharges from above 

mentioned water gauges were used (Vah River: 1922–

2014, Bela River 1929–2014). These basins were 

selected according of the homogeneity of the discharge 

time series. In order to perform the homogeneity analyses 

of data, two different tests of homogeneity were applied 

on each series, the standard normal homogeneity test 

(Alexandersson, 1986) and the Mann-Whitney-Pettit test 

(Pettit, 1979). Software Anclim (Štěpánek, 2007) was 

used to perform both tests (Pekárová and Miklánek ed., 

2019).  

According to the M-K test, The Mann-Kendall 

nonparametric test (M-K test), which is one of the most 

widely used non-parametric tests for significant trends 

detection in  time  series, results  showed  a change  in the 

trend at the significance level α=0.05 for both stations in

 

 

  

  

  
                                              a)                                                                                              b) 

Fig. 4.  Linear trend of discharges in selected months: a) Bela-Podbanske: time periods 

1929–2014 and 1960–2014; months June, September and November, b) Vah-Liptovsky 

Mikulas: time periods 1922–2014 and 1960–2014, months March, September and November. 
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a) 

 

 
b)  

 

Fig. 5. Linear trend of minimum (left figures) and maximum (right figures) discharge 

characteristics in particular years, a) station Bela-Podbanske, period: 1929–2014; b) station 

Vah-L. Mikulas, period 1922–2014.  

Julian day means: 1=January 01, 30=January 30, –30 is 336 day=December 06. 
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Table 3.  Results of monthly and extreme discharge M-K trend tests for selected time periods, 

gauging station Bela-Podbanske (** – level of significance α=0.01, * – level of 

significance α=0.05, +-α=0.1 level of significance) 

 1929–2014 1960–2014 1989–2014 

Discharge 

characteristics 

Test 

Z Signf. 

Sen's A slope 

estimate Test Z Signf. 

Sen's A slope 

estimate Test Z Signf. 

Sen's A slope 

estimate 
January -0.31  0.000 -0.70  -0.002 0.14  0.002 
February 1.33  0.002 -0.31  -0.001 0.50  0.004 

March 1.13  0.002 -0.07  0.000 1.21  0.007 

April 0.99  0.009 0.70  0.012 1.57  0.072 
May 1.25  0.016 1.23  0.040 -0.82  -0.050 

June -0.19  -0.002 -0.50  -0.012 -1.18  -0.064 

July -0.44  -0.004 -0.91  -0.017 0.96  0.036 
August -1.82 + -0.011 -0.46  -0.006 1.07  0.039 

September -0.40  -0.002 0.36  0.004 -0.75  -0.025 

October -0.93  -0.004 -0.10  -0.002 0.32  0.011 
November -2.40 * -0.013 1.39  0.009 0.55  0.015 

December -1.92 + -0.005 0.38  0.002 -0.07  -0.003 

1-day min 2.55 * 0.002 -0.07  0.000 2.11 * 0.008 

3-day min 2.73 ** 0.002 -0.02  0.000 1.96 * 0.009 

7-day min 2.62 ** 0.002 -0.04  0.000 1.78 + 0.008 

30-day min 2.36 * 0.003 -0.12  0.000 1.53  0.007 
90-day min 0.68  0.001 -0.54  -0.001 1.25  0.008 

1-day max 1.01  0.046 0.00  0.000 0.43  0.098 

3-day max 1.42  0.040 0.03  0.007 0.14  0.020 
7-day max 1.60  0.037 0.33  0.021 0.00  0.004 

30-day max 1.89 + 0.021 0.80  0.020 -1.07  -0.046 

90-day max 0.99  0.007 0.00  0.000 -0.75  -0.017 

 

 

Table 4.  Results of monthly and extreme discharge M-K trend tests for selected time periods, 

gauging station Vah-Liptovsky Mikulas (** - level of significance α=0.01, * - level of 

significance α=0.05, +-α=0.1 level of significance) 

 1922–2014 1960–2014 1989–2014 

Discharge 

characteristics 

Test 

Z Signf. 

Sen's A slope 

estimate Test Z Signf. 

Sen's A slope 

estimate Test Z Signf. 

Sen's A slope 

estimate 
January 0.451  0.005 0.886  0.026 1.106  0.091 
February -0.793  -0.011 0.537  0.018 1.534  0.123 

March -0.704  -0.018 1.031  0.043 2.070 * 0.213 

April -0.913  -0.045 -0.900  -0.100 0.571  0.142 
May -0.959  -0.047 -0.494  -0.070 -1.035  -0.299 

June -0.813  -0.028 -1.016  -0.090 -0.856  -0.157 

July -0.010  0.000 -0.290  -0.025 1.570  0.246 
August -1.381  -0.042 -0.552  -0.032 1.338  0.199 

September -0.803  -0.021 -0.138  -0.014 -0.303  -0.052 

October -1.603  -0.038 -0.145  -0.006 1.070  0.105 
November -2.546 * -0.075 -0.073  -0.010 0.749  0.100 

December -1.646 + -0.033 -0.508  -0.020 -0.660  -0.063 

1-day min -0.853  -0.006 -0.719  -0.010 3.055 ** 0.159 

3-day min 0.428  0.002 -0.327  -0.005 2.035 * 0.064 
7-day min 0.156  0.001 -0.421  -0.005 2.248 * 0.071 

30-day min -0.571  -0.004 -0.116  -0.001 2.034 * 0.091 

90-day min -0.999  -0.012 0.987  0.023 2.570 * 0.111 
1-day max -1.640  -0.252 -0.937  -0.280 0.357  0.431 

3-day max -0.959  -0.113 -1.263  -0.306 0.036  0.061 

7-day max -0.451  -0.039 -1.314  -0.264 0.500  0.227 
30-day max -0.438  -0.020 -1.307  -0.178 0.321  0.056 

90-day max -0.949  -0.033 -1.336  -0.102 0.000  0.002 

 

 

 

the analysis of whole periods of measurement (Bela-

Podbanske 1929–2014, Vah-L. Mikulas 1922–2014) in 

the month of November. Figure 6 presents comparison of 

the long-term trend – as the conclusions of M-K trend test 

– of discharge in gauging station Bela-Podbanske and 

Vah-Liptovsky Mikulas in November for two time 

periods (1929/1922–2014, and 1960–2014). 

We quantified the variation in average monthly dischar- 

ges from long-term point of view and analysed 

the monthly discharges regime at both profiles Bela-

Podbanske (1929–2014) and Vah-Liptovsky Mikulas 

(1922–2014) for the whole selected time periods and for 

five shorter periods. The mode occurrence of maximum 

and minimum discharges coincides with the regime 

discharges in these altitudes. We analysed the slope of 

trend lines  analysis for individual months. This analysis 
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a)      

 

b)      

 

Fig. 6.  Long-term trend – conclusions of Mann-Kendall trend test for discharge in 

November.a) Bela-Podbanske, b) Vah-L. Mikulas; whole period (left side figures) and 1960–

2014 (right side figures). 

 

 

 

gave us the information about monthly discharge trend 

changes for the whole year and also for different time 

periods. We analysed trends of several discharge 

characteristics (minimum and maximum, 1-day, 3-day, 

7-day and 30-day minimum, as well as maximum, and 

day of minimum/maximum discharge occurrence) for 

shorter and longer time periods. Results showed that 

according to differences in trends for shorter and longer 

measurement periods is necessary to analyse the longest 

series of observations at any station. We aim to process 

the longest series of data flow and then evaluate their 

trends. Then we can evaluate the trend changes in 

the event of changes in the basin (climate change, water 

management construction, etc.). 

The results of such analysis can be helpful in predicting 

of their development and minimizing their negative im-

pacts on society and the environment (fauna and flora of 

the river basin). It is important to note that the minimum 

discharge is one of the characteristics that can define 

hydrological drought. In future, trend analysis should be 

linked to the climate change scenarios. Addressing 

the observed and potential future changes in runoff will 

require careful planning by water resource managers and 

policy makers, that should ensure the sustainable deve-

lopment of water management in the area of interest or 

mitigate the effects of potential drought periods. 
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TESTING OF AN ALTERNATIVE APPROACH TO CALIBRATION OF 

A HYDROLOGICAL MODEL UNDER VARYING CLIMATIC CONDITIONS 
 

Patrik Sleziak, Michal Danko, Ladislav Holko 
 

 

Conceptual rainfall-runoff models are routinely used in practical water resources investigations. Common uncertainties 

associated with these models (in addition to the uncertainty related to schematization and structure of the models) include 

for example errors in the inputs, calibration/validation uncertainties (e.g., choice of the suitable lengths of the two periods), 

uncertainties related to the use of the models in other climatic conditions, etc. This study addresses the uncertainties related 

to the choice of calibration/validation periods for the long data sets with varying climatic inputs. It is conducted in the pilot 

catchment of the Jalovecký Creek (area 22.2 km2) in Slovakia and uses data from the 30-years long period 1989–2018. 

A HBV type model (the TUW model) is used for the modelling. Two different approaches to selection of calibration 

period are compared. In the first approach, the calibration period is determined by division of the available data into three 

equally long periods (each of them is then used in model calibration and validation). Such an arbitrary division is 

the common practice in hydrological modelling. In the second approach, the selection of calibration periods is based on 

the cycles found in the measured data. The wavelet transform method revealed cyclical components in air temperature 

with period of 6-years. Periods in other data sets were less significant. In accordance with this finding, the model is 

calibrated for five 6-years long periods. Model performance for the two approaches to selection of the calibration periods 

is evaluated by visual comparison of measured and simulated monthly flows in different climatic periods and by the Nash-

Sutcliffe efficiency coefficient. The two approaches to the selection of calibration period provided similar results. 

However, the model calibrated in colder period represents monthly flows more reliably than the model that was calibrated 

in warmer period. In terms of predictions related to climate change impacts it would mean that hydrological models 

calibrated in current period should provide reasonable simulations for warmer climate. 

 

KEY WORDS: hydrological model calibration, method of wavelet transform, climate change 

 

 

 
 

Introduction 

 

Conceptual rainfall-runoff (r-r) models are routinely used 

in various practical water resource investigations (for 

example, flow forecasting, flood impact assessment, 

climate impact studies, etc.). Common problem linked 

with the use of these models is their calibration (i.e. 

the way to deal with uncertainties in parameter esti-

mation, choice of the suitable length of calibration and 

validation periods, etc.). Previous studies (e.g., Merz et 

al., 2009; Perrin et al., 2007) showed that the length of 

the calibration period may significantly affect model 

calibration and model performance (for example, if 

the calibration period is too short). Merz et al. (2009) 

calibrated a semi-distributed conceptual r-r model for 

periods of 1, 3, 5, 10, 15, 30 years and analyzed the effect 

of the length of the calibration period on model perfor-

mance. Their study was performed for 269 catchments in 

Austria. They found that the model performance during 

calibration period decrease and the model performance 

during validation period increase with the number of 

years available for calibration. Their results suggest that 

minimum calibration period to achieve good model 

performance is five years. Other authors suggest that 

the optimal length for the model calibration may vary 

from two to ten years (Anctil et al., 2004; Brath et al., 

2004). Generally, the calibration period should be long 

enough to capture the variability of climatic and flow 

conditions (Sorooshian et al., 1983). 

Previous studies (e.g., Vaze et al., 2010; Merz et al., 

2011; Coron et al., 2012; Fowler et al., 2016; Saft et al., 

2016;  Sleziak et al., 2017,  2018)  demonstrated that 

the r-r models show significant reductions in perfor-

mance when used in climatic conditions that differ from 

the conditions for which were the models calibrated. For 

example, in Australia, Vaze et al. (2010) and Coron et al. 

(2012) observed that the hydrological model had 

a tendency to overestimate mean runoff when the calibre-

tion period was wetter (i.e., a wet to dry parameter 

transfer). On the contrary, in Austria, Merz et al. (2011) 

and Sleziak et al. (2018) showed that a HBV model 

calibrated in a colder/drier decade (e.g., 1981–1990) 
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tended to overestimate the runoff in a warmer and wetter 

decade (e.g., 2001–2010), particularly in flatland basins. 

Such findings naturally indicate problems with model 

schematization or structure. In theory, the performance 

of a model that captures the dominant hydrological 

processes correctly, should not depend too much on 

the climatic (i.e. input) data. However, changing climate 

may result in a change of the dominant processes. 

Numerous studies were carried out on this topic, but 

the results are not always consistent among them due to 

different regions, physiographic conditions, etc. Proper 

approaches in hydrological modelling under changing 

climate therefore remains a great challenge for 

the modelers.  

The objective of this article is to test an alternative 

approach to calibration of a lumped HBV model for 

the use in changing (or changed) climate. Specifically, 

we asked two research questions: (1) Can the determi-

nation of calibration periods based on natural cycles 

defined by the data result in better simulation results? 

(2) Can hydrological models that are calibrated in current 

climatic conditions achieve satisfactorily results in 

the future warmer climate?  
The paper is organized as follows. The data section 

describes the study area and data. The methods section 

gives the details on determination of natural cycles in 

the data series, the TUW model and its application. 

The results section summarizes the results of this study. 

The discussion section discuss and compares the results 

to other studies. The last section presents conclusions.  

 

Study area and data 

 

This study is carried out in the mountain catchment of 

the Jalovecký Creek in Slovakia (Fig. 1). The catchment 

is representative for the hydrological cycle of the highest 

part of the Western Carpathians. Catchment area is 

22.2 km2. Elevations in the catchment range from 800 to 

2178 m a.s.l. (mean 1500). Mean slope is 30º. Soil cover 

is represented by Cambisoils, Podsol, Ranker and Litho-

soils. Forests dominated by spruce cover 44% of catch-

ment area, dwarf pine covers 31% and alpine meadows 

and bare rocks cover the rest 25%.  

Daily catchment precipitation daily air temperature, dis-

charge and potential evapotranspiration from the period 

1989–2018 are used. Point precipitation and air tempe-

rature measurements were interpolated to obtain catch-

ment values. Potential evapotranspiration was calculated 

by the Blaney-Criddle method (Schrödter, 1985). 

 

Methods 

 

Two approaches to division of input data for the model 

(precipitation and air temperature as climatic drivers and 

runoff used for the validation of simulation) are used. 

First, the data are divided arbitrarily into equal periods, 

i.e. decades (1989–1998, 1999–2008, 2009–2018). Se-

cond, the data are divided into periods identified by 

the analysis of data carried out by the wavelet transform 

method. The idea is to use the data from the same natural 

cycle in hydrological modelling. 

 

Method of wavelet transform 
 

It is well know that the natural processes occur in cycles 

(e.g., Hurst, 1951; Klemeš 1974; Pekárová and Pekár, 

2007). The WT method is a simple method to estimate 

the changes in cyclical components and variability of 

the time series (e.g., Sabo 2012). We apply the method to 

daily time series of air temperature, precipitation, and 

discharges of the of Jalovecký Creek catchment. The R 

software    environment   (R    Development   Core   Team,  

 

 

 
 

Fig. 1.  The location and topography of the Jalovecký Creek catchment. 
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2011) and the package WaveletCo (Tian and Cazelles, 

2011) are used to conduct the analysis that consists of 

four steps. First, the database of hydrometeorological 

time series (daily air temperature, precipitation, 

discharges) is created. Then, the work package is started 

and the models for the descriptions of changes in 

the cyclical components and the variability of the time 

series are created. In the last step, the structural changes 

in hydrometeorological time are analyzed/interpreted. 

For the interpretation of the results the scalogram used 

(see the Results).  

 

Modelling 
 

We apply the simple lumped model TUW (Viglione and 

Parajka, 2014), which follows the structure of a widely 

used Swedish HBV model (Bergström, 1995). The model 

simulates daily discharge using daily precipitation, air 

temperature, and potential evapotranspiration as inputs. 

It has 15 parameters that need to be calibrated. The model 

involves three modules (i.e., snow, soil, runoff module). 

In the snow module, the accumulation and melt are com-

puted by the degree-day method. Groundwater recharge 

and actual evaporation are functions of actual water 

storage in the soil module. In runoff module, the runoff 

formation is represented by two linear reservoir equa-

tions. Channel routing is simulated by a triangular 

weighting function. More details about the model are 

given in Parajka et al. (2007). 

The model is automatically calibrated using a differential 

evolution algorithm Deoptim (Ardia et al., 2015). 

The objective function consists of the combination of 

the Nash-Sutcliffe coefficient (NSE, Nash and Sutcliffe, 

1970) and the logarithmic Nash-Sutcliffe coefficient 

(logNSE, Merz et al., 2011). The function is used in 

the form of (NSE + logNSE)/2.  

Calibration and validation periods determined by the two 

approaches, i.e. the arbitrary and cycles-based divisions 

are used in the modelling. The model is in both cases 

calibrated and validated consecutively for each period 

and the comparison of results represent the Differential 

Split-Sample Test (DSST) proposed by Klemeš (1986) 

for model performance testing. Because the climatic 

characteristics in individual periods differ, the DSST 

evaluates model performance in periods with contrasting 

climate. The commonly used Nash–Sutcliffe Efficiency 

(NSE) is used to evaluate the model performance. A good 

simulation result will have NSE close to 1 (the best match 

between observed and simulated flows). 

 

Results 

 

Identification of cyclical components 

 

Significant cyclical component was determined only for 

the air temperature data. The result is presented in 

the form of scalogram in Fig. 2. The scalogram provides 

an information about two parameters: scale (i.e., 

frequency) and time. The horizontal axis denotes time 

(i.e., duration of the signal) and the vertical axis denotes 

period (i.e., cyclical components). The size of the wavelet 

coefficients (used to receive an estimation of power 

spectrum) can be identified by the intensity of color. 

Significant periods are identified by the white line drawn 

around the intense colors. The section of the scalogram 

outside the cupola shape is considered problematic. 

The right side of the scalogram shows the global wavelet 

spectrum (averaged scalogram). The scalogram shown in 

Fig. 2 identifies significant periods in a range of 6–8 

years, which occurred between the years 1995–2010. 

Because scalograms for precipitation and discharge did 

not show any significant cycles, the 6 years long period 

obtained from the air temperature data was used to split 

the data for the modelling into five periods.  

Comparison of air temperature, precipitation and dis-

charge in the periods determined arbitrarily and accor-

ding to cycles identified in the data is shown in Fig. 3. It 

is clear that the period 1999–2008 is colder. The values 

of the mean annual air temperatures decrease on average 

by 0.7°C between periods 1989–1998 and 1999–2008 

and 0.4°C between periods 1999–2008 and 2009–2018. 

Precipitation shows a slightly decreasing trend over 

the entire study period while the mean annual discharge 

does not change. The right part of Fig. 3 shows that air 

temperature has decreasing trend approximately until 

the year of 2006  with decrease  of about 1.5°C  between  

 

 

 
 

Fig. 2.  Scalogram of air temperatures at Jalovecký Creek catchment. The data indicate 

significant cycles with period of 6-8 years that occurred approximately in 1995–2010. 
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Fig. 3.  Changes in the hydroclimatic characteristics (annual precipitation, mean 

annual air temperatures and annual flows) over three/five specific periods. The line 

shows the mean value of the hydroclimatic characteristics in a particular period. 

The coloured area indicates the range of 75 and 25 percentiles. 

 

 

 

periods 1989–1994 and 2001–2006. The values of the air 

temperatures decreased from 3.6°C to 2.9°C between 

1989–1994 and 2007–2012. Based on this analysis 

the periods 1999–2008 and 1995–2000/2001–2006/2007 

–2012 are considered as colder and period 1989–1998/ 

2009–2018 and 1989–1994/2013–2018 as warmer. 

 

Assessment of the model performance for two 

approaches to selection of calibration/validation 

periods 

 

Results of model calibration and validation (in terms of 

different calibration lengths) are summarized in Tables 1 

and 2. The results show that the model performed better 

in calibration periods. For the first calibration approach 

(i.e., the calibration periods are determined arbitrarily, 

Table 1), the NSE values in calibrations are on average 

0.67 (1989–1998), 0.75 (1999–2008), and 0.76 (2009–

2018). For the second calibration approach (i.e., determi-

nation of calibration periods based on naturally cycles, 

Table 2), the NSE values in calibrations are on average 

0.63 (1989–1994), 0.75 (1995–2000), 0.73 (2001–2006), 

0.74 (2007–2012) and 0.80 (2013–2018). The NSE 

values in the validation periods are generally lower than 

in the calibration periods. Different length or periods 

obtained by the two approaches did not result in signi-

ficant differences.  

Performances in the colder calibration period (1999–

2008) are satisfactory, with NSE of 0.75. The NSE in 

the warmer validation period is 0.73 (Table 1). Similar 

result in terms of NSE is also achieved in the calibration 

period 2007–2012 (Table 2). Generally, the model cali-

brated in colder decade gives more satisfactorily results. 

This is also demonstrated in comparison of simulated and 

measured monthly flows (Figures 4 and 5). For the simu-

lations we used parameters from colder calibration 

periods (i.e., period 1999–2008 and period 2007–2012). 

Comparison of measured and simulated monthly flows 

indicates that the model provided reasonable simulation 

of flows in different calibration and validation periods. 

Our results suggest that the model calibrated in colder 

decade more reliably represent the monthly flows. This 

implies that hydrological models calibrated in current 

climate (2013–2018) could provide reasonable pre-

dictions for the changed climate (i.e., for future warmer 

conditions).  
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Table 1. Values of the Nash-Sutcliffe coeffi-

cient (NSE) in calibration and vali-

dation periods with length of 10 

years; shaded area indicates 

the NSE values obtained in the cali-

brations; WP is warmer period and 

CP is colder period. 

Nash-Sutcliffe coefficient (NSE) 

WP CP WP 

1989–1998 1999–2008 2009–2018 

0.67 0.70 0.63 

0.59 0.75 0.73 

0.48 0.68 0.76 

 

 

Fig. 6 presents measured and simulated snow water 

equivalent (SWE). Measured data are represented by 

point measurements of SWE at catchment mean ele-

vation (1500 m a.s.l.). Simulated SWE with simulated 

SWE from the period of 1999–2008 and the period of 

2007–2012. The simulations are also compared with 

the simulations obtained by using distributed model 

MIKE SHE (Danko et al., 2015). By visual comparison 

is clear that the simulations are close to real measu-

rements. In some cases (e.g., years 1989, 1990, 2002) 

the model underestimated measured SWE. 

Discussion 

 

We evaluated the influence of selection of calibration and 

validation periods on performance of a lumped hydro-

logical model. Length of the data series used in cali-

bration and validation was 10 years and 6 years, 

respectively. Visual examination and the model perfor-

mance efficiency indicator (NSE) show that the differ-

rences are small. Several studies (e.g., Merz et al. 2009; 

Perrin et al., 2007) addressed the question how much data 

are needed for model calibration. Merz et al. (2009) in 

their study showed that the calibration period of five 

years would be the minimum for achieving a good model 

performance. Other results suggest that the optimal 

length for the model calibration may vary from two to ten 

years (Anctil et al., 2004; Brath et al., 2004). Our results 

indicate that the length of calibration periods 6 and 10-

years are both appropriate achieving similar simulations. 

It suggests that if the calibration period is long enough to 

cover periods of natural cycles in the input data, 

the arbitrary splitting of data into calibration and vali-

dation periods does not produce worse simulations. This 

conclusion should be verified in other catchments.   

Studies show that the r-r models provide poor simulations 

when are applied in changing climate (e.g., Merz et al., 

2011; Vaze et al., 2010; Coron et al., 2012; Sleziak et al., 

2018). Merz et al. (2011) found that the model calibrated  

 

 

 
 

Fig. 4.  Comparison of the observed (blue colour) and simulated (red colour) monthly 

flows for simulations based on arbitrary division of the data (i.e., into three decades). 

The simulations were performed with the parameters obtained in the calibration period 

of 1999–2008. 
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Table 2.  Values of the Nash-Sutcliffe coefficient (NSE) and in calibration and validation 

periods with length of 6 years; shaded area indicates the NSE values obtained in 

the calibrations; WP is warmer period and CP is colder period 

Nash-Sutcliffe coefficient (NSE) 

WP CP CP CP WP 

1989–1994 1995–2000 2001–2006 2007–2012 2013–2018 

0.63 0.69 0.62 0.65 0.58 

0.57 0.75 0.61 0.62 0.56 

0.56 0.65 0.73 0.65 0.65 

0.51 0.64 0.63 0.74 0.73 

0.23 0.34 0.39 0.60 0.80 

 

 

 

 
Fig. 5.  Comparison of the observed (blue colour) and simulated (red colour) monthly 

flows for simulations based on the cycles-based division of the data (i.e., into five 6-years 

long periods). The simulations were performed with the parameters obtained in 

the calibration period of 2007–2012. 
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Fig. 6.  Measured SWE at catchment mean elevation (points), simulated catchment 

SWE with the parameters from 1999–2008 (blue colour) and from 2007–2012 (green 

colour) and simulated catchment SWE obtained by the spatially distributed simulation of 

model MIKE SHE (red colour). The comparisons of the simulated SWE values are also 

shown in the box plots (right panel). 

 

 

in a colder time period had tendency to overestimate 

the runoff (Q95 by about 12%, Q50 by about 15%, Q5 by 

about 35%) in a warmer/wetter period. Sleziak et al. 

(2018) observed overestimation of mean runoff when 

the calibration period was colder too. Coron et al. (2012) 

and Vaze et al. (2010) for Australian catchments 

observed a tendency to overestimate runoff when the ca-

libration period was wetter. Our results indicate that 

the model calibrated in colder periods (i.e., 1999–2008 

and 2007–2012) provided better simulation of catchment 

runoff. According to the results, the best Nash-Sutcliffe 

efficiency was achieved in calibration period of 2013–

2018 (warmer period) (Table 2), but validation in years 

1989–1994, 1995–2000, 2001–2006 showed worse 

results compared with those from the first selection of 

calibration periods (Table 1). This can be related to 

(a) different length of calibration periods, (b) algorithm 

used in the calibration strategy. Underestimation of 

measured flows in spring months (April and May) 

indicate the need to think about the improvement of the 

snowmelt-rainfall phase of runoff formation.  

 

Conclusions 

 

In this study, we have assessed the uncertainties related 

to the choice of calibration/validation periods. For 

the modelling purposes, we used a popular HBV model. 

From our results the following conclusions can be drawn. 

The model’s uncertainties are associated with the cli-

matic characteristics. In other words, the difference in 

climatic characteristics between the calibration and 

validation periods affects the performance of hydrolo-

gical model. We found that the model calibrated in colder 

periods (i.e., 1999–2008 and 2007–2012) provided better 

representation of flows. This finding point to the fact that 

hydrological models calibrated in current climatic 

conditions could work reasonably also in the future 

warmer climate. These results should be validated in 

other catchments.  In the future we plan (a) to extend such 

analysis to other regions (e.g., Slovakia vs. Austria), 

(b) to include other data (e.g., soil moisture data, MODIS 

data, etc.) to calibration strategy and thus better represent 

the hydrological components, (c) to use HBV vs. spa-

tially distributed based models.  
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BATHYMETRIC SURVEYS OF TATRAS GLACIAL LAKES:  

CASE STUDY – BATIZOVSKE PLESO  
 

Valentín Sočuvka, Yvetta Velísková 
 

 

The Tatras Mountain, located on the border between Slovakia and Poland, are the highest and the most significant 

mountains range within the Carpathian Mountains of Central Europe. Because of their altitude and former glaciations 

the Tatras Mountain are classified as an alpine massif. The most important and interesting natural elements of the Tatras 

Mountain alpine landscape represent glacial lakes. There are about 87 lakes of glacial origin in the Slovak part of the Tatras 

Mountain, the most of them are situated in the alpine zone (1 800–2 200 m a.s.l.) above the upper forest line. Hydrographic 

research of the glacial lakes in the Tatras Mountain has a long history since 1925, however the results of the surveys were 

different over the years due to technical limits of the survey instruments, their low precision as well as the extreme climate 

conditions with high altitude. The aim of this paper is to demonstrate the application of modern hydrographic and geodetic 

instruments for bathymetric survey in the condition of the Tatras Mountain, which unlike the traditional instruments and 

techniques are characterized by high precession and efficiency. In the case study we demonstrate yet the most precise 

digital terrain model (DTM) of the glacial lake Batizovske pleso, created in software environment ArcGIS and based on 

the data from the bathymetric survey performed in 2018 by Autonomous Underwater Vehicle (AUV) EcoMapper and 

geodetic instrument GNSS Stonex. 

 

KEY WORDS: bathymetry, lake, Tatras Mountain, EcoMapper, DTM 

 

 

 
 

Introduction 

 

The Tatras Mountain are the part of Western Carpathians 

and they are situated on the territory of two states – 

the Slovak Republic and the Polish Republic along 

the border between 20°10′ E and 49°10′ N. The Tatras 

Mountain stretch longitudinally over a distance of 50 km 

and occupy about 778 km2 of area divided between 

Slovakia (78%) and Poland (22%) (Fig. 1). The Tatra 

range can be divided into four geomorfological unit: 

the High Tatra, the Western Tatra, the Belianske Tatra 

and Reglowe Tatra (Klimaszewski, 1988). In Pleisto-

cene, the Tatras Mountain were covered several times 

with ice and the glaciation imprinted the present shape to 

the mountains on both sides of the state border by 

forming peaks, glacial valleys, cirques, amphitheatres; 

waterfalls and lakes. The alpine glacial lakes – as the re-

licts of the last Ice Age, which ended up some 10 to 8 

thousand years ago, are the typical elements of the Tatras 

Mountains nature. Many small and larger lakes form 

the alpine scenery of the Tatras, while the majority of 

them indicate the closure of individual glaciers' branches, 

the formation of which started in cirques. Considering 

the genesis; the glacial lakes had been either hollowed 

out (kar lakes) or dammed by moraines (moraine lakes). 

However, the majority of the Tatras lakes were formed 

by the combination of both genesis types, when the ori-

ginally hollowed out lakes were later dammed by 

the moraine detritus (UNESCO, 2002).  

Nowadays, there is about 150–230 lakes of various sizes 

and depths (depending on the size and periodicity 

criteria) in the Tatras. Approximately half of them are 

periodic. In addition, there is a significant number of 

already extinct, fully overgrown lakes and peat bogs. 

Mostly, there are small lakes with a surface of less than 

1 ha and depth up to 2 m (Gregor and Pacl, 2005), 

(Kapusta et al., 2018). The lakes are situated mainly in 

the West Tatras Mountain and the High Tatras Mountain 

at elevations between 1089 and 2189 m above sea level 

(a.s.l.). About 70% of the lakes are in an alpine zone 

above 1800 m a.s.l., 19% in subalpine zone and 11% in 

mountain zone. The total area of the glacial lakes in 

Slovak part of Tatras Mountain is 3 km2 and they have 

volume of about 10 million cubic meters (Štefkova et al., 

2001). The largest lake of the Slovak part of the Tatras 

Mountain and also the deepest one is Velke Hincovo 

pleso. The highest located lakes are Modre pleso (2192 

m a.s.l.), and Baranie pliesko (2 207 m a.s.l.). However, 

Baranie pliesko dries up at the end of the summer and has 

no water. It should also be noted that 20 lakes of the total 

number are located in the Western Tatras, however they 

are shallower and relatively small (2.1  ha  max.). Altitu-  
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Fig. 1.  The Tatras Mountain – location of representative lakes. 

 

 

 

des of the Tatras lakes are connected with individual 

stages of valley glaciers. Therefore, the highest located 

lakes are the youngest ones and the lowest located are 

lakes in the advanced stage of the development. The fluc-

tuation of the kar lakes water level with the surface runoff 

is small, max 0.5 m (UNESCO, 2002). 

 

Previous research 

 

Bathymetric measurements of the Tatras Mountain lakes 

commenced by Josef Schaffer in 1927 and Franz 

Stummer in 1931. The cooperation of these two explorers 

resulted in the Atlas of the High Tatras lakes that was 

published in three volumes (Schaffer & Stummer 1929, 

1930, 1932). It comprises bathymetric plans of 31 Tatras 

lakes with a number of longitudinal and cross sections. 

Another researcher who dealt with the lakes of the West 

Tatras was Eduard Kříž in his doctoral thesis. He carried 

out plan and depth measurement of twelve lakes in 

the area. It was the first survey of morphographical and 

hydrographical conditions (Kříž, 1970). In the years 

1961–1964 measurements were performed by Gregor 

and Pacl (2005) on the areas, depths and altitudes. In 

2001, bathymetric measurements of some High Tatras 

lakes were carried out within the EMERGE project and 

in 2006 measurement of eighth lakes were performed by 

Šobr and Česák (2006). To construct these maps a series 

of transects were run across the lake using the manual 

method or an echo sounder to measure water depth. 

Depth was transcribed onto a corresponding transect 

map. When all the depths had been transcribed, then 

the points of equal depth were joined on the map to create 

contours. The quality of the maps depended on a variety 

of factors including the number of transects that were run, 

the accuracy of the transect map, the number of depths 

transcribed and the interpretive skills of the drawer. At 

the best, only a moderately accurate bathymetric map 

could be produced and it was inevitable that many 

underwater features would be missed (Monroe and 

Betteridge, 2000). In the recent years, a new technology 

became available that was used in the collection of 

bathymetric data. Applying GPS (Global Positioning 

System) technology significantly improved the efficien-

cy and speed of data collection. The quality of data also 

improved from using GPS, and the integration with GIS 

to produce maps also became much more efficient. 

Combination of the GPS unit and single beam echo 

sounder for hydrographic measurement of selected Tatras 

lakes used Kapusta (2018) in his dissertation thesis which 

deals detailed analysis of changes of glacial lakes in 

the High Tatras Mts.  

 

Material and methods  

 

For the hydrographic research and data mapping, 

the Autonomous Underwater Vehicle (AUV) Eco 

Mapper device was used. AUVs represent devices which 

are currently used in a wide range of hydrographic 

research, marine geosciences, and the military, comer-

cial, and policy sectors. EcoMapper was developed by 

YSI Company (USA) and is designed for the quick and 

easy collection of bathymetric, sonar, and water quality 

data. EcoMapper is capable of moving on surface and 

subsurface water levels independently and performing 

data logging. This device is ideal for coastal and shallow 

water applications such as hydrographic surveys and 

spatial environmental monitoring. A survey mission by 

EcoMapper can be performed in water with a depth of 

more than one meter, and it is fully capable of subsurface 

operations down to 100 m. The EcoMapper device 

consists of a hardware part and the Vector Maps software 

program, which is designed for mission planning and for 
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the partial analysis of measured data. Physically, 

the vehicle can be divided into 3 distinct parts. The bow 

section contains water quality sensors that interact with 

the aquatic environment and a Doppler Velocity Log 

(DVL) for navigation under water surface. The middle 

section includes an onboard computer, electronic com-

ponents, batteries, and weights to balance the vehicle. 

The tail section contains a propulsion system and GPS 

antennas for navigating on the water’s surface. The de-

vice uses a frequency of 500 kHz and has a range of 

measurement depth from 0.5 to 100 m and a measure-

ment accuracy ±0.003 m. While it is measuring (its 

mission), the EcoMapper collects predetermined para-

meters in one second intervals and they are automatically 

associated with geographic coordinates (latitude, longi-

tude). Water quality measurements include information 

such as the water temperature, dissolved oxygen, turbi-

dity, pH, chlorophyll, salinity, etc. 

 

Acoustic bathymetry profiling 
 

The EcoMapper follows a predefined mission plan pre-

programmed by the operator. The mission plan is created 

in the graphic user environment of the Vector Map 

Software. Geo-referenced charts, maps or satellite 

images are imported into the Vector Maps planning 

software and the mission plan continues by setting 

positions of waypoints for the vehicle’s navigation. 

The mission planning includes set points for each leg to 

a waypoint, speed, depth or undulates for data collection 

(Fig. 2). This parameter programming tool can be 

separately utilized for vehicle and sensors pre-

programming of each leg or for a complete survey. 

The software output of the mission planning is an ASCII 

file that is uploaded to the EcoMapper via a wireless 

interface prior to the mission’s start. Once the vehicle has 

started its mission, it operates independently and uses 

GPS waypoints and DVL navigation to complete its pre-

programmed course. Throughout the course, the vehicle 

constantly steers toward the line drawn in the mission 

planning software and essentially follows more accurate 

course of coordinates instead of traversing waypoint-to-

waypoint. Upon completing its mission, the vehicle uses 

Windows Remote Desktop to relay the collected data via 

a WiFi connection, which is facilitated by the Communi-

cations Box, to the user’s computer. 

Two missions in total were planned for Batizovske pleso. 

First mission were planned in transverse direction and 

second mission in longitudinal direction. The navigation 

path was created by linking 61 waypoints for the first 

mission and 53 waypoints for the second mission (Table 

1). The average vehicle speed was set to 3.7 km/hour and 

the acquisition frequency to 1 point per second, resulting 

in 7,886 points. Total length of both survey missions was 

7493 m and duration 121 minutes. The position fixing 

was guaranteed by an average of nine satellites. 

In addition a combination of GNSS Stonex S9II and 

control unit Ashtech Mobile Mapper 100 was used for 

the data collecting of the Batizovske pleso shore line and 

the  altitude  of  the  lake  surface.  Phase  measurements  

 

 

 
 

Fig. 2.  Mission planning in software program Vector Map. 

 

 

Table 1.  Type of performed mission for location Batizovske pleso and measured parameters 

No. of mission 
No. of 

waypoint 

Total length of survey 

[m] 

Duration 

[min] 

No. of measured 

points 

Mission 1 (EcoMapper) 69 3487 56:29:00 4177 

Mission 2 (EcoMapper 53 4006 64:54:00 3709 

GNSS (Stonex SII) - - - 142 
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SKPOS were used for higher accuracy. SKPOS service 

provides differential corrections for real-time phase 

measurements (RTK) in the virtual reference station 

(VRS) concept. To use this service a dual-frequency 

GNSS receiver is necessary, which is able to process 

RTK corrections in one of RTCM 2.3, RTCM 3.1, 

CMRx, CMR+formats. The service delivers 0.020–0.040 

m level accuracy. During the data collection, only measu-

red parameter which fulfilled the accuracy <0.025 were 

saved. Total number of measured points by GNSS Stonex 

was 142. Trajectory of both mission and measured points 

by EcoMapper and GNSS Stonex shows Fig. 3. 

 

Post-processing 

 

Post processing and data analysis were accomplished 

using Esri’s ArcGIS software. The majority of data 

obtained was in point form and imported as x, y, z files. 

The vertical datum and horizontal projection were 

provided with the metadata and were assigned to 

the ESRI ArcGIS 10.1 working files. The optimum 

gridded resolution was determined based on the density 

of the data. ArcGIS provides advanced and various 

options to interpolate surfaces using two extensions: 

Spatial Analyst and Geostatistical Analyst. Digital 

Elevation Model (DEM) of Batizovske pleso was created 

by geostatistical analyst tool through the Topo to Raster. 

Topo to Raster provides the functionality of incorpo-

rating other types of geographic features, which can 

assist in the creation of a DEM. The parameters required 

for topo to raster are mostly optional to change from 

the default. Spot elevation, contours, cliffs, lakes, coasts 

and other boundary information can be inputted and can 

be utilized in creation of the final raster surface. 

The drainage enforcement within the tool will ensure 

a mostly hydrological correct surface. Overall, these 

interpolation methodologies provide the basic require-

ments of testing the integration of the topographic and 

bathymetric point elevation values in order to create 

a single raster elevation surface (Rodriguez 2015). 
 

Results and discussion 

 

Based on the analysis and post-processing of measured 

data in GIS software ArcGIS 10.1 Digital Elevation 

Models of the lake Batizovske pleso was produced 

(Fig. 4, Fig. 5). The area and volume were calculated 

with the 3-D surface analysis package in ArcGIS 10.1. 

For each altitude, the triangulated irregular network was 

examined to determine the area and volume of each 

triangle contained within the limits of that particular 

altitude. The sum of these triangles is used for the output 

of area and volume (Baskin, 2005). The output from 

the calculations of area and volume is shown in Table 2. 

The calculations of area and volume for the Batizovske 

pleso show the maximum area of 33 011 square meters 

and the maximum volume of 158 787 cubic meters at 

a water-surface altitude of 1 884.7 meters above sea 

level. 

Another  outcome  was  a  comparison  (Table 2)  of  our 

 

 

 
 

Fig. 3.  Trajectory of the survey and measured bottom points. 
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Fig. 4.  Digital elevation model (bathymetry) of the Batizovske pleso. 

 

 

 

Table 2.  Comparison of the survey results performed by Gregor and Pacl (2005) and by our 

measurements in 2018  

Author 
Water surface 

[m a.s.l.] 

Surface 

Area [m2] 

Circumference - 

shape length [m] 

Max. depth 

[m] 

Lake volume 

[m3] 

Gregor, Pacl, (2005) 1884.2 34775 885 10,5 232089 

Our measurements 

(2018) 
1884.7 33011 783 10.4 158787 

 

 

 

 
 

Fig. 5.  3D model of the lake Batizovske pleso. 
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results with 50 year old measurements performed by 

Gregor and Pacl (2005). Differences between lakes 

morphometrical characteristics are mostly in volume 

calculation. The difference at lake volume is very likely 

result of different methods and density of depth measu-

rements. It is very disputable how many depth measu-

rements used Gregor and Pacl to bathymetric maps 

construction. Difference of elevation of water surface is 

0.5 m so differences at calculation of lake area and 

circumference should be caused by different water level 

in lake at the time of both measurements.  

 

Conclusion 

 

The purpose of bathymetric survey is to describe the phy-

sical characteristics of the water body bottom. Bathy-

metric data are used to produce a map showing depth 

contours, underwater structure, maximum and minimum 

depth. Data are used to calculate lake volume and mean 

depth, too. This information is important for under-

standing the ecology of lake systems, evaluating 

the limnology process in lakes or for evaluating habitat 

suitability of lakes for various aquatic species. However, 

gaining access to these data especially from the moun-

tains terrain is often challenging. Significant potential for 

the bathymetric survey mountain lakes is application 

autonomous survey vehicles which are characterized by 

high precession and efficiency of the survey. The survey 

had two objectives: (1): to acquire a modern bathymetric 

dataset of lake Batizovske pleso that can serve as 

a reference for future investigations of the lake dynamics 

and (2) to demonstrate application of Autonomous 

Underwater Vehicle EcoMapper in condition of alpine 

mountain terrain. The outcomes of the bathymetric 

survey in this case study deliver the high precious results 

with utilization of the newest bathymetric instruments 

and post-processing software methods.  
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FIELD STUDY FOR DETERMINE MANNING´S ROUGHNESS  

COEFFICIENT WITH DIFFERENT FLOW CONDITIONS  
 

Schügerl Radoslav 
 

 

Vegetation growing in the water along streams has been the subject of several studies since it was recognized that it could 

have a significant impact on the water flow. It may increase resistance to flow and cause higher water levels. Also, it has 

an effect on the velocity profiles. The purpose of this paper is to investigate, and determine how aquatic vegetation 

influences flow resistance, water depth and discharge in the Malina stream at the Záhorská lowland area. Vegetation 

causes resistance to flow; it reduces flow velocities, discharge and increases water depth. Measurements performed during 

three years at this stream were used for an evaluation of vegetation impact on flow conditions. The Manning´s coefficient 

was used as one way of quantifying this impact. The results show variation of this parameter during the growing season. 

 

KEY WORDS: Manning´s roughness coefficient, flow conditions, water-level, aquatic vegetation 

 

 

 
 

Introduction 

 

Research of the impact of aquatic vegetation is based on 

the investigation of the problem in laboratory conditions 

(Green, 2005; Manes et al., 2011). On the other side, 

examination of the research issues in the field conditions 

is more problematic (Nikora et al., 2008). 

Vegetation affects fluvial processes and is key in current 

river management and river hydraulics. Advances in 

understanding the behavior of flow over vegetation allow 

us to improve both the knowledge of flow-velocity 

profiles and flow resistance (James et al., 2004; Cheng, 

2011; Nehal et al., 2013). 

The flow regime in channels or in surface water at 

lowland territories during the growing season is often 

very strongly influenced by the occurrence of aquatic 

vegetation. From a hydrodynamic point of view, water 

plants alter the size and distribution of flow velocities at 

a large rate; they increase the stream bed roughness and 

decrease the discharge capacity of a stream. As the de-

velopment of water plants progresses, the coefficient of 

roughness value is changed. In general, this parameter 

determines the extent of roughness and impacts the flow 

capacity of channels or watercourses. For correct design 

or computation of flow in an open channel, it is necessary 

to evaluate the channel resistance to flow, which is 

typically represented by a roughness parameter, such as 

Manning’s n (Velísková et al., 2017). Its determination is 

not easy for natural streams, because the characteristics 

of channels and the factors that affect channel capacity 

can vary greatly; furthermore, the combinations of these 

factors are numerous. Therefore, the selection of 

roughness for natural and constructed channels is often 

based on field judgment and personal skill, which are 

acquired mainly through experience. Determination of 

the roughness coefficient n, according a seasonal 

variation, is an important tool in hydraulic modelling (De 

Doncker et al., 2009; Korichi & Hazzab, 2012). 

The aim of this contribution is to demonstrate, on 

the basis of results from experimental field measure-

ments on the Malina stream (Slovakia), how the sprou-

ting of stream bed vegetation influences channel’s flow 

conditions and its capacity. 

 

Theoretical background 

 

In describing the vegetation resistance, differences have 

been made between submerged, emergent, flexible and 

rigid vegetation. It is important to distinguish between 

definitions of the terms ‘roughness’ and ‘resistance’. 

Resistance accounts for the (boundary) turbulence caused 

by surface properties, geometrical boundaries, obstru-

ctions and other factors causing energy losses. Therefore, 

a resistance coefficient reflects the dynamic behaviour in 

terms of momentum or energy losses in resisting the flow 

of the fluid. Here, flow resistance is considered to be 

made up of four parts: skin drag, shape drag, form drag 

and some other factors. 

Roughness reflects the influence of the surface on 

the momentum and energy dissipation in resisting 

the flow of the fluid. Therefore, with a roughness factor 

the actual or effective unevenness of the boundary sur-
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face is meant. Shape drag occurs as a result of 

the geometry of the channel. The flow has a tendency to 

form vortices. Form drag arises because of the form of 

the object. Other factors, which can influence the re-

sistance of the flow are the presence of suspended ma-

terial in the flow, wave and wind resistance from free 

surface distortion etc. 

We know several descriptions to describe the resistance 

of vegetation, ranging from general roughness des-

criptions, to descriptions that account for various ve-

getation characteristics. Roughness description with 

constant roughness coefficient, for example Chézy 

formula, Dardy-Weisbach equation, Manning´s equation 

or roughness coefficient dependent on flow charac-

teristics, for example Strickler and Keulegan approach. 

In addition we know new approach for describe the re-

sistance of vegetation, mainly for flexible submerged 

vegetation (Kutija & Hong, 1996; Stone & Shen, 2002; 

Wilson, 2007). 

Hydraulic resistance can be found in literature as: 

 

Manning´s equation:    v = 
1

𝑛
 𝑅2/3 𝑖𝑜

1/2
                       (1) 

 

Darcy-Weisbach equation:  v = √
8𝑔

𝑓
 √𝑅𝑖𝑜                          (2) 

 

Chézy´s equation:  v = C √𝑅𝑖𝑜               (3) 

 

where 

v  – mean flow velocity [m s-1], 

R – hydraulic radius [m], 

io  – water level slope, 

n  – Manning´s roughness coefficient [s m-1/3], 

g  – gravity acceleration [m s-2], 

C  – Chézy´s coefficient [m1/2 s-1]. 

 

Manning’s equation is the most widely used resistance 

measure among these, in particular with respect to 

vegetated channel. Although it expresses the resistance at 

the reach scale and reflects only the influence of 

the boundary shear on flow depth and averaged velocity, 

Manning’s coefficient n is often used as a lumped 

parameter accounting for all the various influences in 

a river reach. It is commonly estimated through expe-

rience from simple verbal or photograph descriptions of 

channels. A more advanced method is to split channel 

resistance into its component parts, and to determine 

the final value of Manning’s n from knowledge of the se-

parate, smaller scale contributing effects using table. 

The determination of spatial parameters of a stream, such 

as the discharge area, stream bed slope, and hydraulic 

radius, is quite easy, but the stream bed roughness 

assessment could be a problem. During a year, the va-

rious degrees of in-channel sprouting could be found, and 

the different kinds of water plants usually grow up in 

stream cross-section profiles. On small longitudinal slo-

pes, the extension of aquatic vegetation is conditional and 

accordingly, also on small flow velocities. The height of 

the vegetation with respect to the water level is important 

in describing vegetation resistance, because it influences 

the flow velocity profile (Velísková et al., 2017). 

There are many vegetation characteristics that affect 

the hydraulic resistance in vegetated channels. The first 

important vegetation characteristic that affects the flow 

resistance is the geometry of the vegetation itself, con-

cerning the taxonomy of the species as the branching 

index, the density of the shoots, the maximum level of 

growth that each species can reach in a cross section, 

the seasonal presence of the plant. In addition to this, 

there is a hydraulic parameter which considers the cha-

racteristic dimension of the vegetation in relation to flow 

conditions. One of the main problems in vegetated 

channel is the determination of the vegetation height. 

This can be solved if the flexural and drag properties of 

the vegetation are known. Flow over flexible vegetation 

induces bends and reduces the height of the vegetation 

stems. As a result, the flow-vegetation interactions are re-

duced. The vegetation configuration depends on flexural 

rigidity and density of the vegetation itself. These charac-

teristics depend essentially on the species. The blockage 

factor B is the parameter that measures the portion of 

the channel blocked by vegetation, or equivalently 

the proportion of the channel containing vegetation. Se-

veral types of blockage factors have been proposed in 

the literature (Boscolo, 2014). 

All factors mentioned above can be quantified only under 

laboratory conditions. Evaluation of the impact of water 

plants on flow conditions in a lowland stream is compli-

cated. Nevertheless, it is possible to determine the value 

of the roughness coefficient n for a stream reach by using 

the Chézy–Manning equation for steady uniform flow 

condition (Eq. 4): 

 

nm = 
𝐴𝑚 𝑅𝑚

2/3
 𝑖𝑜𝑚

1/2

𝑄𝑚
                                                                                 (4) 

 

where  

io  – water level slope,  

A  – discharge area [m2], 

R  – hydraulic radius [m],  

Q  – discharge [m3 s-1], 

m  – means a measured value.  

 

Material and methods  

 

Field measurements, related to the investigation of 

aquatic vegetation impact on flow in a lowland stream, 

were performed along the Malina stream in the Záhorská 

lowland. Záhorská lowland area – and Malina stream - 

was chosen, it is one of the most productive agricultural 

areas of Slovakia. Malina stream is a sewer river in 

Záhorie low-land, flows through the territory of Malacky 

district. It is a left tributary of Morava river, has a length 

of 47.75 km. Catchment area is 516.6 km² and her 

discharge is 0.828 m3 s-1 in Jakubov village 2.234 m3 s-1 

in the estuary. Four observing cross-section profiles were 

selected along the Malina stream, their locations are 

shown in Fig. 1. Measurement were carried out in the first 

section with distance 1140 meters (from gas profile to 

Suchý stream profile) and in the second section with 

distance 2140 meters (from railway bridge profile to road 

bridge profile). Cross-section profiles parameters 

(channel width, distribution of water depth along 
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the cross-section profile width), water levels (by le-

velling device), discharges and velocity distribution 

along the cross-section profile width (by ADV – Acoustic 

Doppler Velocimeter device Flow Tracker) were 

measured. Measurements were performed in the channel 

segments with steady uniform flow conditions. In 

general, field measurements were done in April, during 

summer time (July–August) and during autumn (Octo-

ber) and winter (November and February). Accordingly, 

we try to detect if any changes occur in different periods 

of the growing season.  

 

Results and discussion 

 

As it was mentioned, there exists a number of ways how 

to evaluate the influence of aquatic vegetation on flow in 

lowland streams. Quantification of the impact of aquatic 

vegetation through the roughness coefficient is one of 

the practically suitable methods. This roughness coef-

ficient represents a parameter influencing discharge 

capacity of streams. Ranges of measured data from each 

year are condensed in Table 1 for section 1 (from gas 

profile to Suchý stream profile) and Table 2 for section 2 

(from railway bridge profile to road bridge profile). 

Tables contain mean flow velocity (v), discharge area 

(A), wetted perimeter (l), hydraulic radius (R), water level 

change (∆h), water level slope (io) and Manning´s 

roughness coefficient (n). 

The roughness coefficient value in the sprouted stream 

bed is changing during the growing season depending on 

aquatic vegetation growth. In consequence of raised 

roughness, the velocity profile is changing and thereafter 

the discharge capacities are also changed. The rate of 

the vegetations impact on flow regime during the vege-

tation season differed in each year. The reason is that 

each year had different climatic conditions, which stimu-

lated aquatic vegetation growth to a different extent. 

Furthermore, the activities concerning the maintenance 

of the channel network (mowing, water level regulation, 

etc.) also influenced the degree of aquatic vegetation 

growth, as it was mentioned above. For example, in 

the third year of observation, the differences of n values 

along the channel varied in the most extensive range 

(0.021–0.195) for the first section, for the second sector 

the differences of n values along the channel varied in 

the most extensive range (0.020–0.138 vs. 0.015–0.133) 

in the second and third year. 

Aquatic vegetation recording by means of camera during 

the year 2018 (april vs. august) are shown in Fig. 4 (gas 

profile) and Fig. 5 (railway bridge profile). The mean 

flow velocity values decrease with increasing roughness 

coefficient and are lower during the summer season than 

during spring or autumn for the same discharge sub-

range. 

Value of Manning´s roughness coefficient by Chow 

(1959) belong to channels not maintained, weeds and 

brush uncut with dense weeds, high as flow depth is from 

0.050 to 0.120 or with dense brush, high stage is from 

0.080 to 0.140. Calculated datas are in the our case is 

higher. 

Change of discharge and water-level during three years 

for section one (from gas profile to Suchý stream profile) 

and section two (from railway bridge profile to road 

bridge profile) are shown in Fig. 2 and Fig. 3. Ranges of 

measured data for section 1 and section 2 are condensed 

in Table. The results show, that when is recorded biggest 

discharge value, then water-level value is smallest (for all 

measured cross-section profile). On the other side, when 

discharge value is smallest, water-level value is not 

biggest. 

Figure 4 and figure 5 show growing of aquatic vegetation 

in the Malina stream during the season from april 2018 

and from august 2018 (figure 4 for gas profile and figure 

5 for railway bridge profile). 

 

 

 

 
 

Fig. 1.  Location of observed cross-section profiles along the Malina stream. 
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Table 1.  Summary of measured and calculated data of first section experiment (from gas 

profile to Suchý stream profile) 

Date of 

measur. 

gas profile Suchý stream profile 
∆h [m] io n 

v [m s-1] A[m2] l [m] R [m] v [m s-1] A[m2] l [m] R [m] 

08/2016 0.095 4.09 5.8 0.705 0.091 3.75 6.49 0.578 0.048 0.000422 0.156 

11/2016 0.153 3.96 6.7 0.59 0.158 2.52 6.59 0.382 0.028 0.000246 0.052 

02/2017 0.315 2.92 5.67 0.515 0.351 2.62 6.8 0.385 0.014 0.000128 0.017 

07/2017 0.061 2.83 5.64 0.502 0.059 2.39 6.31 0.379 0.020 0.000171 0.115 

04/2018 0.221 1.46 5.08 0.287 0.262 1.25 5.91 0.211 0.029 0.000257 0.021 

08/2018 0.052 3.73 5.99 0.622 0.045 4.22 8.55 0.493 0.023 0.000198 0.195 

12/2018 0.128 3.58 6.32 0.566 0.35 2.71 6.63 0.408 0.035 0.000309 0.027 

04/2019 0.201 2.71 5.35 0.505 0.375 1.45 5.79 0.25 0.056 0.000492 0.023 

 

 

Table 2.  Summary of measured and calculated data of second section experiment (from 

railway bridge profile to road bridge profile) 

Date of 

measur. 

railway bridge profile road bridge profile 
∆h [m] io n 

v [m s-1] A[m2] l [m] R [m] v [m s-1] A[m2] l [m] R [m] 

08/2016 0.096 4.24 6.21 0.632 0.085 3.341 7.108 0.471 0.056 0.000263 0.115 

11/2016 0.15 4.74 6.46 0.733 0.188 3.86 8.466 0.455 0.065 0.000303 0.054 

02/2017 0.401 2.79 6.03 0.463 0.393 2.928 5.824 0.502 0.036 0.000169 0.020 

07/2017 0.069 2.57 6.35 0.404 0.059 3.021 6.508 0.464 0.040 0.000185 0.138 

04/2018 0.243 1.52 6.01 0.253 0.239 1.708 7.456 0.229 0.021 0.000011 0.015 

08/2018 0.047 4.102 7.79 0.526 0.052 3.668 9.044 0.405 0.034 0.000016 0.133 

12/2018 0.131 3.714 6.31 0.588 0.14 3.519 7.604 0.462 0.045 0.000211 0.061 

04/2019 0.248 2.295 6.71 0.342 0.283 2.045 6.627 0.307 0.068 0.000318 0.028 

 

 

 
 

Fig. 2.  Change of discharge and water-level of the Malina stream during three years 

for section one. 

 

 
 

Fig. 3.  Change of discharge and water-level of the Malina stream during three years 

for section two. 
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Table 3.  Summary of measured data of the discharge and water-level on the four cross-

section profile 

Date of 

measur. 

gas profile Suchý stream profile railway bridge profile road bridge profile 

Q [m3 s-1] 
w-l 

[m a.s.l.] 
Q [m3 s-1] 

w-l 

[m a.s.l.] 
Q [m3 s-1] 

w-l 

[m a.s.l.] 
Q [m3 s-1] 

w-l 

[m a.s.l.] 

08/2016 0.384 141.559 0.408 141.077 0.418 141.077 0.486 140.514 

11/2016 0.609 141.260 0.633 140.979 0.714 140.979 0.726 140.331 

02/2017 0.929 140.910 0.949 140.764 1.117 140.621 1.165 140.260 

07/2017 0.161 140.981 0.175 140.785 0.177 140.721 0.182 140.325 

04/2018 0.323 141.304 0.328 141.010 0.370 140.942 0.409 140.727 

08/2018 0.201 141.415 0.191 141.189 0.194 141.003 0.193 140.661 

12/2018 0.451 141.350 0.486 140.997 0.513 140.745 0.476 140.293 

04/2019 0.511 141.282 0.543 140.815 0.572 140.646 0.583 140.281 

 

 

    
 

Fig. 4. Aquatic vegetation in the Malina stream during season (april 2018 versus 

august 2018) –gas profile.  

 

 

    
 

Fig. 5. Aquatic vegetation in the Malina stream during season (april 2018 versus 

august 2018)–railway bridge profile. 
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Conclusion 

 

Vegetation in natural streams influences the flow field 

and related characteristics and phenomena, such as 

discharge capacity, velocity profile, roughness, but also 

erosion and sedimentation, pollutant transport and water 

biota. The aim of this paper was to investigate and 

determine the impact rate of aquatic vegetation on flow 

conditions, based on field measurements along the Mali-

na stream. The roughness coefficient n was used as a way 

of quantifying the impact. A summary of relevant measu-

red and calculated values is given in Tables 1 and 3. 

An analysis of the obtained data revealed that 

the roughness coefficient value changes during the gro-

wing season. A consequence of vegetation growth in 

the channel is a changing velocity profile and water level. 

The rate of these hydraulic parameters divergences, in 

comparison to summer and non-summer seasons, de-

creases with increasing discharge. The analyses of 

measured data showed and confirmed the complexity of 

the impact of in-channel vegetation on stream flow, and 

the necessity to continue investigation into this problem. 
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TRANSFORMATION OF BED SILTS ALONG LOWLAND  

CHANNEL GABČÍKOVO-TOPOĽNÍKY AND COMPARISON OF THEIR  

SATURATED HYDRAULIC CONDUCTIVITY VALUES 
 

Renáta Dulovičová 
 

 

This contribution deals with the evaluation of bed silts permeability on channel Gabčíkovo-Topoľníky (G-T channel), the 

one from three great channels of channel network at Žitný ostrov (ŽO). The bed silts permeability in ŽO channel network 

significantly impacts on mutual interaction between channel network and groundwater at ŽO and it is expressed by 

parameter their saturated hydraulic conductivity (SHC). The paper compares the values of bed silts SHC which were 

extracted from G-T channel during period 1993–2018. The bed silts were extracted and obtained by two ways, as a 

disturbed samples and as an undisturbed samples. From disturbed samples on G-T channel were obtained bed silts SHC 

calculated according to empirical formulas of Bayer-Schweiger and Špaček, the valid values of SHC – Kp reached from 

4.3 10-07–4.5 10-05 m s-1. From undisturbed samples of silts which were extracted along G-T channel from top, middle and 

bottom layer of silts, were determined the values SHC – Kn by measurement in laboratory – by the laboratory falling head 

method. The acquired values Kn for G-T channel reach from 5.2 10-08–4.2 10-03 m s-1. The current state of longitudinal 

distribution of bed silts SHC along the G-T channel was demonstrated as numerically and graphically, too. 

 

KEY WORDS: channel network, bed silts, granularity, silt permeability, saturated hydraulic conductivity 

 

 

 
 

Introduction 

 

The area of ŽO formed as a flat plain with only small 

differences in altitude. Its surface decreases in 

the southeast direction. Its average slope is about 0.25‰ 

and it was one of the reasons for building channel 

network here (as a drainage system) – Fig. 1 and therefore 

is ŽO densely interlocked by quantity of channels. 

The longitudinal slopes of these channels are also very 

small forasmuch as whole area of ŽO has very little 

slopes. This fact had impact to production of silts on 

the channel bottom. These silts has been created by wash 

out from adjacent territory in consequence manipulation 

with the existing structures at channel network and also 

from decomposition of water vegetation. The thickness 

and structure of bed silts are factors which influence 

the groundwater and channel network interaction. 

Therefore was checked up the impact of channel network 

silting up on it and determined necessary characteristic – 

the permeability of silts expressed by its saturated 

hydraulic conductivity.  

This paper deals with results of field measurements on   

G-T channel in the period from 1993 to 2018 with aim to 

sketch the current state of silting up at this channel, its 

influence to interaction between channel and ground-

water and to compare the results obtained by two ways of  

bed silts extraction (disturbed and undisturbed samples). 

 

Material and methods  

 

Groundwater at ŽO is strongly related to water regime of 

channel network. The problem of water level regulation 

at this area is complex. Therefore, many specialists were 

interested in solution of it (Kosorin, K. 1997; Burger and 

Čelková, 2004; Mucha, Šestakov, 1983; Mucha et al., 

2006; Štekauerová et al., 2009; Baroková and Šoltész, 

2011; Baroková and Šoltész, 2014; etc.). Channels, 

manipulating objects and pumping stations as basic 

elements of this channel network allow to control water 

level in channels to achieve optimal position of 

groundwater table during vegetation period when water 

vegetation affects flow conditions in channels. 

The G-T channel is the biggest one from three main 

channels of the channel network at ŽO (besides Chotárny 

and Komárňanský channel) – see Fig.1 (right) and Fig. 2. 

G-T channel was built primary for drainage, now it is 

used also for irrigation function. The length of the G-T 

channel is about 30 km. Its width oscillated between 8–

17 m during monitored period, the last measurements of 

channel depth registered maximal values up to 2.6 m 

(according to located cross-section profiles). The values 

of  saturated  hydraulic  conductivity  in  aquifers  nearby 
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Fig. 1.  Situation of ŽO (left), scheme of channel network at ŽO (right): 1 – Danube; 

2 – Small Danube; 3 – channel Gabčíkovo–Topoľníky; 4 – Chotárny channel; 5 – 

Čalovo–Holiare–Kosihy; 6 – Aszód–Čergov; 7 – Čergov–Komárno; 8 – Dudváh; 9 – 

Komárňanský channel. 

 

 

 
 

Fig. 2.  Position of G-T channel. 

 

 

 

this channel kfp are 0.55–7.3 10-3 m s-1 (Mišigová, 1988). 

The first measurements of silting up at ŽO channel 

network were performed in 1993, at first from 

the displaceable inflatable dinghy with special 

equipments – first by simple drill hole, then by echo-

sounder Lowrance HDS-10 and EA400/SP – see at 

Fig. 3. The measurements were performed along 

the whole length of the G-T channel. The distance of 

cross-sections along the channel varied between 1.0–1.5 

km. In all channel cross-section profiles there was 

measured the water depth and silt thickness with step 

1.0–2.0 m along the channel width. The measurements of 

channels silting up are restated periodically from 2004 up 

to now. 

From 2004 were started measurements with the ex-

traction of silts in single channel cross-section profiles. 

The extraction of silt samples was performed by two sorts 

of equipment – by auger (as disturbed samples of silts) 

and by sediment beeker sampler (also as undisturbed 

samples of silts) – Fig. 4. It was need for determination 

of bed silts granularity and consecutively for deter-

mination of saturated hydraulic conductivity value of bed 

silts. The silt samples were extracted from top, middle 

and bottom layer of silt. 
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Fig. 3.  Equipments for measurement of silt thickness – drill hole probe (up), echo-

sounder Lowrance HDS-10 (left down) and EA400/SP (right down). 

 

 

 
 

Fig. 4.  Measuring equipment for silt samples extraction in 1993–2014 – auger (up) 

and beeker sampler (down). 

 

 

 

Saturated hydraulic conductivity of bed silts 

 

As was mentioned, the silt samples were extracted as 

disturbed and as undisturbed samples. The values of 

saturated hydraulic conductivity (SHC) from disturbed 

samples of silts were calculated by empirical formulas 

coming out from granularity curves. The several 

empirical relationships for determination of SHC from 

granularity of silts exist, but we had applied them very 

carefully for their limited validity. As we could take 

disturbed samples of silts, we could apply only 

the relationships by Beyer-Schweiger and Špaček 

(Špaček, 1987). These relationships are functions of 

d10 – particle diameter in 10% of soil mass [m] and 

d60 – particle diameter in 60% of soil mass [m]. Both of 

them were determined from granularity curves of the 

extracted silts. The formulas of Beyer-Schweiger and 

Špaček were used for assessment of SHC from disturbed 

samples from G-T channel – Kp: 

 

Beyer-Schweiger formula [m.s-1] 

 

 210

6105.7 dCK p                    (1) 
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d10 – particle diameter in 10% of soil mass [m]  

d60 – particle diameter in 60% of soil mass [m]  
 

and conditions of validity are: 
 

6.006.0 10  d ; 201
10
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d

d  

 

Špaček formulas [m d-1] 
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where  

conditions of validity for application of eq. (2) are: 

1.  d
10

 < 0.01mm 

or  

2. 
106010 5765.00576.013.001.0 ddd   

 

conditions of validity for application of eq. (3) are: 

1.    
mm0.1310 d  

or  

2.    
106010 5765.00576.013.001.0 ddd   

 

The values of SHC from disturbed samples Kp along 

the G-T channel are summed and marked in Table 1. 

 

In 2014–2016 we were able to extract also some 

undisturbed samples of silts (by beeker sampler). These 

undisturbed samples were transposed from extracting 

cylinder of sediment beeker sampler to sampling tube and 

then were assessed the values of SHC by direct 

measurement in laboratory – falling head method. There 

was used simplified equipment for measuring of SHC 

from undisturbed samples – see Fig. 5 (methodology of 

measurement and  calculation is described  e.g.  Šurda et  

al., 2013; Dulovičová et al., 2016, 2018, etc.). 

The relation for calculation of average SHC according to 

scheme on Fig. 5. (Šurda et al., 2013), is: 

 

Kpriem = 
𝑙

∆𝑡
 ln 

ℎ2

ℎ1
  [cm s-1]                  (4) 

 
where  

Kpriem– saturated hydraulic conductivity of undisturbed 

samples,  

l        – height of sample,  

h1, h2 – see at Fig. 5. 

 

Based on this relation were determined the values of silts 

SHC as undisturbed samples extracted from selected 

cross-section profiles of G-T channel during 2018. 

The values of SHC from undisturbed samples Kn along 

the G-T channel are summed and marked in Table 2. 

 

Results and discussion 

 

The area of ŽO is very flat and flow velocities in 

the channels are very slow. This was main reason of silts 

deposition. Its distribution along the channel depends 

also on flow conditions in channels junction. As logically 

expected, most of the silts deposited at the bottom of 

the channel and much less was observed at the sides. 

Otherwise the data does not seem to show clear and 

simple relationship between the silt thickness and any of 

variables which we believed would influence the silt 

depositions. The deposition of the silts is certainly 

attributed the low velocities in the channel. At the same 

time, the velocities do not seem to control whether 

the heaviest deposition of the silts occurred in the down-

stream, middle or upstream segments of the channel. It 

was confirmed that primarily the low velocities 

influenced the silt depositions, then also in consequence 

manipulation with the existing structures at channel 

network and also from decomposition of water vegetation 

and its successive deposition. We started to measure also 

the velocities and discharges from 2016 during our field 

measurements of channels silting up – by using the River  

 

 

 
 

Fig. 5.  Simplified equipment for measuring saturated hydraulic conductivity of 

undisturbed sample (Šurda et al., 2013). 1 – sampling tube, 2 – filter paper and woven 

wired sieve, 3 – Petri dish, 4 – extension piece, 5 – confining ring. 
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Surveyor S5/M9 from SONTEK. The files from these 

measurements confirmed that the velocities (measured in 

9 points of channel cross-sections) are very low.  

Even at some places where the channel was overgrown 

by very wild vegetation also inside the channel (under 

water level) then was impracticable to gauge this 

parameter. The solution of this question (the values of 

velocities and discharges in channel) will be subject of 

another scientific contribution which will deal with silt 

depositions and from that reason I do not mention about 

the exact velocity values in this paper. 

We assumed the smaller amounts of the silt deposition in 

the upstream and downstream parts of the G-T channel 

(by manipulating with pumping station) and larger 

amounts in the middle part and we assumed this increase 

to be gradual and linear. These assumptions were 

confirmed in part. The largest silt thicknesses on G-T 

channel during monitored period 1993 to 2018 were 

noticed in its middle parts – Fig. 6. 

 

Results of SHC from disturbed samples of silts 

 

Silts permeability, expressed as SHC value, was 

calculated for disturbed samples of silts through relation-

ships of Beyer-Schweiger and Špaček. Each of them 

determines SHC as a function of d10 – particle diameter 

in 10% of soil mass and d60 – particle diameter in 60% of 

soil mass because conditions of validity for application 

of these formulas also depend on value of d10 and d60. 

The characteristics d10 and d60 were determined for top, 

middle and bottom layer of silt samples. The valid values 

of silts SHC on G-T channel ranged 4.3 10-07 – 4.5 10-05 

m s-1. In comparison with SHC values of surrounding 

aquifer Kfp near G-P channel the values of silts SHC are 

severalfold lower. 

From comparison of structure of extracted silt samples in 

its single layers (top, middle and bottom) during period 

2004 to 2014 we saw (according Table 1) that in 2004 

the structure of silt samples in bottom and top layer was 

same – loamy sand. In 2008 on this place the structure of 

silt sample in middle layer has been changed from loamy 

sand, sandy loam, loam to clay loam, together 

the calculated valid values of SHC decreased to 10-07. In 

2014 the structure of silt samples has been changed from 

sand and sandy loam in top layer through sandy loam, 

loam and clay loam in the middle layer right to sandy 

loam and clay loam in bottom layer of silt samples. As is 

evident from next values in Table 1, the calculated valid 

values of SHC along the G-T channel have been changed 

from 2004 to 2014 from 10-05 to 10-07. 

 

Results of SHC from undisturbed samples of silts 

 

The values of silts SHC from undisturbed samples Kn 

extracted from selected cross-section profiles of G-T 

channel during 2018 were determined on the base of 

relation (4) according to scheme on Fig. 5. The valid 

values of silts SHC on G-T channel Kn ranged 5.2 10-08–

4.2.10-03 m s-1. In comparison with SHC values of 

surrounding aquifer Kfp near G-P channel the values of 

silts SHC from undisturbed samples are also severalfold 

lower. 

The another values Kn along the G-T channel shows 

Table 2.  

At comparison of structure of undisturbed silt samples in 

its single layers it notes that the differences between top, 

middle and bottom layer are nearly inconsiderable – 

the values 10-06 10-07 predominates in all three layers. 

Furthermore we tried to compare the values of SHC for 

disturbed a undisturbed samples of bed silts on G-T 

channel. The remarkable results came up from this 

comparison. As was mentioned before the values of SHC 

from disturbed samples on G-T channel Kp run into 10-07 

to 10-05, over against the values of SHC from undisturbed 

samples Kn run into 10-08 to 10-03. This fact confirmed our 

assumption that the values from undisturbed samples Kn 

will be lower than the values from disturbed samples Kp, 

they tenfold decreased. At comparison of single layers of 

silts, extracted as disturbed and undisturbed samples, we 

identify that between top, middle and bottom layers did 

not appear considerably noticeable differences. They 

were similar, practically comparable as demonstrates 

Table 1 and 2 (besides occasional cases). The order of 

magnitude ranged predominant from 10-06 to 10-07. 

The graphical interpretation of comparison results is 

shown on Fig. 7. 

 

 

 
 

Fig. 6.  Average silt thicknesses along G-T channel in 1993–2018. 
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Table 1.  Gabčíkovo-Topoľníky channel – valid values of Kp from disturbed samples of 

silts in year 2004–2014 

Channel: Gabčíkovo – Topoľníky 
Year: 2004 

Channel distance 

[km] 

Silt layer Type of sample Saturated hydraulic conductivity Kp [m s-1] 

Bayer-Schweiger Špaček I. Špaček II. 

26.0 top – LS disturbed - - 2.7 10-06- 

bottom – LS - - 7.6 10-06 

Year: 2008 

Channel distance 

[km] 

Silt layer Type of sample Saturated hydraulic conductivity Kp [m s-1] 

Bayer-Schweiger Špaček I. Špaček II. 

8.0 middle – LS  

 

disturbed 

- - 2.6 10-06 

12.0 middle – SL - 1.2 10-06 - 

15.0 middle – SL - 1.3 10-06 - 

20.0 middle – L - 8.5 10-07 - 

26.0 middle – CL - 5.9 10-07 - 

28.9 middle – CL - 4.6 10-07 - 

Year: 2014 

Channel distance 

[km] 

Silt layer Type of sample Saturated hydraulic conductivity Kp [m s-1] 

Bayer-Schweiger Špaček I. Špaček II. 

1.0 top – S  

 

 

 

 

 

 

 

disturbed 

 

 

 

 

 

 

 

 

disturbed 

 

 

 

 

 

 

 

 

disturbed 

 

4.5 10-05 - 4.3 10-05 

7.0 top – CL - - 1.3 10-05 

bottom – CL - - 1.9 10-06 

8.0 top – S 4.3 10-05 - 3.8 10-05 

middle – S - - 1.7 10-05 

bottom – CL - 4.3 10-07 - 

11.0 top – S - - 1.5 10-05 

bottom – S - - 1.3 10-05 

12.0 top – SL - 6.9 10-07 - 

middle – SL - 1.0 10-06 - 

bottom – SL - 1.0 10-06 - 

13.0 top – SL - 8.8 10-07 - 

middle – SL - 9.1 10-07 - 

bottom – SL - 6.5 10-07 - 

17.0 top – LS - - 3.7 10-06 

19.0 top – SL - 1.0 10-06 - 

middle – SL - 9.1 10-07 - 

bottom – SL - - 1.7 10-06 

21.0 top – L - 1.0 10-06 - 

middle – L - 1.1 10-06 - 

bottom – SL - 7.0 10-06 - 

22.0 top – SL - 1.2 10-06 - 

middle – SL - 1.2 10-06 - 

bottom – LS - 2.1 10-06 - 

24.0 top – SL - - 2.3 10-06 

middle – SL - - 1.3 10-06 

bottom – SL - 1.5 10-06 - 

25.0 top – SL - - 3.0 10-06 

bottom – SL - - 8.4 10-06 

26.0 top – CL - 4.9 10-07 - 

middle – LS - 2.0 10-06 - 

bottom – S 3.1 10-05 - 2.1 10-05 

28.0 bottom – CL - 4.4 10-07 - 

LS – loamy sand; SL – sandy loam; S – sand; CL – clay loam; L – loam 

– unkept conditions of validity 

 

 

 

Conclusion 

 

Aim of this paper was to evaluate the influence of silt 

permeability to mutual interaction between surface water 

of channel system and nearby groundwater on ŽO, 

exactly to the G-T channel and its surroundings. 

The permeability of silts is expressed by SHC of silts and 

it was reason why we wanted to know how this parameter 

has modified along the G-T channel during monitored 

period from 1993 to 2018. According to results of 

distribution of average silts thickness along the G-T 

channel in period 1993 to 2018 (Fig. 6) is evident that 
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silting up of G-T channel has been changed, the biggest 

one was in the middle part and it was also transposing 

during monitored period (2014–2018 in comparison by 

1993). 

The SHC values of silts were calculated by two ways as 

bed silts were extracted and obtained as disturbed 

samples and as undisturbed samples from top, middle and 

bottom layer of silts. From disturbed samples in G-T 

channel were obtained SHC values of bed silts calculated 

according to Bayer-Schweiger and Špaček formulas and 

they are presented in Table 1, the valid values Kp reach 

from 4.3 10-07–4.5 10-05 m s-1. From undisturbed samples 

of silts which were extracted along G-T channel, were 

determined values of SHC Kn by falling head method and 

they are demonstrated in Table 2. The values Kn for G-T 

channel reached values from 5.2 10-08–4.2 10-03 m s-1. 

The extant silting up by fine-grained silt substances along 

this channel at time caused that the less permeable 

channel bottom has been gradually created. This 

“clogging of channel bottom” can affect adversely to 

the interaction between surface water in channel and 

groundwater in its surroundings, because it reduces 

the exchange of water amounts between them (this 

reduction could have adverse impact during 

the hydrological extremes). 

The information about silting up of G-T channel, 

supplemented by SHC values of silts, will be helpful for 

regulation of groundwater level in surroundings of this 

channel and they are very useful for plant water 

supplying. The SHC characteristics were used also for 

simulation of interaction between channel network and 

groundwater at ŽO area and for determination of surface 

water impact on reserves of soil water at this area. 
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Table 2.  Gabčíkovo-Topoľníky channel – valid values of Kn from undisturbed samples of 

silts in year 2018 

Channel: Gabčíkovo-Topoľníky 

Year: 2018 

Channel distance [km] Silt layer Type of sample SHC – Kn [m s-1] 

1.0 top  

 

 

undisturbed 

 

 

 

 

 

 

 

 

undisturbed 

1.6 10-06 

middle 
1.3 10-06 

bottom 
1.0 10-06 

12.0 top 
2.6 10-07 

middle 
1.6 10-07 

bottom 
2.4 10-06 

14.0 top 
8.7 10-07 

middle 
2.1 10-06 

bottom 
3.5 10-06 

19.0 top 
4.6 10-06 

middle 
5.8 10-05 

bottom 
4.2 10-03 

23.0 top 
1.9 10-07 

middle 
3.7 10-07 

bottom 
1.8 10-07 

23.5 top 
3.2 10-07 

26.0 top 
5.2 10-08 

middle 
2.2 10-07 

bottom 
2.3  10-06 

28.0 top 
1.1 10-07 

bottom 
1.6 10-07 
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Fig. 7.  Graphic representation of longitudinal distribution of silt saturated hydraulic 

conductivity values on G-T channel - comparison for disturbed (up) and undisturbed 

(down) samples. 
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WATER BALANCE ESTIMATION UNDER A CHANGING  

CLIMATE IN THE TURIEC RIVER BASIN 
 

Peter Rončák, Peter Šurda 
 

 

The article deals with the estimation of water balance components under a changing climate in selected catchments in 

Slovakia. Climate change has a significant impact on the hydrological cycle and water resources. In this research, the GIS-

based, spatially distributed WetSpa rainfall-runoff model was used to simulate mean daily discharges in the outlet of 

the basin as well as the individual components of the water balance. The WetSpa model simulations are often used to 

evaluate the impact of changes on the generation of runoff and water balance. The parameters of the model were estimated 

using climate data and three digital map layers: a land-use map, soil map and digital elevation model. In this research, 

the KNMI and MPI regional models with SRES A1B (moderate) emission scenario were used. Outputs from the KNMI 

and MPI climate scenarios (as input data) were used to estimated future behavior of characteristics of water balance as 

an actual evapotranspiration and soil moisture. The results showed an increase of actual evapotranspiration and decrease 

of soil moisture in future horizons in comparison with the reference period of 1981–2010. 

 

KEY WORDS: water balance, climate change scenarios, rainfall-runoff modelling 

 

 

 
 

Introduction 

 

Climate change is a phenomenon that deals with 

countless numbers of scientific researches. Problematic 

changes in runoff conditions due to climate change are 

currently one of the main sources of uncertainty in 

the long-term planning of water resources and flood 

protection. The problematics of climate change have also 

been dealt with by several authors from Slovakia 

(Rončák et al., 2016). Changing the environment (inclu-

ding changing land use and climate change) and its 

impact on water resources has been a relatively hot topic 

in recent years. The direct or indirect consequences on 

the hydrological regime due to changes in land use and 

climate have undoubtedly contributed to problems such 

as water scarcity, proliferation of lightning floods, or 

damage caused by massive deforestation. Rainfall-runoff 

models are often used as a tool for assessing the impacts 

of climate and land use change on the hydrological cycle. 

While modeling of climate change can be used especially 

for conceptual rainfall-runoff models, simulating 

the influence of land use change on the runoff processes 

in the river basin requires models with spatially 

distributed parameters. The climate change is caused by 

increasing concentrations of greenhouse gases in 

the atmosphere may affect the hydrological cycle and 

human availability of water and therefore affect agri-

culture, forestry and other industries (Rind et al., 1992). 

Changes  in   the  hydrological  cycle  may  cause  more 

incidence of floods in some areas. 

Actual evapotranspiration and soil moisture are im-

portant in many hydrological conditions. Actual evapo-

transpiration, reflects complex interactions between 

climate, vegetation, soil and catchment hydrological 

processes (Donohue et al., 2006), and is one of the most 

important variables to diagnose the changes of water 

regime in the basin scale (Liu and Yang, 2010). Soil 

moisture has an important effect on the partitioning of 

precipitation in surface runoff, infiltration and ground-

water recharge, and is also a key factor for plant growth, 

land degradation, flood generation and drought 

mitigation (Tavakoli and De Smedt, 2013). Decreasing of 

soil moisture may causes generation of floods as 

a principal soil threat and soil erosion as an additional 

soil threat mainly on arable lands of hillslope areas 

(Hlavčová et al., 2019). 

Particularly interesting, as important indicators of global 

warming, are the projected trends of climate variables 

such as temperature and rainfall on the Central Europe 

area. Not only in this region, annual mean temperatures 

will rise and the warming is likely to be largest in summer 

(Christensen et al., 2013). Moreover, the majority of 

the general circulation models (GCMs) foresee an in-

crease, in frequency, of extreme daily precipitation, 

despite a decrease in total values. Thus, this tendency can 

lead to longer dry periods, increasing the risks of 

droughts, interrupted by extreme intense precipitation, 

enhancing the flood risk (Ayanshola et al., 2018; Wani et 
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al., 2017; Bates et al., 2008). Average runoff in Slovakian 

rivers is projected to decrease with increasing tempe-

ratures and decreasing precipitation. In particular, some 

river basins may see decreases below today's levels in 

the future. 

Distributed hydrological models (spatially distributed 

models) take into account the spatial variability of 

atmospheric processes and the physical-geographic 

characteristics of river basins that control rainfall-runoff 

processes. In this paper, we are focusing on a physically 

based model with spatially distributed parameters. These 

models are based on a physical description of rainfall-

runoff processes and seek to respect the laws of 

conservation of matter, momentum and energy. 

The physically based distributed hydrological models are 

directly capable using geospatial information. 

The intense development of computer programs 

promotes the ability to exploit the rich content of 

information describing land use or soil moisture. Physi-

cally-based distributed models are a constantly evolving 

tool in the hydrology, particularly in the flood protection, 

or the estimation of the impact of climate and land use 

change on the runoff processes. Conceptual models are 

also used to estimate the impact of climate change on 

components of water balance (Sleziak et al., 2016). 

In this paper we evaluated the possible impacts of climate 

change on the components of water balance in the selec-

ted river basins, where the simulation of future changes 

in rainfall-runoff processes were based on the outputs of 

the KNMI and MPI regional climate models (RCMs). 

Data and methodology 

 

In this research the WetSpa model was used for 

estimating the impact of global climate change on 

the components of water balance in the selected river 

basins in Slovakia. This work contains scenarios of 

global climate change. Outputs from the KNMI and MPI 

climate scenarios were used to simulation components of 

water balance. Both types of scenarios of changes were 

prepared, and the components of water balance under 

the new conditions was simulated. Then, the calculation 

of actual evapotranspiration and soil moisture were 

made. After that, we compared the components of water 

balance between the reference period 1981–2010 and 

the climate change scenarios. 

 

Rainfall-runoff model 

 

For simulations of water balance components under 

changed conditions, the distributed rainfall-runoff 

WetSpa model was used (Rončák et al., 2016). This 

research was made for 5 selected basins in Slovakia. For 

this paper the Turiec River catchment was chosen as 

example (Fig. 1). 

The model uses geospatially referenced data as the input 

for deriving the model parameters, which includes most 

data types supported by ArcGIS, such as coverage, shape 

files, grids and ASCII files. An image can be used for 

reference within a view, but is not used directly by 

the model. Digital maps of the topography, land use and  

 

 

 
 

Fig. 1.  The location of the selected catchments within Slovakia. 
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soil types are the 3 base maps used in the model, while 

other digital data are optional, depending upon the data 

available, the purpose, and the accuracy requirements of 

the project (Wang et al., 1996). The following hydro-

meteorological data were used in the model: daily pre-

cipitation totals from spot measurements at 17 stations, 

and the average daily values for the air temperature at 5 

climatological stations. The flow data consisted of 

the average daily flows at the Turiec-Martin profile. 

The calibration period was from 1981–1995. Twelve 

parameters for which a range of admissible values set 

were optimized. 

 

The climate change scenarios 

 

Climate scenarios Dutch KNMI (with A1B emission 

scenario) and German MPI (with A1B emission scenario) 

were used for this research. These regional circulation 

models take over boundary conditions for the solution of 

equations from the outputs of ECHAM5 global model. 

Both models are coupled, i.e., atmosphere-ocean circu-

lation models with greenhouse gasses and aerosols 

influence on change in radiative forcing. The latest 

climate change scenarios for the territory of Slovakia 

were processed on the basis of outputs from climatic 

atmospheric models at the Department of Astronomy, 

Earth Physics and Meteorology at the Faculty of 

Mathematics, Physics and Informatics of Comenius 

University (Lapin et al., 2012). 

Table 1 illustrates the long-term mean monthly values of 

the air temperatures and precipitation for the reference 

period 1981–2010 in the Turiec River basin and their 

differences for the three future time horizons according 

to the KNMI and MPI regional climate change scenarios. 

According to the individual climatic models, as seen in 

Table 1, a decrease in mean monthly precipitation in 

the summer period can be expected. On the other hand, 

the winter period should be more humid in comparison 

with the current conditions. The mean monthly air 

temperature will rise, without exception, in the catchment 

at about the same rate. The mean monthly air tempe-

ratures will increase with the increasing time horizons. 

 

Actual evapotranspiration (average actual 

evapotranspiration losses [mm]) 
 

Evapotranspiration from the soil and vegetation is 

calculated based on the relationship developed by 

(Thornthwaite and Mather, 1955): 

 

𝐸𝑆𝑖(𝑡) =  {
[𝑐𝑣𝐸𝑃−𝐸𝐼𝑖(𝑡)−𝐸𝐷𝑖(𝑡)][

𝜃𝑖(𝑡)− 𝜃𝑖,𝑤
𝜃𝑖,𝑓 − 𝜃𝑖,𝑤

]𝑓𝑜𝑟 𝜃𝑖,𝑤 ≤𝜃𝑖(𝑡)<𝜃𝑖,𝑓

𝑐𝑣𝐸𝑃−𝐸𝐼𝑖(𝑡)−𝐸𝐷𝑖(𝑡)                  𝑓𝑜𝑟 𝜃𝑖(𝑡)≥𝜃𝑖,𝑓

      (1) 

 

where  

ESi(t)– actual soil evapotranspiration for the time incre-

ment [mm],  

cv     – vegetation coefficient determined by land use 

classes varying throughout the year,  

θi(t)   – cell average soil moisture content at time t      

[m³ m-³],  

θi,f     –soil moisture content at field capacity [m³ m-³], 

θi,w    – soil moisture content at plant permanent wilting 

point [m³ m-³]. 

 

 

Table 1.  Long-term mean monthly values of air temperatures and precipitation of reference 

period and their differences for the future time horizons in the Turiec River basin 

air temperature [°C] I II III IV V VI VII VIII IX X XI XII 

1981–2010 -3.7 -2.6 1.1 6.5 11.7 14.4 16.4 15.9 11.3 6.8 1.7 -2.6 

KNMI 

2025 0.3 1.4 1.5 0.9 1.4 1.3 1.4 1.5 1.4 1.9 0.9 0.6 

2055 1.8 3.1 1.8 1.5 2 2.4 2.3 2.4 2 2.3 1.8 2.3 

2085 3.2 3.4 2.7 2.1 3.1 3.9 4.2 3.8 2.9 3.4 3.4 3.8 

MPI 

2025 0.4 1.3 0.8 0.7 1 1.1 1.2 1.5 1.4 1.9 1.2 0.7 

2055 2.4 3.4 1.8 1.2 1.6 1.6 2 2.7 2.2 2.2 2.2 2 

2085 3.7 4 2.4 1.8 2.5 3.4 3.3 4 3.6 3.6 3.7 3.9 

precipitation [mm] I II III IV V VI VII VIII IX X XI XII 

1981–2010 60.3 51.3 60.2 57.7 92.3 95.5 100.2 87.4 76.2 62.5 69.5 67.4 

KNMI 

2025 -3.1 0.2 -4.5 -8.5 -13.4 -4.4 -23.4 -3.9 30.1 -6.3 -1 21.9 

2055 2.1 3.7 9.1 12.9 -4.1 -13.4 -21.4 0.4 14 6.2 -0.5 24.8 

2085 16.5 14.4 23.7 7.8 -20.1 -33.2 -32.9 -5.5 30.1 9.5 5.8 28.6 

MPI 

2025 -0.5 7.1 -0.9 -5.6 -14.9 16.3 -0.2 -10.4 22.1 -7.4 1.6 11.1 

2055 2.5 3.7 13.4 19.1 -13.3 9.3 -12 -10.9 13.1 4.3 -7.1 19 

2085 12.7 11.8 22.5 14.1 -17 0.8 -19.5 -10.8 22.6 12.7 4.8 11.6 
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Soil moisture (average soil moisture  

in the root zone [mm]) 

 

For each grid cell, the root zone water balance is 

modelled by equating inputs and outputs (Liu and De 

Smedt, 2004): 

 

𝐷
𝑑𝜃

𝑑𝑡
=  𝑃 –  𝐼 –  𝑆 –  𝐸 –  𝑅 −  𝐹                  (2) 

 

where 

D  – root depth [L], 

θ  – soil moisture content of the root zone [L3 L−3], 

t  – time [T], 

P  – precipitation intensity [L T−1], 

I    –  initial loss due to interception and depression 

storage [L T−1], 

S  – surface runoff [L T−1], 

E – evapotranspiration [L T−1], 

R  – percolation to groundwater [L T−1],  

F  – interflow [L T−1]. 

 

Results and discussion 

 

In simulating, the expected parameters of the model were 

obtained from model calibration in period 1981–1995. 

For the reference period has been selected 1981–2010. 

The simulated long-term mean monthly actual evapo-

transpiration and soil moisture were compared with long-

term mean monthly values of the reference period. Then, 

the comparison between the reference period and 

the climate change scenarios was made. 

Figs. 2 and 3 show the calculated values of the compo-

nents of water balance and their comparison between 

the reference period and future time horizons. 

Looking at Fig. 2 and Table 2, there is an increase in 

long-term average monthly actual evapotranspiration in 

selected river basin in each future time horizons. 

The increase in actual evapotranspiration depends mainly 

on the increasing air temperature, which directly affects 

the evapotranspiration value, and whose increase will be 

characteristic of future time horizons. The increase in 

long-term average  monthly actual  evapotranspiration is  

 

 

 
 

Fig. 2.  Comparison of the long-term mean monthly values of actual 

evapotranspiration in the reference period and in the future time horizons. 

 

 

 

Table 2.  Simulated long-term mean monthly actual evapotranspiration using the parameters 

from the 1981–1995 calibration period in the Turiec River basin and its changes for 

the 3 future time horizons [%] 

Turiec 

period/scenario I II III IV V VI VII VIII IX X XI XII 

Øyear 

[mm] 

1981–2010 [mm] 0.30 1.80 12.80 39.61 70.26 83.18 86.70 69.98 42.95 16.50 3.17 0.18 427 

KNMI [%] 

2025 47 100 29 6 4 0 -2 -3 7 22 24 44 4 

2055 203 163 37 13 10 4 -1 2 5 24 55 272 8 

2085 377 178 61 18 11 2 -4 -6 7 40 109 844 8 

MPI [%] 

2025 -30 53 14 5 5 4 5 4 8 18 23 22 6 

2055 147 169 34 11 9 6 7 6 10 26 80 178 10 

2085 290 206 51 16 10 8 4 5 11 41 116 383 13 
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practically every month. The largest increase (in relative 

values) is visible in winter period. 

Based on Fig.3 and Table 3, there is a modest decrease in 

long-term mean monthly values of soil moisture in Turiec 

River basin in each future time horizon. The reduction in 

long-term average monthly soil moisture is mainly 

related to the summer period. On the contrary, there is 

a slight increase in winter months.  

In future time horizons, it is likely that there will be 

a reduction in the sum of precipitation totals in 

the summer months and an increase in precipitation in 

the winter period. Consequently, while in the winter 

months the soil moisture will grow slightly, it will decline 

in the summer period.   

 

Conclusion 

 

This paper describes the possible impact of climate 

change on the components of water balance. Actual 

evapotranspiration and soil moisture are important in 

many hydrological processes. Therefore, it is important 

to know their behaviour in the future, especially how 

the climate change affect them. 

The KNMI and MPI climate change scenarios represent 

less extreme changes (the A1B emission scenario). Based 

on a scenarios of long-term average components of water 

balance of future horizons and their comparison with 

a reference period 1981–2010 it shows that in the future 

we can expect some change (but not significant) of 

the long-term mean monthly actual evapotranspiration 

and soil moisture in the simulated catchments. These 

changes are predominantly due to the increase of air 

temperature and decline in precipitation total. This 

change may reflect differently, depending on several 

climate change scenarios. Of the considered scenario it 

suggests that practically all simulated basins could be at 

risk from the summer or the autumn drought. Based on 

the simulated watershed in this work it is likely that this 

effect will apply to the whole territory of Slovakia. On 

the other hand, it is possible that it runoff will be increase 

in the winter and the loss precipitation of natural snow 

accumulated. 

For an interpretation of these findings, however, one 

should not forget the limits of rainfall-runoff modeling. 

Computer simulation models are inherently uncertain, 

and even more so when considering future projections. 

 

 

 
 

Fig. 3.  Comparison of the long-term mean monthly values of soil moisture in 

the reference period and in the future time horizons. 

 

 

 

Table 3.  Simulated long-term mean monthly soil moisture using the parameters from 

the 1981–1995 calibration period in the Turiec River basin and its changes for 

the 3 future time horizons [%] 

Turiec 

period/scenario I II III IV V VI VII VIII IX X XI XII 

Øyear 

[mm] 

1981–2010 [mm] 392 395 399 384 359 351 343 337 344 355 372 385 368 

KNMI 

[%] 

2025 4 3 -1 -4 -3 -3 -4 -5 -1 -1 -2 1 -1 

2055 2 0 -2 -3 -1 -4 -7 -5 -4 -1 -2 1 -2 

2085 1 1 -2 -3 -5 -9 -11 -11 -5 -1 -1 1 -4 

MPI [%] 

2025 0 1 -1 -1 -1 -1 1 -2 0 -1 -2 0 -1 

2055 1 0 -2 -1 -1 -1 -2 -4 -2 0 -2 0 -1 

2085 -1 -1 -3 -2 -3 -4 -5 -7 -5 0 -2 -1 -3 
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IMPACT OF GRAPEVINE BIOCHAR ON SOME HYDRO-PHYSICAL 

CHARACTERISTICS OF SILT LOAM SOIL – LABORATORY MEASUREMENTS  
 

Justína Vitková, Ján Gaduš, Kamil Skic, Patrycja Boguta, Tomáš Giertl 
 

 

This study is focused on some hydro-physical characteristics of silt loam soil and their changes after biochar amendment. 

The used biochar was produced from wooden parts of grapevine (Vitis) in UNIPYR reactor in AgroBioTech Research 

Center in Nitra, Slovakia. There were established 4 sets in laboratory: pure soil and soil-biochar mixtures with 20, 40 and 

80 t ha-1 biochar amendment. Our results confirmed more scientific studies that adding biochar into the soil decreased soil 

bulk density, particle density and increased porosity. Saturated hydraulic conductivity increased only for higher biochar 

concentrations in our research. Based on our measurements the optimal amount of grapevine biochar for improving hydro-

physical characteristics of silt loam soil was 40 t ha-1. 

 

KEY WORDS: grapevine biochar, soil characteristics, silt loam soil 

 

 

 
 

Introduction 

 

Biochar application to agricultural soils has been pro-

posed as a way to increase crop production by improving 

soil chemical and physical properties. The growth of 

plants is determined among others by the physical state 

of the soil environment. Biochar may also improve soil 

performance by altering soil physical characteristics such 

as porosity, bulk density, hydraulic conductivity, and 

water holding capacity (Githinji, 2013; Tárník, 2019) and 

by changing soil chemical properties including pH, 

cation exchange capacity, and nutrient availability (Deal 

et al., 2012; Liu et al., 2012). Biochar particles can have 

high initial hydrophobicity if they are produced at low 

temperatures (<400°C) (Kinney et al., 2012). Hydro-

phobic biochar has positive water entry pressure (Wang 

et al., 2000) which means that an applied pressure is 

required for water to enter intrapores. If the hydrostatic 

pressure is less than the water entry pressure, water will 

not enter these intrapores, therefore reducing their 

effectiveness of water flow and water storage (Masiello 

et al., 2015). 

In this paper, we focused on impact of biochar 

amendment on some hydro-physical characteristics 

described below. 

Soil bulk density (BD), also known as dry bulk density, is 

the weight of dry soil divided by the total soil volume. 

The total soil volume is the combined volume of solids 

and pores which may contain air or water, or both. 

The average values of air, water and solid in soil are 

easily measured and are a useful indication of a soils 

physical condition. Soil BD and porosity reflects the size, 

shape and arrangement of particles and voids (soil 

structure). Both BD and porosity give a good indication 

of the suitability for root growth and soil permeability 

and are vitally important for the soil-plant-atmosphere 

system (Cresswell and Hamilton, 2002; McKenzie et al., 

2004).  

Particle density (PD) of a soil indicates the mass of a soil 

sample in a given volume of particles (mass divided by 

volume). PD focuses on just the soil particles and not 

the total volume that the soil particles and pore spaces 

occupy in the soil. PD differs from BD because bulk 

density includes the volume of the solid (mineral and 

organic) portion of the soil along with the spaces where 

air and water are found. In general, PD represents 

the average density of all the minerals composing 

the soil. The density of the minerals depends on their 

elementary composition, so PD of a soil is certainly also 

dependent on its chemical bulk composition. It other 

words, density summarizes the interaction of soil 

chemical constituents within the environment (Di 

Giuseppe et al., 2016). 

Hydraulic conductivity is the volume of water that flows 

through a unit cross-section of soil per unit time. 

Hydraulic conductivity plays important role in water 

resources development, planning and management as 

well as environmental protection. Saturated hydraulic 

conductivity (K) is a quantitative characteristic for 

the ability of porous system to transfer water in 

a saturated state. In soils, this characteristic depends 

mainly on its structure and texture. The heterogeneity of 
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soil significantly influences the spatial manifestation of 

hydraulic conductivity in both vertical and horizontal 

directions. On the other hand, the transformation of 

organic matter causes the changes of hydraulic 

conductivity in time (Fodor et al., 2011). K is one of 

the most important physical characteristics of soil that 

has significant effect on salt, pesticide, nutrient leaching, 

water infiltration and consequently, controlling surface 

runoff (Mohsenipour and Shahid, 2016).  

A soil's porosity and pore-size distribution characterize 

its pore space, that portion of the soil's volume that is not 

occupied by solid material. The basic character of 

the pore space governs critical aspects of almost every-

thing that occurs in the soil: the movement of water, air, 

and other fluids; the transport and the reaction of 

chemicals; and the residence of roots and other biota. By 

convention the definition of pore space excludes fluid 

pockets that are totally enclosed within solid material – 

vesicles or vugs, for example that have no exchange with 

the pore space that has continuity to the boundaries of 

the medium. Thus we consider a single, contiguous pore 

space within the body of soil. In general it has fluid 

pathways that are tortuous, variably constricted, and 

usually highly connected among themselves (Nimmo, 

2005).  

 

Material and methods  

 

Grapevine biochar production 

 

The biochar, used in this research was obtained from 

wooden parts of grapevine (Vitis) in UNIPYR reactor by 

pyrolysis at 520°C. The size of biochar was 0–10 mm. 

This reactor is part of AgroBioTech Research Center of 

the Slovak University of Agriculture in Nitra and consists 

of set of equipment for the production of synthesis gas 

and biogenic fuels in liquid and solid phase. The basic 

principle of the plant operation is continuous thermal 

decomposition of biomass and dendromass, eventually 

other materials of organic origin (such as paper, textiles), 

free of inert impurities (such as metal, glass, soil, sand), 

with a raw material processing capacity up to 60 kg per 

hour. The process of biochar production is described by 

Gaduš and Giertl (2019). Elemental analysis of biochar 
carbon (C), hydrogen (H), nitrogen (N) and sulfur (S) 

was performed using a CHNSO elemental analyzer 

(Perkin Elmer 2400 Series II CHNSO Elemental 

Analyzer) at Institute of Agrophysics of the Polish 

Academy of Sciences in Lublin (Poland). C, H, N and S 

results were expressed in weight percentage. Before 

the analysis samples were ground in a mortar and then 

dried at 105°C by 24 hours. Elemental composition of 

the biochar characteristics is listed in Table 1. 

 

Table 1. Some chemical characteristics of biochar 

 C H N S 

 [%] [%] [%] [%] 

Biochar 78.43 2.21 1.22 0.24 

 

 

Soil mixtures  

 

In this research in laboratory conditions was used 

the same type of soil as in our previous research in field 

conditions with soil particles diameter ≤2 mm. The soil 

type was classified as the Haplic Luvisol with content of 

sand 15.2%, silt 59.9% and clay 24.9% – silt loam 

(Šimanský and Klimaj, 2017). In our field research, 

biochar was applied into the depth of 10 cm below soil 

surface, that’s why we considered the same depth of 

biochar application in laboratory measurements. 

The biochar was mixed to the soil at a ratio of 20, 40 and 

80 t ha-1 (in dry weight basis). Measurements were 

provided on samples with volume of 100 cm3 (Kopecky 

rings). Four different sets were established: a soil without 

biochar (soil), soil amended with biochar of 20 t/ha 

(G20), soil amended with biochar of 40 t ha-1 (G40) and 

soil amended with biochar of 80 t ha-1 (G80). Each set 

was prepared with 3 replicates.  

 

Soil bulk density 

 

The dry soil bulk density (ρd) is defined as the mass of 

dry soil (ms) of the total volume (V): 

 

𝜌𝑑 =
𝑚𝑠

𝑉
  [g cm-3]                   (1) 

 

The soil bulk density was established based on core 

method (volumetric cylinder method). This method 

requires a volumetric cylinder. The total volume of 

the soil is estimated as the internal volume of the cylinder 

(in our measurements it was 100 cm3). Samples are dried 

at 105°C and then the mass of the dry soil sample is 

measured (Velebný, 1981).  

 

Particle density 

The particle density (ρs) is defined as the mass (ms) of 

the unit volume of the solid soil phase (Vs): 

 

𝜌𝑠 =
𝑚𝑠

𝑉𝑠
   [g cm-3]                  (2) 

 

In this research was used pycnometric method with 

pycnometer volume of 100 ml. Density determination by 

pycnometer is a very precise method. It uses a working 

liquid with well-known density, such as water. We used 

distilled water. The pycnometer is a glass flask with 

a close-fitting ground glass stopper with a capillary hole 

through it. This fine hole releases a spare liquid after 

closing a top-filled pycnometer and allows for obtaining 

a given volume of measured and/or working liquid with 

a high accuracy. The laboratory measurement was des-

cribed by e.g. Velebný (1981).  

 

Saturated hydraulic conductivity 

 

Hydraulic methods come from supposed certain flow 

conditions, with boundary and initial conditions and with 

use of Darcy’s Law (respectively Darcy-Buckingham 

Law in a case of unsteady state flow in unsaturated zone)  
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and with use of equation of continuity. Final formulas for 

direct calculations (approximation) of K-values were 

received by analytical solution of initial fundamental 

equations. K was measured by the falling head method in 

laboratory conditions based on formula (3) (Velebný, 

1981): 

 

𝐾 =  
𝐿

𝛥𝑡
 𝑙𝑛

ℎ1

ℎ2
   [cm day-1]                 (3) 

 

where 

L – cylinder length [cm] 

Δt – time elapsed [day], 

h1    – initial head from water surface to sample bottom 

[cm], 

h2 – final head from water surface to sample bottom 

[cm]. 
 

This method was described by e.g. Zvala et al. (2017).  

 

Porosity 

 

Porosity (P) is the fraction of pore volume (Vp) per total 

sample volume V (pores plus solids): 

 

𝑃 =
𝑉𝑃

𝑉
   [–]                  (4) 

 

Using known ρd and ρs the formula (4) can be replaced 

with (Velebný, 1981): 

 

𝑃 = 1 −
𝜌𝑑

𝜌𝑠
 . 100  [%]                 (5) 

 

Porosity of surface soil typically decreases as particle 

size increases and porosity of subsurface soil is lower 

than in surface soil due to compaction by gravity. Soil 

bulk density influences the soil porosity and porosity can 

be proportional to hydraulic conductivity. Soil porosity is 

affected by soil particle texture, soil structure, soil 

compaction and quantity of organic material. 

 

Results and discussion 

 

Our measurements of soil bulk density, particle density, 

and porosity confirmed the scientific studies results that 

with higher rate of biochar the soil bulk density and 

particle density decrease and porosity and saturated 

hydraulic conductivity increased.  

Average soil bulk density (Fig. 1) significantly decreased 

for G20, G40 and G80 about 10, 18 and 26%, respecti-

vely in comparison to pure soil. Biochar may affect soil 

bulk density indirectly by influencing aggregation. 

Increasing biochar concentration in soils resulted in 

decreasing soil bulk density (Verheijen et al., 2019).  

Average particle density (Fig. 2) also decreased in 

comparison to pure soil. The smallest difference was 

between soil and G20, only 0.71%. For G40 and G80 it 

was about 4.5 and 7.4%, respectively. In general, particle 

density represents the average density of all the minerals 

composing the soil. The density of the minerals depends 

on their elementary composition, so particle density of 

a soil is certainly also dependent on its chemical bulk 

composition.  

Average measured saturated hydraulic conductivity 

(Fig. 3) decreased for G20 about 49%, but for G40 and 

G80 increased about 25 and 195%, respectively in 

comparison to pure soil. These results confirmed results 

by Liu et al. (2016) who found that when biochar 

particles were finer than soil particles, K value more 

decreased with less biochar rate. In our case the mixtures 

of G20 contained smaller biochar particles than G40 and 

G80. Esmaeelnejad et al. (2017) founded that biochar’s 

effect on K was mainly controlled by interpores. When 

fine-grained particles applied to soil, they filled 

interpores  resulting  in a creation  of  smaller  pores  and  

 

 

 
 

Fig. 1.  Measured soil bulk density using core method at pure soil samples (soil) and 

mixtures soil with biochar rate of 20 t ha-1 (G20), 40 t ha-1 (G40) and 80 t ha-1(G80).  

Value range: minimum, 25th percentile, median, 75th percentile, maximum and circles 

represent average value. 
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Fig. 2.  Measured particle density using pycnometric method at pure soil samples (soil) 

and mixtures soil with biochar rate of 20 t ha-1(G20), 40 t ha-1(G40) and 80 t ha- (G80).  

Value range: minimum, 25th percentile, median, 75th percentile, maximum and circles 

represent average value. 

 

 

 
Fig. 3.  Measured saturated hydraulic conductivity using falling head method at pure 

soil samples (soil) and mixtures soil with biochar rate of 20 t ha-1 (G20), 40 t ha-1(G40) 

and 80 t ha-1(G80).  

Value range: minimum, 25th percentile, median, 75th percentile, maximum and circles 

represent average value. 

 

 

 

an increase of tortuosity, thus decreasing K. Degree of 

permeability for G20 was very low (7 cm day-1) and for 

soil, G40 and G80 low (13, 17 and 40 cm day-1, res-

pectively). The range values were higher in G40 and G80 

mixtures. Previous studies showed that amending soil 

with biochar can either increase (Hlaváčiková et al., 

2016) or decrease K (Liu et al., 2016). 

Average porosity, calculated based on formula (5), 

increased with biochar rate (Fig. 4). For G20 was higher 

at 10%, for G40 at 15% and for G80 at 22% in com-

parison to pure soil. When pores are connected, water 

moves faster in larger pores than in smaller pores and 

thus larger pores dominate water flow through porous 

media. Amending soil with biochar will likely change 

porosity, pore size, pore connectivity, and hydropho-

bicity of soil because of the dual porosity of the system, 

changes in the particle size distribution, and hydro-

phobicity of biochar (Liu et al., 2016). 

Soil samples and mixtures prepared in laboratory 

conditions, had similar compaction as this type of soil in 

field conditions, as well as mixture of this type of soil and 

biochar in rate of 20 t ha-1 in field conditions, applied in 

Malanta area, where our previous research was done. 

Differences between samples in the same type of set were  
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Fig. 4. Calculated porosity at pure soil samples (soil) and mixtures soil with biochar 

rate of 20 t ha-1 (G20), 40 t ha-1 (G40) and 80 t ha-1(G80).  

Value range: minimum, 25th percentile, median, 75th percentile, maximum and circles 

represent average value. 

 

 

 

insignificant during measurements.  

Results of soil bulk density and porosity measurements 

were significant between pure soil and G20. Conversely, 

by particle density were insignificant and by saturated 

hydraulic conductivity were opposite than other measu-

rements, in this content it means negative. There were 

measured big differences in all analyzed characteristics 

between pure soil and G80. The question now is, how 

much organic matter, in this case the biochar, is needed 

add into the silt loam soil to prepare its optimal hydro-

physical conditions for vegetation root system. Based on 

results in our study, the biochar amendment in rate of 80 

t ha-1 is too much and differences between G40 and G80 

were small. Amount of 20 t ha-1 of biochar had a negative 

effect on saturated hydraulic conductivity, so the optimal 

amount of grapevine biochar for improving hydro-

physical characteristics of silt loam soil was 40 t ha-1. 

 

Conclusions  

 

In this study we tried to analyze some hydro-physical 

characteristics after biochar application on samples 

prepared in laboratory conditions. We measured soil bulk 

density, particle density, and calculated porosity to help 

understand the physical mechanisms that may cause 

changes in saturated hydraulic conductivity. The results 

in all studied characteristics varied with biochar 

concentration. Adding biochar decreased soil bulk 

density, particle density and increased porosity. 

Depending on the soil type and particle size of biochar, 

results are more or less similar in many scientific studies 

and our study confirmed these conclusions. Measure-

ments of saturated hydraulic conductivity were different, 

because adding biochar into soil may affect saturated 

hydraulic conductivity of soil by changing pore 

characteristics. Past studies have reported that biochar 

addition increases saturated hydraulic conductivity as a 

result of its high surface area and large internal pore 

volume. We confirm it only for higher biochar con-

centrations. Decreasing of saturated hydraulic conduc-

tivity for G20 was caused by big count of very small 

particles of biochar. This type of grapevine biochar in 

amount of 40 t ha-1 is enough to improve hydro-physical 

characteristics of silt loam soil.  
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DETERMINATION OF ACTUAL SOIL WATER CONTENT,  

MATRIX POTENTIAL AND WATER REPELLENCY IN SANDY SOIL  

DURING A DEHYDRATION EXPERIMENT 
  

Peter Šurda, Anežka Čelková, Justína Vitková, Anton Zvala 

 

Soil water repellency (SWR) diminishes the affinity of soils towards the water and may resist wetting for durations ranging 

from a few seconds to hours or days depending on its persistence. It has been proposed that the origin of natural SWR is 

caused by organic compounds released from different plant species and sources, due to resins, waxes and other organic 

substances in their tissues. SWR may vary nonlinearly with soil moisture content (SMC), showing complex responses. It 

has been observed that small variations in water potential may have significant impacts on the wettability of water-

repellent soils, and concluded that maximum soil water repellency does not necessarily occur in oven-dry soils, but at 

certain specific soil water potentials.  The aims of this work were: i. to determine the values of SMC and corresponding 

values of soil matrix potential and persistence of SWR in forest soil samples during the drying process under laboratory 

conditions; ii. graphically analyze and quantify the drying process of the water-repellent soil surface. 

 

KEY WORDS: soil water repellency, soil moisture content, soil matrix potential, dune sand 

 

 

 
 

Introduction 

 

Soil water repellency (SWR) has been observed in forest 

soils under different climatic conditions, soil types and 

vegetation covers (Doerr et al., 2000). It has been 

proposed that the origin of natural SWR is caused by 

organic compounds released from different plant species 

and sources, due to waxes and other organic substances 

in their tissues. SWR diminishes the affinity of soils 

towards the water and may resist wetting for durations 

ranging from a few seconds to hours or days depending 

on its persistence (Doerr and Thomas, 2000). SWR is 

normally characterized by a high spatial variability in 

persistence, with wettable and water repellent patches 

next to each other (Lozano et al., 2013).  

SWR can alter infiltration and water storage capacity of 

soils. Reduced infiltration increases the surface runoff 

generation (overland flow) and associated erosion, and 

uneven wetting leads to the development of fingered flow 

(Keizer et al., 2005; Leighton-Boyce et al., 2007; 

Ritsema and Dekker, 1994; Shakesby et al., 1993; 

Kobayashi and Shimizu, 2007). 

A large number of authors have indicated a variety of 

factors influencing SWR, such as soil moisture content 

(SMC) (Chau et al., 2014; Ferreira et al., 2016), incidence 

of fires (DeBano, 2000; Mataix-Solera and Doerr, 2004), 

presence of fungi and bacteria species (Schaumann et al., 

2007), soil texture and structure (Urbanek et al., 2007; 

Giovannini and Lucchesi, 1983), surface roughness 

(Shirtcliffe et al., 2006), aggregation (Jordán et al., 2011; 

Mataix-Solera et al., 2011; Zavala et al., 2010), organic 

matter content and chemical composition (Atanassova 

and Doerr, 2010), acidity, soil type and mineralogy of 

the clay fraction (Dlapa et al., 2004; Mataix-Solera et al., 

2008; Zavala et al., 2009), microbiology (Jex et al., 1985; 

Savage et al., 1969), and soil organic carbon content 

(Wijewardana et al., 2016). 

Under high SMC, SWR is reduced, and a critical soil 

moisture threshold exists above which the soil becomes 

wettable. This threshold ranges from 5% (sandy soils) to 

>30% (clay soils) (Bodí et al., 2012; Poulenard et al., 

2004; Regalado and Ritter, 2005). According to Dekker 

and Ritsema (1994) the critical soil water content varies 

between 4.75% at 5–10 cm and 1.75% at 45–50 cm depth 

in this sandy soil. 

But other authors have reported contradictory results, 

showing that SWR may vary nonlinearly with SMC, 

showing complex responses (de Jonge et al., 2007; King, 

1981). Goebel et al. (2004) observed that small variations 

in water potential may have significant impacts on 

the wettability of subcritical water-repellent soils, and 

concluded that maximum soil water repellency does not 

necessarily occur in oven-dry soils, but at certain specific 

soil water potentials. 

As the soil dries out, SWR tends to be restored, which 

causes intra-annual, short-term variations in SWR driven 

by SMC (Keizer et al., 2008).  

The temperature  both  in situ  and in the laboratory con- 
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ditions affects also water repellent characteristics of soils. 

Dekker et al. (1998) reported that potential water 

repellency was greater after drying soils at 65°C relative 

to those drying at 25°C. In contrast, some soils show 

higher water repellency at low temperature (20°C) 

conditions than those at comparatively high temperature 

(40°C) conditions (Whelan et al. 2014). 

The aims of this work were: i. to determine the values of 

SMC and corresponding values of soil matrix potential 

and persistence of SWR during the drying process in 

water-repellent soil columns under laboratory conditions; 

ii. graphically analyze and quantify the drying process of 

the water-repellent soil surface. 

 

Material and methods  

 

Field-soil and soil sampling 

 

The experimental area Pine 1 was located near Sekule 

(48°37’10’’ N, 16°59’50’’ E) in the Borská nížina 

lowland (southwest Slovakia). The altitude of study site 

is 150 m above sea level. The climate is continental with 

less annual temperature fluctuations than on 

the neighboring Podunajská nížina lowland. Mean 

annual temperature is 9°C. Mean annual precipitation is 

550 mm, and it is mainly summer-dominant (Klimatický 

atlas Slovenska, 2015). Aeolian sandy soil from these 

sites is classified as an Arenosol (WRB, 2006) and sandy 

texture was measured for whole soil profile (Soil Survey 

Division Staff, 1993).  

The experimental site was the stand of about 20-year old  

pine trees (Pinus sylvestris), under which occurred 

bryophytes (Polytrichum piliferum), followed by lichens 

(Cladonia sp.) and sporadically occurred also higher 

plants (Corynephorus canescens). The growth of mosses 

and lichens was evenly covered with fallen needles. 

The soil was known to be severely to extremely water 

repellent during dry periods (Lichner et al., 2005; Šurda 

et al., 2013). 

Disturbed soil samples were taken from depth 0–10 cm 

in 1.5 m vertical transect on 20 August, 2019, after 

a period of 4 days without rainfall. Soil was sampled 

using little gardening steel shovel with a 5 cm blade and 

transported in closed plastic bag. In laboratory was sandy 

material homogenized and spreaded as a 5 cm layer. Four 

Kopecký steel cylinders (100 cm3) were filled with same 

weight of sandy material and had been oven-dried and 

weighed to calculate actual volumetric SMC.  

 

Soil columns preparation and hydration 

 

Four soil columns with bulk density 1.625 g cm3 were 

prepared in laboratory, using 800 ml transparent plastic 

cylinders with a height of 13 cm (height of sand in 

cylinder was 11.1 cm) and diameter of 10 cm. The lower 

parts of the cylinders were perforated to ensure water 

drainage. 300 ml of water was applied on each of soil 

column surface in 3 x 100 ml irrigation doses. Applied 

water entered the soil through the process of falling head 

ponded infiltration. Water leakage through the bottom 

part of soil column was measured after each irrigation 

dose.  

 

 

 

Table 1.  Physical and chemical properties of the top (0–10 cm) soil taken from 

the experimental site Pine1 (stand of pine trees) near Sekule, Slovakia 

 Depth 

[cm] 

Sand 

[%] 

Loam 

[%] 

Clay 

[%] 

CaCO3 

[%] 

C 

[%] 

pH 

[H2O] 

pH 

[H2O] 

Pine 1 0–10 95.1 2.3 2.6 <0.05 0.83 5.65 4.39 

 

 

 
 

Fig. 1.  Experimental area Pine 1 near Sekule. 
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Measurement of matrix potential and SMC  

during dehydration 

 

Two of these columns were equipped with moisture 

probes 5TM (Decagon Devices, Inc.) and two others with 

matrix potential sensors MPS6 (Decagon Devices, Inc.). 

Continuous measurements at 5 minute intervals were 

recorded using EM50 data loggers (Decagon Devices, 

Inc.). SMC of all soil columns during drying process was 

determined gravimetrically. Prepared columns were 

dried in a laboratory oven at 35°C. The drying process of 

soil column surfaces was captured using a Canon EOS 

600d camera. 

 

Water drop penetration time (WDPT) test 

 

The stability or persistence of the repellency was 

measured by the water drop penetration time (WDPT) 

test – a measure of the time required for the drop to enter 

the soil. Five drops of distilled water from a standard 

medicine dropper were placed on the surface of a soil 

sample, and the time that elapsed before the drops were 

absorbed was registered. We measured the persistence of 

water repellency of the soil samples in the laboratory 

under controlled conditions at a constant temperature of 

22°C.  

In general, a soil is considered to be water repellent if the 

WDPT exceeds 5 s. Soils with WDPT=5–60 s were 

considered slightly water repellent, WDPT=60–600 s 

strongly water repellent, WDPT=600–3600 s severely 

water repellent, and WDPT≥3600 s extremely water 

repellent (Bisdom et al., 1993). 

 

Image analysis 

 

For the digital photo analysis we used GIMP and also 

ImageJ (http://imagej.net/ImageJ), open source Java 

image processing program inspired by NIH Image. JPEG 

digital photography was calibrated through the function 

"Set scale". Defined number of pixels was assigned to 

a real known distance on picture. Then it was 

transformed into 8 bit format (black and white). Next step 

was a use of "Bandpass filter" function, which filtered 

structures smaller or bigger as defined size in pixels. 

Then we used a "Treshold" function which gives us 

images, usable for counting black and white pixels within 

the 10 cm diameter of soil surface. 

Results and discussion 

 

Soil moisture content and matrix potential in the soil 

columns during dehydration 

 

The persistence of SWR at the initial air-dried conditions 

of the all prepared soil columns surface was determined 

through WDPT test and soil was classified as extremely 

water repellent in all cases. The results of WDPT test and 

hydration process of four soil columns are in Table 2. 

According to the Table 2, soil samples were able to hold 

only very limited amount of water from the applied 

irrigation dose. Applied water entered the soil columns 

through the process of falling head infiltration (which 

lasted overall ca. 12 hours). After each application of 

100 ml irrigation dose, a 1 cm water layer was formed on 

the surface. Water percolated through the soil columns 

through the process of preferential (fingered like) flow 

and the SMC increased only in the spaces around 

the preferential flow paths.  Maximal amount of applied 

water held the Column 1 (61 ml), the smallest amount 

Column 3 (13 ml).  The surface layers of soil columns 

were exposed to water, which reduced the SWR and thin 

surface layer of soil (with thickness of 2–3 mm) becomes 

wettable. Analysis of the soil surface drying process 

results are stated in next subchapter. 

Drying process of soil samples started at various initial 

SMC (from 0.11 to 0.051). Decrease in SMC over time 

is shown in Figure 2. As it can be seen at the Fig. 2, 

the curve of SMC decrease can be divided into two parts 

according to the slope; to the first part with higher rate of 

evaporation (from 0.47 ml h-1 in Column 1 to 0.26 ml h-1 

in Column 3) and second part with lower evaporation 

intensity (from 0.08 ml h-1 in Column 1 to 0.03 ml h-1 in 

Column 3). Breakpoint between two slopes of curve, or 

threshold value, approximately coincides with the time 

when SWR of the whole soil surface was restored. 

The decrease in evaporation rate is mainly due to 

a decrease in SMC, but since the initial SMC level is also 

low, the recovery of the surface SWR can also be 

important.  

SWR of whole sample soil surface in all columns was 

recovered after 42 hours of drying process by constant 

temperature of 35°C and decrease of SMC by 0.027 in 1, 

0.020 in 4, 0.022 in 2 and 0.015 in 3. 

Relation between measured values of SMC and soil 

matrix potential is displayed at Fig. 3. The authors do not  

 

 

Table 2.  Persistence of SWR  of prepared samples (examined through the WDPT test with 

five repetitions) at the initial air-dried conditions (± represents standard deviation); 

values of SMC before wetting (SMC0ML); applied irrigation dose; leakage through 

the bottom and SMC after application of 300 ml of water (SMC300ML) 

 WDPT 

[s] 

SMC0ML 

[m3 m3] 

Applied water 

[ml] 

Leakage 

[ml] 

SMC300ML 

[m3 m3] 

Soil column 1 10200 ±1296 0.035 300 239 0.1118 

Soil column 2 13200 ±1132 0.035 300 272 0.0705 

Soil column 3 10800 ±1836 0.035 300 287 0.0511 

Soil column 4 11400 ±2452 0.035 300 282 0.0573 
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Fig. 2.  Decrease of soil moisture content during dehydration of soil columns (1, 2, 3 

and 4); dotted line represents the threshold, beneath which are whole surfaces of soil 

columns water repellent. 

 

 

 
 

Fig. 3.  Values of soil matrix potential (kPa) and soil moisture content [m3 m3], 

measured during drying experiment. 

 

 

 

consider the depicted potential ─ SMC dependence 

a retention curve, nor have they attempted to fit it with 

existing models.  

Soil columns under the conditions of the experiment 

cannot be fully saturated and the authors believe that this 

does not happen even in normal filed conditions in 

the top layer (10 cm) of the extreme repellent soil profile. 

Therefore, the highest measured potential was -9.8 kPa in 

3 and -9.7 kPa in 2, which corresponds with the value of 

SMC of 0.051 in 3 resp. 0.071 in 2. Minimal values of 

matrix potential, -47.6 kPa in 3 and -16.7 kPa in 2, 

corresponding with the SMC of 0.034 resp. 0.037, were 

measured after 5 days (119 hours) resp. after 12 days (293 

hours) of drying process.  
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Drying process of the water-repellent soil surface 

 

After infiltration process, whole surface area of soil 

columns (with thickness of 2–3 mm) became wettable. 

The drying process of the wettable soil columns surfaces 

are displayed in Fig. 4 (first pictures were taken after ca 

30 minutes of drying).  

The surface of each soil column was visually dried 

(according to analysis of photographs) approximately 

two and a half hours after the start of dehydration. All 

dark (wetter) surfaces were always wettable (WDPT 

<5 s). Visually lighter and drier part of the surface 

behaved differently; some of them act as wettable and 

some as water-repellent. SWR was completely restored 

(WDPT>5 s) after 42 hours of dehydration at the entire 

surface of the all soil columns. Enlargement of the dry 

area during the dehydration process was evaluated from 

the binary pictures made from sequence of photographs 

displayed in Fig. 4. Increasing ratio of white pixels (dried 

area) to the total number of pixels (surface of soil 

column) during drying process is shown in Figure 5.  

According to Fig. 4 and 5, enlargement of the dried 

surface area of the soil columns during the drying process 

was relatively uniform. The largest relative increase in 

the dried area was detected after ca. two and a half hours 

in all soil columns. The surface of columns 1 and 2 dried 

slowly, while the strong and severe SWR at surface of 

these columns was recovered faster than in columns 3 

and 4. This may be related to the delay of the water layer 

(and hence the exposure time to water) on the soil surface 

which could be caused by the different rate of 

the hydraulic conductivity (Ks) of the prepared soil 

columns. The necessity of the Ks measurement is 

important for the realization of the future experiments. 

 

Conclusions 

 

The values of SMC and corresponding values of soil 

matrix potential and persistence of SWR were measured 

in sandy soil columns under laboratory conditions. 

Drying process of samples started at various initial SMC 

(from 0.11 to 0.051). The curve of SMC decrease can be 

divided into two parts according to the slope; to the first 

part with higher rate of evaporation (from 0.47 ml h-1 to 

0.26 ml h-1) and second part with lower evaporation 

intensity (from 0.08 ml h-1 to 0.03 ml h-1). 

 

 

 

9:52, Column 1 

 

10:24, Column 1 

 

10:57, Column 1 

 

11:31, Column 1 

 

12:02, Column 1 

 

9:56, Column 2 

 

10:26, Column 2 

 

10:58, Column 2 

 

11:29, Column 2 

 

12:04, Column 2 

 

9:57, Column 3 

 

10:29, Column 3 

 

10:55, Column 3 

 

11:27, Column 3 

 

12:05, Column 3 

 

9:55, Column 4 

 

10:28, Column 4 

 

10:59, Column 4 

 

11:32, Column 4 

 

12:09, Column 4 

 

Fig. 4.  Sequence of photographs graphically depicting the drying process of soil 

samples surface (brown color represents wettable parts of surface, white area represents 

dried part of soil surface, below is time the photo was taken). 
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a) 

 

b) 

 
c) 

 

d) 

 
e) 

 

f) 

 
g) 

 

h) 

 
 

Fig. 5.  Proportion of wet and dry areas of the total soil surface on the five measuring 

dates and relative frequency of the persistence of actual water repellency (WDPT class) 

on the three measuring dates (N=5) of the column 1 (a, b), column 2 (c, d), column 3 (e, f) 

and column 4 (g, h). 
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Soil columns under the conditions of the experiment were 

not fully saturated, due to the extreme SWR. Therefore, 

the highest measured potential was -9.8 kPa, which 

corresponds with the value of SMC of 0.05. Minimal 

value of matrix potential, -47.6 kPa, corresponding with 

the SMC of 0.03 was measured after 5 days (119 hours) 

of drying process. 

The surface of each soil column was visually dried 

approximately two and a half hours after the start of 

dehydration, while the enlargement of the dried surface 

area was relatively uniform. The surface of columns 1 

and 2 dried slowly, while the strong and severe SWR at 

surface of these columns was recovered faster than in 

columns 3 and 4. 
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IMPACT OF FOREST SOIL INTERFACE DEPTH ON VALUE OF SATURATED 

HYDRAULIC CONDUCTIVITY OF SUPERIMPOSED ORGANIC HORIZON 
 

Anton Zvala, Tomáš Orfánus, Anežka Čelková 
 

 

The paper examines the impact of the interface depth between the superimposed organic horizon and the organomineral 

A- horizon of forest soil on the water infiltration from the Guelph infiltrometer into forest soil. The superimposed organic 

horizon forms the surface layer of forest soil and it has specific physical properties such as high porosity, low bulk density, 

released structure and high values of hydraulic conductivity. The decomposing organic matter of the superimposed organic 

horizon causes the water repellency of organomineral A-horizon lying under it. In model Hydrus 2D/3D simulations with 

different interface depths between the superimposed organic horizon and the organomineral A-horizon of forest soil 

a slowdown of vertical component of infiltration from the Guelph infiltrometer and a preference of horizontal component 

of infiltration was detected in the case when the interface was in the bottom of borehole in which the Guelph infiltrometer 

was located, or when the interface has been moved higher than the bottom of borehole. By the increase of interface above 

the bottom of borehole, the increase of saturated hydraulic conductivity value from Ks=0.0041 cm s-1 to Ks=0.109 cm s- 1 

was detected. 

 

KEY WORDS: forest soil, saturated hydraulic conductivity, superimposed organic horizon, model Hydrus 2D/3D 

 

 

 
 

Introduction 

 

The climatic conditions largely impact on the amount of 

water in the soil but also by the physical and chemical 

properties of the soil. These properties are impacted by 

the type of plant cover, especially in the top of forest soil 

layers. The forests (deciduous, coniferous), meadows and 

pastures, vegetation of spring areas, tree strips and groves 

in agricultural land, etc. impact the development of soils 

under these stands. Priority for the development of 

superimposed organic horizons of forest soils are dead 

underground and above ground (litter) organs of plants 

and animals. Dead organisms change over time, subject 

to the interaction of microbial soil component (bacteria, 

actinomycetes) through various degradation and synthe-

tic processes of mainly biochemical nature. The compo-

sition, properties and amount of organic matter are 

constantly changing, the degree of decomposition is 

varies. Organic material of superimposed forest soil is 

very specific in terms of its physical properties. Several 

authors report mainly high porosity of this material, low 

bulk density, released structure and high values of 

hydraulic conductivity (Butorova and Bedrna, 2012; 

Lauren and Manerrkoski, 2001; Kosugi, 1997). 

These specific physical properties would logically 

predetermine the superimposed organic horizons of 

forest soils to stimulate rainwater infiltration and prevent 

surface runoff. However, the hydraulics of these 

materials is not really trivial. Dead organic matter can 

cause an increase in the contact angle between water and 

the solid phase of soil matrix, especially in the organo-

mineral A-horizon. The soil material then behaves as 

water repellency, which is caused mainly by waxes from 

biological litter, by the presence of fungi, mosses, lichens 

and other types of organic matter (Neris et al., 2013). 

The research of soil organic matter is a demanding 

discipline due to various continuous and parallel transfor-

mation processes that cause their very variable overall 

biochemical composition and habitus across a range of 

spatial scales. Water repellency and cohesion of soil 

particles are the key factors in soil hydrological 

processes. Even in the soil species with generally high 

infiltration capacity and low runoff generation, the litter 

accumulation and leaching can to lead to significant 

changes in the values of these parameters. Organic water 

repellency limits water infiltration into the soil matrix, 

while superimposed organic horizon aggregation limits 

the presence of preferential flows that allow rainwater to 

reach subsurface soil horizons. 

Water infiltration into soil is the most important initiation 

process in the distribution of rainwater among the com-

ponents of the hydrological cycle; surface and subsurface 

runoff, evapotranspiration, soil water supply regime and 

replenishment of deep water reservoirs in the river basin. 

Despite the relatively great interest in this processes in 

the scientific literature of the last decades (Capuliak et 
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al., 2010; Ritsema and Dekker, 2000; Jury and Horton, 

2004), our ideas of water infiltration, especially in moun-

tainous areas are many times very simplified and not 

seldom unrealistic. It is caused by historical development 

of hydrological models, which did not take into account 

the real physical properties of the soil, with a large 

number and variability of relevant factors that determine 

these soil properties. The infiltration of water into the soil 

is usually not uniform, the water transfer is inhomo-

geneous and uneven, and the water flow rate is very 

spatially and temporally variable, even when is saturated. 

Among the other factors influencing the infiltration of 

water into the soil are two very important characteristics: 

the vegetation cover and the pedogenic substrates resp. 

the maternal rocks from which the soil cover was evolved 

(Orfánus et al., 2018). The saturated hydraulic conduc-

tivity (Ks) is a quantitative characteristic of the ability to 

transfer water in a water saturated soil or other porous 

medium. Its value depends mainly on the structure and 

texture of the soil. Hydraulic conductivity measurements 

are significantly influenced by the heterogeneity of 

the soil composition. The spatial variability of hydraulic 

conductivity is manifested in both horizontal and vertical 

directions. The higher hydraulic conductivity in the verti-

cal direction than in the horizontal direction was detected 

in the structural soils. On the contrary, the prevailing 

horizontal conductivity was observed in layered and 

compacted soils (e.g. forest roads) (Šurda et al., 2013). 

The aim of this paper is to examine the impact of inter-

face depth between the superimposed organic horizon 

and the organomineral A-horizon of forest soil on the wa-

ter infiltration. The Hydrus 2D/3D model was applied for 

the modelling of water infiltration into forest soil from 

the Guelph infiltrometer at a different level of interface 

between superimposed organic horizon and the organo-

mineral A-horizon. 

 

Material and methods 

 

The research locality with a working name at "Kokava 

meadows" is located on a wooded slope near the meadow 

in a typical cultural mountain spruce forest in the Western 

Tatras near community Liptovska Kokava. The coordi-

nates of the research area are: 49° 6' 30.8'' northern 

latitude and 19° 51' 53.4'' eastern longitude. The average 

altitude is 878 m. The measurement places (1–6 in 

Table 3) were situated in area where the raining 

experiment was carried out in the past (Orfánus and 

Fodor, 2011), in a part with more developed super-

imposed organic horizon. All measurements were perfor-

med in an uneven pattern choosing the sites on naturally 

flat (not inclined) segments of relief and best developed 

forest floor horizons, without human intervention, within 

the 15x45 meter plot. The tributary of the Dovalovec 

stream, which flows near the research locality, is unlikely 

to have any effect on measurements. The research 

locality is located at the top of the slope and the tributary 

of the Dovalovec stream flows at the bottom of the slope, 

30 meters below the measurement locality. For saturated 

hydraulic conductivity measurement by the Guelph infil-

trometer method six places was selected at locality and 

forest soil moisture was measured by the Frequency 

domain reflectometry method. The average angle of 

the examined slope is 25°. The observed soil is cambisol 

modal, acidic with an A- horizon (16–25 cm) covered by 

superimposed organic horizon (0–16 cm deep) which 

was composed of layer of plant litter (mainly needles) at 

different degree of decomposition. This superimposed 

organic horizon in the bottom layer shown a significant 

degree of water repellency depending on the water 

content of the forest soil (Orfánus and Bedrna, 2012). 

The previous research in the year 2010 revealed that 

the organomineral A- horizon has also significant hydro-

phobic properties in the dry season. The transition A/B 

horizon is located at a depth of 25–45cm with the Bvs 

horizon below it. The plant cover of soil consists of 

spruce forest (different age structure) with discontinuous 

undergrowth of blueberries and mosses. 

At selected places, the saturated hydraulic conductivity 

was measured by a Guelph infiltrometer of the upper soil 

layer, which consisted mostly of the superimposed 

organic horizon and partially encroached into the organo- 

mineral A-horizon. Guelph infiltrometer is an expe-

rimental field method applying the principle of Mariotte 

container which was inserted into the borehole with 

adjustable level of pond. The measured values of KS 

express the integrally vertical and horizontal hydraulic 

conductivity of saturated soil and by pond influence it 

includes also the preferential pathways (Štekauerová et 

al., 2010). The measurements were realized in 6 cm and 

11 cm deep of boreholes at six selected places at 

the research locality. The deep of pond was set to 5 cm 

and 10 cm. To calculate the steady water discharge (Q) 

and consequently the KS, the equations 1–7 were use. 

The parameter α was determined according to soil struc-

ture and then inserted into the equations together with 

water head height H1=5 cm and H2=10 cm and than 

calculated the shape factors C1 and C2 as follows: 
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where 

C1, C2  – shape factor, 

H1, H2 – water head height [L], 

α  – radius of borehole into soil [L]. 

 

After inserting C1 and C2 into equations (3) and (4), we 

calculate G1 and G2. 
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where 

G1, G2 – two head, combined reservoir, 

H1, H2 – water head height [L], 

π  – constant (Ludolf number), 

α – radius of borehole into soil [L]. 

 

The measurement data of steady flow rate R1 and R2 

obtained from the Guelph infiltrometer we insert into 

equations Q1 and Q2: 

 

Q1=R1 35.22                  (5) 

 

Q2=R2 35.22                  (6) 

 

where 

Q1         – steady state infiltration flow rate [L3 T-1] for 

setting water head height H1, 

Q2         – steady state infiltration flow rate [L3 T-1] for 

setting water head height H2, 

R1, R2 – steady flow rate from the Guelph infiltrometer 

[L T-1]. 

 

The saturated hydraulic conductivity Ks we calculate by 

using Q1, Q2 and G1, G2 (7): 

 

1122s Q GQ GK                    (7) 

 

where 

Ks        – saturated hydraulic conductivity [L T-1]. 

 

Hydrus 2D/3D (Šimůnek et al., 2012a) was used to esti-

mate the soil hydraulic parameters via numerical inver-

sion and simulate the observed saturated hydraulic 

conductivity of forest soil. The Hydrus model (Šimůnek 

et al., 2008, Šimůnek et al., 2012b, Šimůnek et al., 2016) 

is a mathematical deterministic model that allows 

the simulation of water movement, heat and solutes 

transport in porous materials that are variable saturated. 

Preferably it was designed to simulate the transport of 

chemicals, but it is possible separately to simulate 

the movement of water in a one-dimensional or two-

dimensional environment by incorporating a double 

porosity or double permeability model. The model has 

a very good user interface and is continually improved 

based on the current demands of its users.  

The single-porosity model was used to simulate 

the hydraulic parameters of the superimposed organic 

horizon from the cumulative water infiltration into 

the forest soil measured by the Guelph infiltrometer. We 

created a network in the Hydrus 2D/3D (Šejna et al., 

2014) model for an axially symmetrical quasi-three-

dimensional runoff domain. The drainage domain 

contained axially symmetrical holes in a superimposed 

organic horizon with a radius of 2.5 cm and a depth of 12 

cm. The simulated domain is composed of two materials 

with different values of θr–residual soil moisture, θs–

saturated soil moisture, α–alpha parameter, n–parameter, 

Ks–saturated hydraulic conductivity, detected from 

the retention curve and from the measurements of satura-

ted hydraulic conductivity Ks (Table 1). 

During the infiltration of water into the forest soil, a free  

drainage was set as boundary condition. The Hydrus 

2D/3D modelling consisted of changing parameters 

(the depth of interface of two horizons, the depth bore-

hole and the applied pond). The saturated hydraulic 

conductivity Ks of the superimposed organic horizon was 

calibrated by inverse modelling while maintaining 

the other parameters as determined by measurements. 

Forest soil moisture was measured by the Frequency 

Domain Reflectometry method. The electrical capaci-

tance of a capacitor that uses the soil as a dielectric 

depends on soil water content θ. When this capacitor, 

which is made of metal plates or rods imbedded in 

the soil, is connected to an oscillator to form an electrical 

circuit, changes in soil moisture can be detected by 

changes in the circuit operating frequency (Báťková et 

al., 2013). These changes form the basis of the Frequency 

Domain Reflectometry sensors. 

 

Results and discussion 

 

From the measurements of saturated hydraulic conduc-

tivity Ks in two summer seasons (in the year 2015 and 

2016) at the locality near Kokava meadows was detected, 

that the values of Ks measured with the Guelph infiltro-

meter were higher unlike other methods of measuring 

saturated hydraulic conductivity, when the values of Ks 

were lower in the year 2016 (Zvala, 2018). After consi-

dering of possible causes of this condition, we decided to 

verify one of the most likely hypotheses by mathematical 

model (Hydrus 2D/3D). The hypothesis was based on 

the assumption that in the second year (2016) the depth 

of boreholes for measurement by the Guelph infiltro-

meter was near to the boundary of the superimposed 

organic horizon with a significantly water repellency 

organomineral A-horizon. The Ks value of superimposed 

organic horizon was calibrated by the inverse model. 

The depth of the interface was changed, all other 

parameters remained unchanged. By using of Guelph 

infiltrometer the higher values of saturated hydraulic 

conductivity in the year 2016 compared to the previous 

year were measured. It was in average of 0.023 cm s-1, 

four times more than the previous year (Table 2.). How 

is it possible if the measurements were carried out at 

the efficacy of the same factors (lower water content, 

volume changes, water repellency), which in other 

methods caused the decrease of Ks? The answer to this 

question is to be found in one of the other factors which 

overlaps the effect of the above mentioned parameters in 

this method and which is not present in disk infiltrometer 

and single-ring method respectively is much less active. 

The most likely parameter will be the depth of boundary 

between the superimposed organic horizon and water 

repellency organomineral A-horizon. The reason why we 

decided to simulate the measurement of saturated 

hydraulic conductivity of forest soil by Guelph infiltro-

meter was the increase in the value of saturated hydraulic 

conductivity in year 2016 compared to year 2015. 

The 2016 simulation provided us with an answer to 

the beginning of the question. Table 2. contains the ave-

rage values of saturated hydraulic conductivity calculated 

from the six measured values for each method. Six 

measurements  for each  method  correspond  to six diffe- 
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rent measurement points at the research locality. 

The decrease moisture of forest soil in 2016 (Table 3), 

the volume changes of forest soil and increased water 

repellency (decrease of forest soil moisture causes 

the increased water repellency of organomineral 

A- horizon) and they are therefore the most likely cause 

of a significant decrease of KS in 2016 compared to 2015 

for single ring method and disk infiltrometer method. 

The forest soil moisture and their average values on all 

six places at the research locality of measurement are 

presented in Table 3. Forest soil moisture were measured 

before the measurement of saturated hydraulic conducti-

vity by various methods. They are identical to the measu-

rement points for saturated hydraulic conductivity. At 

each of the six points, the measurement of forest soil 

moisture was performed five times. From the five 

measured values was calculated average value for each 

point. Measured by frequency domain reflectometry 

method. 

The Guelph infiltrometer measurements were apparently 

installed below or just below the interface between 

the superimposed organic horizon and water repellency 

organomineral A-horizon in the year 2015. The presence 

or the proximity of this interface to the bottom of 

the boreholes for the Guelph infiltrometer caused a much 

more significant slowdown in the vertical component of  

water infiltration in 2015. 

The model simulations using the Hydrus 2D/3D model 

include various changing parameters: the interface of two 

materials, the depth of borehole and the height of pond, 

which are described in each example for water infiltration 

into forest soil from the Guelph infiltrometer. The soil 

hydraulic parameters for superimposed organic horizon 

such as: residual soil moisture, saturated soil moisture, 

alpha parameter, n – parameter and saturated hydraulic 

conductivity, were unchanged and their values were: 

θr=0.057 cm3 cm−3, θs=0.7 cm3 cm−3, α=0.03 cm−1, n=1.6, 

Ks=0.0041 cm s-1 and for organomineral A-horizon: 

θr=0.089 cm3 cm−3, θs=0.43 cm3 cm−3, α=0.01 cm−1, 

n=1.23, Ks=0.000019 cm s-1.  

In model simulation no. 1 (Fig. 1) the following model 

domain was setting: the interface between superimposed 

organic horizon and organomineral A-horizon was at 

the borehole bottom for the Guelph infiltrometer, 

the depth of borehole was 12 cm, the height of pond 

was10 cm. The value of saturated hydraulic conductivity 

of the superimposed organic horizon obtained by inverse 

modelling was: Ks=0.04026 cm s-1.  

In model simulation no. 2 (Fig. 2) the following simula-

tion model domain was setting: the interface between 

superimposed organic horizon and organomineral 

A- horizon was under borehole bottom in depth of 50 cm, 

 

 

Table 1.  The soil hydraulic parameters of forest soil 

Soil horizon       θr        θs     α     n   Ks 

[cm3 cm−3] [cm3 cm−3] [cm−1]               [cm s-1] 

Superimposed organic horizon  0.057     0.7  0.03   1.6             0.0041 

Organomineral A-horizon    0.089     0.43  0.01   1.23             0.000019 

 

 

Table 2.  The average values of saturated hydraulic conductivity Ks measured in 2015 and 

2016 at the locality Kokava meadows (Zvala et al., 2017) 

Year of measurement  Guelph infiltrometer Single ring method Disk infiltrometer 

           Ks [cm s-1]        Ks [cm s-1]     Ks [cm s-1] 

2015            0.0056                         0.033       0.086   

2016            0.023            0.0061       0.0032 

 

 

Table 3.  The forest soil surface moistures measured by Frequency Domain Reflectometry 

method at Kokava meadows locality in the years 2015 and 2016 

Place of measurement at 

the research locality 

Year Forest soil moisture [%] Average forest 

soil moisture [%] 

1. 
2015 8.6 11.6 12.6 13 11.2 9.5 

2016 8.8 7.3 8.2 9.4 7.2 6.8 

2. 
2015 8.1 17.3 16.0 11.3 10.2 10.5 

2016 11.9 9.4 9.2 8.6 10.7 8.3 

3. 
2015 14.6 15.7 20.0 9.8 11.0 11.9 

2016 6.0 6.4 6.9 7.0 6.3 5.4 

4. 
2015 26.3 15.3 17.0 10.2 13.6 13.7 

2016 4.0 2.3 5.0 5.6 8.9 4.3 

5. 
2015 10.5 13.5 11.6 9.0 12.4 9.5 

2016 6.9 7.3 7.8 5.8 6.3 5.7 

6. 
2015 12.6 12.8 15.0 15.3 13.5 11.5 

2016 10.7 7.0 16.1 12.3 14.7 10.1 



Acta Hydrologica Slovaca, Volume 20, No. 2, 2019, 180–188 

184 

 

the depth of borehole was 12 cm, the height of pond was 

10 cm. The value of saturated hydraulic conductivity of 

the superimposed  organic horizon  obtained  by  inverse  

modelling was: Ks=0.02566 cm s-1. 

In model simulation no. 3 (Fig. 3) the following simu-

lation model domain  was setting:  the interface between  

 

 

 

a)  

 

b)  

 

c)  

 

Fig. 1.  Model simulation of water infiltration into forest soil by use Guelph 

infiltrometer in Kokava meadows locality (6/15/2016): a) the forest soil before the start 

of infiltration (0 s), b) the infiltration after 26 s, c) the infiltration after 52 s. (Model 

simulation no. 1). 
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a)  

 

b)  

 

c)  

 

Fig. 2.  Model simulation of water infiltration into forest soil by use Guelph 

infiltrometer in Kokava meadows locality (6/15/2016): a) the forest soil before the start 

of infiltration (0 s), b) the infiltration after 26 s, c) the infiltration after 52 s. (Model 

simulation no. 2). 

 

 

 

superimposed organic horizon and organomineral 

A- horizon was in a depth of 7 cm, i.e. above borehole 

bottom, the depth borehole was 12 cm, the height of pond 

was 10 cm. The value of saturated hydraulic conductivity 

of the superimposed organic horizon obtained by inverse 

modelling was: Ks=0.109 cm s-1.  
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From the measured and modelled results we detected 

the differences in the values of saturated hydraulic con-

ductivity. In model simulation no. 1, when the interface 

between superimposed organic horizon and organo-

mineral A-horizon was at the borehole bottom, we 

detected an increase of saturated hydraulic conductivity 

value from Ks=0.0041 cm s-1 to Ks=0.04026 cm s-1, and 

preferring  of  horizontal  infiltration  into  superimposed  

 

 

 

a)  

 

b)  

 

c)  

 

Fig. 3.  Model simulation of water infiltration into forest soil by use Guelph 

infiltrometer in Kokava meadows locality (6/15/2016): a) the forest soil before the start 

of infiltration (0 s), b) the infiltration after 26 s, c) the infiltration after 52 s. (Model 

simulation no. 3). 
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organic horizon. In simulation model no. 2., when 

the interface between superimposed organic horizon and 

organomineral A-horizon was under borehole bottom in 

depth of 50 cm, we detected the increase of Ks value from 

Ks=0.0041 cm  s-1 to Ks=0.02566 cm s-1, and almost no 

influence on vertical and horizontal components of water 

infiltration into forest soil. In model simulation model 

no. 3, when the interface between superimposed organic 

horizon and organomineral A-horizon was above 

the borehole bottom, at a depth of 7 cm, we detected 

the highest increase of saturated hydraulic conductivity 

value from Ks=0.0041 cm s-1 to Ks=0.109 cm s-1 and 

the highest preference of horizontal component of infil-

tration into the forest soil due to the water repellency 

interface. Simulation model Hydrus 2D/3D revealed 

a significant impact of the interface depth on the cali-

brated value of the saturated hydraulic conductivity of the 

forest soil. The increase of interface above the bottom of 

borehole, the increase of saturated hydraulic conductivity 

and preferring of horizontal component of infiltration 

was detected. Figures 1–3 determine the water content of 

forest soil from θmin=0,271 cm3 cm−3 (dark blue color) to 

θmax=0,700 cm3 cm−3 (dark red color). From the figures 

we can observe the change in the water content of the soil 

as a function of time and the movement of water in 

the soil, which is influenced by the water repellency 

interface. 

 

Conclusions  

 

The Hydrus 2D/3D model was applied for the modelling 

of water infiltration into forest soil from the Guelph 

infiltrometer. The macropores and released structure of 

superimposed organic horizon create a prefered path-

ways for water infiltration. In model simulations with 

different interface depths between the superimposed 

organic horizon and the significantly water repellency 

organomineral A-horizon of forest soil a slowdown of 

vertical component of infiltration from the Guelph 

infiltrometer and a preference of horizontal component of 

infiltration was detected in the case when the interface 

was in the bottom of borehole in which the Guelph 

infiltrometer was located, or when the interface has been 

moved higher than the bottom of borehole. The depth of 

interface between the superimposed organic horizon and 

the organomineral A-horizon of forest soil significantly 

impacted the calibrated value of saturated hydraulic 

conductivity. By the increase of interface above 

the bottom of borehole, the increase of saturated 

hydraulic conductivity value was detected. 

From the point of view of hydrological processes in 

forested river basins, a significant slowdown of infiltra-

tion at the water repellency interface between super-

imposed organic horizon and organomineral A-horizon. 

It can cause the shallow subsurface runoff, which 

accelerates the runoff during floods and causes signi-

ficant washing of superimposed organic horizon can be 

optically observed in the forest after extreme rainfall 

events. It can be stated that a significantly larger part of 

the water flows through the macropores and the preferred 

pathways than the through the soil matrix. 
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QUANTIFICATION OF SOIL WATER BALANCE COMPONENTS  

DURING THE VEGETATION PERIOD IN 2018  
 

Lucia Balejčíková, Branislav Kandra, Andrej Tall 
 

 

Hydrological processes in the atmosphere – plant cover – soil aeration zone – groundwater system are most affected by 

global climate changes, which influence the distribution and intensity of rainfall. These changes need to be monitored and 

forecasted for their future development, which is of great importance for human activities, especially agriculture and 

forestry. Data for the evaluation of soil water regime are obtained from field monitoring. Interpretation of temporal and 

spatial movement of water in the aeration zone is made by constantly improving computing techniques using various 

algorithms applied in mathematical simulation models. In our work we used the GLOBAL software, developed at 

the Institute of Hydrology of SAS, to simulate the individual components of the water balance in rigid soils in the locality 

Milhostov (Eastern Slovakia Lowland). The paper aims to quantify water balance components of a given soil system. 

Numerical simulation results were compared with data obtained from field monitoring during the vegetation period in 

2018. 

 

KEY WORDS: precipitation, soil aeration zone, groundwater level, evapotranspiration, numerical simulation 

 

 

 
 

Introduction 

 

The soil fertility is very important for agriculture. Its 

management is associated with nutrients, soil and water 

exchanges. Soil water regime depends on climate change. 

The major reason for global climatic changes in the last 

decades is increasing in solar irradiation, which 

contributes to the increase of global temperature and 

decrement in the global sea-ice extent (Bhargawa and 

Singh, 2019). Changes in water distribution, evaporation 

increasing and variation in intensity and amount of 

precipitation are also related to the temperature 

increasing. Deviations from normal soil water content 

necessary for the development of vegetation over some 

time as a result of changes in meteorological elements 

can cause complications (such as soil drought). Therefore 

it is necessary to deal with the prognosis that can serve to 

design adaptation measures to mitigate the adverse 

effects of climate change on the biosphere. Soil water 

regime forecasts can be simulated using various mathe-

matical water balance models through input parameters 

characterizing soil hydrological processes, including 

precipitation, runoff, plant interception, evaporation, 

transpiration, infiltration, redistribution, and drainage or 

deep percolation (Ranatunga et al., 2008). The soil water 

movement is driven by the water potential, composed of 

the matrix potential and gravitational potential in 

the unsaturated zone (Mao et al., 2018). Simulation of 

the saturated-unsaturated soil water movement at various 

temporal and spatial scales was modeled using various 

numerical methods, developed since the 1970s (Bas-

tiaanssen et al., 2007; Ranatunga et al., 2008; Pan et al., 

2015; Mao et al., 2018). Many commercial software, 

such as HYDRUS (Šimunek et al., 2008), SWIM (Huth 

et al., 2012), FEFLOW (Diersch, 2013), MIKE-SHE 

(Graham and Butts, 2005), and TOUGH (Xu et al., 2012; 

Gu and Riley, 2010) use Richards’ equation for des-

cription of unsaturated flows. Numerical solutions of 

the Richards’ equation have been widely applied in 

studies of groundwater resources assessment, ground-

water pollution, seawater intrusion, land subsidence, soil 

water and salt transport, and agricultural water mana-

gement (Yang et al., 2016). Software GLOBAL, 

developed at the Institute of Hydrology of SAS, belongs 

to the group of numerical methods based on the solution 

of the Richards’ equation (Majerčák and Novák, 1992). 

GLOBAL uses the finite element method. The basis of 

the software is the approximation of dependent variables, 

e.g. humidity potential, resp. soil moisture; finite series 

of base functions with time-dependent coefficients. 

The variables are substituted into the original equation 

describing the movement of water in a porous medium. 

Changes of various algorithms can describe water regime 

of plants, different schemes of water extraction by root 

system for individual plant species, as well as submodels 

using meteorological elements. Simulation using 

GLOBAL can also be performed with a one-day step, 

allowing the model to be used as an effective means of 
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monitoring the current soil moisture conditions at a given 

location. In our work, we aimed at the study of Milhostov 

station localized in the Eastern Slovakia Lowland (ESL) 

(Fig. 1). The main objective of this paper is to quantify 

soil water balance components in the soil profile of 

Milhostov locality using numerical simulation of 

GLOBAL software in the vegetation period of 2018. 

 

Material and methods  

 

Once a week, the water storage was monitored to a depth 

of 0.8 m and at the same time, the groundwater level is 

measured. The soil type is characterized by a heavy, clay-

loamy to clay-like fluvial glaze, which is specific for its 

two-layer composition. For numerical simulation of 

the water storage in a given soil, a wide database used by 

the model in the form of input files is needed. The first 

group of inputs consisted of daily courses of meteo-

rological elements obtained from the Slovak Hydro-

meteorological Institute (SHMI), Slovakia. The next part, 

phenological characteristics, was based on real grown 

crops on the experimental field no. 9 (for 2018 it was 

spring barley). The vegetation cover forms an important 

part of the atmosphere – plant cover – soil aeration zone 

– groundwater level system (Štekauerová et al., 2001). 

There are complex interactions between these 

subsystems within the hydrological cycle, resulting in 

the temporal and spatial distribution of water in the soil 

(Tall, 2007). The different crops have their individual 

physiological and agrotechnical specifics, the investi-

gation of which is well-founded for a better under-

standing of the processes taking place between soil and 

plant. This fact is also taken into account by GLOBAL 

simulating the water regime of soils through input para-

meters of the stand (e.g. leaf area index, the roughness of 

evaporating stand surface, root system depth, etc.). 

The lower boundary condition consisted of a weekly 

GWL (groundwater level) course measured in the hydro-

logical well and the initial condition included hydro-

physical characteristics of the soil. Soil water storages 

calculated in a one-day step to the depth of 0.8 m were 

evaluated for  the vegetation  period 2018.  Since  moni- 

toring was performed once a week, the same model days 

were selected for comparison. The model verification 

included calculation of the linear regression coefficient 

and deviations, which expresses the degree of depen-

dence of measured and calculated values. 

Quantification of soil water balance components during 

the vegetation period in 2018 was investigated in 

the locality Milhostov, which is located in the central part 

of the ESL. The daily course of soil water storage and 

water balance elements during the vegetation period in 

2018 were analyzed. The daily courses of the water 

balance elements and the soil water storage were 

obtained by numerical simulation using GLOBAL 

software.  

The results of the numerical simulation were verified on 

the results of the field monitoring carried out in 2018. 

After successful verification of the model, the water 

regime was simulated to a depth of 3 m. The top layer of 

the soil profile with a thickness of 0.8 m was analyzed. 

Also, the daily courses of potential (ET0) and actual 

evapotranspiration (ETa) were calculated using the model 

simulation (Penman, 1948; Monteith, 1965). The base-

line database for the analysis consists of daily 

precipitation totals (P), daily maximum (Tmax), minimum 

(Tmin) and average (Tavg) temperatures, wind speed, 

relative air humidity, and sunshine duration. 

The GLOBAL software is based on the balance equation 

(1), which expresses the change in water volume (Vw) 

over a given soil volume over a given period (tw): 

 

𝑉𝑤 = 𝑉𝑖 + 𝑃𝑑 − (𝐼 +  𝐸𝑒 +  𝐸𝑡)                                       (1) 

 

where  

Pd  – capillary inflow from groundwater,  

I  – downflow,  

Ee  – evaporation,  

Et  – transpiration,  

Vi  – soil infiltration.  
 
The model simulation is based on the numerical solution 

of the nonlinear partial differential equation (2) of water 

movement in the soil aeration zone in the form: 

 

 

 

 
 

Fig. 1.  Area of interest situated in the Milhostov station in the Eastern Slovakia Lowland. 
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𝜕ℎ𝑤

𝜕𝑡
=  

1

𝑐(ℎ𝑤)

𝜕

𝜕𝑧
[𝑘(ℎ) (

𝜕ℎ𝑤

𝜕𝑧
+ 1)] −  

𝑆(𝑧, 𝑡)

𝑐(ℎ𝑤)
           (2) 

 

where  

hw      – soil moisture potential,  

z        – vertical coordinate,  

k(hw) – unsaturated hydraulic conductivity of soil,  

S(z, t)– intensity of water uptake by plant roots from unit 

soil volume per unit of time [cm3 cm-3 d-1],  

c(hw)=∂θ/∂hw.  

 

Results and discussion 

 

As a first step, the GLOBAL model was verified in 

selected vegetation periods (2000–2008 and 2014–2018) 

(Fig. 2). Figure 2 shows the course of the measured and 

calculated soil water storage (WS) to a depth of 0.8 m 

during the verification period i.e. 197 days. It is clear 

from the figure that the model reliably follows the trend 

and changes in the soil water storage. However, it tends 

to underestimate the real state, as seen in the course of 

the water supply and their absolute error (AE). 

The values of absolute errors between the measured and 

calculated water storages in the soil in the individual 

vegetation periods of the verification series are collected 

in Table 1. The mean absolute error (MAE) was in 

the range between 27.60 mm (2001) and 96.48 mm 

(2015). The maximum absolute error (MAXAE) during 

the verification period varies from 44.32 mm (2005) to 

126.18 mm (2015) and the minimum absolute error 

(MINAE) vary from 0.92 mm (2001) to 74.89 mm 

(2008). Linear dependence showed a high degree of 

correlation between measurement and model. Except for 

some growing seasons, high values of the linear 

regression coefficient R2 indicate this correlation. 

The histogram in Fig. 3 shows the frequency distribution  

 

 

 
Fig. 2.  The course of measured versus calculated soil water storage and their absolute 

error to a depth of 0.8 m during the verification period. 

 

 

 
Fig. 3.  Histogram of absolute error (AE) between measured and calculated soil water 

storage over the verification period. 
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of absolute errors between the measured and calculated 

water storages in the soil. The absolute errors are divided 

into 7 intervals. In the evaluated time series there are 54 

days with an absolute error value in the interval 0–30 

mm, 92 days in the interval 50–70 mm and 51 days in 

the interval 90–130 mm. The average absolute errors 

(MAE) over the entire verification period is 51.34 mm. 

Based on the verification, the highest linear dependence 

rate between soil water storage in the vegetation period 

of 2018 was shown. Through the 1:1 line it can be seen 

that the model underestimates the measurement by 27.73 

mm in the average (Fig. 4). 

The daily courses of the individual components of 

the balance equation in the vegetation period of 2018 are 

plotted in Fig. 5. Here, the interaction between individual 

subsystems within the atmosphere – vegetation cover – 

unsaturated soil zone – groundwater level system is 

visible. Optimum soil moisture conditions in the soil 

were observed at the beginning of the vegetation period 

in April and some days of May. In these sections of 

the growing season, the sums of ETa were equal to ET0. 

The water storage in the analyzed soil profile and 

the groundwater level was the highest in this period. 

A significant capillary inflow (Pd) from the groundwater 

 

 

Table 1.  Values of maximum, minimum and mean absolute errors with linear regression 

coefficient between the measured and calculated water storages in the soil during 

the verification period 

Growing season 
MAXAE MINAE MAE R2 

[mm] [mm] [mm]  

2000 85.72 28.31 54.17 0.0663 

2001 73.21 0.92 27.60 0.5072 

2002 117.54 4.84 56.57 0.3011 

2003 113.72 7.29 32.78 0.6694 

2004 56.47 2.73 31.45 0.7837 

2005 44.32 7.93 29.63 0.4680 

2006 66.63 8.38 42.85 0.7814 

2007 107.62 37.03 82.97 0.7496 

2008 97.23 74.89 82.62 0.7510 

2014 71.92 31.55 51.26 0.7284 

2015 126.18 49.47 96.48 0.8370 

2016 78.83 22.36 54.78 0.7529 

2017 79.27 28.39 46.64 0.7831 

2018 56.99 4.21 27.73 0.8513 

 

 

 

 
 

Fig. 4.  Linear dependence between measured and calculated soil water storage in 

the vegetation period of 2018. 
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Fig. 5.  Modeled daily courses of balance equation components in the vegetation          

period of 2018. 

 

 

 

level into the unsaturated soil zone was found. The water 

storage in the soil also increased significantly due to 

the high amount of rainfall in May. From July to the end 

of the growing season, the water storage gradually 

decreased as the groundwater level decreased. The capi-

llary inflow of water into the unsaturated soil zone was 

replaced by the predominant outflow of water from 

the saturated soil zone to the groundwater level. 

The precipitation during this period caused a slight 

increase in the soil water storage, but they were not 

sufficient to cover the need for water for optimal soil 

water storage and groundwater level. The result was 

the evapotranspiration deficit at the end of June, which 

lasted until the end of the growing season. 

 

Conclusion 

 

Our study was aimed to verify the results of the numerical 

simulation with the results obtained by field monitoring 

of the selected locality Milhostov in the investigated 
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vegetation period of 2018. Under these conditions, using 

the GLOBAL software, the water storage in the soil 

aeration zone was simulated to a depth of 0.8 m with 

a one-day time calculation step. The verification was 

based on the model's ability to follow the actual trend of 

water storage development over time, obtained by field 

monitoring. If the groundwater level interfered with 

the balance zone, it was supplied with a water capillary 

inflow. This situation occurred in April and May. At that 

time, the soil had optimal moisture conditions and 

the actual evapotranspiration was equal to the potential 

evapotranspiration. In May, the significant increase in 

soil water storage was also due to the high amount of 

precipitation. From July to the end of the growing season, 

soil water storage and groundwater levels had 

a decreasing trend. Water outflow from unsaturated soil 

zone to groundwater prevailed. This was reflected in 

the evapotranspiration deficit in early July and its 

duration until the end of the growing season. Based on 

our results of the verification, it was shown that 

the mathematical software GLOBAL represents a sui-

table tool for the quantification of individual components 

of the water regime of soils in Milhostov conditions. 

The model simulation reliably follows the trend and 

changes in the water storage in the soil. However, it tends 

to underestimate the real state. 
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ASSESSMENT OF THE PHYSICAL AND CHEMICAL QUALITY  

OF THE UPPER LAYER OF LOAMY SOIL 
 

Ivana Kameníčková, Šárka Schneiderová, Kateřina Suchá 
 

 

Healthy soil is a basic prerequisite for the growth and development of plants, animals and humans. It is assessed on 

the basis of "indicators" of physical, chemical or biological quality. The present paper evaluates the quality of the upper 

layer of loamy soil using of basic indicators of physical and chemical quality, i.e. texture, density, porosity, maximum 

water capacity, minimum air capacity, saturated hydraulic conductivity, humus content, pH and conductivity. These 

indicators were determined by standard laboratory methods from collected intact soil cores and grab samples. 

Experimental research took place in years 2016–2018 near the village Šardičky (K1) and Bohaté Málkovice (K2) in 

the South Moravian Region. Upper layer of these plots was cultivated by reduced tillage technology. The plot K1 was 

sown with poppy seed (Papaver somniferum L., 2016) and spring barley (Hordeum vulgare conv. distichon var. nici, 

2017–2018), the plot K2 with spring barley (Hordeum vulgare conv. distichon var. nici, 2016–2017) and sunflower 

(Helianthus, 2018). The long-term reduced tillage technology showed small changes in selected physical and chemical 

parameters of soil quality in the monitored period 2016–2018, the soil quality was good for both plots. With regard to 

achieving or exceeding critical values for measured soil quality indicators, the experimental plot K1 has shown a better 

quality in upper layer of soil than plot K2. 

 

KEY WORDS: soil quality indicators, no-tillage, bulk density, porosity, air capacity, hydraulic conductivity, organic carbon 

 

 

 
 

Introduction 

 

Soil is the natural wealth of our country, an essential 

element of the food chain and a medium for plant growth. 

Besides the production function has a many other 

functions, e.g. filtering, buffering, transformation and 

socio-economic. Soil quality can be defined as "the capa-

city of soil to function within ecosystem and land-use 

boundaries to sustain biological productivity, maintain 

environmental quality, and promote plant and animal 

health" (Doran et al., 1996).  

An agricultural soil with good quality have all the phy-

sical, chemical and biological attributes necessary to 

promote and sustain good productivity in agriculture with 

negligible environmental degradation. A soil with poor 

quality can then aggravate the environmental degradation 

through wind/water erosion and contaminate surface and 

subsurface water resources in the landscape.  

The quality of agricultural land with regard to 

the different composition of the soil environment is 

divided into "physical", "chemical" and "biological" 

(Dexter, 2004). These components are interconnected 

and can´t be separated from each other. Physical soil 

quality refers primarily to the soil´s strength and fluid 

transmission and storage characteristic in the crop root 

zone as a result of soil physical properties (e.g. structure 

and texture), management practices (e.g. technology of 

soil cultivation, crop types), climate and various chemi-

cal and biological processes (faunal activity, minera-

lization). The upper layer of soil (0–10 cm) is particularly 

important because it controls many critical agronomic 

and environmental processes (e.g. seed germination and 

early growth, impacts of applied technology, erosion, 

aggregation, surface crusting, aeration, infiltration, and 

runoff). Soil chemistry is dominated by the interaction 

between its solid constituents and the water phase, it is 

the basis for assessing soil fertility and provides 

the necessary knowledge to understand the differences in 

fertility of different soils and their response to fertili-

zation. Chemical analysis without knowledge of physical 

conditions may fail to assess soil fertility if microbial 

activity is adversely affected. 

In practice, we face the problem how to measure and 

evaluate the quality of the soil. There are established 

methods for assessing the quality of water and air, but 

determining standards for assessing soil is complicated 

with respect to its variability, heterogeneity and an 

ongoing process. Texture, bulk density, porosity, 

aeration, saturated hydraulic conductivity, organic car-

bon content, pH/H2O and electrical conductivity will 

form the basic set of parameters indicating the physical 

and chemical quality of the soil.  
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The objectives of this study was to measure selected 

physical and chemical quality parameters in the upper 

layer of loamy soil processed by reduced tillage in 

the monitored period 2016–2018, to monitor changes of 

physical and chemical quality of this soil and to compare 

the measured parameter values with “ideal, optimal or 

critical” levels proposed in our and foreign literature.  

 

Materials and methods 

 

Description of experimental plots 

 

Both experimental plots are located in sugar beet 

production area in the District Vyškov, the plot K1 is 

close to the village Šardičky and the plot K2 near the road 

between Bučovice and Bohaté Málkovice (Fig. 1). 

The plots are approximately 3.2 km apart. 

They are a part of the river basin Svratka and the main 

river basin of Morava. The average altitude for both plots 

is around 275 m above the sea level. 

Data from the meteorological station Bohaté Málkovice 

were used to characterize climatic conditions. It is 

a warm area with a mild, humid climate. Annual precipi-

tation and long-term average of precipitation are shown 

in Table 1, average temperature is around 10.5°C and 

8.4°C (1901–1950). If we compare measured precipita-

tion with the long-term average in the growing season, 

then precipitation was 1/2 (2016) and 3/4 (2017, 2018). 

The genetic soil representative is Haplic Chernozem 

(FAO) and the pedogenic substrate is loess. These soils 

are very deep with weakly acidic-alkaline soil reaction. 

Representation of CaCO3 is low. 

The co-operative farm Zemo, Bohaté Málkovice, has 

been processing land with reduced tillage technology 

(RT) since 1992 (e.g. during autumn the cultivation of 

spring crops is done by vertical hoeing of soil to a depth 

of 20 cm). Cultivated crops on experimental plot K1: 

2016 poppy seed (Papaver somniferum L.), 2017–2018 

spring barley (Hordeum vulgare conv. distichon var. 

nici). The second plot K2: 2016–2017: spring barley 

(Hordeum vulgare conv. distichon var. nici), 2018 sun-

flower (Helianthus). 

 

Soil quality parameters 
 

The intact soil cores (cylinder of Kopecký with uniform 

volume 100 cm3) and accompanying soil grab samples 

were collected each year from the 0–10 cm depth of each 

experimental plot. A total of 100 intact soil samples were 

taken during 10 sampling, ten intact soil samples in each 

sampling (5 for saturated hydraulic conductivity Ks and 

5 for  basic  soil   analysis).  The  samples  were  collected  

 

 

 
 

Fig. 1.  Experimental plots K1 and K2 with soil sampling points (Mapy.cz, 2015). 

 

 

Table 1.  Precipitation in years 2016–2018 measured in Bohaté Málkovice and long-

term average of precipitation in the years 1901–1950 from the station 

Bučovice (Climate atlas ČSSR, the period 1901–1950) 

month/year 
precipitation [mm] 

I II III IV V VI VII VIII IX X XI XII I–XII IV–IX 

2016 15.2 63.6 51.4 44.8 23.8 21.8 70 19.7 6.8 35 21.1 4.8 378 186.9 

2017 7 27 25 40 28 37 59.5 25 81 47 29 43 448.5 270.5 

2018 45 17 10 48 40 50 39 14 75 29.4 44.1 34.2 367.4 260 

1901–1950 28 25 30 36 59 57 74 77 52 52 45 34 569 355 
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during April–July during active crop growth, and always 

were taken from the same place (K1: 49° 10' 33.2" N 17° 

02' 47.4" E and K2: 49° 10' 42.2" N 17° 00' 07.2"E). 

In the pedological laboratory of the Institute of Land-

scape Water Management at Brno University of 

Technology, selected soil quality physical and chemical 

indicators (texture, bulk density, porosity, maximum 

capillary capacity, minimum air capacity, saturated 

hydraulic conductivity, organic carbon content, pH/H2O 

and electrical conductivity) were analyzed using standard 

methodology (Jandák et al., 2003).  

 

The texture shows the size and proportional repre-

sentation of individual soil fractions. It is involved in 

pedogenetic processes but also in agronomic and 

ecological characteristics of the soil. It affects virtually 

all soil properties, especially the water and air ratio, 

content and composition of edaphon, chemical and 

biological processes occurring in the soil. A combined 

method was used to determine the pore size distribution, 

i.e., sieve analysis and the hydrometer method for smaller 

fraction. Subsequently, the soil was classified according 

to Novak and the USDA triangle diagram. 

The analysis of the intact soil sample determined the bulk 

density, porosity, humidity and air characteristics. 
 

Bulk density (BD) is often used to express the degree of 

compaction or as an index of soil´s mechanical resistance 

to root growth (Carter, 1988, 1990, Reynolds et al., 2003; 

Drewry, 2006); and is defined by following equation: 
 

𝐵𝐷 =
𝐺𝐹

𝑉𝑠
     [g cm-3]                                            (1) 

 

where  

GF – mass of the sample after drying to a constant weight 

[g],  

VS  – bulk volume of intact soil sample [cm3].  
 

On the basis of bulk density, we can evaluate the critical 

value expressing the harmful soil compaction (Lhotský et 

al., 1984), approximately evaluate the structural condi-

tion of the humus horizon (Kutílek, 1978) and the growth 

reduction of roots according to USDA categories (Arshad 

et al., 1996).  
 

Porosity (P) is characterized by the total pore volume, its 

shape, size and spatial spacing. It has a decisive influence 

on the fertility of the soil, it allows the penetration of 

the roots of plants, water and air into the soil and their 

movement in the soil and the existence of soil micro-

organisms. When increasing humidity, it increases, de-

creasing as the soil dries. Porosity was determining using 

next equation: 
 

𝑃 =
𝜌𝑠−𝐵𝐷

𝜌𝑠
· 100   [%]                                                  (2) 

 

where  

P    – total porosity [%],  

ρs    – particle density of soil [g cm-3],  

BD – bulk density [g cm-3]. 

On the basis of porosity, we can classify compactness of 

topsoil by Bretfeld (Kutílek, 1978) and assess critical 

porosity values (Lhotský et al., 1984). 

 
Maximum capillary capacity according Novák (θKMK) 

represents the amount of water that the soil in its natural 

habitat is able to retain for extended periods of time in its 

capillary pores after the previous saturation. For loamy 

soils it should not exceed 36%, otherwise soil is damaged 

and water is poorly absorbed into the soil. 

 
θKMK = B2-C      [%]                                                             (3) 

 

where  

B2 – state of the intact soil sample after 2 hours of 

drainage [%],  

C   – state of the intact sample after drying at 105°C to 

a constant weight [%]. 

 
Minimum air capacity (AC) indicates the difference 

between porosity and maximum capillary capacity. 

Optimal minimum air capacity values range from 15 to 

24%, AC≥10% has traditionally been recommended to 

achieve minimum susceptibility to crop-damaging 

aeration deficits in the root (O'Connell, 1975, de Witt and 

McQueen, 1992) and topsoil is in critical condition and 

requires agromelioratory intervention (Lhotský et al., 

1984).  Minimum air capacity is defined as: 

 
AC = P - θKMK     [% ]                 (4) 

 
where  

P      – total porosity [%],  

θKMK  – maximum capillary capacity [%].   

 
Saturated hydraulic conductivity (Ks) is an indicator of 

the soil's ability to absorb and transfer water to the root 

zone and to drain excess water out of the root zone (Topp 

et al., 1997). Ks value in the range, 5 10-3 cm s-1 to 5 10-4 

cm s-1 may be considered “ideal” for promoting rapid 

infiltration and redistribution of needed crop-available 

water, reduced surface runoff and soil erosion, and rapid 

drainage of excess soil water (Reynolds et al., 2007). For 

laboratory determination of saturated hydraulic conducti-

vity Ks was used permeameter with constant gradient in 

which were placed the saturated soil samples with 

volume of 100 cm3. The calculation is done using Darcy's 

relation, 1856: 

 

𝐾𝑠 =
𝑉·𝐿

𝑆·𝛥𝐻·𝑡
        [cm s-1]                 (5) 

 
where  

V   – volume of water passed through the soil sample 

[cm3],  

L   – height of soil sample in the direction of water flow 

[cm],  

∆H– difference of levels before and behind sample [cm],  

S   – flow area of sample [cm2],  

t    – time [s]. 
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Organic carbon (OC) indicates the total amount of 

organic material in the soil (i.e. living and dead plants, 

animal and microbial materials, highly stable humic 

substances). The total humus content, respectively the 

oxidometric determination of the soil organic matter was 

done by the Walkley-Black method, by modification of 

the Novák-Pelíšek. Soil organic matter influences not 

only the soil quality and soil fertility, but also the physical 

and chemical properties of the soil. OC range of 3–5 

wt % is cited in Reynolds et al. (2007) as being optimal 

for establishment and maintenance of plant in construc-

ted landscaping soils (e.g. urban parks, sports fields, etc.).  

 

Stability index (SI) indicates the risk of soil degradation 

(Reynolds et al., 2007), and is calculated according to 

the following equation: 

 

𝑆𝐼 =
1,72 OC

(clay+silt)
· 100    [𝑤𝑡 %]                (6) 

 
where  

SI      –soil structural stability index [%],  

OC    –organic carbon content [wt %],  

(clay+silt)    – soil´s combined clay and silk content 

[wt %]. 

 
SI ≤ 5% indicates structurally degraded soil due to 

extensive loss of organic carbon, 5%<SI≤7% shows high 

risk of structural degradation due to insufficient organic 

carbon loss, 7%<SI≤9% shows low risk of soil structural 

degradation and SI > 9% indicates sufficient soil organic 

carbon to maintain structural stability. 

 

Active soil reaction (pH/H2O) belongs to significant 

chemical characteristics, significantly affects the fertility 

of the soil, it influences soil processes and the presence 

of soil organisms. The active soil reaction was deter-

mined by potentiometrically. Fertility decreases rapidly 

at pH<5. If pH<3, the plants are generally unable to grow. 

In the Czech Republic most of the surface layers show 

a slight to slightly acidic reaction. 

 

Electrical conductivity (EC) characterizes the degree of 

salt load. Soil salinity greatly influences the chemical and 

biological properties of the soil and greatly reduces soil 

fertility. For analysis was used with the electrode pH 

meter for measuring the electrical conductivity. 

 

Results and discussions 

 

The results of the physical and chemical properties of 

the soil from the experimental plots K1 and K2 are 

presented in graphical form (Fig. 2A-H, 3A-H). They 

represent the average values of measured soil quality 

indicators from the years 2016–2018. 

 

Locality K1 Šardičky  

 

On the basis of the results obtained, it can be stated that 

the physical and chemical quality of soil on the plot K1 

is good. The average soil texture in the Ap horizon (0–30 

cm): 19.23% sand, 69.78% silt and 11% clay. Soil 

classification: medium heavy loamy soil (Novák) and silt 

loam (USDA).  

The course of bulk density in the monitored period 

including a critical value according to Lhotský et al. 

(1984) and Arshad et al. (1996) is seen in Fig. 2A, with 

average BD values ranging from 1.35 to 1.46 g cm-3. In 

2016–2017 the critical value proposed by Lhotský et al. 

(1.45 g cm-3) was not exceeded and the structural 

condition of the upper layer was good. In the last year of 

monitoring, the critical value was exceeded (agricultural 

machinery travels and natural soil compaction due to 

various factors), and the structural state was insufficient. 

Critical value according to Arshad et al. (2002) (1.55 

g cm-3) was not reached during the monitored period. The 

course of porosity, including the critical value for loamy 

soil, can be seen in Fig. 2B, the average P values ranged 

from 44.77 to 49.31%. First two years the critical value 

was not exceeded and the upper layer of the soil, 

according to Bretfeld, was compact (Kutílek, 1978). In 

2018 critical value was exceeded and the upper layer was 

very compact. The course of maximum capillary water 

capacity, including reaching or exceeding the critical 

value for loamy soil is shown in Fig. 2C, the average 

θKMK values ranged from 29.05 to 33.69% and the critical 

value of 36% was not exceeded.  

The course of the minimum air capacity including 

the indication of the optimum range is shown in Fig. 2D, 

the average AC values ranged from 15.62 to 17.95% and 

in the monitored period met the condition of optimum air 

capacity, i.e. in the soil is enough air for the roots of 

plants. 

If we compare the results of the research with the results 

of the basal monitoring of agricultural soils (Kňákal, 

2000: BD=1.4 g cm-3, P=47.08%, θKMK=35.24%), 

the achieved values of physical indicators do not show 

agreement.  

The course of Ks including the limit for ideal range Ks is 

shown in Fig. 2E. In 2016, the average Ks value was high 

due to preferential flow, in 2017 decreased and stabilized 

and in 2018 was without significant change. In 2016, 

the soil was classified according to Kutilek (Holý et al., 

1984) as a high permeability soil (2–6 m day-1) and in 

2017–2018 was moderately permeable (0.5–2 m day-1). 

Average values (0.0020–0.0048 cm s-1) fall within 

the optimal range (5 10-3 cm s-1 to 5 10-4 cm s-1) and can 

be considered "ideal" (Reynolds et al., 2003). 

The chemical properties of the soil can be characterized 

by a high organic carbon content, the course of which can 

be seen in Fig. 2F. Humus affects soil fertility and soil 

function in the ecosystem, average values were higher 

than 5% (5.66 to 5.68%), i.e. the soil is highly humous 

(Kutílek, 1978). The high proportion of humus is 

probably related to the long-term applied reduced tillage 

technology and to leaving plant residues on the soil 

surface. 

High content of humus is likely to be related to long-term 

reduced tillage treatment and plant residues in the soil. 

Based on the humus content and gran size distribution, 

the stability index SI we used to classify the soil into 

classes of structural degradation risks. In the monitored 

period SI values are unchanged (7.0–7.03%), showing 

low  risk  of  soil   structure  degradation.  The  electrical  
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Fig. 2.  A) average BD values in the 0–10 cm depth from the plot K1 with RT. The two 

horizontal lines demark a critical value according Lhotský et al. (1984) and Arshad et al. 

(1996). B) average P values in the 0–10 cm depth from the plot K1 with RT. The horizontal 

line demarks a critical value according Lhotský et al. (1984). In both pictures the vertical 

T- bars indicate range of measured values. 

 

 

 

 
 

Fig. 2.  C) average θKMK values in the 0–10 cm depth from the plot K1 with RT. The ho-

rizontal line demarks a critical value for loamy soils. D) average AC values in the 0–10 cm 

depth from the plot K1 with RT. The horizontal lines demark a proposed minimum and 

optimal AC values for adequate root-aeration. In both pictures the vertical T-bars indicate 

range of measured values. 

 

 

 

 
 

Fig. 2.  E) average Ks values in the 0–10 cm depth from the plot K1 with RT. The two 

horizontal lines demark a proposed optimum Ks range. F) average OC values in the 0–10 cm 

depth from the plot K1 with RT. The horizontal lines demark a proposed optimal OC range 

(Reynolds et al., 2007). In both pictures the vertical T-bars indicate range of measured 

values. 
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Fig. 2.  G) average EC values in the 0–10 cm depth from the plot K1 with RT. 

The horizontal line demarks a boundary for salinity. H) average pH/H2O values in the 0–10 

cm depth from the plot K1 with RT. The horizontal lines demark boundary for a weakly acid 

reaction. In both pictures the vertical T-bars indicate range of measured values. 

 

 

 

conductivity is shown in Fig. 2G, with average EC values 

ranging from 0.15 to 0.22 mS cm-1, without negative 

effect of fertilization on the soil. The course of the soil 

reaction including the range for the weakly acidic 

reaction is shown in Figure 2H, the average pH/H2O 

values ranged from 6.33 to 6.7, the active soil reaction 

was weakly acidic. The results of chemical indicators are 

not consistent with the results of the evaluation of basal 

monitoring of agricultural soils (Kňákal, 2000: pH/ 

H2O=7.0, humus=2.72%). 

 

Locality K2 Bohaté Málkovice 

 

The physical properties of the upper soil layer on plot K2 

are also in good condition. The average soil texture in 

the Ap horizon (0–30 cm): 9.7% sand, 75.49% silt and 

14.81% clay. The soil is classified by Novák as 

a medium-heavy loamy soil, by USDA classification as 

a silty loam.  

Course of BD in the years 2016–2018 is shown in Fig. 

3A, the average BD values ranged from 1.35 to 1.50 

g cm-3 and exceeded the agro-ecological limit (1.45 

g cm- 3) only in 2018. Critical value according to Arshad 

was not reached. In 2016–2017 the structural condition 

of the humus horizon was good, in 2018 it deteriorated 

and was unsufficient. The course of porosity including 

exceeding the critical value for loamy soil is evident from 

Fig. 3B, the average P values ranged from 43.58 to 

49.31%, the critical value was exceeded in 2018. In 

2016–2017 the state of the topsoil was compact, in 2018 

was very compact. 

The course of maximum capillary water capacity, inclu-

ding reaching or exceeding the critical value for loamy 

soil is shown in Fig. 3C, the θKMK values ranged from 

28.34 to 34.89% and was not exceeded the critical value 

(36%).The course of the minimum air capacity, including 

the minimum and optimal AC range for adequate root 

aeration, is shown in Fig. 3D. The average AC values 

ranged from 12.15% to 15.64% and did not fall below 

the 12% minimum level. The optimum range was 

reached only in 2018. The results of the physical para-

meters are not consistent with the results of the eva-

luation of the basal monitoring program for agricultural 

soils (Kňákal, 2000). 

The course of Ks is shown in Fig. 3E and average Ks are 

without significant changes (0.0020–0.0021 cm s-1). 

The soil was classified according Kutilek (Holý et al., 

1984) as moderately permeable (0.5–2 m day-1). 

The average Ks values meet the condition of optimal 

values and can be considered "ideal" (Reynolds et al., 

2003). 

Chemical properties are good and do not require treat-

ment. The course of OC is shown in Fig. 3F. The humus 

content is high (5.24–5.38%), the soil is highly humous 

(Kutílek, 1978). According average SI values (5.95 to 

7.0), the soil in the first year indicate a high risk of 

structural degradation (5%<≤7% SI) and in 2017–2018 

move between high and low risk of structural degra-

dation. The course of electrical conductivity is shown in 

Fig. 3G, the average OC values were low (0.08–0.21 

mS cm-1) and without the effect of fertilization on soil 

quality (Pokorný et al., 2007). The course of the soil 

reaction including the range for the weakly alkaline 

reaction is shown in Figure 3 H, the average pH/H2O 

values ranged from 7.39 to 7.58, the soil reaction was 

weakly alkaline (7.1–8.0). The results of chemical 

indicators are not consistent with the results of basal 

monitoring of agricultural soils (Kňákal, 2000).  

 

 Conclusion 

 

The long-term reduced tillage technology showed small 

changes in selected physical parameters of soil quality. 

The critical BD and P value were exceeded only in 2018 

and the average θKMK values did not exceed the limit for 

loamy soil. The minimum air capacity was better on 

the plot K1with optimal values, on the plot K2 did not 

drop below the minimum limit. The average Ks values for 

both plots meet the optimum condition and can be con-

sidered " ideal.  With  regard  to achieving  or exceeding  
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Fig. 3.  A) average BD values in the 0–10 cm depth from the plot K2 with RT. The two 

horizontal lines demark a critical value according Lhotský et al. (1984) and Arshad et al. 

(1996). B) average P values  in the 0–10 cm from the plot K2 with RT. The horizontal line 

demarks a critical value according Lhotský et al. (1984). In both pictures the vertical T-bars 

indicate range of measured values. 

 

 

 
 

Fig. 3.  C) average θKMK values in the 0–10 cm depth from the plot K2 with RT. The ho-

rizontal line demarks a critical value for loamy soils. D) average AC values in the 0–10 cm 

depth from the plot K2 with RT. The horizontal lines demark a proposed optimal and 

minimum AC value range for adequate root-aeration. In both pictures the vertical T-bars 

indicate range of measured values. 

 

 

 
 

Fig. 3.  E) average Ks values in the 0–10 cm depth from plot K2 with RT. The two 

horizontal lines demark a proposed optimum Ks range. F) average OC values in the 0–10 cm 

depth from the plot K2 with RT. The horizontal lines demark a proposed optimal OC range 

for landscaping soils. In both pictures the vertical T-bars indicate range of measured values. 
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Fig. 3.  G) average EC in the 0–10 cm depth for soil from plot K2 with RT. The horizontal 

line demarks a boundary for salinity. H) average pH/H2O  in the 0–10 cm depth for y soil 

from plot K2 with RT. The horizontal lines demark boundary for weakly alkaline reaction. In 

both pictures the vertical T-bars indicate range of measured values. 

 

 

 

the critical values of the measured physical soil quality 

indicators, the experimental plot K1 near the village of 

Šardičky showed better quality of the upper layer. Soil 

chemical properties are good and do not require 

treatment. Both plots show a high proportion of humus, 

the plot K1 showed a higher stability index SI and a low 

risk of soil structure degradation. EC is low in both plots, 

without the effect of fertilization on soil quality. For 

the plot K1 the soil reaction was slightly acidic, for 

the plot K2 was slightly alkaline. If we compare 

the results of the research with the results of 

the evaluation of the basal monitoring of agricultural 

soils, the agreement is not evident in physical or chemical 

soil parameters. To assess soil quality in general, it is 

necessary to assess not only the physical and chemical 

properties of the soil, but also the biological ones. 

A comprehensive assessment will then help to identify 

the causes of the failures and to suggest effective 

measures to eliminate them. 
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SOYBEAN YIELD AND SEED QUALITY UNDER MODERATE  

DROUGHT STRESS AS AFFECTED BY P FERTILIZER  
 

Oqba Basal, András Szabó 
 

 

Providing nutritional sources is crucial in order for plants to achieve optimum yield and quality of the produced yield; this 

becomes more important under stress conditions, to which drought belongs, representing one of the mainly increasing 

abiotic stresses. P fertilizer has a special role in enhancing the rooting system of plants, which might help in overcoming 

negative drought influence by enhancing water and nutrient uptake. Soybean is classified as a drought-sensitive legume, 

providing cheap source of both protein and oil. To evaluate the influence of P fertilizer on soybean yield and quality under 

moderate drought, an experiment was conducted in 2018 by applying three P fertilizer rates (0, 45 and 90 kg ha-1 of P2O5) 

to soybean (cv. Boglár) under two irrigation regimes; irrigated and moderate-drought-stressed regimes. Results showed 

that drought had negative effects on both yield and oil concentration; however, P application could alleviate drought's 

effects by enhancing both traits, moreover, it could enhance these traits when drought was waived off as well. P application 

had very small effect on protein concentration which was significantly higher under moderate drought conditions. 

Applying relatively-high rate of P could further increase oil concentration compared to lower P rate, however, it did not 

enhance yield or protein concentration. It was concluded that applying P fertilizer has positive effects on both yield and 

seed quality of soybean, especially under moderate drought, however, higher rate of P fertilizer had little influence on oil 

concentration only. 

 

KEY WORDS: drought stress; irrigation regimes; P fertilizer; seed quality; soybean; yield 

 

 

 
 

Introduction 

 

Soybean (Glycine max (L.) Merrill) is among the most 

grown crops worldwide (He et al., 2017), and the most 

widely grown seed legume that provides an inexpensive 

source of protein (Hao et al., 2013), in addition to being 

the most widely grown oilseed crop (Cerezini et al., 

2016). 

One of the major abiotic stresses affecting soybean plants 

is drought stress (Fan et al., 2013) as soybean is widely 

sown under rain fed conditions that are noticeably 

influenced by the current global climatic changes. 

Soybean is highly sensitive to drought, especially during 

the reproductive stages (Sinclair and Serraj, 1995; 

Brevedan and Egli, 2003; Oya et al., 2004). At this 

period, drought stress reduces pod number and 

accelerates leaf senescence, shortens seed-filling period 

and results in smaller and lighter seeds (Frederick et al., 

2001; Egli and Bruening, 2004; Liu et al., 2004; 

Manavalan et al., 2009). The annual soybean yield 

reductions caused by drought are enormous (Sinclair et 

al., 2007; Sincik et al., 2008), reaching up to 40% 

(Manavalan et al., 2009). Under drought stress 

conditions, P can enhance vegetative development, net 

photosynthetic rate, carbohydrate metabolism, root 

morphology and P uptake which, in part, positively 

affects seed number and size and, consequently, seed 

yield (Gutierrez-Boem and Thomas, 1999; Garg et al., 

2004; Jin et al., 2006). 

Phosphorus (P) is one of the most important limiting 

nutrients in plant growth and production (Elser et al., 

2007); it plays an important role in chloroplast compo-

sition and in photosynthesis (Hernández and Munné-

Bosch, 2015). Soybean is a Phosphorus-dependent crop, 

and proper applied rates of phosphorus improve physio-

logical characteristics and enhance nutrient uptake and 

production (Yan et al., 1995), consequently, deficiency 

in available phosphorus in the soil results in limitations 

in soybean development and final yield (Suman and 

Singh, 1985; Wissuwa, 2003). 

It was previously reported that phosphorus application 

enhanced mean plant height (Dadson and Acquaah, 

1984), photosynthesis (Robson et al., 1981), node 

number per plant and pod number per plant (Dadson and 

Acquaah, 1984), dry matter accumulation (Hu et al., 

2002; Dong, 2009), biomass and P uptake (Goswami et 

al., 1999; Andraski and Bundy, 2003) and yield (Hu et 

al., 2002; Dong, 2009). The positive role of P in plant's 

growth and development was differently justified; Xue et 

al. (2014) concluded that suitable P concentrations 
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resulted in distributing dry matter more effectively in 

the pods of the soybean plants, which resulted in yield 

enhancement, whereas Ankomah et al. (1996) reported 

that the positive effect of added P on cowpea grain yield 

was most probably due to its role in increasing nodules 

mass and consequently the amount of fixed N2; this was 

confirmed by the findings of Al-Chammaa et al. (2014) 

who reported quantities of N derived from atmosphere 

through fixation process to increase from 30.3 kg N ha−1 

when P fertilizer was not applied to 35.6 and 37.2 

kg N ha−1 when 40 and 80 kg ha-1 P, respectively, were 

applied to soybean plants. Also for beans, P fertilizer 

resulted in consistent responses in grain yield (Hungria et 

al., 2000). 

Furthermore, Zheng et al. (2009) concluded that en-

hanced rates of P in the fields with lower soybean yields 

were the most practice needed for increasing soybean 

yield. Applying P fertilizer to soybean in a soybean-

maize rotation cropping system lead to high biomass and 

grain yield of soybean, and also to better performance of 

the subsequent maize crop (Kihara et al., 2010; Van-

damme et al., 2014). However, excessive P rates nega-

tively-affected soybean development (Cai et al., 2004). 

Zheng et al. (2009) concluded that applying P fertilizer 

under drought stress conditions can alleviate yield 

reduction resulted from N2 fixation decline as P stimu-

lates biological N2 fixation and increases N accumulation 

in seeds (Graham and Vance, 2000; Ogoke et al., 2003). 

Zheng et al. (2015) investigated the different factors that 

affects soybean yield variability in Hailun County, 

China; the number of the analyzed fields was 101 in 2009 

and 109 in 2010; they reported that available P in the soil 

was the most important soil variable controlling yield 

variations in both years. Although some controlled-

chamber studies focused on P ability to alleviate soybean 

yield-loss under drought conditions (e.g. Gutierrez-Boem 

and Thomas, 1999; Jin et al., 2006), yet field experiments 

that investigated the combined effects of drought and 

phosphorus on soybean are scarce. The aim of our 

research was to investigate the influence of different 

phosphorus rates on both the yield and the seed quality of 

soybean (cv. Boglár) under irrigated and moderate 

drought-stressed regimes. 

 

Material and methods  

 

Soybean (cv. Boglár) was sown in Debrecen University's 

experimental site (Látókép) (N. latitude 47o33', E. longi-

tude 21o27') on April 23rd and was harvested on Sep-

tember 20th, 2018. The soil type is calcareous chernozem, 

the 10-year-average annual precipitation (2001–2010) is 

520.7 mm, whereas the precipitation between sowing and 

harvesting dates was 266.8 mm (Fig. 1). 

Three P fertilizer rates; 0, 45 and 90 kg ha-1 P2O5 (0P, 45P 

and 90P, respectively) were applied under two irrigation 

regimes; moderate drought stress regime (accounting 

only on the precipitation as the only source of water 

supply) and irrigated regime (where an additional 50 mm 

of irrigation water was applied during full pod (R4) stage 

(Fehr and Caviness, 1977). Each treatment consisted of 

three replications.  

The statistical analysis was made using SPSS (ver.25) 

software. 

 

Results and discussion 

 

The precipitation during the months of May and June, 

which were adequate to the vegetative stages V1 to V6 

besides the blooming stages R1 and R2, was very close 

to the monthly average; however, a noticeable reduction 

(by 47.1%) in the precipitation amount happened during 

July where the plants were at full pod R4 stage 

(particularly between 8th and 15th, where only 4.8 mm of 

precipitation was recorded, so an additional 50 mm of 

irrigation water was provided to the irrigated plots on 

July 9th so the total water amount received was adequate 

to the monthly average).  

On the other hand, August recorded higher precipitation 

amount than average (Fig. 1); plants, however, were at 

the beginning of full maturity stage (R7) by that time. 

 

 

 
 

Fig. 1.  Water amounts [mm] of both irrigation regimes in 2018 as compared to 

the average precipitation [mm] during (2001–2010) in Debrecen, Hungary. 
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Yield [t ha-1] 

 

Under drought stress, (45P) treatment resulted in signi-

ficantly higher yield (4.47 t ha-1) compared to (0P) (3.80 

t ha-1) treatment, however, increasing P rate to 90 kg ha-1 

(90P) did not result in noticeable yield enhancement 

(4.50 t ha-1) (Table 1). These results can lead to a con-

clusion that applying P fertilizer could alleviate 

the negative effect of drought stress on the yield. 

Under irrigated regime, applying P fertilizer resulted in 

relatively better yield (5.13 and 5.23 t ha-1 for 45P and 

90P treatments, respectively) compared to control (4.60 

t ha-1), however, the differences were insignificant 

(Table 1). Previously, Li et al. (2001) reported that 

the application of P fertilizer (in a rate of 33 kg ha-1) 

resulted in an increase in soybean's seed yield by 6.7%. 

Similar conclusion was reported earlier (Dadson and 

Acquaah, 1984; Seneviratne et al., 2000). Al-Chammaa 

et al. (2014) recorded an increase by 7% and 12% in seed 

yield when P fertilizer was applied at rates of 40 and 80 

kg ha-1, respectively relative to control treatments 

(without P). Moreover, Aulakh et al. (2003) reported 

significant increases in seed yield as a result to direct 

application of P to soybean at rates up to 80 kg ha-1 

(reaching 2.56 t ha-1); however, higher rate of P (100 

kg ha-1) did not increase grain yield (2.53 t ha-1).  

Similar conclusions were also reported (Dong, 2000; 

Ogoke et al., 2003; Wang et al., 2006). In general, 

the high rates of P fertilizers do not always effectively-

improve crop yield, as crops readily use only 10–45% of 

applied P (Adesemoye and Kloepper, 2009). In soybean, 

high P rates decrease nitrogen and protein accumulation 

in the seeds (Zheng et al., 2015), which is relatively 

demonstrated by our results on protein concentration 

under high P rate (Table 1), as N accumulation plays 

a key role in protein concentration in the seeds as 

reported by many papers (e.g. Rotundo and Westgate, 

2009). Yield was significantly (<0.05), positively 

correlated with P rate (Table 2). 

The effect of drought was obvious when no P fertilizer 

was applied (0P); the drought-stressed treatment resulted 

in significantly less yield (3.80 t ha-1 relative to 4.60 t ha- 1 

under irrigated regime). On the other hand, the irrigated 

plots which received P fertilizer were better than 

the drought-stressed counterparts, though the increases 

were insignificant (Table 1).  

This comparison demonstrates the negative effect of 

drought stress on soybean yield, with an additional 

evidence of the ability of P fertilizer to reduce 

the negative influence caused by drought stress on 

soybean yield.  

Many papers reported drought stress (regardless of its 

severity) to reduce soybean yield (e.g. Sadeghipour and 

Abbasi, 2012; Li et al., 2013; He et al., 2017). Also, it 

was previously reported that under drought stress 

conditions, the fields that received P fertilizer achieved 

greater yield than those that did not receive P fertilizer. 

Similarly, many papers reported that applying P fertilizer 

can enhance drought tolerance in soybean (Gutierrez-

Boem and Thomas, 1999; Jin et al., 2006).  

Under severe drought stress in 2007 in China, applied 

P rate to a study area of 43 fields was the most important 

factor in determining yield; applying lower P rate 

resulted in an average yield of 2.13 t ha-1, whereas higher 

P rate increased the average yield to 2.65 t ha-1; it 

accounted for 60.6% of the total variation in yield (Zheng 

et al., 2009). Yield was significantly (<0.05), positively 

correlated with irrigation regime (Table 3). 

 

 

Table 1.  The effect of different P fertilizer rates on yield [t ha-1], protein concentration [%] 

and oil concentration [%] of soybean (cv. Bolgár) under two irrigation regimes 

Trait 
Moderate Drought Stress Regime Irrigated Regime 

0P 45P 90P 0P 45P 90P 

Yield [t ha-1] 3.80b2 4.47a1 4.50a1 4.60a1 5.13a1 5.23a1 

Protein Concentration [%] 39.7a1 40.6a1 40.3a1 33.6a1 34.0a2 33.6a2 

Oil Concentration [%] 21.8b2 22.8ab2 24.2a1 23.5b1 24.8ab1 25.2a1 

 Same letter indicates no significant difference at .05 level among P rates within certain irrigation regime. 

 Same number indicates no significant difference at .05 level between the two irrigation regimes within certain P rate. 

 

 

Table 2.  Correlation of P fertilizer treatment with yield, protein concentration and oil 

concentration under irrigated and moderate drought-stressed regimes 

Trait Moderate Drought Stress Regime Irrigated Regime 

Yield [t ha-1]  .788*  .724* 

Protein Concentration [%] .161 .009 

Oil Concentration [%]    .853**   .923** 
 *. Correlation is significant at the 0.05 level (2-tailed). 

 **. Correlation is significant at the 0.01 level (2-tailed). 
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Table 3.  Correlation of irrigation regime treatment with yield, protein concentration and 

oil concentration under different rates of P fertilizer 

Trait 0P 45P 90P 

Yield [t ha-1] .902* .891* .851* 

Protein Concentration [%] -.883* -.947** -.904* 

Oil Concentration [%] .923** .969** .613 

 *. Correlation is significant at the 0.05 level (2-tailed). 

 **. Correlation is significant at the 0.01 level (2-tailed). 

 

 

 

Protein Concentration [%] 

 

Under both irrigation regimes, protein concentration was 

insignificantly enhanced in (45P) treatments, whereas 

(90P) treatments resulted in a very slight decrease 

(compared to 45P treatments) (yet they were better than 

0P treatments) (Table 1). Dadson and Acquaah (1984) 

concluded that P application has lead, in general, to 

increased protein concentration in the seeds. Idris (1987) 

reported increased N accumulation in Lucerne 

(Medicago sativum L.) plants as a response to 

P application, which, in part, will lead to increased 

protein concentrations. The correlation with P rate was 

very small an insignificant (Table 2). 

The effect of drought was more obvious; the drought-

stressed plots resulted in better protein concentration 

relative to irrigated counterparts. Moreover, the increase 

was significant when P was applied (regardless of rate), 

whereas it was noticeable, yet not significant, when P 

was not applied (Table 1). These results suggest that 

drought has a major positive effect on protein 

concentration. Increased protein concentration under 

drought stress compared to well-irrigated counterpart 

was previously reported in many papers (e.g. Bellaloui 

and Mengistu, 2008; Rotundo and Westgate, 2009; Wang 

and Frei, 2011). This increase was explained in some 

reports as a result to a reduction in seed number 

associated with an increase in seed size (Borras et al., 

2004), whereas other papers concluded it to be caused by 

drought stress rapidly remobilizing nitrogen from leaves 

to seeds (Brevedan and Egli, 2003) which leads to 

enhanced protein concentration. The correlation with 

irrigation regime was significantly negative under all P 

rates (Table 3). 

Regardless of P application or rate, the decrease of yield, 

caused by drought stress, was accompanied by an in-

crease in protein concentration (Table 1). Previously, 

Liang et al. (2010) reported that high protein 

concentration is negatively correlated with the yield in 

most cases; same conclusion was demonstrated later 

(Miransari, 2016). 

 

Oil Concentration [%] 

 

Under both irrigation regimes, applying P fertilizer 

noticeably enhanced oil concentration in the seeds; more 

particularly, (45P) treatment resulted in better oil 

concentration relative to (0P) treatment, and further 

increase of P rate (90P) resulted in further increase in oil 

concentration, and though this increase was insignificant 

relative to the (45P) treatment, yet it was significantly 

better as compared to the (0P) counterpart treatments 

(Table 1). Our results are consistent with those of 

Costache and Nica (1968) and Dadson and Acquaah 

(1984) who concluded that increasing P rate significantly 

increased oil concentration in the seeds. The correlation 

with P rate was highly significant (<0.01) (Table 2). 

The effect of drought on oil concentration was also mea-

surable regardless of P application and rate; irrigation 

significantly increased oil concentration for both (0P) 

and (45P) treatments, whereas the increase was 

insignificant when applying higher P rate (90P) 

(Table 1). Results of many studies indicated that drought 

stress reduced oil concentration in soybean seeds (e.g. 

Bellaloui and Mengistu, 2008; Maleki et al., 2013). Oil 

concentration correlation with irrigation regime was 

highly significant (< 0.01) under (0P) and (45P) rates and 

insignificantly positive under (90P) rate (Table 3). 

Our results showed a negative relationship between oil 

and protein concentrations; the increase in oil concen-

tration was accompanied by a reduction in protein 

concentration (Table 1). Chung et al. (2003) and 

Miransari (2016) reported similar conclusion. 

 

Conclusion 

 

Drought stress had noticeable effects on soybean; it 

resulted in reducing the yield to distinctive levels; 

however, it increased protein concentration and slightly 

decreased oil concentration. P fertilization had positive 

effects on both yield and seed quality of soybean; its 

influence was more obvious on the yield and the oil 

concentration. Moreover, P fertilization was extremely 

important and useful under drought stress conditions as it 

could alleviate the negative effects on the yield. 

However, high rate of P fertilizer did not lead to 

significant increases in soybean's yield and seed quality 

as compared to moderate rate. An extension of this 

research to involve different drought stress severities 

during different stages of soybean's vegetative period 

will provide more accurate data and more understanding 

of the different reactions of soybean plants to P under 

drought stress conditions. In addition, involving both 

physiological and production traits will provide even 

more integrated data on how drought stress affects 

soybean's development and final yield and seed quality. 
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THE MIGRATION OF POTENTIALLY TOXIC ELEMENTS DURING 

THE RECULTIVATION OF THE URANIUM MINING DEPOSIT IN MECSEK 
 

Lamlile Khumalo, György Heltai, Márk Horváth 

 

 

The ecological risk caused by the potential migration of potentially toxic elements (PTEs) during the recultivation of 

the abandoned uranium mining deposit in Mecsek in Hungary was estimated by developing a sample strategy. To study 

the effectiveness of soil covering layer in retardation of migration of PTEs (Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, 

P, Pb, and Zn) on the covering soil of deposit No.1, sampling locations were selected based on the results of the running 

monitoring program at the deposit No.1, where erosion wounding occurred during the recultivation. Top to bottom soil 

core samples (0–25, 25–50, 50–75 and 75–100 cm depths) and covering plant (grass) samples were taken and analyzed 

using Inductively Coupled Plasma – Optical Emission Spectrometer. Overall the results of the soil samples collected 

indicated that there is a possibility of migration of PTEs as water infiltrates from the top to the bottom of the deposit. 

Transfer factor, TF ≥1 for Cu might be an indication of trace elements’ availability to be taken up by the plants. 

The fractionation by sequential extraction of PTEs is still in progress which should give more information on their 

migration. 

 

KEY WORDS: uranium mining, potentially toxic elements, migration, soil, plants 

 

 

 
 

Introduction 

 

Mecsek mine produced 21,000 t of uranium until it was 

shutdown in 1997 due to being uneconomical (Wallner 

and Stein, 2012; Malovics, 2014). In 2006, there was 

a feasibility study of restarting uranium mining in 

the Mecsek Hills near Pécs in Hungary (Malovics, 2014). 

Uranium mining poses some unique risks due to 

the presence of radioactive substances and co-occurring 

minerals which can contain potentially toxic elements 

(PTEs) (Sahoo et al., 2014; National Research of 

The National Academies, 2012). Pollution by PTEs is 

a significant issue owing to their transport to soils, biota, 

and water streams (Soltani et al., 2017). The natural 

weathering is considered to be significantly responsible 

too for elevated trace metals concentrations in soils (Fite 

and Leta, 2015). Soils of abandoned mining sites pose 

a serious environmental threat because of potential 

mobility of pollutants including PTEs creating a risk of 

groundwater contamination and health hazards for 

animals and humans by food chain (Gałuszka et al., 2016; 

Nazir et al., 2015). Elevated acidity contributes to 

increasing the mobility of PTEs in aqueous solution, 

including uranium, as well as copper, arsenic, cadmium 

(Skipperud and Salbu, 2015). It is important to take into 

consideration effects such as the chemical toxicity of 

PTEs and PTE-species (IAEA, 2004; Pérez-Moreno et 

al., 2018). Regulatory standards for PTE levels in soils 

have been established, but wide discrepancy exists 

among different countries regarding the critical value of 

each contaminant (He et al., 2015). This is relevant in 

order to better predict the risks of uranium mining 

discharges in more common and ecologically significant 

scenarios (Reis et al., 2018). 

The present research is joining the large monitoring 

program that is currently running at abandoned and 

recultivated Mecsek uranium mine in Pécs. Every three 

to five years, samples are being taken from all spoil banks 

and from covering soil to monitor radionuclide 

migration. The main aim of present research is to study 

the effectiveness of soil covering layer in retardation of 

migration of PTEs on the covering soil of deposit No.1 

and to estimate the potential risk caused by the migration 

of PTEs on the environment. During the formation of soil 

covering, there was an erosion wounding occurrence. To 

follow the long-term effect of uranium mining, 

an appropriate additional sampling strategy is 

developing. Soil and plant samples were collected from 

the top and the bottom of the slope of this spoil deposit. 

For this purpose, it is necessary to analyze PTEs and their 

solubility under given geochemical conditions. Hence, 

the total soluble PTE concentrations and solubility 

fractions will be determined by sequential extraction. 

This is a preliminary step of an extensive study, 

the research is still in progress. The determination of total 

soluble element concentration for three classes of 
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elements; macronutrients (Ca, K, P, and Mg), 

micronutrients (Co, Na, Fe, Cu, Ni, Mn, and Zn) and 

toxic elements (Cd, Cr, and Pb) in soil and plant samples 

were completed. However, the total concentration of 

PTEs often does not accurately represent their 

characteristics and toxicity (Okoro et al., 2017). There-

fore, evaluation of the individual fractions to which 

the metals are bound is necessary to fully understand 

their actual and potential environmental effects. For this 

reason, fractionation by sequential extraction of PTEs is 

still in progress. 

 

Material and methods  

 

Sampling in Mecsek uranium deposit No.1  

 

Soil and covering plant (grass) samples were collected on 

the 11th of July 2018 from four sampling points in 

Mecsek uranium mine deposit No.1 in Pecs, South-west 

of Hungary: (1) at the top of the deposit – Rn-M11, (2) 

on the slope of the deposit – Rn-M12, (3) at the bottom 

field – Rn-M13 and (4) at the bottom edge of the slope of 

the deposit – radioactive point. For simple reference, 

the samples were renamed as M11 for Rn-M11, M12 for 

Rn-M12, M13 for Rn-M13 and RA for radioactive point. 

The radioactive point was chosen based on the know-

ledge of its high gamma dose rate ranging between 100 

and 200 nGy h-1 to give an indication of whether PTE 

concentrations would also be high on this location. 

Deposit No.1 was covered with a different type of soils 

taken from various locations. Underneath the soil cove-

ring layer, there were natural rocks. 

 

Sampling and sample preparation for total trace 

element determination  

 

Plant samples were collected by cutting from the surface 

of the plants with a knife from the same locations where 

soil samples were collected (M11, M12, M13 and RA) to 

determine if there is any biological uptake of radio-

activity and PTEs from the soil. Plant sample collected 

from the radioactive location was divided into two 

portions, one half was washed in a shower for 5 minutes 

to simulate the rain. Plant samples were air-dried and 

grinded before microwave digestion preparation. 

Soil samples were collected using a hand auger instru-

ment labeled with different measurements. Each soil core 

sample was taken from different depths: 0–25 cm, 25–50 

cm, 50–75 cm and 75–100 cm. For M11, 75–100 cm 

depth could not be sampled as this was hard rock. Radio-

active soil was only sampled from the top layer. All 

samples collected were carefully placed in clean poly-

ethylene bags before transported to the laboratory.  

Soil samples were homogenized and grinded using Retch 

SM 100 with a 0.25 mm sieve instrument. 

 

Determination of soil moisture content  

 

Approximately 25 g of soil samples were dried at 105°C 

for 72 hours, cooled and weighed for the determination 

of the soil moisture content. 

 

Soil and plant sample preparation using microwave 

digestion and analysis method according to Hungarian 

Standard MSZ 21470-50:2006 6 chapter  

 

0.5 g of homogenized plant samples were weighed into 

the Teflon vessel using an analytical balance. 5 mL of 

nitric acid (65% Merck), 6 mL of hydrogen peroxide 

(30% Emsure®) and approximately 9 mL of distilled 

water were added into the Teflon vessel containing 

the samples, to make it up to 20 mL. Whereas, 0.5 g of 

homogenized soil samples were weighed into the Teflon 

vessel using an analytical balance. 5 mL of nitric acid 

(65% Merck), 3 mL of hydrogen peroxide (30% 

Emsure®) and approximately 2 mL of distilled water 

were added into the Teflon vessel containing the samples, 

to make it up to 10 mL. The reaction could subside 

completely before capping the vessels.  

The microwave digestion vessels containing samples 

were assembled together and placed in a CEM Mars 5 

Xtraction 230/60 Microwave Accelerated Reaction Sys-

tem 907501. The microwave digestion system was set at 

the following parameters: Ramp time – 20 minutes (450 

Psi or 180°C), Hold time – 18 minutes, Still time – 5 mi-

nutes (0 Watt), Hold time – 10 minutes (800 Watt, 450 

Psi and/or 180 °C) and Cooling time – 20 minutes.  

When the digestion was completed, each sample was 

filtered using a 90 mm Filter Discs (Quant.) Grade: 389 

into a 25 mL volumetric flask and made up to 25 mL with 

distilled water. Each sample was physically homoge-

nized by shaking it and transferred into a centrifuge tube 

for the trace element analysis. 

 

Elemental analysis  

 

Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, P, Pb, and 

Zn content of digested solutions were determined by 

a HORIBA Jobin Yvon ACTIVA M Inductively Coupled 

Plasma – Optical Emission Spectrometer (ICP-OES) 

using operation parameters proposed by the manufacturer 

and yttrium internal standard.  

  

The soil/plant transfer factor (TF) determination 

 

The soil/plant transfer factor (TF) was calculated using 

Formula 1 to determine the possibility of the trace 

elements being taken up from the soil by the plants. 

The TF was calculated only from the total concentrations 

obtained from the 0–25 depth of soil sample because 

the grass does not have deep roots to reach a deeper level 

of the soil. The higher the value of the TF, the more 

mobile/available the trace metal is (Intawongse et al., 

2007; Laţo et al., 2012). According to (Fite and Leta, 

2015), if the TF ratios >1, the plants have accumulated 

elements, the TF ratios approximately 1 indicate that 

the plants are not influenced by the elements, and if 

the TF ratios <1, it is the indication that plants avoid 

the elements from the uptake.  

  

Soil/Plant Transfer Factor:  

 

TF = Cplant / Csoil                  (1) 
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where 

Cplant      – concentration of an element in the plant material 

Csoil     – total concentration of the same element in 

the soil where the plant was grown. 

 

Meteorological conditions 

 

The average precipitation at Pécs was calculated based 

on the meteorological data extracted from the Website 

(https://www.ksh.hu/docs/eng/xstadat/xstadat_annual/i_

met002c.html) of the Hungarian Central Statistical 

Office. The average precipitation was calculated from 

1997 when the mine was shut down to 2018 when sam-

pling took place. The average precipitation was 674 mm 

with a minimum of 405 mm in 2011 and the maximum 

of 981 mm in 2014. The groundwater level at the time of 

sampling 2018 was at 160 m from the Balti line.  

 

Results and discussion 

 

Total soluble element concentrations in soil 

 

The results obtained from this study were compared to 

the Hungarian Regulation and World Health Organi-

zation (WHO) permissible limits of elements in soil and 

plants. The results of the element analysis in soil samples 

are presented in three different figures. These results are 

presented according to the elemental importance in soil 

e.g. macronutrients, micronutrients, and toxic elements. 

Macronutrients (Ca, K, Mg, and P) and Fe are presented 

in Figure 1. Iron is an essential micronutrient, however, 

within soils and plants, it is not toxic because its average 

concentration is generally greater than 100 mg kg-1 

(Hooda, 2014), hence its placement with macronutrients 

in Figure 1. Iron may be the most difficult element to 

make available in the soil for plants because it is needed 

in relatively large amounts and soil chemical processes 

sometimes quickly make it unavailable (Lohry, 2007). 

Plants require essential macronutrients (such as N, P, K, 

Ca, and Mg) and micronutrients (such as Fe, Zn, Mn, Ni 

and Cu) from soil to grow and complete the cycle of life 

(Kabata-pendias and Pendias, 2001), therefore they are 

not included on the table of permissible limits of PTEs in 

plants and soil in Table 1. Soil concentrations for PTEs 

in dry weight were compared with soil toxic element 

contamination limit that is regulated by the Hungarian 

Government (6/2009. IV. 14. 2009) based on the regu-

lation of other European (EU) member countries (Rékási 

and Filep, 2012). The WHO (1996) permissible limits for 

elements in the soil are included for reference in 

comparison of the Hungarian limits to the World’s limits. 

Results for the micronutrients in the soil are presented in 

Fig. 2. The concentration levels for Co, Cu and Zn were 

within Hungarian limits of 30 mg kg-1, 75 mg kg-1 and 

200 mg kg-1 respectively, however Zn concentration for 

samples M11 at 50–75 cm was 60.52 ± 0.08 mg kg-1, 

M13 at 0–25 mg kg-1was 67.43 ± 0.12 mg kg-1, at 25–50 

was 58.92 ± 0.08 mg kg-1 and at 50–75 was 54.51 ± 0.12 

mg kg-1. These Zn concentrations were above the WHO 

limit of 50 mg kg-1 but they were still below the inter-

vention level of 720 mg kg-1 (VROM, 2000). Nickel 

concentration levels for sample M12 at 25–50 cm and for 

RA sample were above the limits recommended for soil 

by Hungary (limit of 40 mg kg-1), which were 53,47 ± 

0.75 mg kg-1 and 40.54 ± 0.10 mg kg-1 respectively. 

However, these Ni concentrations were still within 

the allowed concentrations of 35–75 mg kg-1 recommen-

ded by the Commission of the European Communities 

(1986). The elevated concentration levels of Ni at 

sampling points M13 and RA might be an indication of 

the mobility of elements from the top of the deposit to 

the bottom part of the deposit. As indicated in Table 1, 

although micronutrients from the soil are essential for 

plant growth and development (Voss, 1998), high 

concentration levels can be toxic (Stanojković-Sebić et 

al., 2017). 

 

 

 

 
 

Fig. 1.  Total concentration of Ca, Fe, K, Mg and P in soil samples. 

 

https://www.ksh.hu/docs/eng/xstadat/xstadat_annual/i_met002c.html
https://www.ksh.hu/docs/eng/xstadat/xstadat_annual/i_met002c.html
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Table 1.  Permissible limits for PTEs in plant and soil 

Trace 

elements 

aTarget 

value of soil 

[mg kg-1] 

bPermissible 

value of plant 

 [mg kg-1] 

cConcentration of  

elements in soil and 

 contamination limit 

 values [mg kg-1] 

dAllowed levels 

in soil 

[mg kg-1] 

eIntervention 

values  

[mg kg-1] 

Cd 0.8 0.02 1 1 – 3 12 

Co - - 30 - 240 

Cr 100 1.3 75 100 – 150 380 

Cu 36 10 75 50 – 140 190 

Fe - - - - - 

Mn - - - - - 

Ni 35 10 40 35 – 75 210 

Pb 85 2 100 50 – 300 530 

Zn 50 0.6 200 150 – 300 720 
aTarget values are specified to indicate desirable maximum levels of elements in unpolluted soils  

(Denneman and Robberse 1990; Ministry of Housing, Netherlands, 1994). 
bWHO permissible value of plant (WHO,1996; Adio, 2017).  
cContamination limit values for Hungarian soils (6/2009. IV. 14. 2009) (Rékási and Filep, 2012). 
dAllowed levels in soil (Commission of the European Communities, 1986). 

eIntervention values (Netherlands Ministry of Housing, Spatial Planning and the Environment (VROM), 2000). 

 

 

 
 

Fig. 2.  Total concentration of Co, Cu, Mn, Na, Ni and Zn in soil samples. 

 

 

 

The concentrations for toxic elements in the soil are 

obtained in Figure 3. The results for the analysis 

indicated that the soil from deposit No.1 did not contain 

Cd element and the Pb concentrations were below 

the Hungarian limits. Although Cr concentrations for 

sampling points M12 at 25–50 cm with 116 ± 0.36 

mg kg- 1 and RA with 127 ± 0.01 mg kg-1 were above 

the Hungarian limits of 75 mg kg-1, these concentrations 

were still withing the allowed levels of 100–150 mg kg-1 

(Commission of the European Communities, 1986). 

The elevated Cr concentrations in soils at the M12 and 

RA sampling locations might be an indication that plants 

did not take Cr from the soil. 

ANOVA statistical analysis for the function of soil 

sampling points and different depths for each sample was 

determined, the results indicated that there was no 

significant difference among the means of concentrations 

for different depths for each sample and also for each of 

the sampling points at 95% confidence interval. 

 

Element concentrations in plants 

 

The results of the concentrations for the elements in plant 

samples are presented in Table 2. The concentrations for 

the elements in analyzed plants were compared to 

the WHO (1996) permissible limits for plants. Chromium 

results for the sample M11 with a concentration of 14.2 

± 0.02 mg kg-1 was observed to be above WHO (1996) 

limit of 1.3 mg kg-1. This observation might be an in-

dication that Cr was taken up by plant from the soil on 
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sampling point M1 which is located on top of the deposit. 

Copper concentrations for sampling points M12, M13, 

and RA (both unwashed and washed plant samples) were 

above the WHO permissible limit of 10 mg kg-1. It was 

also observed that the concentrations for Cu increased as 

the topography  changed  from  the top  of the  deposit to  

 

 

 

 
 

Fig. 3.  Total concentration of Cr, Cd, and Pb in soil samples. 

 

 

 

Table 2.  Total concentrations for elements in plant samples 

Element M11 

Total 

Concentration 

[mg kg-1] 

M12 

Total 

Concentration 

[mg kg-1] 

M13 

Total 

Concentration 

[mg kg-1] 

Unwashed plant 

Total 

Concentration 

[mg kg-1] 

Washed plant 

Total 

Concentration 

[mg kg-1] 

Permissible 

value of  

plant 

(WHO, 

1996) 

[mg kg-1] 

Ca 

(315.887 nm) 

5710 ± 54.26 4400 ± 15.61 2133 ± 11.94 5369 ± 0.43 5184 ± 43.05 - 

Cd 

(228.802 nm) 

0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.8 

Co 

(228.615 nm) 

0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 - 

Cr 

(205.571 nm) 
14.2 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 1.3 

Cu 

(324.754 nm) 

5.89 ± 0.09 18.3 ± 0.00 59.5 ± 0.11 21.7 ± 0.22 73.1 ± 0.17 10 

Fe 

(240.489 nm) 

265 ± 3.60 94.93 ± 0.56 301 ± 2.01 52.39 ± 0.37 68.59 ± 0.35 - 

K 

(766.490 nm) 

7206 ± 20.60 7608 ± 151.90 8861 ± 27.63 13289 ± 12.76 14302 ± 5.50 - 

Mg 

(279.078 nm) 

1781 ± 13.81 1786 ± 8.77 785 ± 0.87 868 ± 7.44 925 ± 2.93 - 

Mn 

(257.610 nm) 

34.2 ± 0.13 21.5 ± 0.20 26.1 ± 0.50 3.68 ± 0.04 8.97 ± 0.10 - 

Na 

(589.592 nm) 

73.9 ± 0.53 43.0 ± 0.21 36.9 ± 0.43 33.5 ± 1.51 52.8 ± 0.50 - 

Ni 

(231.604 nm) 

5.48 ± 0.06 2.42 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 10 

P 

(253.560 nm) 

1411 ± 0.48 1150 ± 3.60 1307 ± 0.59 1489 ± 15.61 1631 ± 6.84 - 

Pb 

(220.353 nm) 

0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 2 

Zn 

(213.857 nm) 
20.9 ± 0.05 9.41 ± 0.05 13.6 ± 0.05 8.87 ± 0.03 13.3 ± 0.39 0.6 

 Results highlighted in bold, were above the permissible limits. 
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Table 3.  Soil/Plant Transfer Factor (TF) 

Trace elements M11 M12 M13 Active samples 

Ca 315.887 0.27 0.41 0.28 0.59 

Cd 228.802 - - - - 

Co 228.615 0.00 0.00 0.00 0.00 

Cr 205.571 0.30 0.00 0.00 0.00 

Cu 324.754 0.52 1.56 3.64 0.54 

Fe 240.489 0.02 0.01 0.01 0.01 

K 766.490 0.93 0.95 0.56 1.14 

Mg 279.078 0.30 0.39 0.09 0.14 

Mn 257.610 0.11 0.05 0.05 0.01 

Na 589.592 0.20 0.12 0.09 0.19 

Ni 231.604 0.24 0.10 0.00 0.00 

P 253.560 0.25 0.19 0.14 0.46 

Pb 220.353 0.00 0.00 0.00 0.00 

Zn 213.857 0.69 0.29 0.20 0.25 

         The TF values highlighted in bold are over the limit of 1. 

 

 

 

the bottom of the deposit. The increase in Cu concentra-

tion at the bottom of the deposit might be an indication 

that Cu was transported down the slope of the deposit and 

have accumulated at the bottom of the deposit. Zinc 

concentrations for all the plant samples collected were 

above WHO permissible limits of 0.6 mg kg-1. These 

results indicate that Zn may have been available from soil 

to be absorbed in large quantities by plant. Copper, Zn, 

Fe, Mn, and Ni are all more available at low pH levels 

than at high pH levels because metals are bound very 

tightly to the soil or exist in solid minerals at high pH 

(Jones and Jacobsen, 2001). When comparing the results 

for washed and unwashed plant samples collected from 

RA, there was no noticeable difference in concentration. 

This might be an indication that the concentrations of 

the elements obtained are not due to surface contami-

nation but are due to biological uptake. 

ANOVA statistical analysis for the function of plant 

sampling points was determined. The results indicated 

that there was no significant difference amongst the plant 

sampling points at a 95% confidence interval. 

 

Plant/Soil transfer determination 

 

To assess the availability/mobility of trace metals from 

soil to plant, TF ratios were calculated on dry weight for 

both plant and soil samples. The TF ratios are presented 

in Table 3. 

The transfer factor (TF) ratios were calculated to deter-

mine the ability of a metal species to migrate from 

the soil into plant roots. Copper TF values indicated 

an increasing trend from the M11 with reported TF=0.52, 

M12 with TF=1.56 and to M13 with TF=3.64. This in-

creasing trend might imply that there was a migration of 

Cu from the top of the deposit to the bottom of the depo-

sit. Copper TF value for sampling points M12 and M13 

were above the limit of 1, whereas the active sample 

reported the TF value of 1.14. This observation indicates  

that Cu and K trace metals are available to be taken up by 

plants (Intawongse et al., 2007, Agic et al., 2015). 

 

Soil moisture content  

 

The amount of water present in the soil was indicated by 

calculating the soil moisture content as indicated in 

Table 4. The results indicated that the soil sample which 

is located at the bottom of the deposit (M13) had 

the highest soil moisture content average of 14.94 % 

compared to M11 and M12 with the averages of 9.76 % 

and 8.77 % respectively. This observation might be an 

indication that water containing PTEs might be infiltrated 

through the soil from the top of the deposit to the bottom 

of the deposit. 

 

Conclusion 

 

Most elemental concentrations in soil samples collected 

from deposit No.1 were lower than the contamination 

limit values for Hungarian soils and within the per-

missible limits. The results for micronutrients indicated 

that there was a trend on the increase of concentrations of 

elements as the slope of the deposit decreased. Soil 

samples collected from the top of the deposit (M11) 

contained less average concentration followed by 

the sample collected from the slope (M12) and the sam-

ple collected from the bottom of the deposit (M13) had 

the highest average concentration. This observation 

might be an indication that there is a possibility of 

migration of these elements. The results for M13 were 

observed to have the combination of highest average for 

both soil moisture content PTE concentrations. This 

might be an indication that there is possibility of water 

infiltrating through the deposit while migrating PTEs. 

The results for plant analysis indicated that Cu, Zn and 

Cr were above the WHO limits of 10 mg kg-1, 0.6 

mg kg- 1 and 1.3 mg kg-1respectively for some sampling  
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Table 4.  Soil moisture content 

Sample 

name 

Sample layer 

[cm] 

Mass of empty 

container 

[g] 

Mass of container 

+ sample before 

drying 

[g] 

Mass of 

container + 

sample after 

drying [g] 

Moisture 

content 

[%] 

 
M11 0–25 51.8315 75.4234 73.2435 9.24 

 25–50 51.3661 74.1878 72.4906 7.44 

 50–75 49.9757 78.8825 75.2421 12.59 

M12 0–25 50.5424 82.0956 79.1077 9.47 

 25–50 48.7002 78.0861 75.4438 8.99 

 50–75 48.0575 77.6417 75.2200 8.19 

 75–100 49.3037 75.1385 72.9608 8.43 

M13 0–25 49.8464 79.0846 74.0951 17.07 

 25–50 50.4257 82.6054 77.9922 14.34 

 50–75 48.6373 83.1727 78.2866 14.15 

 75–100 48.8749 82.4759 77.7055 14.20 

RA Top layer 35.3620 82.9546 81.4488 3.16 

 

 

 

location. This might be an indication that these elements 

were available for uptake from by plants. Even though 

these micronutrients are essential to plants, elevated 

concentrations may cause several problems, including 

the toxicity of the environment. The transfer factor 

values for Cu and K (≥1) indicate higher absorption of 

metal from the soil by the plant. The TF value for K in an 

active sample was above the TF limit of 1, however, K is 

a macronutrient and is needed in abundance for plants to 

grow.  

The possibility of migration of these elements will be 

confirmed by fractionation by sequential extraction for 

PTEs. These results do not provide enough information 

to conclude on the migration of PTEs. However, based 

on the plant elemental uptake, it is apparent that 1 meter 

covering soil for deposit No.1 might not be effective. 

More information with regards to the mobility of PTEs 

will be revealed when the fractionation of PTEs in soil 

samples is completed. Additional samples will be 

collected from different sampling points of the deposit 

No.1 to ensure the representation of the samples. This 

investigation is planned to be repeated two times in 

the next years to ensure a more reliable conclusion.  
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