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Abstract 

The habilitation thesis presents the results of research in the field of the water balance of intensively 

managed agricultural landscapes. The text analyses current approaches and methods for determining 

the water balance of the catchment, for monitoring the relationship between precipitation and runoff, 

for determining the runoff pathways and residence time of water in the soil and aquifers, for 

noninvasive monitoring of the stratification of a shallow soil profile using electrical resistivity 

tomography, to monitor the temporal and spatial variability of soil properties, to monitor soil 

moisture, to describe erosion processes and the transport of mobilised sediment in the landscape, 

and to numerically model the hydrological regime at the scale from soil profile to watershed. The 

thesis is divided into two blocks. The first part includes a review of the literature summarising the 

current status and causes of soil degradation in the Czech Republic, a theoretical introduction to the 

main processes affecting the retention and runoff characteristics of the landscape, and an 

introduction to modern tools for monitoring and modelling hydrological processes in the landscape. 

In the second part, nine previously published scientific articles are appended, in which specific 

problems and tasks are solved. 

 

Keywords:  

soil water regime, rainfall-runoff  processes, soil moisture, cosmic rays neutron sensing, electrical 

resistivity tomography, stable isotopes 

  

5



Abstrakt (česky) 

V předkládané habilitační práci jsou prezentovány výsledky výzkumu v oblasti hydrologického 

režimu kulturní, zejména zemědělsky obdělávané, krajiny. V textu jsou analyzovány aktuální přístupy 

a metody pro stanovení vodní bilance povodí, sledování vztahu mezi příčinnou srážkou a odtokem 

vody z území, určení odtokových drah a doby zdržení vody v půdním prostředí, neinvazivní 

monitorování zvrstvení mělkého půdního profilu s využitím elektrické odporové tomografie, 

sledování časové a prostorové variability půdních charakteristik, monitorování vlhkosti půdy, popis 

erozních procesů a transportu mobilizovaného sedimentu v krajině, a numerické modelování 

hydrologického režimu v měřítkách půdního profilu až  po povodí. Práce je strukturována do dvou 

bloků. První část zahrnuje literární rešerši shrnující stav a příčiny degadace půd v České republice, 

teoretický úvod do klíčových procesů, které ovlivňují retenci a odtokové charakteristiky krajiny, a 

představení moderních nástrojů pro sledování a modelování hydrologických procesů v krajině. 

V druhé části je přiloženo devět dříve publikovaných vědeckých článků, ve kterých jsou řešeny 

specifické problémy a úlohy.  

 

Klíčová slova:  

vodní režim půd, srážko-odtokové procesy, vlhkost půdy, CRNS, elektrická rezistivní tomografie, 

stabilní isotopy 

 

 

  

6



 

CONTENTS 

 

PART I 

1. Introduction ......................................................................................................................................... 9 

2. State of the art ................................................................................................................................... 12 

2.1 Soils degradation in Czechia ...................................................................................................... 12 

2.1.1 Soil erosion ......................................................................................................................... 13 

2.1.2 Soil compaction and soil structure changes ................................................................. 15 

2.1.3 Soils contamination ........................................................................................................... 19 

2.2 Components driving the water runoff dynamics in the landscape..................................... 21 

2.2.1 Soil water ............................................................................................................................. 22 

2.2.2 Topsoil properties variability........................................................................................... 23 

2.2.3 Soil surface changes due to soil erosion ........................................................................ 25 

2.2.4 Vegetation and root zone patterns ................................................................................. 26 

3. Overview of the selected experimental methods ........................................................................ 27 

3.1 Catchment scale monitoring of rainfall-runoff processes ..................................................... 27 

3.2 Spatially distributed topsoil moisture monitoring ................................................................... 29 

3.3 Geophysical surveying – electric resistivity tomography  ..............................  .................. 31 

3.4 Water residence time and water mixing  ................................................................................... 32 

4. Future prospects ............................................................................................................................... 33 

5. References .......................................................................................................................................... 35 

 

PART II 

1. Soil water dynamics, small scale experiments .............................................................................. 47 

2. Hydrological processes on a catchment scale .............................................................................. 94 

3. Interaction of water with earth structures ..................................................................................125 

 

  

7



 

 

 

 

 

 

 

 

 

 

 

PART I 

  

8



1. INTRODUCTION 

Soils provide a variety of ecosystem services such as primary production (food, wood, etc.), nutrient 

cycling, climate regulation, or water purification. Together with the landscape, soils are a cultural 

heritage that reflects centuries of human activity. Soils form the basis of all terrestrial ecosystems and 

agricultural provisioning services and are the structural medium for the terrestrial biosphere and 

human infrastructure. Nevertheless, the importance of soils for sustainable living is currently not 

properly recognised by the public. Soils are exploited with the aim of maximising short-term profits 

(Nolan et al., 2021). It is very likely that degradation processes will accelerate in the near future due 

to climate change, changing landscape patterns and land use, groundwater depletion, intensive 

agriculture, and global uniformity of food production (Kraamwinkel et al., 2021). The main factors 

leading to soil degradation in the Czech cultural landscape are soil erosion, soil compaction, organic 

matter degradation, loss of soil structure, and soil contamination (Dostál et al., 2006). 

Soil properties, soil quality, spatial and temporal heterogeneity and stratification of the soil profile are 

among the crucial parameters that determine rainfall-runoff processes and water retention in the 

landscape. Understanding the distribution of precipitation water, its pathways into rivers or 

groundwater and the residence time in the stratified soil profile are important prerequisites for water 

management, flood and nutrient control.  

While research on arable soils often focuses on crop yields, overland runoff or soil degradation, 

spatially distributed monitoring and modelling of soil water content dynamics is usually limited to 

more permanent landscape types such as forests or pastures. Identifying the predominant runoff 

mechanisms and pathways is not straightforward, even in seemingly uniform agriculture fields, due 

to soil heterogeneity, the complexity of micro- and macromorphology and the intermittently variable 

hydrological connectivity of the landscape. Standard monitoring techniques based on soil and water 

sampling and point sensors do not provide sufficient data for a good understanding of the 

hydrological behaviour of the system. Parameterisation and calibration of physically based distributed 

numerical models is complicated due to high uncertainties in inputs and lack of relevant calibration 

and validation data. Process-based understanding of hydrological processes on arable lands 

represents a challenge. To make a progress in this direction is needed.  

Intensive agriculture is a source of diffuse pollution of water bodies. This pollution is transported to 

water bodies not only by overland flow, but also via groundwater recharge or runoff through the tile 
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drainage systems. Information on the average residence time of soil water in agricultural fields is 

therefore essential. The residence time can be estimated with the help of stable isotope analyses. The 

residence time of soil water (the so-called age of the water) in the catchment's storage pools  has been 

shown to directly influence the chemical composition of runoff (Rinaldo et al., 2015). A considerable 

part of the runoff may consist of water that has been stored in the catchment for a long period of 

time, and only a part of the runoff consists of rainwater (event water), which makes the 

hydrochemical regime very complex (McDonnell et al., 2010). Knowledge of residence time also 

helps to understand how and where a catchment stores and releases water, as it is related to the 

diversity of flow pathways in the catchment (Zhou et al., 2021). Spatio-temporal water distribution is 

also influenced by vegetation development. Tracking stable water isotopes in combination with 

detailed monitoring of the water balance in the soil profile are tools to study this not yet fully 

understood problem (Kleine et al., 2020). 

The effects of soil properties and stratification on water and sediment transport are very complex 

and can be studied at different spatial and temporal scales with different methods and objectives. 

Among others, ponded and tension infiltration experiments are used to observe the spatial and 

temporal variability of topsoil hydraulic conductivity (Zumr et al., 2019), plot-scale rainfall 

experiments help to assess the large-scale soil infiltration capacity and surface runoff regime (Zumr 

et al., 2015, Jeřábek et al., 2020, 2022 ), geophysical surveys are applied to observe the heterogeneity 

of the deep and shallow subsurface (Zumr et al., 2012, Jeřábek et al., 2017, 2021), monitoring of 

runoff processes at the catchment scale provides information on the overall hydrological dynamics 

of the landscape (Zumr et al., 2015, Li et al., 2021), numerical modelling helps to understand the main 

morphological, soil and climatic variables and their sensitivities that influence the hydrological regime 

(Zumr et al., 2015, Noreika et al., 2021). 

There are a variety of small and specific research problems, such as preferential flow, the effects of 

temporal instability of hydraulic properties related to soil structure and soil compaction, or splash 

erosion leading to changes in surface microtopography. It is one of the tasks of modern hydrology 

to deal with these processes and to clarify how water behaves in the soil under different conditions. 

How long does water remain in the soil profile and in the groundwater? Which part of water 

(precipitation water, soil water, groundwater) is in the streams during floods? In what pathways does 

the water flow through the soil? Does the precipitation water displace older water from the soil, or 

does it flow directly into the recipient? Similar questions can be addressed also to the mobilised 

eroded sediments, fertilisers or pesticides. Traditionally, empirical black-box models have often been 
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used to describe runoff and soil erosion processes in agricultural catchments. However, it has been 

found that the oversimplified models do not adequately predict water and sediment fluxes. Therefore, 

they can hardly be used to simulate, for example, the spread of pollution in a catchment or to model 

extreme events for which the models have often not been empirically parameterised. 

Meanwhile, the understanding of hydrological processes has made considerable progress. Modern 

tools such as spatially distributed soil sensor networks (soil moisture, matric potential or temperature 

sensors, electrical conductivity and permittivity probes), shallow subsurface runoff monitoring, 

advanced numerical models, remote sensing (leaf area index mapping, vegetation indicies imagery or 

surface temperature mapping), geophysical surveys, isotope hydrology and many others help to 

increase knowledge. 

This thesis summarises the main research activities and results on water balance in the landscape 

carried out or supervised by the author1. The thesis is conceived as a collection of published 

manuscripts. The collection is introduced by a presentation of the state of the art and selected 

methods that have been used to study the processes under investigation (PART I). This is followed 

by the manuscripts, which are divided thematically into three sections (PART II). Each section is 

introduced with a brief summary of the articles listed and is supplemented by additional references 

to the work in which the author has been involved. 

 

 

  

1 It needs to be noted that all activities and results were achieved within the framework of the work of an entire research team. In the 

field of hydrology, especially experimental hydrology, collaboration is essential. I am therefore grateful to all my colleagues and 

students for their important contribution. 
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2. STATE OF THE ART 

2 . 1  S O I L S  D E G R A D A T I O N  I N  C Z E C H I A  

In general, soil degradation is usually the result of more than one degradation process. Currently, the 

most prominent problem with agricultural soils in the Czech Republic is irreversible soil sealing, 

associated with uncontrolled expansion of settlements and related infrastructure.  Soil loss, mostly 

on high-quality lands, has accelerated significantly in the last 25 years.  Other serious degradation 

processes are water and wind erosion, soil compaction and soil organic matter depletion (Janků et al., 

2016; Kozák et al., 2010). It is often not possible to assess what degradation factor is the primary 

cause and what is the consequence, e.g., in the case of soil erosion and low organic matter content. 

The impacts of unhealthy soils are vast, ranging from biodiversity problems to the quantity and 

quality of groundwater. 

 

 

 

Figure 1: Ratios of Agricultural land use (left), and the temporal evolution of the Arable area per capita (right) (based on data from 

Czech Statistical Office). 

The Czech agricultural landscape is characterized by large fields, which are a heritage of land 

collectivization in the 20th century. Intensive industrial farming speeds up the soil degradation 

processes. On top of that the area of arable land keeps decreasing (Figure 1). More than 55 % of the 

agricultural land in the Czech Republic is potentially threatened by surface runoff and subsequent 

soil erosion, and about 10 % is threatened by wind erosion (Dostál et al., 2006) . Transported soil 
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particles and substances bound to them pollute water sources, clog reservoir storage areas, reduce 

the flow capacity of streams, and cause turbidity and eutrophication of surface waters. Over 45% of 

arable soils are threatened by soil compaction (Lhotský, 2000). As a consequence, infiltration of 

rainwater into the soil is reduced, resulting in increased runoff during rainfall events, and increasing 

again the risk of soil erosion and soil structure degradation. 

2.1.1 Soil erosion 

In comparison with the rest of the world, the Czech Republic has relatively low soil erosion potential, 

as it lacks high mountains and heavy convective rainstorms, and a considerable part of the area is 

covered by forests (Kozák et al., 2010). Nevertheless, soil erosion (especially water erosion) is the 

most frequently highlighted soil degradation process. A total of 43% of the arable land is on slopes 

ranging from 3° to 7°, and 10 % of the land is on slopes exceeding 7°. Wind erosion occurs mainly, 

but not exclusively, in the south-eastern part of the Czech Republic, where the climate is warmer and 

the soils are lighter. The estimated annual soil loss from agricultural land for the whole country is 

estimated to be 21 million tons, which represents an economic loss of up to CZK 4.3 billion  

(Podhrázská et al., 2016). Soil translocation due to tillage operations has also been studied 

(Hrabalíková et al., 2018; Novák et al., 2006).  Up to 16% of arable land is negatively affected by the 

tillage operations, especially in the most fertile regions of south and northeast Moravia (Žížala et al., 

2021). 

The Czech Republic contains densely populated areas where soil erosion is usually accompanied by 

the off-site negative impacts of considerable economic damage to water structures (e.g., ditches, rivers 

and reservoirs affected by siltation and consequently by eutrophication) or to the civil infrastructure 

(local flash floods, mud flows into villages and gardens) (Bauer et al., 2019; Jáchymová et al., 2020; 

Krása et al., 2019). Over 40 % of reported erosion cases end up with damage to roads, over 30% 

with damage to the civil infrastructure, and more than 17 % with damage to water bodies (Kapička 

et al., 2020). Eroded soils in the Czech Republic produce lower crop yields per hectare. The reported 

yields are lower by 15 – 20 % on moderately eroded soils and by as much as 75 % on heavily eroded 

soils (Kapička et al., 2020).   

Agriculture is the main non-point pollution source of surface waters and groundwater. Surface runoff 

containing detached soil particles introduces considerable loads of adsorbed pollutants, mainly 
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phosphorus (Krása et al., 2019) and nitrogen (Rosendorf et al., 2016). The unsatisfactory present-day 

situation is connected with mass production in agriculture and with extreme changes in land use (the 

so-called collectivization process in the 1950s), when large units of arable land were consolidated and 

the soil degradation process accelerated dramatically in some areas (Figure 2) (Devátý et al., 2019). 

Dostál et al. (2006)  identified the following dominant factors which have contributed to a dramatic 

increase in soil erosion: 

- Establishment of very large fields (on an average 20 ha, but there are even parcels of 200 ha 

(Podhrázská & Karásek, 2014) 

- Removal of the dense network of linear and spot elements in the landscape (such as dirt roads, 

paths, ridges, grass belts, groves, etc.) which could potentially prevent or terminate surface runoff 

- Extensive soil amelioration with introduction of dense networks of tile drains, straightening and 

deepening of streams 

- Transformation of grasslands and pastures into arable areas in morphologically unfavorable 

landscape areas (foothills, slope areas). 

- Drainage of inundation areas, leading to more arable land but to lower water retention capacity 

of the landscape. 

- Utilization of heavy machinery, which has resulted in soil compaction and reduced soil 

infiltration capacity 

- Planting of wide row crops (e.g., corn, potatoes)   

- A drastic reduction in organic matter inputs, due to reduced livestock production since the 

1990s.  

- Increased application of mineral fertilizers since the 1970s  

- Insufficient use of modern technologies, lack of knowhow, and a lack of political support for 

soil protective cultivation of the land 

Effective measures against soil erosion have been historically known, but for decades ignored. They 

should be increasingly applied on fields in the Czech countryside. So far, effective measures have 

usually been implemented at the local level, either on fields that have already been repeatedly affected 

by erosion or by a limited number of progressive farmers and landowners. Nevertheless, the ongoing 

process of land consolidation (aimed at reducing the high ownership fragmentation caused by the 

restitution of confiscated land in the 1990s) provides a great opportunity to reshape the rural 

landscape matrix, to introduce stabilizing elements e.g., pathways, grass strips, alleys, ditches, green 
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vegetation, among others (Jakšík et al., 2015), and to improve the resistance of the soil to degradation 

(Homoláč & Tomsik, 2016; Moravcová et al., 2017).  

 

 

Figure 2: An example of the change in the landscape pattern between 1954 (left) and 2020 (right) due to the collectivization of 

agriculture (vicinity of the Nučice experimental catchment, (Li et al., 2021) ). (Source of the historical orthophotograph CENIA 

2010, current situation ČÚZK, available from: http://geoportal.gov.cz). 

2.1.2 Soil compaction and soil structure changes 

Soils on farmlands are losing their structure, mostly due to intensive tillage and soil compaction. Soil 

compaction, caused by overuse of heavy machinery, intensive cropping and inappropriate soil 

management, has been recognized as one of the major problems of modern agriculture (Hamza & 

Anderson, 2005). Compaction results not only in soil deformation, but also in changes in the 

conductivity and connectivity of the pores. One can commonly observe the formation of dense soil 

layers with very low macroporosity and hydraulic conductivity in the shallow soil profile (Jeřábek et 

al., 2017). Consequently, water infiltration is reduced, and in addition this situation causes reduced 

gas and heat fluxes within the soil profile. In a global perspective, this can influence the global carbon 

and nitrogen cycles (Beare et al., 2009; Novara et al., 2012). 

 

Soil structure 

The soil structure of arable land has a significant impact on water and soil air availability, nutrient 

uptake and leaching (Sněhota et al., 2008). Thereby, the soil structure indirectly affects the ground 

and surface water supply and water quality. The aggregation of soil particles and interconnected large 

pores increase the bypass flow in the soil. Healthy structured soils exhibit increased infiltration rates, 
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reduced surface runoff, water percolating deeper into the soil profile, and usually, but not necessarily, 

also higher yields. 

Agricultural management practices (the tillage system, crop rotation, fertilizers, etc.) can significantly 

impact the stability of the topsoil aggregates and soil hydraulic properties (Kodešová et al., 2011). 

Growing crops, tillage and subsequent reconsolidation due to natural wetting and drying cycles causes 

changes in the soil bulk density and porosity, the ratio of macropores, the soil hydraulic properties, 

the surface roughness or the depression storage of rainwater. The stability of soil aggregates is 

maintained mainly by the organic matter content, the clay content, iron oxides and biological activity 

(Kodešová et al., 2009). 

A decline in the soil organic matter (SOM) and the microbial biomass in the topsoil has been 

considered a major agronomic and environmental problem, mainly due to its negative impact on soil 

properties (Hofman et al., 2004; Kozák et al., 2010, Or et al., 2021). Several studies based on long-

term monitoring of SOM on various soil types in the Czech Republic indicate a lower current SOM 

content with worse qualitative parameters than decades ago (Horáček et al., 2008; Menšík et al., 2019; 

Usowicz & Lipiec, 2020). The SOM decline is attributed mainly to tillage, to the intensification of 

farming and to reduced application of manure due to the reduced numbers of livestock. Bednář & 

Šarapatka (2018) showed high SOM losses on drained fields and on parcels affected by water erosion. 

Soil type and the farmer’s attitude are also significant factors for loss of SOM, as shown by Walmsley 

et al. (2020). Farmers often do not treat soil in a sustainable manner, because they usually do not own 

the parcels nor have a long tenure contract. As was noted earlier, farming of leased farmland is 

widespread in the Czech Republic, and a lack of a sense of responsibility for the soil is therefore often 

a problem. 

There have been several research activities related to the soil physical properties of farmed soils in 

the Czech Republic. The effects of different soil and agricultural management on soil structure and 

soil hydraulic properties were analyzed by means of long-term monitoring and numerical modelling 

on Luvisol at the Hněvčeves experimental station (maintained by the Crop Research Institute in 

Prague) (e.g. Kočárek et al., 2016; Kodešová et al., 2009; Kodesova et al., 2011). These studies showed 

that land use significantly influences the soil hydraulic properties in the upper part of the soil profile 

(A and Bt1 horizons, down to a depth of approximately 60 cm). Soil water retention and near-

saturation hydraulic conductivity were higher in a soil profile with grassland compared to a soil with 

periodic tillage. Seasonal variability of soil bulk density, saturated water content and unsaturated 

hydraulic conductivity were analyzed by Zumr et al. (2019) on the Nučice experimental site (Li et al., 
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2021). The soil water holding capacity generally decreased during the vegetation season as a result of 

the rainfall kinetic energy, poor soil structure stability and a compacted shallow plough pan which 

caused frequent topsoil saturation. 

A poor soil structure accelerates other soil degradation processes. Agricultural uplands are very 

susceptible to soil water erosion when they are tilled repeatedly and are left without a protective cover. 

Erosion tends to preferentially remove low density or light particles, including both clay and soil 

organic carbon, which are two of the primary bonding agents in the aggregation process 

(Weissmannová et al., 2019). 

 

Soil compaction 

Approximately 38% - 45% of the Czech farmlands are negatively affected by topsoil and subsoil 

compaction (Lhotský, 2000). This makes the soil compaction, together with soil erosion, loss of 

organic matter and soil sealing, one of the most prominent soil degradation processes. The 

consequences of excessive soil compaction are very serious, as the most-affected soils are very fertile 

(Javůrek & Vach, 2008). 

Less than 30% of the threatened soils are vulnerable to so-called pedogenetic compaction, and more 

than 70% are vulnerable to the so-called technogenic compaction (VÚMOP, 2021). Pedogenetic 

compaction arises during the formation of whitish illuvial or gley layers, and is therefore typical for 

soil profiles with a comparatively high clay content. Technogenic soil compaction, resulting from 

mechanical pressure caused by field trafficking by agricultural machines, is dangerous mainly due to 

the possibility that it can occur in soils of any textural composition (Pražan et al., 2014). Current 

overcompaction has been caused mainly by excessively intensive farming in recent decades, mainly 

disproportionate doses and an incorrect assortment of mineral fertilizers, an insufficient supply of 

organic matter, and the use of heavy machinery. Conservation and minimum tillage technologies are 

the main practices in the Czech Republic, while direct seeding is marginal. Livestock trampling causes 

problems only locally on pastures. Kroulík et al. (2009) showed that the ground area percentage that 

is trafficked at least once in a year is almost 90% for conventional tillage and 72% for conservation 

tillage. Direct seeding technology requires approximately one half of the trafficked area. Controlled 

traffic farming with a fixed track system, which has been introduced on many farms, reduces the 

trafficked area to nearly 30% (Kroulík et al., 2011).  

In general, soil compaction tends to be a more serious problem for soils with a high clay content 

(Bednář & Šarapatka, 2018). At present, the situation is more complicated, as the long-term 
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degradation has resulted in compaction in subsoil horizons which is very persistent and cannot be 

removed easily. So far, only minimal attention has been paid to finding an effective solution to this 

serious issue in agricultural enterprises. Compacted soils exhibit low infiltration capacity and water 

retention, reduced biological activity due to worse aeration and thermal regimes, higher bulk density, 

limited effective depth of the soil profile, fast soil drying, fast runoff, and often waterlogging. The 

direct consequences are increased power consumption during tillage, impaired nutrient utilization by 

plants, lower quality and a lower amount of yields (Javůrek & Vach, 2008).  

 

 

Figure 3 Mechanical resistance against penetration at one of the observation points in the Nučice catchment. The red dots represent 

single measured values, and the black line shows the average resistance depth profile (left). The map of the plough pan position was 

reconstructed on the basis of over 100 measured soil profiles. The lines represent the wheel tracks which are mostly followed during 

trafficking (right), based on (Jeřábek et al. 2017). 

A comprehensive study of the compacted subsoil layer and its spatial homogeneity was carried out 

by (Jeřábek et al., 2017) at the Nučice experimental catchment. The research was based on a 

combination of direct soil sampling, mechanical penetration resistance monitoring, geophysical 

methods (shallow electrical resistivity tomography) and remote sensing (delineation of wheel tracks). 

The measurements showed that the plough pan was homogeneous in a large part of the catchment, 

and its mean depth was between 11 and 14 cm (Figure 3). Zumr et al. (2015) showed by means of 

rainfall runoff monitoring and numerical modelling that the shallow plough pan can explain 

immediate response to intense rainfall and the low soil water retention capacity of the Nučice 

catchment (Noreika et al., 2020). 
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2.1.3 Soils contamination 

Pollution by various contaminants may cause disturbances in the functioning of the soil ecosystem 

and presents a risk to humans and to the environment. The main contaminants in the Czech soils are 

Potentially Toxic Elements (PTASs) and man-made organic chemicals (xenobiotics), such as 

synthetic pesticides, dissolving agents, hydrocarbons and drugs. The chemical elements of greatest 

concern are arsenic, cadmium, nickel, lead and chromium. In most cases, soil contamination does 

not cause diffuse pollution, and the contaminated sites are usually small and disconnected. The most 

affected areas are those with heavy industry and mining activities (West Bohemia, North Moravia) 

(Kozák et al., 2010), and areas with high transportation (Prague and its surroundings) (Skála et al., 

2017; Vácha et al., 2016). Soils are locally also contaminated in the alluvial plains, due to occasional 

inundations containing wastewater (Vaverková et al., 2017). Sewage sludge has only rarely been 

deposited or added to arable soils, as there are strict limits on its chemical composition. 

Contamination of the surrounding soils from modern landfills has also not been a serious problem 

(Ministry of the Environment of the Czech Republic, 2019). 

The maximum tolerable values of risk elements and persistent organic pollutants are set in the Czech 

legislation (Kozák et al., 2010; Poláková et al., 2010).  Since 1992, arable soils have been regularly 

tested for agrochemicals and hazardous substances within the Basal Soil Monitoring System 

organized by the Central Institute for Supervising and Testing in Agriculture (UKZUZ). The results 

of the monitoring, which has taken place within the area of the whole Czech Republic, show that the 

limiting values are only rarely (in approximately 1% of the samples) exceeded for cadmium and for 

arsenic (Dušek et al., 2006), while the remaining tested elements exceed the limits even less often. 

The limits for the tested organic pollutants (mono and polyaromatic hydrocarbons, PCB, HCB, 

DDT, styrene, PCDD and PCDF) were also exceeded only in exceptional cases (Podlešáková & 

Nemecek, 2000; Poláková et al., 2010). Long-term monitoring has not proven any significant 

temporal trends in soil contamination (Holubová et al., 2011; Kozák et al., 1995; Weissmannová et 

al., 2019). Nevertheless, a small number of hotspots remain where soils are strongly contaminated, 

mainly due to mining activities, industry or historical landfills (Sáňka, 2018). 
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Figure 4: A decline in numbers of livestock and available barnyard manure has resulted in increased application rates of mineral 

fertilizers (mainly N, P, K). Data for pesticides is not available for the period before 2006. The consumption of pesticides has 

decreased slightly in recent years. (source of data, Czech Statistical Office, UKZUZ). 

A present-day problem of Czech arable soils is insufficient manuring and unsustainable overdosing 

of agrochemicals, namely pesticides, herbicides and mineral fertilizers. The main reason of the 

manure deficit is a dramatic decrease in livestock production, especially of cattle (Figure 4). UKZUZ 

(2020) estimates that due to the lack of organic matter in arable soils, which is being recompensed 

with fertilizers, the soils will require at least 30 years to recover their function in the ecosystem. In 

recent years, the average annual fertilizers consumption has been around 130 – 140 kg ha-1 of mineral 

fertilizers (approximately 75% of which is nitrogen, 15% is phosphorus, and 10% is potassium) and 

2 kg ha-1 of pesticides (Czech Statistical Office). The statistical data show that the consumption of 

plant protection products has been declining in recent years, mainly due to lower application of 

glyphosates (Vašíčková et al., 2019). Nevertheless, pesticide residues in arable soils continue to pose 

an environmental threat, especially in the case of triazine and conazole fungicides (Shegunova et al., 

2007). In addition, residues of organochlorinated pesticides, which have not been applied since the 

1990s, still persisted in the topsoil layers (Kodešová et al., 2008). Pesticides can be transported by 

infiltrating water into deeper horizons, especially in soils with a heterogeneous structure with the 

presence of preferential flow (Kosubová et al., 2020). 

A comprehensive analysis of the current situation and spatial and temporal trends of pesticides in the 

topsoil has been presented by (Kodeš, 2020). The study is based on the monitoring period of 2014 – 

2017. Samples from 34 different localities with various soil types were analyzed for 64 currently-used 
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fungicides and insecticides, including conazole and triazines, and recently banned pesticides (e.g. 

atrazine, acetochlor, and linuron). The intensive use of protecting agents has resulted in their frequent 

and widespread occurrence in soils, both for currently-used products and for recently-banned 

products (and their transformation products). The highest numbers of pesticides have been observed 

on fields where rapeseed and wheat were cultivated (these are the most widely-grown crops in the 

Czech Republic). Kodeš (2020) point out that glyphosate, which is of environmental concern and is 

applied in large doses, has not been not evaluated within this study. In 2014-2019, monitoring 

performed by the Czech Hydrometeorological Institute detected above-limit concentrations, mostly 

of metabolites of herbicides, in approximately 30% of groundwater samples. Most of the affected 

samples were collected in the vicinity of fields with rapeseed planted for biofuels (Fer et al., 2018; 

Hiller & Šebesta, 2017; Klement et al., 2018; Kočárek et al., 2016; Kodešová et al., 2015, 2016, 2019). 

 

2 . 2  C O M P O N E N T S  D R I V I N G  T H E  W A T E R  R U N O F F  D Y N A M I C S  I N  

T H E  L A N D S C A P E  

The runoff response of a catchment is determined by climate, size, topography, land use, and soil 

parameters. Infiltration regime and runoff routing depend on many factors at various spatial and 

temporal scales. Runoff can make its way to watercourses via several pathways including overland 

flow, subsurface stormflow, pipeflow or groundwater flow (Saffarpour et al., 2016). 

The small water cycle is a complex process of water movement within a landscape that consists of 

several water flow components ranging from evapotranspiration to rainfall, water infiltration, 

percolation, and runoff. The general theory is well known and described elsewhere, incl. textbooks. 

In this chapter, only selected components of the water cycle are summarized which are relevant for 

the research topics covered in the attached collection of the published manuscripts (later in PART 

II). 
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2.2.1 Soil water  

Water flows in the soil through an intricate network of pores and fissures. In principle, the movement 

of water within the porous domain can be viewed at the microscopic level of individual pores, where 

one observes what is happening at each point in space. For saturated flow, the Navier-Stokes 

equations can be theoretically utilized and solved with knowledge of the boundary conditions at the 

fluid-solid interface. However, this approach is impractical as it is impossible to determine the 

complex geometry of the soil medium in detail. Even if it were possible, we cannot monitor state 

variables such as pressure at a given scale, and thus cannot verify our models.  

In general, the flow of water through heterogeneous soil environments is very complex. Water flows 

mostly continuously, the dynamics of the water regime is influenced by processes such as time-

varying infiltration, evaporation from the surface, transpiration, drainage to the water table. In the 

actual environment, it is not pure water that flows, but a soil solution with often complicated chemical 

properties. The soil temperature changes in time and space, changes in connectivity, and pore 

distribution occur due to physical processes (soil compaction, freezing cycles, swelling or shrinking 

of clays, agrotechnical operations, transport of small particles, etc.) and biological processes bring 

another complication (due to e.g. growth of roots, moulds and fungi, movement of soil edaphon). 

Therefore, we utilize the so-called macroscopic approach, where the physical variables of the porous 

medium are defined on a larger, representative, volume (described e.g. by Hillel, 2003). In large-scale 

studies, where the key objectives focus, e.g., on an annual water balance or sediment fluxes from the 

landscape, most of the unstable soil characteristics can be neglected. But in many situations, such as 

infiltration during heavy rainstorms, splash erosion, surface runoff, or evapotranspiration of rapidly 

growing crops, one needs to be cautious not to oversimplify the conceptual model which is supposed 

to describe the real processes in the environment. 

The rainfall-runoff processes taking place on intensively cultivated fields and catchments have certain 

specifics. On one hand the land use and cover crops are spatially rather homogeneous, but the 

hydraulic conditions differ considerably in time due to periodical cultivation of the soils (Zumr et al., 

2019). The topsoil conditions and its physical parameters are temporarily very unstable also due to 

agrotechnical operations (ploughing, tillage, seeding, harvesting), fast crop growth and natural 

climatic conditions (such as freezing, thawing, raindrops impact) (Jabro et al., 2010). On arable lands 

the soil is exposed to rapid structural changes within each growing season resulting in changes in 
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shape, size and spatial distribution of the soil aggregates, changes in surface microtopography and 

mechanical resistance towards soil erosion. Soil compaction affect the pores arrangement and thus 

govern the water infiltration and soil moisture regime (Hamza & Anderson, 2005). 

Each change in pore network structure or soil surface conditions govern the hydraulic and sediment 

connectivity (or disconnectivity) (Jeřábek et al., 2022). The gradual deformation of the soil structure 

within a growing season causes a reduction in the volume and in the connectivity of inter-aggregate 

voids. Eroded fine particles clog the macropores and preferential pathways, and infiltration capacity 

and soil water storage decrease. Originally, connected large pores normally serve as a quick bypass 

for infiltrating water. Therefore, based on the state of the topsoil structure and subsoil permeability, 

one can expect different water runoff mechanisms; ranging from deep percolation and shallow 

subsurface lateral flow to surface runoff to play a greater or lesser role in runoff generation (Zumr et 

al., 2015).  

Theory related to soil hydraulic characteristics, soil physical properties, soil water potential, or 

governing equation describing water and solutes flow through porous media will not be described in 

this thesis, as the general theory can be easily found in the textbooks. The relationships such as 

Darcy’s law, Richards equation, advection dispersion equation, kinematic and diffusive waves to 

simulate free water runoff, or Penman-Monteith equation for evapotranspiration estimation, which 

are based on the macroscopic description of water and solute fluxes, were utilized in the presented 

studies. 

2.2.2 Topsoil properties variability 

As already mentioned, the physical properties of the soil in arable fields change in time and space for 

several reasons. The presence of a shallow compacted layer (Jeřábek et al., 2017) affects the subsoil 

structure and thus influences soil water regime and accelerates shallow subsurface runoff (Figure 5). 

The subsequent irregular transpiration of the crop influences the soil water regime and soil moisture 

distribution. Temporary bare soil surface is exposed to the rainfall, which causes topsoil compaction, 

crusting and dramatic decrease of near-saturated hydraulic conductivity (Zumr et al., 2019). Rapidly 

growing crops and agricultural operations alter soil macroporosity (Hudek et al., 2022). Once surface 

runoff begins after a heavy rainfall event, flowing water changes the surface microtopography and 
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usually increases the surface and connectivity (Jeřábek et al., 2022; Schönenberger & Stamm, 2021; 

Tenreiro et al., 2022).  

The soil structure of arable land has a significant impact on water availability, nutrient uptake, and 

leaching. Agricultural management practices can significantly influence soil hydraulic properties and 

processes in space and time (Schwen et al., 2011). Tillage and subsequent reconsolidation due to 

wetting and drying can change the bulk density and porosity of the soil, the hydraulic properties of 

the soil, the surface roughness, and the storage of surface depressions. Aggregation and 

interconnected pores increase bypass flow in soil (Ohrstrom et al., 2002). This can result in increased 

infiltration, reduced runoff, and the movement of water deeper into the soil profile. 

 

  

Figure 5: Sharp divide between a topsoil and subsoil on an intensively cultivated agricultural field (Jerabek et al, 2017) 

 

Soils on farmlands are losing its structure mostly due to tillage and soil compaction (Green,et al., 

2003).  Soil compaction, caused by overuse of machinery, intensive cropping and inappropriate soil 

management, is one of the major problems of modern agriculture (Hamza and Anderson 2005). The 

compaction results not only in soil deformation, but also in changes of the pores conductivity and 

connectivity. Consequently, not only water infiltration is reduced, but it also causes reduced gas and 

heat fluxes within the soil profile (Lipiec et al., 2009), which in global perspective can influence global 

nitrogen cycle (Perera & Maharjan, 2021). Shallow lateral subsurface runoff, which often forms on 
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the low permeable plough pan, may be a dominant component of the overall runoff into the streams 

(Tenreiro et al., 2022).  

Precision agriculture usually implements GPS-navigated trafficking within the same pathways during 

the vegetation season. Compacted wheel tracks, which are typically submerged below the 

surrounding surface, serve as a preferential pathway for surface runoff when oriented down the slope.  

Jerabek et al. (2022) showed that wheel tracks drain also surrounding topsoil and significantly increase 

the connectivity of the catchment. 

      

Figure 6: Concentrated surface runoff accelerated due to the high catchment connectivity (photographs by D. Zumr) 

2.2.3 Soil surface changes due to soil erosion 

Agricultural uplands are very susceptible to soil water erosion when repeatedly tilled and left without 

a protective cover. Erosion tends to preferentially remove low-density or light particles, including 

both clay and soil organic carbon, which are two of the primary bonding agents in aggregation. 

The surface of the soil is constantly exposed to variable weather conditions that affect the properties 

of the topsoil. Intensive rainfall over a bare soil causes soil aggregates destruction, particles 

detachment and translocation (Zambon et al., 2020, 2021). Slacking during fast infiltration into dry 

soil also leads to the breakdown of aggregates. The kinetic energy of the raindrops and drying can 

result in soil compaction, and if clays are present, swelling can occur. All these processes result in 

changes in soil volumetric changes and soil surface microtopography. 

Comparably high inter-aggregate porosity, which is formed after a tillage, is being during the 

vegetation season gradually decreased (Zumr et al., 2019). Therefore, the pore size distribution 
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changes with time. Consequently, associated soil hydraulic and transport properties also vary with 

time . Several authors (Alvaro-Fuentes et al. 2008, Daraghmeh,et al., 2009) reported temporal changes 

in aggregate stability and hydraulic conductivity during the growing season as a result of the 

interacting processes of rain drop impact, microclimatic, plant growth, and soil microorganisms 

activity. As a consequence, both vertical and horizontal runoff connectivity vary in space and time, 

which makes the interpretation of the driving runoff processes extremely complicated.  

2.2.4 Vegetation and root zone patterns 

In addition to crop yield, agricultural land provides other ecosystem services, such as protection 

against soil erosion and an increase in water infiltration. These functions are mainly influenced by the 

root system. The root systems of many plants and crops support the formation of large noncapillary 

pores and, once the roots decay, promotes the infiltration of rainfall due to preferential flow (Figure 

7). The root system also generally develops in a horizontal direction, which has a positive effect on 

the stability of the soil structure.  

 

Figure 7. Dyed preferential pathways as a result of decayed crop’s roots, textural heterogeneities and clay cracks (photograph by M.. 

Císlerová) 

 

Some crops have very dense roots, which are concentrated mainly in the topsoil. Such crops are 

beneficial for the soils as the roots, once fully developed, prevent excessive water erosion. On top of 

the crops, the weed and vegetation along the fields and riparian vegetation partly govern the 

connectivity of different landscape units (Young et al., 2021), stabilize the banks and hedges and 
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provide other important ecosystem services (Kiffney & Richardson, 2010; Sabater et al., 2015). Spatial 

composition of vegetation species, plants density or their health status (i.e. expressed by NDVI) help 

to identify the surface and subsurface flow pathways both within the fields and in the boundaries 

(Mayor et al., 2008; Wang et al., 2021).  

 

 

3. OVERVIEW OF THE SELECTED EXPERIMENTAL METHODS  

3 . 1  C A T C H M E N T  S C A L E  M O N I T O R I N G  O F  R A I N F A L L - R U N O F F  

P R O C E S S E S :  N U Č I C E  E X P E R I M E N T A L  C A T C H M E N T  

A catchment, as a hydrologically quasi-closed system, is a commonly used spatial unit for 

observations of water fluxes in the landscape. With the objectives of studying the long-term water 

balance of the agricultural landscape, dynamic behavior during rainfall runoff events, and soil erosion 

processes, the Nučice experimental catchment was established in 2011 (Zumr et al., 2015, 2017). 

Since then the monitoring and sampling network has been upgraded and has been involved in several 

research projects. Published results include research on temporal variability of topsoil hydraulic 

conductivity (Zumr et al., 2019), crop adoption scenarios (Noreika et al., 2020), or shallow soil 

electrical properties (Jeřábek et al., 2017; Jeřábek & Zumr, 2021). Recently, the Nučice dataset 

(WALNUD) was made publicly available (Li et al.,2021). The catchment is one of the pilot sites in 

three EU HORIZON 2020 projects related to sustainable crop yields (SHui), soil health (Tudi) 

(Gómez et al., 2019), advanced soil moisture monitoring (SoMMet) and the SOPLAS ITN project 

of the EU on the transport of microplastics in agriculture systems.  

The catchment is located approximately 30 km eastwards from Prague, its area is 0.5 km2. 96.4 % of 

the area is arable land. The catchment is drained with a central tile drain and an ephemeral stream. 

The average altitude of the catchment is 401 m a.s.l. and the slopes range from 1 to 12 %. The climate 

at the catchment is humid continental with average annual precipitation of 630 mm and average 

annual evapotranspiration between 500 – 550 mm. The soil is classified as Haplic Luvisols and 

Cambisols with sandy loam soil texture (9 % clay, 58 % silt, and 33 % sand). The catchment is divided 
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into three fields, the two largest fields have developed a homogeneous compacted layer in the depth 

of ca 12 – 15 cm due to the agricultural operations (Figure 8) (Jeřábek et al., 2017; Jerabek & Zumr, 

2021; Li et al., 2020, 2021; Noreika et al., 2020; Zumr et al., 2015, 2019). 

The catchment is instrumented with two meteorological stations, two additional ET towers, and four 

rain gauges. The stream discharge and basic water quality indicators (turbidity, EC, pH, T, dissolved 

oxygen) are monitored at four profiles along the stream (complete water quality only at the catchment 

outlet). Groundwater level is monitored in several piezometers. Soil water regime (soil water content, 

matric potential, temperature) is monitored at 19 locations, typically at the edges of the fields (SWC 

nests consist of nine SMT100 SWC probes – Truebner GmbH – and a logger with IoT data 

transmission). Two permanent CRNS systems (StyX Neutronica) monitor topsoil water content over 

an area of approximately 5 ha.  

Regular sampling on soil cores to study the temporal and spatial variability of the soil properties has 

been done. Water samples from different water pools (rain, stream water, drainage, groundwater) are 

collected for stable isotopes analysis. The facility was used for several experiments to study e.g. 

shallow subsurface lateral runoff, splash erosion or sediment resuspention in headwater streams 

during flood events (Zumr et al., 2017).   

 

 

Figure 8. Experimental catchment Nučice 
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3 . 2  S P A T I A L L Y  D I S T R I B U T E D  T O P S O I L  M O I S T U R E  

M O N I T O R I N G  

The soil water content is one of the key drivers of runoff generation. Antecedent catchment 

saturation decides which pathways will the rainfall water follow when routing towards a stream, which 

water will be displaced into the stream, what runoff mechanism will take place, and last but not least 

how much water will be released into the stream. Although cultivated fields appear to be 

homogeneous, in reality, the soil moisture distribution is spatially variable. The actual soil saturation 

pattern of the catchment influences the hydrological connectivity of the landscape.  

 

Point sensors 

At Nučice catchment several methods are implemented to monitor the topsoil moisture and estimate 

its effect on the water runoff dynamics, as briefly described in previous section. On top of the 

permanent sensors also recurrent monitoring with handheld TDR probes (Hydrosense II, Campbell 

Sci., UK) are done. The measurements are done in a dense grid during a single day to obtain the 

topsoil moisture snapshots. An example of the soil moisture map is shown on figure 9.   

 

Figure 9. Two snapshots of the soil moisture distribution on the Nučice catchment. Event though taken during different times of 

the vegetation season. The drier and wetter areas remain the same. (Li et al., 2021b) 

 

Nowadays, the soil water content (SWC) nest networks are used to analyse the spatio-temporal 

variability of SWC. For instance, a wireless soil moisture monitoring sensor network was used to 

capture the soil moisture dynamics with a high temporal resolution in a forested catchment in 
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Germany (Bogena et al., 2010). Similar system is installed in the Nučice catchment. Traditional SWC 

probes however only provide information from a single location, even if used in a dense network. 

Moreover, permanent sensors are difficult to be installed in arable fields. The approaching techniques 

which partially overcome the point sensors shortcomings are e.g. remote sensing or a cosmic rays 

neutron sensing (Bogena et al., 2022; Franz et al., 2020). 

 

 

Figure 10. Cosmic rays neutron sensor (Styx Neutronica, Germany) and the meteorological station on the Nučice catchment 

(photograph by T. Li) 

 

Cosmic-ray neutron sensing 

. The CRNS sensors have recently been deployed to obtain the intermediate-scale and spatially 

integrating information about the shallow soil water content (Schrön et al., 2018). The CRNS method 

combined with a network of soil moisture sensors can be used to better understand the spatial 

variations of soil moisture on the field scale (Heistermann et al., 2021; Schrön et al., 2017). In 

farmland, the combination of CRNS and wireless sensor network (SoilNET) was used to study the 

SWC heterogeneity (Fersch et al., 2020). They found that the CNRS can represent the hourly soil 

moisture dynamics in the heterogeneous cropland. However, CRNS only provides the neutron count 

which needs to be further calibrated to get SWC (Schrön et al., 2017). In addition, a mobile detector 

(e.g. Soil moisture rover, suitcase probe) uses the same detection principle as the stationary probes, 
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but covers a larger area in a shorter recording time, which can be used for the calibration and 

validation of the stationary probe (Schrön et al., 2018; Franz et al., 2015).  

Cosmic ray neutron sensing has been introduced as a new method to monitor the topsoil moisture on a 

medium scale, which represent individual fields on the Nučice catchment (Figure 10). 

 

3 . 3  G E O P H Y S I C A L  S U R V E Y I N G  –  E L E C T R I C  R E S I S T I V I T Y  

T O M O G R A P H Y  

 

The modern geophysical surveys, especially combination of different methods, have been becoming 

fast and cheap option for the subsurface inspection (Beneš et al., 2011; Busato et al., 2016; Perri et 

al., 2014). Common techniques are electrical resistivity tomography (ERT) (Jerabek & Zumr, 2021; 

Loke et al., 2013; Michot et al., 2003; Zumr et al., 2018), ground penetrating radar (GPR) (Kim et al., 

2020; Minet et al., 2012; Wu et al., 2019), electromagnetic methods (Sungkono et al., 2014) or rarely 

also seismic surveys (Karl et al., 2011). Most methods were originally designed for prospecting of 

deep soil horizons or even geological formations. GPR is an appropriate device for the shallow soil 

profile monitoring, the ERT can be also used for the shallow surveys if the electrodes spacing is 

relatively fine (Jeřábek et al., 2017). 

 

Figure 11. Electric resistivity tomography monitoring system (ARES, GF Instruments, Brno) 

Electrical resistivity tomography (electrical resistivity profiling) was originally developed for the 

detection of soil and rock stratification, it is frequently used in hydrogeological, mining, 

hydrotechnical and environmental surveys. In the fields of soil physics and mechanics, ERT is used 

to identify the physicochemical properties of soils and to determine the spatial variability of these 
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properties.  ERT is the most commonly used geophysical method for monitoring the internal 

structure of earth dams or embankments, although the application of the technique is still matter of 

research (Al-Fares, 2011; Zumr et al., 2020).   

The method is based on detecting the resistivity of the environment from the measured values of 

voltage and current of the DC electric field injected into the ground (Figure 11). Both the advantage 

and disadvantage of the method is the measurement over a relatively large spatial scale, where local 

environmental variabilities affecting the electrical resistivity are integrated over the whole measured 

area. This makes it possible to determine effective environmental parameters; on the other hand, 

processes that occur only in a very small part of the soil profile, such as the detail of preferential flow 

during infiltration, cannot usually be observed (Zumr et al., 2012). If the distance between adjacent 

electrodes is small, ERT can be used to detect relatively small environmental inhomogeneities 

(Jeřábek et al., 2017).   

3 . 4  W A T E R  R E S I D E N C E  T I M E  A N D  W A T E R  M I X I N G  

I N V E S T I G A T E D  W I T H  U S E  O F  S T A B L E  I S O T O P E S  A N D  

N U M E R I C A L  M O D E L L I N G  

The water residence time and water travel time distribution (RTD and TTD) are useful metrics to 

investigate the hydrology of the catchment (Asadollahi et al., 2020; McDonnell et al., 2010). A single 

domain model combined with the advection-dispersion equation was used studies to investigate the 

TTD at the soil profile scale (e.g. Stumpp et al., 2012). Sprenger et al. (2016) showed with a 1D model 

that the water travel time in the vadose zone can be driven by subsequent rainfall events and by the 

seasonality of evapotranspiration (ET). The dual permeability model was used to investigate the travel 

time distribution in several hillslope compartments by Dusek & Vogel (2018); macropore flow was 

identified as the driver of the fast hillslope response and the importance of transpiration was 

emphasized in the TTD calculation.  The StorAge Selection (SAS) function, which represents the 

TTD and RTD ratio, infers whether older or younger water is more prone to be released into the 

discharge (Rinaldo et al., 2015). The SAS function helps to identify the age of the water in soils 

(Asadollahi et al., 2020) or in runoff (Benettin et al., 2017), and has also been applied with a 3D 

distributed model in a small agricultural catchment (Björn Rodriguez et al., 2021).  
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The mixing of pre-event and event water during a runoff episode depends on the soil structure, e.g. 

on the activation of preferential flow and matrix flow. Water mixing is strongly related to the 

mobilization of pre-event water in fast runoff and to the translatory flow theory (Hewlett and Hilbert, 

1967). These phenomena were vastly studied in forested areas (e.g. Dušek & Vogel, 2018, von 

Freyberg et al., 2022), but also on arable land. Zajíček et al. (2016) found that the pre-event and event 

water mixing regime at a tile-drained arable field differs depending on the season: event water 

contributed to the discharge with up to 58 %, and the peak in the amount of event water did not 

coincide with the total discharge peak. A similar study (Stone & Wilson, 2006) showed that there was 

11 – 51 % of event water in the discharge, but also that the event water peak did coincide with the 

total discharge peak. The authors highlighted the importance of shallow groundwater level (GWL) 

on activation of transport in the tile-drain system. In contrast, Klaus et al. (2013) indicated that a 

small portion of event water (20 %) reached the tile drains through macropores, suggesting that 

already mixed water is predominantly transported via the macropores.  

Isotope hydrology has become a standard monitoring technique for the detailed observation of the 

water flow pathways on the hillslope and in small catchment scales. Tracing the water from various 

pools of the catchment helps to understand the processes of water retention and water runoff. And 

consequently, combining the stable isotope hydrology and physical based numerical modelling are 

successfully used to estimate the solutes fluxes in the system. 

4. FUTURE PROSPECTS 

Thanks to modern monitoring and numerical modelling techniques, significant progress can be 

expected in the process-based understanding of water dynamics in catchments. We will further 

concentrate on: 

- Using cosmic neutron sensing for topsoil water content at a medium scale. 

- Monitoring soil moisture at different scales (point sensors, CRNS, UAV-based surveys, 

satellite remote sensing) to understand the spatial heterogeneity of water content on seemingly 

homogeneous agricultural land. 

- Using stable isotopes to track runoff pathways to understand the hydrological connectivity of 

the catchment and its temporal variability. 
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- To implement distributed, physically based numerical models to explain the dynamics of 

rainfall-runoff. 

- To use geophysical methods to analyze the near-surface stratification of the subsurface. The 

compacted plough pan has been shown to cause shallow, lateral subsurface flow, and water 

ponding due to saturation excess conditions.  

Although the specific research topics are of a basic research nature, we will also continue to 

investigate processes and variables that are important to water managers, farmers, policy makers, and 

other stakeholders. We have already contributed to applied research in the areas of water retention 

in the landscape, soil properties, soil quality and health, soil erosion, or water scarcity scenarios due 

to climate change through many national and international applied projects. We will continue in this 

direction.   
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1. SOIL WATER DYNAMICS, SMALL SCALE EXPERIMENTS 

Attached research articles: 

 

− Zumr, D., Jeřábek, J., Klípa, V., Dohnal, M., & Sněhota, M. (2019). Estimates of tillage and rainfall 

effects on unsaturated hydraulic conductivity in a small central European agricultural catchment. 

Water, 11(4). https://doi.org/10.3390/w11040740 

The size, shape and spatial distributions of the soil aggregates are considerably altered during a 

growing season and therefore affect the water infiltration and the soil moisture regime. We studied 

the temporal variability of the physical characteristics of the topsoil (bulk density, saturated water 

content) and measured the quasi-saturated hydraulic conductivity (at hc = -3 cm) for three 

consecutive years. The main aim was to observe how properties change during natural topsoil 

consolidation between seeding and harvest of crops. 

 

− Zumr, D., Mützenberg, D., Neumann, M., Jeřábek, J., Laburda, T., Kavka, P., Johannsen, L. L., Zambon, 

N., Klik, A., Strauss P., & Dostál, T. (2020). Experimental Setup for Splash Erosion Monitoring—Study 

of Silty Loam Splash Characteristics. Sustainability, 12(1). https://doi.org/10.3390/su12010157 

Small-scale experiments were performed to study the initial stage of the soil erosion process. The aim 

was to investigate how the kinetic energy of the rainfall activates the splash erosion and how the 

rainfall destroys the soil aggregates and influences the roughness of the soil surface. We identified a 

linear relationship between the kinetic energy of the rain and the amount of splashed material. 

Minimal threshold rainfall kinetic energy must be exceeded to initiate the erosion process. 

 

− Jeřábek, J., Zumr, D., Laburda, T., Krása, J., & Dostál, T. (2022). Soil surface connectivity of tilled soil 

with wheel tracks and its development under simulated rainfall. Journal of Hydrology, 128322. 

https://doi.org/10.1016/J.JHYDROL.2022.128322 

Wheel tracks on the soil surface significantly influence the surface runoff routing during heavy rainfall 

events. Based on their orientation, they may serve as preferential pathways, or as obstacles trapping 

the flowing water. This study presents a quantitative evaluation of surface roughness and runoff 

connectivity, including the effects of wheel tracks, during rainfall.  
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dynamics in structured heavy soils with respect to root water uptake. Biologia, 61(19). 

https://doi.org/10.2478/s11756-006-0181-y 

Evapotranspiration is one of the dominant components of the water cycle. In this study, we 

quantitively evaluated the effect of rapidly growing root system (in this case potatoes) on the soil 

water regime. The growing root zone was implemented in a dual-permeability unsaturated soil water 

flow model S1D (Vogel et al., 2000). The dual permeability model (Gerke & van Genuchten, 1993) 

was implemented due to the preferential flow character, which was observed earlier. The model was 

inversely optimized to fit the measured soil water potential at several depths of a soil profile. The 

results show that the distribution of the root zone is a sensitive parameter in the case of seasonal 

crops. The duel permeability model was capable of fitting fast water front propagation through 

preferential pathways.  

 

− Doležal, F., Zumr, D., Vacek, J., Zavadil, J., Battilani, A., Plauborg, F. L., Hansen, S., Abrahamsen, P., 

Bízik, J., Takáč, J., Mazurczyk, W., Coutinho, J., & Štekauerová, V. (2007). Dual permeability soil water 

dynamics and water uptake by roots in irrigated potato fields. Biologia, 62(5). 

https://doi.org/10.2478/s11756-007-0109-1 

The follow-up of the article of Zumr et al. (2006) where also soil water regime of irrigated potato 

fields, which did not experience significant water stress, were analyzed. 

 

− Jeřábek, J., Zumr, D., Dostál, T., Tenreiro, T. R., Vaverková M.D., & Strauss, P. (2021). The effects of 

management practices and fires on soil water dynamics at three locations across Europe. 2021 IEEE 

International Workshop on Metrology for Agriculture and Forestry. 

https://doi.org/10.1109/MetroAgriFor52389.2021.9628785 

Numerical modelling exercise to quantify the impact of various soil management practices (namely 

conventional tillage, conservation tillage, no-till, mulching, and prescribed fires) on soil hydraulic 

characteristics. The aim was to analyze the effects of management practices on water infiltration and 

surface runoff dynamics. 
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- Laburda, T., Krása, J., Zumr, D., Devátý, J., Vrána, M., Zambon, N., Johannsen, L. L., Klik, A., Strauss P., 

& Dostál, T. (2021). SfM-MVS Photogrammetry for Splash Erosion Monitoring under Natural Rainfall. 

Earth Surface Processes and Landforms, 46(5).  

The follow-up of the manuscript of Zumr et al. (2020) which concentrates on the surface changes 

caused by a rainfall. The surface was analyzed with the use of close-range photogrammetry. We were 

able to measure the degree of soil compaction during the events and show that soil properties decide 

on the consolidation regime.   

 

- Li, T., Jeřábek, J., Winkler, J., Vaverková, M.D. & Zumr, D. (2022). Effects of prescribed fire on topsoil 

properties: a small-scale straw burning experiment. Journal of hydrology and hydromechanics, 70(4), 

450-461. , 46(5). doi: 10.2478/johh-2022-0032 

Hydrological analysis of the impact of a small-scale wildfire on a seasonal soil profile water regime. 

The analysis is based on a field experiment and monitoring of the temporal changes of the physical 

and hydrological properties of the topsoil. The monitoring was complemented by the vegetation 

recovery survey. The results show that the fire plot infiltration capacity was increased and the soil 

water content was higher than the control plot throughout the year, providing suitable habitat for 

colonizing vegetation. The results suggest that small-scale controlled biomass burning can be risk-

free for the soil ecosystem and may even temporarily improve the hydraulic properties of the upper 

soil layer. 
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David Zumr * , Jakub Jeřábek, Vladimír Klípa, Michal Dohnal and Michal Sněhota
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Abstract: In arable land, topsoil is exposed to structural changes during each growing season due to
agricultural management, climate, the kinetic energy of rainfall, crop and root growth. The shape, size,
and spatial distributions of soil aggregates are considerably altered during the season and thus affect
water infiltration and the soil moisture regime. Agricultural topsoils are prone to soil compaction
and surface sealing which result in soil structure degradation and disconnection of preferential
pathways. To study topsoil infiltration properties over time, near-saturated hydraulic conductivity of
topsoil was repeatedly assessed in a catchment in central Bohemia (Czech Republic) during three
consecutive growing seasons, using a recently developed automated tension minidisk infiltrometer
(MultiDisk). Seasonal variability of soil bulk density and saturated water content was observed as
topsoil consolidated between seedbed preparations. Topsoil unsaturated hydraulic conductivity was
lower in spring and increased in the summer months during two seasons, and the opposite trend was
observed during one season. Temporal unsaturated hydraulic conductivity variability was higher
than spatial variability. Cumulative kinetic energy of rainfall, causing a seasonal decrease in soil
macroporosity and unsaturated hydraulic conductivity, was not a statistically significant predictor.

Keywords: soil structure; soil aggregates; topsoil; rainfall kinetic energy; soil water retention curve;
unsaturated hydraulic conductivity; tension infiltration experiment

1. Introduction

The spatial arrangement of soil aggregates significantly affects the process of water infiltration
and the subsequent moisture regime of the soil profile. In arable land, the soil is exposed to rapid
structural changes, both abrupt and continuous, within each growing season due to agrotechnical
practices [1], quick crop and root growth [2], soil biota and climatic conditions [3,4]. Agricultural soils
are prone to soil compaction and soil structure degradation, depending strongly on the intensity of
agricultural production, fertilization, cover crops, tillage, and harvesting technologies [5].

Soil cultivation causes specific topsoil conditions. Soil aggregates on the surface after tillage are
rather large, the topsoil is loose, the soil surface is rough and free of vegetation (see, for example,
the review by Strudley et al. [4]) and the soil has a lower bulk density, higher macroporosity, high
pore connectivity and high saturated hydraulic conductivity [6]. However, this state is mechanically
unstable. Intense rainfall can initiate splash erosion [7] wherein fine soil particles are detached and
translocated from aggregates and clog the large elongated voids connecting the surface to the soil
profile. Rainfall with high kinetic energy over a recently tilled soil, therefore, often results in topsoil
compaction and soil crusting [8,9], and the topsoil quickly consolidates. This consolidation caused by
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rainfall propagates a soil profile. Rousseva et al. [10] measured the soil macroporosity of a loamy soil
profile during rainfall events and detected a decrease in macroporosity down to a depth of 6 cm below
the soil surface. Moreover, soil exposure to rainfall and the subsequent destruction of soil aggregates
lead to further soil degradation, resulting in higher emissions of soil carbon dioxide [11] and increased
soil erosion [12,13].

The splash erosion and structural changes in topsoil are, among other factors, influenced by the
kinetic energy of rainfall [14]. Rainfall kinetic energy (KE) is a quantity dependent on the raindrop’s
mass (drop size distribution) and velocity. This kinetic energy is usually estimated with empirical
relationships which express kinetic energy as a function of rainfall intensity (KE-I) [15]. It has been
shown that the KE-I relationship is tied to the specific climatic conditions of a given location [16,17].

Compacted soils with poor structure (lacking macropores) are usually considered unfavorable for
crop growth due to low water infiltration into the root zone [18]. However, under unsaturated
conditions, the size of the contact area between the neighboring aggregates is important for
vertical water movement. Therefore soil consolidation often results in the increase of its infiltration
capacity [19,20]. Soil with well-developed aggregates can be assessed by a dual-continuum system
of two mutually communicating porous media: (a) preferential flow domain and (b) matrix flow
domain [21]. The preferential flow domain is represented by large inter-aggregate voids, which create
a well-connected network of hydraulically conductive pores and the matrix domain consists of much
finer intra-aggregate micropores.

The structure of the micropore matrix is quite stable; on the contrary, macropores can easily be
created or destroyed by tillage and soil compaction processes [22,23]. Preferential flow dominates
during saturated and nearly saturated flow conditions, in which water percolates through the network
of the preferential pathways bypassing the aggregates to the deep soil profile. Most natural rainfall in
Central Europe is not sufficiently intense to create area-wide ponding on a tilled surface [24], leaving
the large pores and voids between the aggregates drained. Water under unsaturated conditions flows
only through the aggregates and via capillary bridges that are formed at the aggregates’ contacts and
in the close vicinity. Wetting front propagation is, therefore, slower than one would assume based on
the value of the soil matrix hydraulic conductivity alone.

Unsaturated hydraulic conductivity is routinely measured in the field with tension infiltrometers.
There are many different types of apparatus available for conducting tension infiltration experiments.
Infiltrometers differ in measurement methods, levels of automation and infiltration disk diameters.
Simple versions of disk infiltrometers require manual read-outs of the cumulative infiltration, which can
be inefficient, especially in cases where experiments take a long time due to low hydraulic conductivity
or when a large number of datasets is needed. Therefore, Ankeny et al. [25], Moret et al. [26] and
Madsen and Chandler [27] among others, have suggested several automation techniques. Recently,
Klipa et al. [28] developed an automatic mini-disk tension infiltrometer which can be used as a
multi-point version of six coupled infiltrometers (MultiDisk).

The effect of soil consolidation on water flow has been studied at the scales of individual
aggregates [19,20] to those in the vicinity of a root tip [29]. On the other hand, according to our
knowledge, there are no field data on the seasonal variability of the unsaturated hydraulic conductivity
that would show increased values with increasing soil compaction. An increasing trend of unsaturated
hydraulic conductivity (pressure head of −3 cm) during vegetation season was observed by Logsdon
et al. [30], but the increase was attributed to the soil swelling, not to topsoil consolidation. Hu et al. [31]
did not observe any significant temporal changes in hydraulic conductivity (K) from near saturation
up to pressure heads of −15 cm across sites with different land-use. Decreasing unsaturated hydraulic
conductivity measured during a growing season, specifically with the pressure head set between −4
and −6 cm, were presented by [32,33], for example. Statistically non-significant temporal variability of
unsaturated hydraulic conductivity overshadowed by spatial variation was also reported [34,35].

Somaratne and Smettem [36] reported that the unsaturated hydraulic conductivity for a pressure
head of −4 cm was constant at the beginning of the growing season, decreased in July and remained
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constant until the time of harvest. It was concluded that fine soil particles, detached due to the impact
of raindrops, blocked pores from conducting water under a pressure head of −4 cm. Decreases in
topsoil hydraulic conductivity after an artificial rainfall experiment, compared to conditions before
the experiment, observed a pressure head of −2 cm. No significant decrease of unsaturated hydraulic
conductivity for a pressure head of −4 cm was observed after the experiment, suggesting that only the
pores larger than 0.75 mm consolidated [36].

The purposes of this study were threefold. Firstly, it aimed to introduce the automatic multi-point
tension infiltrometer (MultiDisk) based on the automation technique of Klipa et al. [28] and to use the
MultiDisk for the measurement of near-saturated hydraulic conductivity across a period of three years.
Secondly, it aimed to observe the temporal variability of unsaturated topsoil hydraulic conductivity
during the vegetation season and test whether the changes could be attributed to the rainfall kinetic
energy. Thirdly, it aimed to study the impact of soil cultivation on soil hydraulic properties.

2. Materials and Methods

2.1. Study Area

The infiltration experiments were carried out on plots located in the Nučice experimental
catchment (Figure 1). This catchment is situated in a moderately hilly area of central Bohemia (Czech
Republic), 30 km east of Prague (approximate closing profile position 49◦57′49.230′ ′ N, 14◦52′13.242′ ′ E).
The catchment area is 0.531 km2. More than 95% of the area is arable land, while the remainder includes
watercourse, riparian trees and shrubs and paved roads. There are no forests, grasslands or urbanized
areas. The Nučice catchment is drained by a narrow stream, which has been piped in the uppermost
part [37]. The average altitude is 401 m a.s.l., the mean land slope is 3.9%, and the climate is humid
continental. Based on the records from 1975 to 2015, the average annual precipitation is 630 mm,
potential evapotranspiration ranges from 500 to 550 mm [38], and mean annual air temperature is
7.9 ◦C [24]. Precipitation and temperature data were recorded in 5 min intervals and the distance
between the tipping-bucket rain gauge and the infiltration plots was approximately 300 m (Figure 1).

The arable land is cultivated down to the stream banks, and conservation tillage has been practiced
since 2000. Compact disk harrows and cultivators are employed, and the maximum disturbance of the
soil profile due to tillage operations reaches 16 cm. The constant parallel traffic lines with a span of
8 m are maintained using a GPS guidance system. The standard crop rotation includes winter wheat
(Triticum aestivum L.), rapeseed (Brassica napus), summer oats (Avena sativa) and mustard (Sinapis alba L.)
(Table 1).

Since the establishment of the experimental catchment in 2011, we have been collecting
undisturbed soil samples (100 cm3) on a regular basis to study the temporal variability in topsoil
physical properties. Soil cores are taken from the top 7 cm between the plants and analyzed by standard
gravimetric methods to measure the bulk density, porosity, and hydraulic characteristics.

The soils are developed on conglomerates, which consist of sandstone and siltstone, and are
classified according to the World Reference Base for Soil Resources as Haplic Luvisols and Cambisols,
which are a USDA Soil Taxonomy quasi-equivalent to Alfisols and Inceptisols. Based on geophysical
monitoring conducted in a close-by location, the bedrock emerges at depths of 15–20 m and the
groundwater level is more than 2 m below the surface. On the basis of the standard laboratory particle
size distribution analysis (a combination of the sieving and sedimentation hydrometer methods), the
proportions of the textural classes were determined to be 9% clay, 58% silt, and 33% sand; the soil was
classified as silty loam. The loamy Ap horizon (10–15 cm deep, Cox of 1.1%) with well-developed soil
aggregation is underlined by a silty and silty-clay Bt horizon with a compact structure. There is a clear
divide between tilled topsoil and compacted subsoil, which was found at a depth of 14 ± 2 cm below
the soil surface [39]. A single topsoil water retention curve was determined in the laboratory with use
of a sand-box for the wet end and a pressure plate apparatus for the dry end. The soil hydraulic model
of van Genuchten [40] was fit to the measured retention curve. These parameters were considered the
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reference for further retention curve scaling in the region close to saturation. The van Genuchten’s
empirical parameters of the reference soil water retention curve of the topsoil were: α = 0.05 cm−1 and
n = 1.25.
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Table 1. General overview of the agricultural activities and infiltration experiments (lines highlighted
in grey), seedbed cultivation (s.c.) is marked in the Notes column.

Date Crop Agricultural Activity Notes

October 2012 stubble breaking depth 10–12 cm (s.c.)
6 April 2013 fertilization nitrogen fertilizer

22 April 2013 Tension infiltration experiments—IE1

27 April 2013 naked oat sowing chisel plowing, depth 14 cm (s.c.)
17 May 2013 naked oat crop-spraying herbicide
1 July 2013 naked oat crop-spraying fungicide and herbicide

25 July 2013 naked oat Tension infiltration experiments—IE2

17 August 2013 naked oat harvest
19 August 2013 stubble breaking depth 10–12 cm (s.c.)

10 September 2013 crop-spraying herbicide and insecticide
25 September 2013 winter wheat sowing, fertilization chisel plowing—depth 14 cm, combined fertilizer

4 October 2013 winter wheat Tension infiltration experiments—IE3

10 October 2013 winter wheat crop-spraying herbicide and insecticide
20 February 2014 winter wheat fertilization nitrogen fertilizer

3 March 2014 winter wheat fertilization fertilizer containing sulfur

13 March 2014 winter wheat Tension infiltration experiments—IE4

17 March 2014 winter wheat fertilization nitrogen fertilizer
9 April 2014 winter wheat fertilization morphoregulators, fertilizers containing B, Cu, Mn, Mg

10 April 2014 winter wheat Tension infiltration experiments—IE5

22 April 2014 winter wheat crop-spraying, fertilization herbicide, fungicide, wetting agent, nitrogen fertilizer

15 May 2014 winter wheat Tension infiltration experiments—IE6

9 June 2014 winter wheat crop-spraying fungicide, insecticide, wetting agent

19 June 2014 winter wheat Tension infiltration experiments—IE7

17 July 2014 winter wheat crop-spraying herbicide
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Table 1. Cont.

Date Crop Agricultural Activity Notes

6 August 2014 winter wheat Tension infiltration experiments—IE8

9 August 2014 winter wheat harvest
10 August 2014 stubble breaking depth 10–12 cm (s.c.)

24 September 2014 fertilization and plowing manure, depth of plowing 22 cm

October 1 2014 Tension infiltration experiments—IE9

3 November 2014 plowing deepening to 25–28 cm (s.c.)
22 March 2015 white mustard sowing, fertilization chisel plowing—depth 14 cm, fertilizer (s.c.)

26 March 2015 white mustard Tension infiltration experiments—IE10

8 April 2015 white mustard fertilization fertilizer containing sulfur
25 April 2015 white mustard crop-spraying, fertilization herbicide, nitrogen fertilizer
12 May 2015 white mustard crop-spaying, fertilization fungicide, morphoregulator, fertilizer containing boron

12 May 2015 white mustard Tension infiltration experiments—IE11

6 June 2015 white mustard crop-spaying, fertilization fungicide, fertilizer containing boron and copper

2 July 2015 white mustard Tension infiltration experiments—IE12

30 July 2015 white mustard Tension infiltration experiments—IE13

3 August 2015 white mustard harvest

2.2. Infiltration Experiments

The infiltration experiments were carried out at the experimental site with the use of automatic
minidisk infiltrometers (MultiDisk). All measurements were performed with a pressure head h0 of
−3 cm. The chosen pressure head represents the equivalent pore diameter of 1 mm, which ensures
reliable elimination of preferential pathways for the soil in this study [41]. Thus, data collected
during the infiltration experiments characterized flow in the soil matrix only. The reason for setting
of h0 to −3 cm was mainly practical. Lower values prolong the experiments considerably and a
pressure head closer to saturation (e.g., −1 cm) would not avoid the large pores (as also mentioned by
Bodner et al. [23]).

Thirteen regular infiltration campaigns (72 individual tension infiltration experiments, as six
infiltrations were terminated due to technical problems) were conducted during the growing seasons
from March 2013 until July 2015. Agricultural activities and associated crop life cycles are summarized
in Table 1. In general, the agricultural practices envelop the complete life cycle from sowing, through
harvest, to postharvest stubble breaking.

A single experimental plot with an approximate size of 5 × 5 m was selected in the experimental
catchment (Figure 1) and repeatedly used for all measurement campaigns. The plot was situated on a
gentle slope (incline below 1%) in the middle part of the hillslope and at least 2 m from the tractor
wheel tracks. The infiltration rate was measured on barren surfaces and in the rows between the sown
crops. The soil crust was removed, if present, to ensure a flat soil surface which is essential for the
correct course of infiltration run. No more than three centimeters of soil were removed (depending on
the actual soil roughness) to guarantee that the infiltration rate measurements were representative of
the topsoil and not influenced by the different hydraulic properties of the thin soil surface crust, or by
the compacted subsoil. The soil was manually leveled, and a very thin layer (ca. 1 mm) of dry fine
quartz sand (grain composition 0.10–0.63 mm) was added to ensure hydraulic contact between the
disk and the soil. The sand was moistened with a fine sprinkler immediately before infiltration.

Moreover, three undisturbed soil samples (volume of 100 cm3) were taken before the infiltration
experiment to determine the bulk density and the actual and saturated water content of the topsoil. Six
smaller soil samples (volume of 26.5 cm3) were taken directly below each infiltrometer of the MultiDisk
immediately after the experiments. Samples were analyzed for soil bulk density, water content and
saturated water content with standard gravimetric methods. The specific volume of the smaller soil
samples was selected on the basis of extensive numerical modeling of infiltration from the MultiDisk to
ensure homogeneity and representativeness of excavated soil volume for a wide variety of soil types.
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Infiltrations started when the preparation of each location was finished and when infiltrometers
were applied on contact sand layers. Termination criteria for individual experiments were as follows:
(i) infiltration time exceeded two hours, (ii) water reservoir storage became empty, or (iii), an
unavoidable circumstance occurred (rainfall event, sensor failure, operator error, etc.).

The experiments were performed with the use of a newly developed infiltration device.
The automated multipoint minidisk infiltrometer, “MultiDisk”, consists of six infiltrometer modules
(see Figure 2) with stainless steel porous disks with a diameter of 4.45 cm and 3 mm thickness.
The proposed device is automated using a high precision load cell with a mounted vertical bar which
is immersed in water in the reservoir tube (with a maximum storage volume of 175 cm3). The volume
of infiltrated water is measured via changes of buoyant force acting on the vertical bar [28]. The output
signal of the load cell is recalculated to the actual cumulative infiltration; cumulative infiltration data
are directly fitted using the Philip equation [42], and unsaturated hydraulic conductivity is evaluated
using the modified Zhang method [43,44].Water 2019, 11, x FOR PEER REVIEW 7 of 20 
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viewed, (a) from the top and (b) from the side (View A). Note that one apparatus-MultiDisk-consists of
two identical triplets.

The automated multipoint minidisk tension infiltrometer (MultiDisk) consists of two separable
identical aluminous frames and an enclosure containing the datalogger and battery. Each of the two
frames is equipped with three infiltrometer modules and a single Mariotte bottle that allows for the
application of a constant pressure head during the infiltration experiments. Figure 2 presents the
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single frame with three infiltration modules in an operational configuration. Bisection of the MultiDisk
allows the preparation of each part independently (see Figure 3) at different locations, while another
advantage is the possibility of setting different degrees of pressure head for both triplets of infiltrometer
modules, ranging from −0.5 cm to −6.0 cm. All MultiDisk’s modules must have perfect hydraulic
contact between the porous disc and soil surface. This can be achieved by leveling the frame into
a ground plane using three leveling screws. The datalogger is placed in the transport box during
the measurement.
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2.3. Estimation of K in Soils with Changing Structure

In the present study, we assume that gradual topsoil consolidation (change of bulk density)
induced by mechanical compression, stubble breaking, raindrop impacts etc. can be characterized
by measured saturated water content. To prove the correlation between the bulk density and the
saturated water content, we analyzed 217 undisturbed soil samples from the topsoil. The sampling
was conducted during the growing seasons of 2013 and 2014. The samples, each with a volume of
100 cm3, were collected from fields within the Nučice experimental catchment, no further than 400 m
from the infiltration experiments.

We adopted the suggestion of Nimmo [45] who hypothesized that the pore size distribution and
therefore the soil water retention curve varies due to agricultural practice predominantly in the region
of large pores, i.e., low-pressure heads. This key hypothesis is also supported by the results of Ahuja
et al. [46] who showed that tillage influences mainly larger pore-sizes and that the topsoil saturated
water content increases after tillage. As the volume of the large pores in the topsoil varied for each
infiltration experiment, we modified the retention curves accordingly. The modification was done
based on the measured actual saturated water content.

Soil samples were taken after each infiltration experiment. Experiment-specific retention curves
resulted from the fitting of resampled points to the reference retention curve across the range of
pressure heads (−100 cm to −10,000 cm) and the measured saturated water content. The only
optimized retention parameter was van Genuchten’s empirical parameter α (cm−1). Residual water
content and empirical van Genuchten’s parameter n, often associated with the pore size distribution
(e.g., [47]) rather than changes in macroporosity, exhibited very low sensitivity to the θs variability and
therefore remained fixed. Thus, experiment-specific retention curves were obtained for each infiltration
experiment. For presentation, in Figure 4 the soil matrix parameters are scaled using scaling factors of
pressure head and water content [48]. Scaling factors allow each of the experiment-specific retention
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curves to be characterized by a unique set of scaling factors representing a single measurement
campaign (IE1 to IE13, see Table 1).
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Subsequently, we utilized the two parameter infiltration equation by Philip [42], which was
originally derived for one-dimensional flow. The same equation with a different interpretation of
coefficients was used for three-dimensional flow:

IC = C1t1/2 + C2t (1)

where IC is the cumulative infiltration rate (m), t is time (s), and C1 (m s−1/2) and C2 (m s−1) are
coefficients which can be determined by fitting Equation (1) to the measured infiltration data. Zhang
suggested that hydraulic conductivity is dependent on the value of C2, the van Genuchten’s retention
parameters n (-) and α (cm−1), the disk pressure h0 (m) and the radius of the infiltration disk r0 (m) [43].
For near-saturated hydraulic conductivity and n < 1.35 [44] Equation (2) holds:

Kh0 =
C2(αr0)

0.6

11.65(n0.82 − 1) exp [34.65(n− 1.19)αh0]
(2)

where Kh0 (cm s−1) is the unsaturated hydraulic conductivity corresponding to the pressure h0. The set
of experiment-specific retention curves allows for determination of experiment-specific near-saturated
hydraulic conductivity, which reflects changing soil structure over time.

2.4. Rainfall Kinetic Energy Calculation

Measured rainfall intensity was used for the calculation of cumulative rainfall kinetic energy.
Rainfall kinetic energy was calculated based on the empirical exponential expression [15]:

ke = 28.3(1− 0.52 exp(−0.042i)) (3)
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where ke stands for kinetic energy per unit rainfall depth (J mm−1 m−2) and i stands for rainfall
intensity (mm h−1). The cumulative kinetic energy, to which the surface was exposed, is based on
the accumulated kinetic energy between two seedbed cultivations. It is assumed that after each
seedbed cultivation, the topsoil pore size distribution recovers to its initial state. The cumulative
kinetic energy is the sum of kinetic energies per unit rainfall height (Equation (3)) and corresponding
rainfall intensities:

KEn =
n

∑
i=1

Iikei (4)

where KEn (J m−2) stands for kinetic energy the soil surface exposed to between 1st and nth rainfall
record of a given period delineated by subsequent seedbed cultivations, Ii stands for the ith rainfall
amount (mm) and kei stands for kinetic energy per unit of rainfall height of the ith rainfall record
based on Equation (3). The seedbed cultivation dates are shown in the Table 1. The second infiltration
measurement (IE2 in Table 1) was performed in the period when rainfall data was missing due to a
power failure at the meteorological station. The last rainfall data were recorded seven days prior to
the measurement.

3. Results

3.1. Temporal Variability of Bulk Density and Saturated Water Content

The dataset from the long-term topsoil physical characteristics monitoring shows large variability
(Figure 5) with statistically significant dependence of bulk density on saturated water content, as the
zero-slope hypothesis was rejected at the α = 0.05 level of significance (p < 0.0001). In general, the
saturated water content of the topsoil decreased with the increasing bulk density (as a result of the
topsoil consolidation).
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Figure 5. Saturated water content and bulk density as measured on 217 undisturbed topsoil samples
during two growing seasons. The gray area represents the 95% confidence interval of the fitted line; r
stands for correlation coefficient.

3.2. Tension Infiltration Experiments

The infiltration experiments were carried out during the vegetation season across various states
of topsoil, various initial soil moisture conditions and different climatic conditions. The timing of the
experiments is depicted in Figure 6 by symbols representing soil water content before and after each
experiment. Initial soil water content ranged from 0.04 cm3 cm−3 to 0.37 cm3 cm−3, with dry topsoil
typically in June and July and wet topsoil in the spring and autumn. Measured saturated water content
ranged from 0.46 cm3 cm−3 to 0.55 cm3 cm−3 with an average of 0.50 cm3 cm−3. The unsaturated
water content temporal variability ranged between the saturated and initial water content variability,
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with an average of 0.33 cm3 cm−3, minimum of 0.24 cm3 cm−3 and maximum of 0.39 cm3 cm−3.
The meteorological, hydropedological and infiltration data are published together with the manuscript
as the Supplementary Materials.

Note the low water content and high air temperatures in July 2015, when the last infiltration
experiments were performed. The summer of 2015 was characterized by exceptionally high
temperatures and below average precipitation in Central Europe [49].
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Figure 6. Meteorological and pedological conditions during experiments. Air temperature was
measured at a height of 200 cm.

Observed unsaturated hydraulic conductivity (Kh0) during three growing seasons shows high
temporal variability (Figure 7). The difference between the blue (Kh0 calculated without retention
curve scaling) and the green box-plots (Kh0 calculated with retention curve scaling) varies for each
infiltration experiment.

Unsaturated hydraulic conductivity was lowest in early spring and increased at the beginning
of summer in the years 2013–2014. During the summer and autumn (2013–2014), the unsaturated
hydraulic conductivity remained relatively unchanged. In contrast, results in the year 2015 showed
the opposite trend—the highest hydraulic conductivity was observed in early spring and gradually
decreased until the end of July. In 2015 the measured hydraulic conductivity was twice as high as
previous seasons.

Differences in trends of unsaturated hydraulic conductivities in the years 2013–2014 and year 2015
were probably caused by different precipitation regimes (2013 and 2014 were average, 2015 was very
dry), agricultural management and the timing of the first spring measurement. The first two infiltration
experiments (IE1, IE2) in the year 2013 took place before the spring seedbed cultivation. In 2013 and
2015, plowing was conducted in the previous year, but the first measurement was performed a few
days after seedbed preparation. In 2014, plowing and sowing were carried out in the previous year
and the first infiltration experiment (IE4) was conducted after winter, into the sown soil. However, the
exact impact of individual agricultural procedures was not fully apparent in the dataset.

Proportionality between the soil bulk density and hydraulic conductivity for three seasons
(13 experiments) was not detected at the α = 0.05 level of significance (Figure 7 and Table 2). The t-test
did not show a significant non-zero slope for individual years either (Table 2). Measured unsaturated
hydraulic conductivity was not dependent on initial soil water content, or on the saturated and
quasi-saturated water content, with the exception of the year 2015 for the latter.
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Table 2. t-test of the linear regressions assessing the relationship between unsaturated hydraulic
conductivity at the −3 cm pressure head (Kh0) and bulk density (ρb), initial water content (θinit),
saturated water content (θs) and water content under the pressure head of −3 cm (θh0). N stands for
number of data points, a for the slope and b for the interception.

Model Time Period N Slope (a) Slope p-Value

Kh0 = aρb + b

All 13 0.0021 0.69
2013 3 0.0140 0.44
2014 6 0.0008 0.81
2015 4 0.0009 0.51

Kh0 = aθinit + b

All 13 −0.0016 0.65
2013 3 −0.0058 0.56
2014 6 −0.0001 0.97
2015 4 −0.0068 0.07

Kh0 = aθs + b

All 13 −0.0018 0.85
2013 3 −0.025 0.50
2014 6 −0.0051 0.38
2015 4 −0.050 0.23

Kh0 = aθh0 + b

All 13 0.007 0.32
2013 3 0.004 0.86
2014 6 0.0027 0.69
2015 4 0.012 0.03Water 2019, 11, x FOR PEER REVIEW 12 of 20 
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3.3. Effect of Rainfall on Unsaturated Hydraulic Conductivity

Development of the cumulative rainfall’s kinetic energy during three monitored seasons is shown
in Figures 8–10. It is assumed that each seedbed cultivation interrupts the topsoil consolidation effect
of the previous rainfall period. In the years 2013 and 2015, seedbed cultivation was performed twice,
once in spring (before sowing) and once in late summer (after the harvest). For the 2014 season, the
winter wheat was previously sown at the end of 2013. During the winter of 2013–2014 the rainfall
impact could have been reduced due to snow precipitation and snow cover, and this winter period
was not taken into account.



Water 2019, 11, 740 12 of 19

Water 2019, 11, x FOR PEER REVIEW 12 of 20 

 

 
Figure 7. Seasonal variation of unsaturated hydraulic conductivity at the pressure head of −3 cm (blue 
boxes before retention curve scaling, green boxes after scaling). The bottom and top of the box are the 
first and third quartiles and the band inside the box represents the weighted average of Kh0 weighted 
by inverse values of the RMSE. Ends of whiskers represent minimal and maximal values of Kh0. 
Dashed lines stand for bulk density, saturated water content and fraction of empty pores at the 
pressure head of −3 cm. 

3.3. Effect of Rainfall on Unsaturated Hydraulic Conductivity 

Development of the cumulative rainfall’s kinetic energy during three monitored seasons is 
shown in Figures 8–10. It is assumed that each seedbed cultivation interrupts the topsoil 
consolidation effect of the previous rainfall period. In the years 2013 and 2015, seedbed cultivation 
was performed twice, once in spring (before sowing) and once in late summer (after the harvest). For 
the 2014 season, the winter wheat was previously sown at the end of 2013. During the winter of 2013–
2014 the rainfall impact could have been reduced due to snow precipitation and snow cover, and this 
winter period was not taken into account. 

 
Figure 8. Seasonal variability of the van Genuchten’s parameter α related to cumulative rainfall 
kinetic energy. Seedbed cultivation (dashed line) is assumed to interrupt the effect of the previous 
rainfall. 

Figure 8. Seasonal variability of the van Genuchten’s parameter α related to cumulative rainfall kinetic
energy. Seedbed cultivation (dashed line) is assumed to interrupt the effect of the previous rainfall.
Water 2019, 11, x FOR PEER REVIEW 13 of 20 

 

 
Figure 9. Seasonal variability of the bulk density (ρd) related to cumulative rainfall kinetic energy. 
Seedbed cultivation (dashed line) is assumed to interrupt the effect of the previous rainfall. 

 
Figure 10. Seasonal variability of the scaled unsaturated hydraulic conductivity related to cumulative 
rainfall kinetic energy. Seedbed cultivation (dashed line) is assumed to interrupt the effect of the 
previous rainfall. 

Linear regressions between cumulative kinetic energy KE, unsaturated hydraulic conductivity 
Kh0, van Genuchten’s parameter α and bulk density ρb are shown in Figure 11. Hydraulic conductivity 
exhibited a negative correlation with the corresponding cumulative KE as shown in Figure 11A. In 
2015, the negative trend was stronger compared to the overall trend as depicted by the trend line and 
the value of the correlation coefficient. In Figure 11B, the relationship between parameter α and the 
corresponding cumulative KE is shown, and the trend line exhibited a weak positive correlation. The 
trend, however, differs among the years. Although the data show an increase of α with cumulative 
KE in 2013 and 2015, the trend in 2014 is the opposite. It has to be noted that α and hydraulic 
conductivity Kh0 are not independent variables, as α is used to derive Kh0. 

Bulk density was positively correlated with the cumulative KE (Figure 11C), with the only 
exception in 2013 where the data points corresponding to the lowest cumulative kinetic energy 
exhibited larger values. An increasing trend corresponds with the idea of gradual compaction 
between consecutive seedbed cultivations due to a complex set of factors including the impact of the 
rainfall. In Figure 11D, the trend between saturated water content and the corresponding cumulative 
KE is negative. A gradual increase of the topsoil saturated water content during the growing season 
is visible in all the years up to the cumulative kinetic energy of 3000 J m−2, then the θs decreases. For 
our interpretation of the results, the changes in the saturated water content serve as a proxy for 
macroporosity. 

Figure 9. Seasonal variability of the bulk density (ρd) related to cumulative rainfall kinetic energy.
Seedbed cultivation (dashed line) is assumed to interrupt the effect of the previous rainfall.

Water 2019, 11, x FOR PEER REVIEW 13 of 20 

 

 
Figure 9. Seasonal variability of the bulk density (ρd) related to cumulative rainfall kinetic energy. 
Seedbed cultivation (dashed line) is assumed to interrupt the effect of the previous rainfall. 

 
Figure 10. Seasonal variability of the scaled unsaturated hydraulic conductivity related to cumulative 
rainfall kinetic energy. Seedbed cultivation (dashed line) is assumed to interrupt the effect of the 
previous rainfall. 

Linear regressions between cumulative kinetic energy KE, unsaturated hydraulic conductivity 
Kh0, van Genuchten’s parameter α and bulk density ρb are shown in Figure 11. Hydraulic conductivity 
exhibited a negative correlation with the corresponding cumulative KE as shown in Figure 11A. In 
2015, the negative trend was stronger compared to the overall trend as depicted by the trend line and 
the value of the correlation coefficient. In Figure 11B, the relationship between parameter α and the 
corresponding cumulative KE is shown, and the trend line exhibited a weak positive correlation. The 
trend, however, differs among the years. Although the data show an increase of α with cumulative 
KE in 2013 and 2015, the trend in 2014 is the opposite. It has to be noted that α and hydraulic 
conductivity Kh0 are not independent variables, as α is used to derive Kh0. 

Bulk density was positively correlated with the cumulative KE (Figure 11C), with the only 
exception in 2013 where the data points corresponding to the lowest cumulative kinetic energy 
exhibited larger values. An increasing trend corresponds with the idea of gradual compaction 
between consecutive seedbed cultivations due to a complex set of factors including the impact of the 
rainfall. In Figure 11D, the trend between saturated water content and the corresponding cumulative 
KE is negative. A gradual increase of the topsoil saturated water content during the growing season 
is visible in all the years up to the cumulative kinetic energy of 3000 J m−2, then the θs decreases. For 
our interpretation of the results, the changes in the saturated water content serve as a proxy for 
macroporosity. 

Figure 10. Seasonal variability of the scaled unsaturated hydraulic conductivity related to cumulative
rainfall kinetic energy. Seedbed cultivation (dashed line) is assumed to interrupt the effect of the
previous rainfall.

Linear regressions between cumulative kinetic energy KE, unsaturated hydraulic conductivity
Kh0, van Genuchten’s parameter α and bulk density ρb are shown in Figure 11. Hydraulic conductivity
exhibited a negative correlation with the corresponding cumulative KE as shown in Figure 11A.
In 2015, the negative trend was stronger compared to the overall trend as depicted by the trend line
and the value of the correlation coefficient. In Figure 11B, the relationship between parameter α and
the corresponding cumulative KE is shown, and the trend line exhibited a weak positive correlation.
The trend, however, differs among the years. Although the data show an increase of α with cumulative
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KE in 2013 and 2015, the trend in 2014 is the opposite. It has to be noted that α and hydraulic
conductivity Kh0 are not independent variables, as α is used to derive Kh0.

Bulk density was positively correlated with the cumulative KE (Figure 11C), with the only
exception in 2013 where the data points corresponding to the lowest cumulative kinetic energy
exhibited larger values. An increasing trend corresponds with the idea of gradual compaction between
consecutive seedbed cultivations due to a complex set of factors including the impact of the rainfall.
In Figure 11D, the trend between saturated water content and the corresponding cumulative KE
is negative. A gradual increase of the topsoil saturated water content during the growing season
is visible in all the years up to the cumulative kinetic energy of 3000 J m−2, then the θs decreases.
For our interpretation of the results, the changes in the saturated water content serve as a proxy
for macroporosity.Water 2019, 11, x FOR PEER REVIEW 14 of 20 
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Figure 11. Correlation between cumulative rainfall kinetic energy and unsaturated hydraulic
conductivity Kh0 (A), van Genuchten’s parameter α (B), bulk density ρb (C) and saturated water content
θs (D). The correlation coefficient r is calculated based on all data points in each graph. The color,
which distinguishes data from different years, only serves for visual interpretation of the data.

The dataset shown in Figure 11 was further tested to determine whether there was a significant
linear relationship between the variables. Where the slope of the regression line is significantly different
from zero, with the use of Student’s t-test it is possible to conclude that there is a significant relationship.
The results of the test are shown in the Table 3. Based on the test, the slope of all trend lines is not
significantly different from zero. Only bulk density and saturated water content showed smaller
p-values, however none reached the level of significance, 0.05.
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Table 3. Results of statistical hypothesis testing using Student’s t-test of the non-zero slope of the
regression line between cumulative kinetic energy KE and soil physical properties: unsaturated
hydraulic conductivity Kh0, van Genuchten’s α, bulk density ρb and saturated water content θs. 13 data
points were used for every test. The a stands for the slope and b for the interception.

Model Slope (a) Slope p-Value

Kh0 = aKE + b −1.602 × 10−7 0.31

α = akE + b 1.135 × 10−6 0.46

ρb = aKE + b 1.302 × 10−5 0.13

θs = aKE + b −7.329 × 10−6 0.11

4. Discussion

4.1. Tension Infiltration Experiments

The key problems relating to the tension infiltration experiments are the long duration of a single
infiltration and the high spatial variability of unsaturated hydraulic conductivity, as it is strongly
dependent on actual pore geometry. The selection of an appropriate method for the given conditions
and soils is important to obtain representative values of hydraulic conductivity [50]. We have shown
that the use of the MultiDisk, consisting of two triplets with automated infiltration modules, is a
very effective way to perform a large number of infiltration experiments. The obtained values of the
unsaturated hydraulic conductivity were within the range of previously published results measured
in agricultural tilled soils, e.g., [51–54].

The temporal variability of Kh0 was approximately ten times higher than the spatial variability
observed during each infiltration campaign (Figure 7). A similar conclusion was presented by Moret
and Arrue [54] who observed a significant impact of tillage on soil hydrophysical properties in
both short-term and seasonal scales, which outweighed the effects of spatial variability. The main
driver of Kh0 temporal variability on the tilled soil studied is attributed to the actual state of the
topsoil structure; namely the macropores, mesopores and large inter-aggregate void proportion and
connectivity changes, as also suggested by, for example, [10,41,55,56]. Additional explanations for the
increase of the hydraulically active pores during the season are biological activity, carbon content, root
growth, and wetting/drying cycles [57].

In 2013 and 2014, the Kh0 was increasing as topsoil was consolidating after tillage, which is in
agreement with other studies [57,58]. This trend suggests that the loose soil after tillage has a high
proportion of larger inter-aggregate voids that decrease water flux during unsaturated conditions [20].
Also, high precipitation resulted in a higher soil water content throughout the seasons (compared to
2015) which was the driver for the slightly increasing Kh0. We can exclude the effect of the surface soil
crusting; the crust, if present, was always removed before the experiments. The Kh0 trend was different
in 2015 when compared to the previous years. Surprisingly, in 2015 the Kh0 increased throughout the
season, and the measured Kh0 values were significantly higher than in previous years. Similar trends
were observed in previous studies, but usually due to the surface clogging or because lower suction
pressure was applied during the infiltration [59]. Decreasing unsaturated hydraulic conductivity
through the growing season has been reported as well due to clogging of pores by fine soil particles
detached from aggregates by rainfall impact [36] or rainfall induced soil surface sealing [60]. The reason
for the different outcome in our case is not clear; however, a possible explanation could lie in the
specific weather conditions in 2015, which resulted in exceptionally dry topsoil conditions before
the spring tillage and throughout the season. Soil moisture conditions and soil aeration affect the
amount and properties of macropores [61]. Tillage of very dry soil could also lead to lower stability
and differing sizes and arrangement of soil aggregates. The unstable soil aggregates could break down
and regroup, even during tension infiltration, so that the fine particles fill the inter-aggregate voids.
A high water pressure gradient due to very low initial soil moisture, caused rapid water fluxes and
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probably resulted in a slightly overestimated Kh0 for the experiments performed in July. Different
year-on-year trends in hydraulic conductivity that cannot be easily explained were also observed by
Jirku et al. [62].

Unfortunately, neither the soil aggregate stability nor imaging techniques to measure the
macroporosity and pore connectivity were implemented. Therefore, the proposed explanation remains
a hypothesis that cannot be proven with the available data. CT imaging, especially, would be a great
asset, as similar studies have proved [59,63–65].

4.2. Temporal Variability of Physical Properties of the Soil

It is a known fact that tillage changes the topsoil characteristics, generally leading to a decrease
in bulk soil density and an increase in the soil aggregate size and macroporosity. The soil aggregate
arrangement is unstable, so the topsoil eventually reverts to its former state [3,46,66].

We observed an anticipated gradual increase in the topsoil bulk density and decrease in saturated
water content after each seedbed preparation. Similar results with a comparable scale of temporal
changes have already been published by, for example, [62,67,68].

None of the monitored soil physical characteristics were recognized as being the significant cause
of the measured unsaturated hydraulic conductivity variability. As suggested by Sandin et al. [59], the
reasons for Kh0 temporal variability are complex and the pore connectivity and macroporosity also
need to be evaluated. As Leij et al. [69] noted, the data on soil structural dynamics needed to propose
a reliable model that would explain its effect on the water dynamics are still lacking.

4.3. Effect of Rainfall on Soil Water Regime

The impact of rainfall on topsoil consolidation and soil structure has been already studied, but
rainfall kinetic energy is often missing from the rainfall properties tested. Detailed rainfall properties,
including kinetic energy, are commonly analyzed in soil erosion studies, especially when evaluating
splash erosion [70–72]. It has been shown that rainfall intensity and duration affect the degree of topsoil
compaction (increase of bulk density and decrease of macroporosity) and surface seal formation [8,73].
The inverse relationship between rainfall event kinetic energy and saturated hydraulic conductivity
has also been observed [74].

The analysis of our dataset did not show a significant relationship between the cumulative rainfall
kinetic energy and monitored soil physical properties, but it needs to be emphasized that we did not
evaluate the changes in the upper 1–3 cm, where the consolidation effects are stronger [10], and we did
not evaluate the changes after every significant rainfall. Only during the 2014 season did we observe
the expected relationship for bulk density (p-value of 0.0072) and saturated water content (p-value of
0.0068). Trends for the soil moisture retention curve and unsaturated hydraulic conductivity were not
detected. The significant relationship can be partly explained by the high number and well-distributed
timing of the infiltration experiments during 2014, so we were able to detect gradual changes between
the seedbed preparations.

The measured data do not clearly show the variable seasonal gradient of alterations in the topsoil
properties, which is mainly due to the limited number of infiltration experiments. In addition, the
analysis considers kinetic energy of rainfall, but the kinetic energy of the raindrops hitting the soil
surface is attenuated due to growing crops (oat, wheat, mustard) during the season, especially between
May and July. Also, during this period, other factors such as roots and soil fauna strongly influence the
soil water regime. One would expect that the largest changes would be detected after heavy rainfall
events, especially when the soil surface is bare (spring and early summer). Bryk et al. [75] observed
the largest soil structure alterations during spring under similar climate and soil conditions to ours,
and they also did not find a statistically valid correlation with precipitation.
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5. Conclusions

The newly developed, automated, multi-point infiltrometer (MultiDisk) was successfully used
for long-term unsaturated hydraulic conductivity monitoring of intensively cultivated topsoil.
The device proved to be reliable, with 72 out of 78 (over 90%) infiltration experiments recorded
and analyzed successfully.

The topsoil Kh0 varied during the growing season. Kh0 had an increasing trend between the
seedbed preparation and harvest in 2013 and 2014, but a decreasing trend was observed in 2015.
We attribute this different outcome to the distinct climatic conditions in 2015, which resulted in very
dry topsoil during most of the season. The temporal Kh0 variability, within the single seasons and
across the years, was higher than the spatial variability under the studied conditions. The topsoil bulk
density and saturated soil water content changed as expected with the gradual topsoil consolidation
during the growing season.

Based on the seasonal dataset we could not observe a statistically significant trend between
topsoil physical characteristic changes and cumulative rainfall kinetic energy, nor between KE and Kh0.
We assume that analysis performed on a single rainfall events basis could provide better results. Such
a study requires Kh0 monitoring after every significant rainfall event, which is very labor intensive
in the field conditions but would be feasible to perform with the use of the multi-point automated
MultiDisk. More detailed data could better explain how changes in topsoil hydraulic characteristics
over time are the main drivers of the topsoil temporal variability. This information would be beneficial
for detailed hydrological models that need to include topsoil temporal variability.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/4/740/
s1, Supplementary: the data on temporary variable soil physical properties measured within the infiltration
experiments (bulk density, initial soil water content, saturated water content, Kh0 and meteorological data (rainfall,
rainfall kinetic energy).
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28. Klípa, V.; Sněhota, M.; Dohnal, M. New automatic minidisk infiltrometer: Design and testing. J. Hydrol.
Hydromech. 2015, 63, 110–116. [CrossRef]

29. Aravena, J.E.; Berli, M.; Ghezzehei, T.A.; Tyler, S.W. Effects of root-induced compaction on rhizosphere
hydraulic properties—X-ray microtomography imaging and numerical simulations. Environ. Sci. Technol.
2011, 45, 425–431. [CrossRef]

30. Logsdon, S.D.; Jordahl, J.L.; Karlen, D.L. Tillage and crop effects on ponded and tension infiltration rates.
Soil Tillage Res. 1993, 28, 179–189. [CrossRef]

31. Hu, W.; Shao, M.; Wang, Q.; Fan, J.; Horton, R. Temporal changes of soil hydraulic properties under different
land uses. Geoderma 2009, 149, 355–366. [CrossRef]

http://dx.doi.org/10.1016/j.earscirev.2017.06.009
http://dx.doi.org/10.2136/sssaj2006.0429
http://dx.doi.org/10.1097/01.ss.0000085047.25696.29
http://dx.doi.org/10.1046/j.1365-2389.2002.00426.x
http://dx.doi.org/10.1002/esp.3224
http://dx.doi.org/10.1002/hyp.8196
http://dx.doi.org/10.2136/sssaj1995.03615995005900030014x
http://dx.doi.org/10.1016/j.catena.2018.07.002
http://dx.doi.org/10.1016/S0022-1694(02)00020-3
http://dx.doi.org/10.1016/j.scitotenv.2016.05.223
http://dx.doi.org/10.1016/j.catena.2015.08.002
http://dx.doi.org/10.1016/j.still.2004.08.009
http://dx.doi.org/10.1016/j.advwatres.2006.10.006
http://dx.doi.org/10.1029/2007WR006501
http://dx.doi.org/10.1002/jpln.200521955
http://dx.doi.org/10.1016/S0167-1987(01)00171-4
http://dx.doi.org/10.1016/j.geoderma.2013.04.015
http://dx.doi.org/10.1515/johh-2015-0022
http://dx.doi.org/10.2136/sssaj1988.03615995005200030054x
http://dx.doi.org/10.1016/j.jhydrol.2004.04.003
http://dx.doi.org/10.2136/sssaj2007.0009N
http://dx.doi.org/10.1515/johh-2015-0023
http://dx.doi.org/10.1021/es102566j
http://dx.doi.org/10.1016/0167-1987(93)90025-K
http://dx.doi.org/10.1016/j.geoderma.2008.12.016


Water 2019, 11, 740 18 of 19

32. Messing, I.; Jarvis, N.J. Temporal variation in the hydraulic conductivity of a tilled clay soil as measured by
tension infiltrometers. J. Soil Sci. 1993, 44, 11–24. [CrossRef]

33. Farkas, C.; Gyuricza, C.; Birkás, M. Seasonal changes of hydraulic properties of a Chromic Luvisol under
different soil management. Biologia 2006, 61, S344–S348. [CrossRef]

34. Bormann, H.; Klaassen, K. Seasonal and land use dependent variability of soil hydraulic and soil hydrological
properties of two Northern German soils. Geoderma 2008, 145, 295–302. [CrossRef]

35. Alletto, L.; Coquet, Y. Temporal and spatial variability of soil bulk density and near-saturated hydraulic
conductivity under two contrasted tillage management systems. Geoderma 2009, 152, 85–94. [CrossRef]

36. Somaratne, N.M.; Smettem, K.R.J. Effect of cultivation and raindrop impact on the surface hydraulic
properties of an Alfisol under wheat. Soil Tillage Res. 1993, 26, 115–125. [CrossRef]

37. Zumr, D.; Dostál, T.; Devátý, J.; Valenta, P.; Rosendorf, P.; Eder, A.; Strauss, P. Experimental determination of
the flood wave transformation and the sediment resuspension in a small regulated stream in an agricultural
catchment. Hydrol. Earth Syst. Sci. 2017, 21. [CrossRef]
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Abstract: An experimental laboratory setup was developed and evaluated in order to investigate
detachment of soil particles by raindrop splash impact. The soil under investigation was a silty loam
Cambisol, which is typical for agricultural fields in Central Europe. The setup consisted of a rainfall
simulator and soil samples packed into splash cups (a plastic cylinder with a surface area of 78.5 cm2)
positioned in the center of sediment collectors with an outer diameter of 45 cm. A laboratory rainfall
simulator was used to simulate rainfall with a prescribed intensity and kinetic energy. Photographs
of the soil’s surface before and after the experiments were taken to create digital models of relief and
to calculate changes in surface roughness and the rate of soil compaction. The corresponding amount
of splashed soil ranged between 10 and 1500 g m−2 h−1. We observed a linear relationship between
the rainfall kinetic energy and the amount of the detached soil particles. The threshold kinetic energy
necessary to initiate the detachment process was 354 J m−2 h−1. No significant relationship between
rainfall kinetic energy and splashed sediment particle-size distribution was observed. The splash
erosion process exhibited high variability within each repetition, suggesting a sensitivity of the
process to the actual soil surface microtopography.

Keywords: splash erosion; rainfall simulator; splash cup; soil loss; soil detachment; disdrometer;
rainfall kinetic energy

1. Introduction

The initial stage of the erosion process (splash erosion) occurs when raindrops with high kinetic
energy hit bare soil, breaking down aggregates and detaching soil particles. Such particles are
translocated a short distance from the raindrop’s impact and they then settle on the soil’s surface and
block the interaggregate pores reducing the topsoil’s infiltration capacity and accelerating the formation
of surface runoff. Hence, understanding the relationships between various rainfall characteristics and
splash erosion is important to be able to predict the dominant runoff mechanisms of unprotected soils
and to determine the rainfall kinetic energy threshold for erosion initiation.

Various monitoring techniques have been developed over the years to measure the degree of
soil detachment in relation to the kinetic energy of raindrops. Besides splash cups (which are used

Sustainability 2020, 12, 157; doi:10.3390/su12010157 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0002-0330-7716
https://orcid.org/0000-0002-8693-9304
http://www.mdpi.com/2071-1050/12/1/157?type=check_update&version=1
http://dx.doi.org/10.3390/su12010157
http://www.mdpi.com/journal/sustainability


Sustainability 2020, 12, 157 2 of 12

in this study), splash boards or tracers have also been used in previous studies (as reviewed by
Fernández-Raga et al. [1]). When monitoring splash erosion, there are several considerations to take
into account when developing study design:

(A) collection mechanism:

• detached soil is splashed into a collector located around the soil sample (e.g., [2], Figure 1a)
• detached soil is splashed into a collector surrounded by the soil material (e.g., [3–5], Figure 1b)

(B) sample preparation:

• disturbed soil sample (e.g., [6,7])
• in situ undisturbed soil (e.g., [2–4]).

Each approach has its advantages and disadvantages. One needs to estimate the contributing area
of the surrounding soil (Figure 1b), otherwise it is not possible to calculate the detached soil amount
per specific area. This problem occurs (to some extent) in the Morgan setup [2] because some soil
particles are transported within the sampling area (Figure 1a). Therefore, the optimum sampling area
is a tradeoff between underestimating the splash, representativeness of the collected sample, as well as
ease of sample handling [3].
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Wei et al. [8] showed that the splash erosion rate is dependent on soil sample water saturation
and texture. Sandy soil was not sensitive to degree of saturation whereas samples with increasing
clay content were, and similar results were reported by Khaledi Darvishan et al. [9]. To the contrary,
Watung et al. [10] did not observe any significant difference in soil splash under variable saturated
conditions for tropical soil (Oxisol). Utilizing disturbed soil samples allows for the control of soil
sample conditions. In situ measurement on undisturbed samples does not allow for the control of
soil conditions; on the other hand the measurement may be more representative for a given location
since soil structure and soil surface characteristics are preserved. Therefore, there are a lot of factors to
consider when designing an experimental setup.

The splash-collecting device needs to have sufficient dimensions to trap most of the detached
particles. As Leogun et al. [11] and Marzen et al. [12] showed, the amount of detached soil decreases
exponentially with increasing distance from the soil sample. The transport splash distance increases
with decreasing soil particle size. Fu et al. [13] added that the splashed distance is not only related to
particle or aggregate sizes, but also to rainfall kinetic energy.

Transport distances ranged between 10 cm and 20 cm for aggregates with diameters between 0.5
mm and 1 mm and up to 35 cm for soil aggregates with diameters from 0.05 mm to 0.5 mm in a study
by Legout et al. [11]. Most of the splashed particles were observed within 20 cm from the soil sample
in Fu et al. [14] and within 35 cm in [12].

The most common problem with splash erosion experiments is that it is difficult to compare
results across studies due to each author’s differing experimental setup [15]. Many different splash
cup setups with various sizes and trapping principles have been used to measure splash erosion.
Pioneering studies were performed using single soil fractions and cylindrically shaped cups [16–18].
Kinnell [6] added a thin external ring around the soil sample to exclude surface runoff which may
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occur during ponding conditions. Scholten et al. [7] developed splash cups in which sample saturation
was controlled, their setup maintained nearly constant water content of the sample, and allowed for
the simultaneous draining of rainfall. Two types of splash cups (cups and funnels) were compared by
Fernández-Raga et al. [4]. The funnels collected systematically more particles because they prevent
particle transport back to the surrounding soil (backsplash). The most frequently used splash cup
design is inspired by Morgan (1981) (for example, [9,19–22]). In all studies reported above, the
sediment loss was determined by weighing the dry sample prior to and after the measurement period.
The Morgan setup is also suitable for use in both indoor and outdoor conditions with disturbed or
undisturbed soil samples.

In general, the splash erosion process is very complex and the reported results usually exhibit
high variability. Angulo-Martinez et al. [23] evaluated the effects of rainfall characteristics, rainfall
erosivity index and soil type with a linear mixed-effects model. The rainfall erosivity index explained
55% of the data variability but soil type did not have a statistically significant influence on erosion.
Up to 74% of the variability within a single soil type was attributed to random effects. The role of
slope (and upward/downward splash) and rainfall intensity were investigated. It was reported that
slope altered the splashed particle-size distribution and the role of slope for total splashed material
varied for various rainfall intensities [22]. The rainfall itself is also a very important factor, and authors
emphasize the need of accurate drop-shape estimation in order to obtain adequate kinetic energy of
the rainfall. Rainfall changes the surface microtopography [24] which may have further effects on
water infiltration, surface water retention and surface runoff [25]. A common method for the analysis
of surface relief changes is close-range photogrammetry [26]. It has been shown that especially loose
soils are prone to a fast decrease in microrelief roughness, leading to accelerated soil erosion [27,28].

Rainfall kinetic energy (KE) is often estimated based on measured rainfall intensity (KE-I
relationship) due to the lack of a direct rainfall kinetic energy measurement [29]. Lobo and Monilla [30]
tested several KE-I relationships for various geographical locations and concluded that parameters of
the KE-I relationships are site specific. Meshesa et al. [31] tested parametric relationships between
rainfall intensity and rainfall kinetic energy using artificial rainfall, noting that artificial rainfall exhibits
raindrops with different sizes than natural rainfall. Therefore, KE-I relationships derived under natural
conditions should not be applied to rainfall simulators.

The relationship between the rainfall kinetic energy and the amount of splash erosion on a bare
surface varies for different soil types and tillage practices. Most of the studies of splash erosion on real
soils come from arid or semi-arid climates, such as the Mediterranean region, Loess Plateau of China or
southern states of the USA [1]. In Central Europe, soil erosion processes have been studied extensively,
but splash erosion has not usually been considered or evaluated. Rainfall in Central Europe often
does not generate overland flow (due to low intensity and/or short duration), but soil detachment
and resulting soil surface changes take place from the impact of first drops with sufficient kinetic
energy [32]. The lack of knowledge of splash erosion rates on agriculturally cultivated Cambisols is
the main motivation for the presented research.

In this study we present a splash erosion experimental setup which utilizes techniques from
previously published works. We utilize the Morgan design and provide an open-source, easy to
manufacture splash cup. The objective of these experiments is to determine the impact of rainfall
kinetic energy on splash detachment for a typical agricultural soil in Central Europe. An associated
aim is to evaluate the particle-size distribution of the eroded material and to analyze the effects of the
rainfall kinetic energy on soil consolidation.

2. Materials and Methods

2.1. Splash Erosion Collection Device

The monitoring setup is designed for both indoor and outdoor measurements and is similar to
the system proposed by Morgan [2].
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The monitoring device includes (Figure 2): (1) the sediment collector, (2) the cylindric splash cup,
(3) the photogrammetry reference targets, (4) the LED illumination ring, (5) the outlet for the sediment
collection and (6) the splash cup holder. The sizes and proportions of the device components and
the angle between the rim of the splash cup and the collector were adjusted to capture the maximum
amount of splashed soil while allowing unchanged raindrop impact on the soil sample.Sustainability 2019, 11, x FOR PEER REVIEW 4 of 12 
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Figure 2. Splash erosion device and its parts and dimensions (units in centimeters).

The splash cup (2 in Figure 2) consists of a polypropylene cylinder with a height of 60 mm, inner
diameter of 100 mm and a surface area of 7854 mm2. The cylinder’s wall is 2.7 mm thick and the
upper rim of the splash cup is sharpened. The bottom of the cup is perforated in order to allow for
draining of percolated water. A fine mesh is placed in the bottom of the cup to prevent soil loss during
manipulation and water percolation. Each tested soil is filled to one centimeter below the rim of the
splash cup to prevent runoff in case of ponding water on the sample’s surface. The sediment collector’s
purpose is to capture eroded (splashed) soil particles. Its walls are angled in order to funnel the water
with soil particles to the outlet (5 in Figure 2) which leads to a storage bucket under the sediment
collector. In the center, there is a holder (6 in Figure 2) which is used to support the splash cup above
the sediment collector’s base so that the soil sample is protected from the backsplash of soil particles
that accumulate inside the collector. The holder does not have a bottom, therefore, water percolating
through the soil sample can freely drip out. This water is not usually collected. The collector is
made from a commercially available polypropylene bucket, and all the firmly attached components
(the holder and the outlet) are butt welded to the collector. The CAD drawings of the splash cup’s
components as well as mounting procedure are freely available here: rain.fsv.cvut.cz/splashcup.
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After every experiment, the detached particles still attached to the collector’s walls or settled
on the collector’s bottom were washed into the outlet and added to the remaining eroded particles.
The suspension of the collected sediment and rainfall water was then filtered, oven dried and weighed.

The splash erosion device was then prepared for photogrammetrical analysis of soil sample surface
changes due to rainfall impact. Typically, 10 to 15 referenced photographs from different angles were
taken for the successful reconstruction of a digital surface model. Therefore, around the splash cup
there is a white ring with the photogrammetry reference targets (3 in Figure 2). An LED illumination
ring (4 in Figure 3) was attached to the sediment collector to provide adequate illumination to ensure
that there were no shadows on the surface. The specification of the LED light strip was: chromaticity
4250 K, power 12 W/m, 60 LEDs/m, luminous flux 1050 lm/m.
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The positions of four nozzles used in the experiment are depicted with a spray symbol, and the X marks
denote additional positions where the rainfall intensity was also measured.

2.2. Soil Sample Preparation and Analysis

The soil used for testing of the splash collection system was taken from a topsoil horizon (upper
10 cm) of a cultivated field at the experimental site of Bykovice in Central Bohemia, Czech Republic.
The soil type is classified as a Cambisol, and the texture corresponds to silty loam according to the
World Reference Base (WRB) classification [33] (12.7% sand, 76.6% silt, 10.7% clay), CaCO3 content is
<0.92%, pH 6.9, and total organic carbon 1.7%.

Soil was collected in April 2017 during seedbed conditions. The soil was transported to the
laboratory, stripped of large organic residues (stems, roots), large clods and stones, and then air dried.

Collected soil was sieved to remove particles and aggregates larger than 10 mm before filling the
splash cup. A piece of permeable geotextile was placed inside the cup to prevent the soil from passing
through the splash cup’s perforations. The splash cup was then loosely packed with the same amount
of prepared soil to reach a similar bulk density to that of seedbed conditions (0.83 g cm−3). The soil
sample was not compacted; we only distributed soil aggregates equally along the sample surface and
removed any remaining organic residues. Then, the filled splash cups were placed inside the sediment
collectors so that the splash cup’s surface was level.

After each rainfall simulation the eroded soil particles were carefully washed out from the
sediment collector, and the suspension of rain water and eroded sediment was transferred to the
laboratory. The obtained sample was filtered on a paper filter with a mesh size of 5 mm, oven dried (at
40 ◦C) and weighed.

The dried soil was further analyzed using a laser diffraction particle-size analyzer (Mastersizer
3000, Malvern Panalytical Ltd., UK) to determine soil texture. We mixed the splashed material from all
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the repetitions to obtain enough soil for this analysis. Each soil sample was dispersed in distilled water
and placed into an ultrasonic bath for 320 s to disaggregate the soil. Then the sample was analyzed by
the laser diffractometer. Measurements were repeated 25 times for every sample. The procedure is
described in detail by Kubínová [34].

2.3. Rainfall Simulation

A laboratory Norton Ladder type rainfall simulator was used to generate rainfall. The simulator
had an experimental area of 0.9 × 4 m. The rainfall was produced by eight oscillating nozzles,
type Veejet 80100, which were mounted in two parallel sections at 2.6 m above the soil samples.
Tap water was used, water pressure was set to 32 kPa and rainfall intensity was controlled by the
nozzle oscillating frequency. The average raindrop diameter generated by the simulator was 2.3 mm
according to monitoring with disdrometers [35].

In this experiment we took advantage of the fact that rainfall intensity spatially varies over the
experimental plot. Eleven positions with the rainfall intensity between 20 and 70 mm h−1 were chosen
for further testing. Figure 3 shows the spatial distribution of rainfall intensity. The pattern is based on
the intensity measurements of the splash cup positions and inverse distance weighted interpolation.
The rainfall kinetic energy was measured with the Laser Precipitation Monitor (LPM) by Thies Clima®

and the KE-I relationship for the given rainfall simulator was established in advance of the splash
erosion simulations. The rainfall simulation lasted 15 min, then the soil samples were collected and the
splashed amount was analyzed. The whole procedure was repeated five times (totaling 55 samples
analyzed).

3. Results and Discussion

The measured relationship between rainfall intensity and rainfall kinetic energy is shown in
Figure 4. The observed trend of the KE-I is linear with the slope of 18.69. Compared to the published
relationships for natural rainfall (e.g., [36–39]) the KE of the simulated rainfall is lower by approximately
35%. Similar results show that underestimation of the simulated rainfall kinetic energy were also
obtained by Petrů and Kalibová [40]. The KE-I relationship is strongly dependent on the rainfall
simulator design, nozzle types and water pressure (e.g., simulators generating larger raindrops than
the natural rainfall overestimate KE) [31].
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The measured soil splash rate ranged between 10 and 2012 g m−2 h−1 for rainfall kinetic energy
between 380 and 1450 J m2 h−1. The threshold kinetic energy needed to initiate the detachment
process was identified by extrapolation to be 354 J m−2 h−1. The recorded mass of the detached
particles exhibits large variability across the five replicates at each position (Figure 5). The variability



Sustainability 2020, 12, 157 7 of 12

was higher for the positions where higher soil erosion was recorded (positions with higher rainfall
intensity and kinetic energy). Similar variability during comparable experiments was reported in
literature [23]. The variability could be explained by very complex soil erosion behavior which is
influenced by size distribution and arrangement of the soil particles and aggregates on the sample’s
surface (random roughness).
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The overall relationship between the mass of the eroded particles and the rainfall kinetic energy
has a linear trend (Figure 5). The coefficient of determination is 0.7 which is higher than or in a
similar range as presented in comparable studies (e.g., [6,15,41]). Table 1 summarizes selected splash
erosion experiments from the literature to show how the experiments vary in setup. They show similar,
most often linear, relationships between the amount of detached soil particles and various rainfall
characteristics. The slope of the linear trendline differs in each study because of differing experimental
setups (rainfall duration, sample preparation) and soil properties [6,15,42]. Bisal [17] and Mazurak
and Mosher [18] already experimentally showed that the splashed amount is linearly dependent on
drop size and velocity. Surprisingly, in contrast to the more recently published studies, Bisal [17] did
not find a significant relationship between rainfall intensity and the amount of sand splashed as long
as no ponding occurred on the sand’s surface.

Table 1. Comparison of the results with the published splash erosion studies.

Reference Soil Sample Preparation,
Experiment Specifications

Rainfall
Intensity
(mm h−1)

Rainfall
Kinetic Energy
(J m−2 mm−1)

Splash–Rainfall
Relationship

Bisal 1960 [17,18] Sand Leveled with the rim 76–152 -
No significant
relationship
(R2 = 0.31)

Angulo-Martinez et al.
2012 [23] Silty soil Leveled 25 mm below the rim,

under natural rainfall 12–93 2–12 Linear function

Geissler et al., 2012
[41] Fine sand

Leveled with the rim;
measured under forest
vegetation where the

throughfall’s KE is reported as
2.53 times higher

1–45 - Linear function
(R2 = 0.74)

Boroghani et al.,
2012 [43] Silt-clay-loam Not known, only three

datapoints measured 69–120 - Linear function
(R2 = 0.91)

Wu et al., 2019 [44] Silty loam, seedbed
conditions Leveled with the rim 48–150 4–7 Polynomial

function

Fernández-Raga et al.,
2019 [15] Fine sand Leveled to the rim 38–160 26–29 Linear function

(R2 = 0.18)

This study
Silty loam, seed bed

conditions
(Cambisol)

Leveled 10 mm below the rim 19–78 11 Linear function
(R2 = 0.70)
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The observed splash–KE trendline is strongly influenced by duration of the rainfall experiment.
Splash erosion varies over time, especially in the case of structured soils with developed aggregates
that are initially broken down into smaller fractions by raindrops. It has been observed that the
splash increases with decreasing aggregate size [45,46] and increasing event duration [47,48]. The fact
that splash erosion is strongly dependent on surface microtopography is another reason why it is
difficult to compare results across studies. Artificial samples filled with smooth, fine-grained sand
produce different erosion than natural soils with higher surface roughness and particle cohesion.
This is, as noted above, due to the smaller size of individual particles, but is also due to microrelief
variation. The effect of surface roughness on splash erosion is not a straightforward process [49]. Some
authors found decreasing erosion with increasing roughness [50], and some the opposite trend [49].
The changes in surface microrelief in one sample (applied kinetic energy of 1150 J m−2 h−1, recorded
average soil surface consolidation of 0.75 mm) is shown in Figure 6. The soil surface consolidated due
to rainfall and splash erosion. Figure 7 shows the linear relationship between rainfall kinetic energy
and soil consolidation even though the measured soil settling is very heterogeneous and the coefficient
of determination is low.
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Analysis of the splashed material particle-size distribution (PSD) did not show a significant
relationship between rainfall kinetic energy (KE) and detached sediment texture (Figure 8).
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The Pearson’s correlation coefficient of KE versus clay content was 0.36 (p-value 0.39, for a = 0.05),
KE versus silt −0.22 (p-value 0.61) and KE versus sand −0.24 (p-value 0.56). The PSD of the detached
sediment is not significantly different from the texture of the original soil sample (see the horizontal
dashed lines on Figure 7). Therefore, all particle fractions are detached uniformly with no preference
toward fine or coarse fractions, no matter the kinetic energy applied. It is important to note that the
splashed sediment is usually detached in the form of aggregates and therefore the aggregate size
distribution should be evaluated. We have not done this analysis as we were not able to collect the
undisturbed splashed soil aggregates. For example, Fu et al. [13] show that especially the fine particle
and aggregate (<0.053 mm) ratios change with variable rainfall KE. The KE per mm of rainfall is the
same for all the measured points shown in Figure 8, which is due to the design of the rainfall simulator.
The results may change if different types of the rainfall simulators (with various drop size distribution
or drop velocities) are applied.
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Figure 8. Relationship between rainfall kinetic energy and textural classes (clay, silt, sand) of detached
sediment. The dashed lines represent the texture of the Bykovice soil. No significant difference between
the soil sample and splashed sediment was observed.

Fernández-Raga et al. [15] demonstrated that splash erosion estimation is strongly dependent
on the splash collection setup. Poesen and Torri [3] found that the area of the splash cup is the main
influencer defining the amount splashed and therefore coefficients for different splash cup areas should
be used. Even the trendline between the amount splashed and the rainfall kinetic energy differs
based on the methodology of collection. The experimental design proposed in this study, a modified
version of Morgan’s splash cup, proved to be reliable, practical and easy to handle. As the splash cups
are compact, light, and robust, they can be easily mounted to any support mechanism either in the
laboratory and in the terrain. Due to the materials used, the device is durable and can be used for
several seasons under field conditions. The soil sample can be packed separately from the collection
tray and fixed to its position just before the rainfall experiment.

4. Conclusions

A splash cup methodology was presented and used to analyze splash erosion of a silty loam
agricultural topsoil with simulated rainfall across various kinetic energies.

The splash cup, which consists of commercially available components, proved to be a versatile
and practical tool for the monitoring of splash erosion. The design follows the dimensions proposed
by Morgan, therefore, the splash cup can be used for comparison with other studies in which Morgan’s
device was employed. Even though the soil particle detachment process is very sensitive to factors
other than experimental design, standardization or harmonization of splash cup designs would be
a beneficial step forward in the complex research area of the splash erosion process. Therefore, we
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provide a detailed description of the splash erosion setup, including technical drawings, assembly
manual and description of sample preparation and collection on the website rain.fsv.cvut.cz/splashcup.

The results of the presented splash erosion experiment show similar results to previously published
studies. The relationship between rainfall kinetic energy and splashed soil amount is linear and there
is a kinetic energy threshold to initiate erosion. Even under controlled experimental conditions, when
the soil samples were prepared the same way and rainfall characteristics remained constant during the
experiment, the eroded soil amount varies across each replicate. This reinforces that splash erosion is a
very complex process and the resulting erosion is sensitive to small changes in soil properties and soil
surface relief which is problematic and remains an open question that needs to be studied further.
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A B S T R A C T   

Although wheel tracks cover only a small portion of the surface of agricultural fields, their effect on surface 
runoff and sediment transport is substantial. Wheel tracks change the microrelief of the soil surface, and influ-
ence how the surface is further altered by rainfall and runoff. This study presents a plot-scale microrelief analysis 
of a tilled surface with wheel tracks under simulated rainfall. Digital elevation models of the microrelief with 1 
cm spatial resolution were obtained using the Structure from Motion method. The random roughness, the 
structural connectivity, and functional connectivity were calculated for before-rainfall and after-rainfall soil 
surface conditions. The experiments were carried out on inclined, freshly-tilled plots (8 m long, 2 m wide). The 
wheel tracks were created by four passages of machinery in the slope direction (SWT) and in the contour-line 
direction (CWT). The experiments were compared to reference plots without wheel tracks (NWT). The wheel 
tracks increase water and sediment connectivity if they are oriented in slope-wise direction. Microrelief analysis 
shows that SWT drains water from the surrounding soil. The soil surface adjacent to SWT can also become more 
connected with the wheel track, due to changes in microrelief introduced by rainfall and runoff. The calculated 
higher connectivity in the SWT plot corresponded to the measured increased sediment loads. This suggests faster 
overland flow and therefore shorter flow pathways on the soil surface microrelief. CWT leads to a decrease in the 
water and sediment connectivity compared to the NWT and SWT plots. Although the surface runoff can overflow 
the CWT, the network of flow paths results in decreased flow velocity and a slower sediment transport rate. 
However, the CWT effect is not permanent, and declines as the wheel tracks become silted with the deposited 
sediment. It is shown that detailed microrelief data provide relevant information for a study of the changes in 
flow routing in a tilled agricultural field with the presence of a wheel track. SWT accelerates the runoff and 
especially the sediment transport. During a rainfall event, the hydraulic connection between the wheel track and 
the surrounding soil increases dramatically. CWT reduces the surface runoff and also the sediment transport. In 
the long term, rainfall events and surface runoff alter the microrelief connectivity, causing the soil surface to be 
more hydraulically connected, irrespective of the wheel track orientation. This study demonstrates the effect of 
wheel tracks on water and sediment transport. The results draw attention to the importance of appropriate soil 
protection measures, as a bare unprotected surface microrelief exposed to rainfall leads to increased sediment 
connectivity.   

1. Introduction 

Surface runoff and sediment transport from arable land have a 
negative impact on soil quality (Boardman and Poesen, 2006), and this is 
nowadays the topic of international strategies such as the EU Soil 
Strategy for 2030 EC COM (2021) 699 (European Commission, 2021). 
Surface runoff and sediment transport also have negative off-site effects, 
such as damage to the infrastructure (Boardman et al., 2019), siltation of 

streams and water reservoirs (e.g. Krása et al., 2005), loss of nutrients 
from fields (e.g. Probst, 1985), and eutrophication of water bodies (e.g. 
Carpenter et al., 1998). Although water-driven nutrient transport can 
also occur in shallow groundwater flow (Outram et al., 2016) or 
sometimes via percolation through tile drainage systems (Deasy et al., 
2009), surface runoff prevails in agricultural fields (e.g. Carpenter et al., 
1998). 

Direct wheel track compaction has been recognized as a cause of soil 
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degradation, because compaction changes the physical and infiltration 
properties of soils (Lal, 1999; Lindstrom et al., 1981). Topsoil saturated 
hydraulic conductivity may decrease up to fourfold in the upper soil 
horizon, mainly due to the decrease in macroporosity under direct 
compaction (e.g. (Kim et al., 2010)). The effect of compaction was 
observed mainly in the top 10 cm of the soil profile, where the pro-
portion of elongated pores decreased rapidly (Pagliai et al., 2003). 
Compacted soil in wheel tracks also exhibits reduced near-saturated 
hydraulic conductivity due to the reduction in water-conducting pores 
(e.g. Ankeny et al., 1990; Seehusen et al., 2019; Daraghmeh et al., 2008; 
Pagliai et al., 2004). The decrease in porosity (and the increase in bulk 
density) is in fact an effect of rearrangements of the soil particles, which 
lead to an increased risk of runoff and erosion events. 

GPS tracking shows that most parts of agricultural fields are crossed 
by a tractor at least once in the course of a single season, and some of the 
wheel tracks remain undisrupted on the soil surface until the harvest 
(Kroulík et al., 2011; Augustin et al., 2020). Wheel tracks act as pref-
erential pathways for surface runoff and sediment transport, if they are 
oriented in the direction of the slope (Heathwaite et al., 2005; Silgram 
et al., 2010; Ryken et al., 2018), and they act as an obstacle if they are 
oriented in the contour-line direction (Heathwaite et al., 2005). More-
over, the flow direction introduced by the tillage exceeded the flow 
direction based on topography on 50% to 100% of the catchment area 
(Souchere et al., 1998; Takken et al., 2001; Couturier et al., 2013). Thus 
wheeltrack-induced compaction may affect runoff, sediment transport 
and therefore soil quality on the scale of whole parcels or fields. 

Soil surface conditions (Leys et al., 2007) and soil surface micro-
topography are among key factors in the generation of surface runoff (e. 
g. Jester and Klik, 2005; Prosdocimi et al., 2017) The microtopography 
greatly influences runoff generation, since it affects whether and when 
the water from a local microrelief depression starts to contribute to 
runoff (Antoine et al., 2009). Due to the microtopography, the overland 
flow may become channeled, and may therefore gain higher velocity 
and initiate soil erosion (Chen et al., 2013; Gómez and Nearing, 2005). 
Infiltration is also affected by microtopography. Soil sealing in a 
microrelief depression may reduce infiltration, while higher soil water 
content may increase infiltration (Thompson et al., 2010). 

Surface roughness is often used to characterize the conditions of the 
soil surface (Taconet and Ciarletti, 2007; Croft et al., 2013; Moreno 
et al., 2008; Luo et al., 2018). Surface roughness has been investigated to 
estimate surface depression storage (Onstad, 1984), to partition rainfall 

water into infiltration and surface runoff (Zhao et al., 2018), and to 
estimate runoff and sediment flow rates (Luo et al., 2018). The initial 
roughness affects the runoff and the development of rill flow (Gómez 
and Nearing, 2005). In addition, temporal changes in surface roughness 
have been observed due to the impact of raindrops (Zobeck and Onstad, 
1987; Bauer et al., 2015), surface runoff (Zobeck and Onstad, 1987), or 
during infiltration (Onstad et al., 1984). Random roughness (RR) de-
creases in wheel tracks, but this effect is diminished when no-till man-
agement systems are used (Lindstrom et al., 1981). 

The principle of hydrological connectivity is often used to explore 
the linkages of various water pools within the landscape (Pringle, 2003; 
Bracken et al., 2013). Hydrological connectivity can be divided into 
concepts of structural (topography-based) connectivity and functional 
(process-based) connectivity (Bracken et al., 2013), which have been 
utilized in several studies (Antoine et al., 2009; Angermann et al., 2017; 
Jackisch et al., 2017; Rinderer et al., 2018). 

Structural connectivity was developed from DEM-based topographic 
indices. Some of the most popular indices are the topography-wetness 
index (Beven and Kirkby, 1979) and modifications to it (Stieglitz 
et al., 2003, Hjerdt et al., 2004). A combination of indices can also be 
used to identify the spill and fill runoff behavior on hillslopes (Hopp and 
McDonnell, 2009). Furthermore, the index of connectivity (IC) was 
developed to assess the connectivity of water flow and sediment within a 
landscape (Borselli et al., 2008). Although IC was initially created with a 
focus on steep Alpine valleys and alluvial fans, it has been successfully 
used to identify sediment source areas at submeter scales with a Digital 
Elevation Model (DEM) of 1 cm resolution (e.g. Prosdocimi et al., 2017). 

Small-scale functional connectivity is often studied through obser-
vations of the temporal changes in the inter-(dis)connection between 
soil surface depressions (Darboux et al., 2002a,b; Antoine et al., 2009) or 
roughness organization (Smith, 2014). Antoine et al. (2009) introduced 
the relative surface connection function (RSCf), which was a metric of 
surface depression connectivity. RSCf was then used in other studies to 
observe surface runoff connectivity (Antoine et al., 2011; Yang and Chu, 
2013; Peñuela et al., 2016; Appels et al., 2011; Appels et al., 2016). RSCf 
expresses how much runoff is generated for a given fullness of the sur-
face depressions storage (SDS), and therefore how well the surface de-
pressions are hydraulically connected at each moment. In practical 
terms, the connectivity is assessed with a curve function relating the 
surface runoff and the actual filled surface depression storage. The 
gradient of the curve expresses how quickly the surface depressions are 

Fig. 1. Location and an orthophoto of the experimental site on the top left. Experimental plot setting of campaign No. 1 and campaign No. 2 on the right. The schema 
of the photogrammetric measurement at the bottom. 
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being connected and surface runoff is being generated. A large gradient 
indicates threshold behavior – the abrupt connection of a major surface 
storage to the outlet. A low gradient indicates a more complex surface, 
where e.g. multiple surface depressions need to be filled and connected 
with each other to produce runoff. A horizontal shift of the curve in-
dicates an increase (or a decrease) in the surface depression storage 
during the experiment. According to Peñuela et al. (2016), the soil 
surface changes during a rainfall event and the subsequent response of 
the surface runoff are well explained by RSCf. Moreover, RSCf can be 
used to improve the simple stepwise surface retention parameter of 
large-scale hydrological models, as the runoff is usually observed before 
all depressions get filled (Antoine et al., 2009; Antoine et al., 2011; 
Peñuela et al., 2016). 

As has been shown above, a vast amount of research has been done 
on analyzing the microrelief in terms of roughness or connectivity. 
However, there is a lack of studies on combinations of macro-features 
and micro-features, e.g. wheel tracks and the soil surface microrelief. 
In this study, we present a microrelief analysis of soil surfaces with the 
presence of wheel tracks, and we relate the analysis to direct measure-
ments of the surface runoff and the sediment transport during a rainfall 
simulation. The goal is to better understand the dynamics of the initia-
tion of surface runoff, soil erosion and rainfall-runoff-induced surface 
changes on a bare tilled soil. The Structure from Motion (SfM) photo-
grammetric method was used to capture the soil surface changes caused 
by rainfall and by surface runoff (Westoby et al., 2012), and to calculate 
the connectivity indices (Prosdocimi et al., 2017; Wolstenholme et al., 
2020). 

The specific objectives of our investigation are (1) to assess the 
changes in microtopography caused by a wheel track, and by rainfall 
and surface runoff, utilizing high-resolution microrelief DEMs and 
several indicators (surface roughness, structural and functional con-
nectivity), and (2) to confront the observed changes in microrelief with 
the measured surface runoff and sediment transport on the plot scale. 

2. Materials and methods 

A series of artificial rainfall experiments were performed to study the 
effect of the presence and the orientation of wheel tracks on surface 
runoff and sediment transport. In general, we utilized two approaches: 
direct monitoring of surface runoff and sediment transport, and micro-
relief analysis utilizing random roughness and two connectivity in-
dicators. In total, five experiments were performed in two independent 
experimental campaigns. The first experimental campaign was under-
taken in September 2018 (referred to as campaign No. 1), and the second 
was undertaken in June 2019 (referred to as campaign No. 2). Two 
wheel-track orientations were examined: slope-wise direction (SWT) 
and contour-line direction (CWT). The experimental setup was com-
plemented by reference experiments on plots with no wheel tracks 
(NWT), as shown in Fig. 1. 

2.1. Location 

The experiments were carried out on experimental plots located on 
an agricultural site ca 30 km to the north-west of Prague, Czech Re-
public, at coordinates 50◦13′2.0′′N, 14◦1′2.2′′E (Fig. 1). The site is at an 
elevation of 310–315 m a.s.l. The annual mean temperature is 8 ◦C, and 
the mean annual precipitation is 500 mm. The climate is characterized 
as humid continental. The site is located at the edge of larger fields, on 
which winter wheat and rapeseed were planted in both experimental 
years. The topsoil is classified as loam with 18.3% of clay, 33.8% of silt 
and 47.9% of sand. The soils are developed on sedimentary rocks con-
sisting of claystone, sandstone and arkose, and are classified as Cambi-
sols according to the World Reference Base for Soil Resources. The 
content of organic matter is in the range of 1.2–1.5% in the topsoil. 

2.2. Experimental plots 

All experimental plots had an inclination of approximately 10%, and 
were 8 m long and 2 m wide. The size of the plot was adopted from 
Kavka et al. (2018); the length of the plot is long enough to study the 
erosion process while preserving uniform rainfall distribution along the 
plot. The Each experimental plot was delineated by metal plates inserted 
ca 5 cm into the soil. The seedbed was prepared and the wheel tracks 
were created several days before the experiments. For both campaigns, 
no precipitation was recorded between the preparation of the topsoil 
and the experiments. 

2.2.1. Campaign No. 1 
Campaign No. 1 was conducted on September 18th and 19th, 2018. 

The soil was stubble tilled to a depth of 12–15 cm using a stubble 
cultivator one day before the experiment (September 17th). The wheel 
tracks were created directly after cultivation by four passages of a New 
Holland T7.185 tractor and a trailed cultivator (in non-operational state; 
with two axles) driving in the uphill direction in the case of the SWT plot 
(Fig. 1). Four passages were chosen in order to produce a representative 
wheel rut, without making an unrealistic number of passages. It has been 
shown that most compaction changes occur within the first 4 – 5 pas-
sages (Botta et al., 2009). The pressure in the tires of the tractor was 1.4 
bar (front wheels) and 2.0 bar (rear wheels). The tire pressure of the 
stubble cultivator was 3.5 bar. The total weight of the machinery was 
8.5 t (6 t for the tractor and 2.5 t for the stubble cultivator). The axle 
loads of the tractor were 2.8 t on the front axle and 3.2 t on the rear axle. 
The axle load of the stubble cultivator was 1.25 t. The maximum static 
ground pressure of a single tire was estimated using the soilphysics R 
package (de Lima et al., 2021) to be 201 kPa for the front axle of the 
tractor and 272 kPa for the rear axle, and 439 kPa for the stubble 
cultivator. The initial topsoil water conditions were very dry, with a 
volumetric water content of 0.10 ± 0.01 cm3 cm− 3. The topsoil bulk 
density was 1.31 ± 0.09 g cm− 3. The topsoil bulk density of the soil in 
the wheel track was 1.40 ± 0.1 g cm− 3. The mean wheel rut depth was 
3.9 ± 0.9 cm. During campaign No. 1 only the slope-wise WT was set. 

2.2.2. Campaign No. 2 
Experimental campaign No. 2 was conducted between July 18th and 

20th, 2019. The vegetation cover (mainly Atriplex, Galium Aparine and 
common grasses) that had grown on the experimental plot location 
during the vegetation season was mulched on June 14th, 2019. Dry 
vegetation residues were manually removed from the soil surface. One 
day before the experiment, the topsoil was stubble tilled to a depth of 
12–15 cm. The wheel tracks were prepared after stubble tillage with a 
New Holland T8040 tractor and a full 12 m3 water tank trailer (with 4 
wheels) driving 4 times in downhill direction (Fig. 1). The tire pressure 
of the tractor was 1.4 bar (front wheels) and 1.6 bar (rear wheels). The 
pressure of each water tanker tire was 3.5 bar. The total weight of the 
machinery was about 22 t (8 t for New Holland T8040, 2 t for the water 
tank, and 12 t for the water). The axle load of the tractor was 3.8 t for the 
front axle and 4.2 t for the rear axle. The axle load of the water tank was 
approximately 7 t. The maximum static single tire ground pressure was 
estimated to be 206 kPa for the front wheels of the tractor, 236 kPa for 
the rear wheels of the tractor, and 455 kPa for the wheels of the water 
tank (also using the soil physics R package (de Lima et al., 2021)). The 
initial soil water conditions were very dry, with a volumetric water 
content around 0.13 ± 0.02 cm3 cm− 3. The topsoil bulk density was 1.19 
± 0.37 g cm− 3. The topsoil bulk density of the soil in the wheel track was 
1.35 ± 0.03 g cm− 3. The mean wheel rut depth at the SWT plot was 3.5 
± 1.9 cm. Both slope direction and contour-line direction wheel tracks 
were set up for campaign No. 2. 

2.3. Surface microtopography observation 

The soil surface morphology was monitored by means of the 
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Structure from Motion close-range photogrammetry method. Images for 
photogrammetry were taken before and after each experiment, using a 
Sony A6000 mirrorless camera with an APS-C size sensor with resolution 
of 24 Mpx and equipped with a standard Sony 16–50 mm zoom lens 
fixed on 16 mm. Each measurement consisted of approximately 40–60 
images taken in two rows from a distance of 1.5 m. 

Photogrammetry reference targets were installed on the perimeter of 
each plot at a mutual distance of 1 to 2 m. The targets were inserted into 
the soil with 15 cm long screws, which held the targets in a steady po-
sition during the experiment. A small number of targets were also 
attached to the collection flume. The GPS positions of all targets were 
measured with vertical and horizontal accuracy of 15 mm. Images with 
geo-referenced targets were processed in Agisoft Photoscan Professional 
1.4.2 build 6205 (Agisoft LLC). The output was an orthophoto and a 
digital elevation model (DEM) of the surface with a 1 mm ground 
sampling distance. 10 mm spatial resolution in × and y direction was 
used for all analyses. This resolution was optimized in order to maintain 
high detail in the analysis while providing reasonably low noise in the 
data and reasonable time for computation. 

The DEMs were rotated to reorient the plots into the north direction 
in order to simplify further image processing (the coordinates are shown 
in Fig. 1). The installed sensors, which partially covered the soil surface, 
were clipped off the images and the missing areas were linearly inter-
polated in the south-north direction. The raster cells on the sides of the 
plots were raised by 0.2 m to form a boundary for the drainage area, 
which was in reality maintained by metal sheets during the experiment. 
The raster was further resampled to 10 mm spatial resolution in order to 
reduce the noise of the initial point clouds and to decrease the size of the 
data for further processing and computation. 

2.4. Rainfall simulation 

Artificial rainfall with intensity of 27.4 ± 7.8 mm h− 1 (measured 
with multiple totalizators throughout the simulation) and mean rainfall 
kinetic energy of 127 J m− 2 h− 1 (measured on site with a disdrometer) 
was set for all experiments. The target value of the rainfall was 30 mm 
h− 1, which is the 5-year return period rainfall at the location (Kašpar 
et al., 2021). The duration of the experiments varied between 290 min 
and 433 min. Funnels were installed at the bottom of each experimental 
plot to collect the surface runoff and sediment. For a detailed description 
of the simulator, see Kavka et al. (2018). On the SWT plots, two flumes 
were installed in order to separate the water flowing through the wheel 
track and the water flowing from the adjacent tilled soil surface (Fig. 1). 
The runoff sampling interval was prolonged during the experiment, 
starting at 2.5 min and reaching 20 min when the runoff was 
approaching a steady state. 

2.5. Microrelief analysis 

2.5.1. Roughness 
The random roughness RR was calculated from the before- and after- 

rainfall DEMs for each plot. In addition, the wheel tracks and the adja-
cent tilled soil surface were analyzed separately for the SWT and CWT 
plots. The RR calculation was adopted according to Taconet and Ciarletti 
(2007). The DEMs were leveled in order to exclude the plot slope from 
the RR calculation. Subsequently, RR was calculated as the standard 
deviation of the leveled pixel elevations: 

RR =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
(n− 1)(m− 1)

∑n
i
∑m

j (Zi,j − Z)2
√

(1) 

where Z stands for detrended surface elevation and Z stands for the mean 
of the detrended surface elevation, n and m stand for the number of rows 
and columns in the rotated raster. 

2.5.2. Structural connectivity analysis 
The normalized downslope distance (NDD) was used to assess the 

structural connectivity. Our approach was inspired by the index of 
connectivity (Borselli et al., 2008), where the downslope distance is a 
part of the algorithm. The downslope distance algorithm provided by the 
TauDEM terrain analysis tool (Tarboton, 2015) was used to perform the 
analysis. As a result of the algorithm, a raster was created in which each 
cell contains a flow path length Ld to the bottom of the plot. At this stage, 
the downslope distance is dependent on the organization of the surface 
topography and the position of a given cell along the slope. To 
compensate the cell position along the plot, we normalized the pathway 
length Ld by the shortest length to the bottom of the plot Ls, as is shown 
in Fig. 2. NDD is therefore calculated as 

NDD =
Ld

Ls 

The NDD expresses the bulk complexity of the surface topography 
from the perspective of the moving particle the trajectory of which is 
being tracked. 

2.5.3. Functional connectivity analysis 
Functional connectivity refers to a concept presented by Darboux 

et al. (2002b) and by Antoine et al. (2009), where a surface runoff model 
is used to assess the connectivity. For this task, we utilized the SMO-
DERP2D1 physically-based episodic distributed hydrological model 
(Dostál et al., 2000; Kavka et al., 2022; Landa et al., 2019). The results of 
the model were interpreted as the relationship between the runoff co-
efficient and the soil surface depressions storage. The interpretation of 
this relationship is shown in Fig. 3. 

The initial surface depression storage is calculated by subtracting 
sink-less2 DEM from the original DEM. Sink-less DEM is calculated with 
the Fill tool of the spatial analysis extension of ESRI ArcMap 10.7 

Fig. 2. An explanatory diagram of the normalized downslope distance NDD. 
NDD is the ratio between the flowpath length calculated using a downslope 
distance algorithm – the flowpath length from a given raster cell to the bottom 
of the plot (to the collection funnel) and the shortest geometrical distance be-
tween the raster cell and the collection funnel. 

1 The model is provided in the public repository at the github online platform 
(github.com/storm-fsv-cvut/smoderp2d or on the web of the Department of 
Landscape Water Conservation, Faculty of Civil Engineering, CTU Prague 
(storm.fsv.cvut.cz/…/smoderp).  

2 Sinks in DEM are cells surrounded by cells with higher elevation. The sink- 
less DEM is a raster where such cells are artificially removed. 
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software. It was assumed that the plots have uniform soil hydraulic 
properties over the plot, which does not change in time. All plots were 
modeled with uniform rainfall intensity, which corresponded to the 
rainfall intensity used during the rainfall experiments. A more detailed 
description of the model and its infiltration and flow routing parameters 
is provided in Appendix Table 1 

2.6. Laboratory analysis 

The undisturbed soil samples were gravimetrically analyzed to 
obtain the initial soil water content and the bulk density. The sediment 
concentration in the runoff was obtained by filtering the sampled water. 
The paper filters with the trapped soil were oven-dried at 105 ◦C to 
obtain the mass of the eroded soil. 

2.7. Statistical analysis 

The significance of the wheel-track effect on surface runoff and 
sediment transport was analyzed using the Student t-test. In particular, 

the non-zero difference among the plots was tested. The test was per-
formed with R software (R core team, 2018). 

3. Results 

3.1. Random roughness 

Random roughness (RR) is shown in Fig. 4A for all experimental 
plots for before- and after-rainfall soil surface conditions. The RR of all 
the plots varies between 0.015 m and 0.045 m. The RR was larger in 
campaign No. 2 than in campaign No. 1 for all plots. A decline in 
roughness after rainfall was observed for all experiments, although the 
decrease in RR at the NWT plot in campaign No. 1 was only minor. The 
most pronounced drop in RR was observed for the NWT plot in campaign 
No. 1. The CWT plot exhibited the largest RR. 

Fig. 4B shows the random roughness RR in the wheel track (in-WT) 
and of the surrounding soil (out-WT) for the SWT plot. Similarly, in 
Fig. 4A, the roughness decreased in all cases after the rainfall. The RR in 
Fig. 4B shows a more pronounced decrease in campaign No. 1, especially 

Fig. 3. An example of the runoff coefficient to soil surface storage relationship – functional connectivity. Black arrows and text explain the horizontal shift of the 
curve. The red line indicates the gradient of the example curve. Red arrows and text explain the meaning of the gradient shift. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. A) Bar plots of the random roughness for slope-wise and counter slope-wise wheel track orientation, and the no wheel track plot for before-rainfall and after- 
rainfall soil surface conditions. B) Bar plots of the random roughness of the wheel track (in WT) and the surrounding soil surface (outside WT) on the SWT plots of 
both campaigns. 
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in WT. Although a larger decrease was recorded, the overall roughness 
was lower in campaign No. 2. The decrease in RR was more pronounced 
between the campaigns than between the in-WT and the out-WT. 

3.2. Structural connectivity 

Histograms of the normalized downslope distance NDD with the 
before-rainfall and after-rainfall soil surface conditions, and the flow 
accumulation raster, are shown in Fig. 5. NDD was used to assess the 
tortuosity of the downslope pathway, which serves as a measure of the 

structural connectivity. The flow accumulation rasters are displayed in 
order to diagnose the shifts in the NDD histograms. 

The before-rainfall soil surface conditions of the CWT exhibited the 
highest NDD pixel count in the interval of 1.5–1.6. On the NTW plots, the 
highest NDD pixel count was observed in the interval 1.3–1.5 (Fig. 5AC) 
plot during both campaigns. The SWT plots exhibited bimodal NDD 
distribution before the rainfall (Fig. 5BD). The first peak in the pixel 
count of the histogram lay in the NDD interval of 1.1–1.2 for the first 
campaign and in the interval of 1.2–1.3 for the second campaign. The 
second peak was observed in the NDD intervals of 1.5–1.7 and 1.5–1.6 

Fig. 5. The histogram of NDD and the corresponding contribution area raster of the before-rainfall and after-rainfall surface conditions of: A) NWT No. 1 plot, B) 
SWT No. 1 plot, C) NWT No. 2 plot, D) NWT No. 2 plot, and E) CWT No. 2 plot. The difference between the before-rainfall histogram and the after-rainfall histogram 
is shown below the corresponding histograms to indicate the increase/decrease in the normalized downslope distance in each interval of the histogram. The arrows in 
some of the flow accumulation rasters indicate the main flow direction and are described in the manuscript text. 
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during the first and second campaigns. 
The NDD pixel count increased in the interval 1.4–2 while it 

decreased in intervals 1–1.4 at the CWT plot after rainfall. After rainfall, 
the NWT plots exhibited an increase in the NDD pixel count, especially 
in intervals 1.5 – 1.6 and 1.4 – 1.6 for campaigns No. 1 and No. 2, 
respectively. The NDD pixel count showed a different change at the SWT 
plots during each campaign (Fig. 5BD). The after-rainfall two-peak 
histogram became a single peak histogram due to the higher NDD values 
in intervals 1.3–1.5 and 1.7–2.0 during campaign No. 1. However, two 
peaks in the NDD histogram were preserved after the rainfall during 
campaign No. 2 – although the first peak shifted into the NDD interval 
1.3–1.4. 

The flow accumulation showed the main pathways and their 
complexity (Fig. 5). Two peaks of the before-rainfall NDD histogram at 
the SWT No. 2 plot clearly correspond to two main flow pathways 
identified in the flow accumulation raster; one in wheel tracks and one 
in the surrounding soil surface (Fig. 5B). The same situation applied for 
the SWT plot for the before-rainfall conditions, as shown in Fig. 5D. The 
flow accumulation in campaign No. 1 showed that the flow paths were 
diverted from the tilled surface into the wheel track, which corresponds 
to a shift from unimodal to bimodal distribution in the NDD histograms. 
Two main flow paths were preserved in the after-rainfall conditions in 
campaign No. 2, which again corresponded to bimodal NDD after- 
rainfall distribution. The NDD changes in the NWT plot could not be 
explained by a visual inspection of the flow accumulation raster. On the 
CWT plot (Fig. 5E), a change in the flow path can be observed in the 
lower right corner, which was disconnected from the upper right corner 
of the plot after the rainfall and was shifted to the left part of the plot. 

3.3. Functional connectivity 

The functional connectivity for before-rainfall and after-rainfall 
surface conditions is shown in Fig. 4. CWT plot No. 2 exhibited the 
largest storage capacity for the before-rainfall conditions (Fig. 4A), and 
SWT exhibited the lowest storage capacity during both campaigns 
(Fig. 4AB). NWT exhibited almost identical curves for the before-rainfall 
conditions during both campaigns (Fig. 4A), however the curves devi-
ated from each other for the after-rainfall conditions. The depression 
storage capacity was smaller for the after-rainfall conditions than for the 
before-rainfall conditions, with the exception of reference plot NWT in 
campaign No. 1, where the storage capacities remained very similar. 

For the before-rainfall conditions, the SWT plots of both campaigns 
and NWT plot No. 2 exhibited a sharp increase in the runoff coefficient 
when a certain threshold was reached (Fig. 4A). For NWT plot No. 1 and 
NWT plot No. 2, this increase occurred later, when more of the surface 
depression storage (SDS) was filled. This effect was most pronounced for 
the CWT plot, where the runoff coefficient increased more gradually 
while the SDS was being filled. 

Threshold behavior was observed to some extent in all the experi-
ments. Only a small portion of SDS had to be filled before runoff was 
initiated on the SWT plots in both before- and after-rainfall surface 
conditions. Up to 0.2 mm of SDS had to be filled at the NWT plots before 
the rainfall soil surface conditions initiated runoff. Interestingly, the 
CWT plot started to contribute to runoff for smaller filled SDS than the 
NWT plots for before-rainfall soil surface conditions (Fig. 4A), but the 
increase in runoff was more gradual on the CWT plot, as described 
above. 

Table 1 
Summary of experiments. Single values are presented. SWT – slope wise wheel track; CWT – contour line wheel track; NWT – no wheel track. At the SWT plot, the 
runoff was collected from a wheel track and from the surrounding soil, separately (shown in gray).  

Fig. 6. Functional connectivity as the relation between the runoff coefficient and the filled soil surface storage of A) the before-rainfall situation, and B) the after- 
rainfall situation of all plots. 
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3.4. Runoff and sediment transport 

A summary of the direct measurements of surface runoff and sedi-
ment transport is shown in Table 1. The duration of the experiments 
differed, and therefore the total rainfall depth and the total rainfall ki-
netic also differed. The largest rainfall amount was received by SWT plot 
No. 2, and the smallest rainfall amount was received by SWT plot No. 1. 
During campaign No. 1, surface runoff from the SWT plot occurred only 
in the wheel track, while the surrounding tilled soil exhibited no runoff 
at the bottom of the plot. The surface runoff from the SWT plot during 
campaign No. 2 was drained through both parts of the plot – the wheel 
track and the surrounding tilled surface. However, the runoff from the 
surrounding tilled surface exhibited a much longer time lag (102 min), 
an almost 7.5 times lower cumulative runoff, and a 31.3 times lower 

total soil loss compared to the wheel track (see Table 1). No evidence of 
rill erosion was observed. 

The runoff and the sediment flow development differed among the 
wheel track variants, as shown in Fig. 7 and Table 2A. Neither the sur-
face runoff nor the sediment flow rate reached steady rates during the 
experiments. Similar values were reached on the SWT plots and on the 
NWT plot of the second campaign; however, the time lag was different 
(Fig. 7A). The NWT plots during campaign No. 2 exhibited significantly 
higher surface runoff when the lag time was excluded from the analysis 
(Table 2). NWT plot No. 1 exhibited similar behavior as the CWT plot in 
campaign No. 2, apart from the runoff time lag. 

The sediment flow rate (Fig. 7B) varied during the experiments. The 
SWT plots exhibited significantly greater sediment flow rates than the 
other plots, with the peak at about one third of the duration of the 

Fig. 7. Development of: A) the surface runoff, B) the sediment flow rate and C) the concentration of the suspended solids in time. The runoff time lag is excluded from 
the graphs; therefore, all graphs start at a common zero time on the vertical axes. 

Table 2 
The difference of: A) the surface runoff from the plots since the beginning of runoff; B) the sediment flow rate at the plots since the beginning of runoff. The Student t 
test was used, to test if the difference between the two plots is greater than 0. Red color indicates that the plot in the column exhibited significantly higher (α = 0.05) 
values than the plot in the row. Green color indicates a non-significant difference.  
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experiment (Table 2B). The rising limb of the sediment mass plot 
increased more gradually during campaign No. 1 than during campaign 
No. 2. The sediment flow rate on the NWT plots exhibited similar 
behavior during both campaigns, with the exception of the time lag. The 
sediment flow rate was significantly higher during campaign No. 1 
(Table 2B). The curves of the sediment flow rate on both NWT plots were 
generally flat, which contrasts with the surface runoff, where the rate 
increased throughout the experiment. The CWT plot showed the 
smallest surface runoff (Table 2A) and the slowest increase in surface 
runoff (Fig. 7A). The surface runoff increased throughout the experi-
ment, while the sediment flow stabilized at a constant value (Fig. 7B). 
All experiments where the sediment flow reached a quasi-steady value 
exhibited a decrease in the concentration of the suspended sediment, see 
Fig. 7C. 

4. Discussion 

4.1. Effect of the wheel track on connectivity 

The presence of a wheel track can be recognized by the structural 
connectivity. The greatest structural connectivity was observed on both 
SWT plots, while the lowest structural connectivity was observed on the 
CWT plot. The reference NWT plot exhibited medium values of struc-
tural connectivity. These findings indicate more prolonged paths of 
water and sediment on the CWT plot than on the NWT and SWT plots. As 
a consequence, water moves more slowly along the plot. This results in a 
decreased erosion rate. The two peaks of NDD in the SWT plots indicate 
that the higher connectivity is caused solely by the wheel track. 

While structural connectivity expresses the connectivity among in-
dividual surface micro-depressions, functional connectivity indicates 
the connectivity between the soil surface and the outlet. As expected, 
functional connectivity showed that the SWT plots exhibited the highest 
connectivity, while the CWT plots exhibited the lowest connectivity. 
According to Antoine et al. (2009) the functional connectivity distin-
guished well between the microrelief composed of isolated craters and 

the microrelief composed of well-connected “valleys”. This suggests that 
the CWT surface contains more distinct depressions than the NWT and 
SWT plots. The SWT plot, on the other hand, consists of better-connected 
pathways. Ultimately, the soil flattened by the wheel tracks (the tire 
patterns are smaller than the roughness of the surrounding soil) creates 
well-connected pathways and therefore increases the connectivity. 

In all cases in our study, the tillage was in the direction of the contour 
lines. In the case of the SWT plot, this created an unusual situation of 
contour tillage and slope wheel tracks, which however can occur with 
conventional soil tillage technology or on headlands (Kroulík et al., 
2011). The number of passages affects the depth of the wheel rut. It has 
been shown that the first few passages have the most significant effect, 
and that the wheel rut depth becomes less reduced after 5 passages 
(Botta et al., 2009). Also, the soil moisture conditions play a significant 
role. However, due to the low soil water content at the beginning of both 
campaigns we would not expect substantial deepening of the wheel 
track if more passages were performed. The shape and the pattern of the 
surface depressions would also vary for different tillage types (Tarolli 
et al., 2019). The length of the plot also affects connectivity; a longer 
plot decreases the runoff due to infiltration, and increases sediment 
transport due to increased velocity of the flow (Jourgholami and 
Labelle, 2020). A longer plot may have a higher effect on SWT than other 
wheel track configurations due to its connectivity and low infiltration 
capacity. 

4.2. Impact of rainfall and runoff on connectivity 

The surface runoff evolution mechanism is shown in Fig. 8. The 
surface runoff was formed by consecutive filling and spilling of water 
from the surface depressions. Once water reaches the wheel track it 
cannot return to the surrounding soil, and is preferentially transported 
downwards on the SWT plot. This contrasts with the CWT orientation, 
which acts as a large surface depression that releases runoff only when 
full. During runoff, the soil surface depressions gradually become filled 
with the mobilized sediment. This was observed during the experiment, 

Fig. 8. Runoff development visually observed during the rainfall simulation at the SWT and CWT experimental plot. The lower bar plots show the development of the 
connectivity of the soil surface depressions. 
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and is also indicated by the decrease in RR and by the changes in soil 
surface storage after rainfall. This kind of behavior has been reported in 
the literature (Zobeck and Onstad, 1987; Withers et al., 2006; Peñuela 
et al., 2016). 

When a surface depression is overtopped, a small neck is eroded at 
the boundary of the depression, accelerating both the runoff and the 
sediment transport. In the experiment, no rill flow developed (similarly 
to (Helming et al., 1998)). Small necks acted as short bypasses con-
necting the depressions with each other and with the wheel track. 
Although this effect was clear during the experiment, it could only be 
observed qualitatively in the flow accumulation raster on the CWT plots, 
where several flow paths from the wheel tracks emerged after rainfall 
(Fig. 5). 

The random roughness decreased due to the mechanical impact of 
the rain drops and the subsequent consolidation of the surface, which 
flattened the ridges formed by the tillage (Bauer et al., 2015; Zobeck and 
Onstad, 1987; Laburda et al., 2021). It has been shown in the literature 
that the surface roughness decreases exponentially with increasing 
rainfall amount or with rainfall kinetic energy (Zobeck and Onstad, 
1987). This exponential relationship was shown to be consistent among 
multiple tillage systems (Guzha, 2004). However, simulated rainfall 
usually has an unnatural raindrop distribution, and the relation between 
random roughness and kinetic energy may therefore be altered. In this 
study, the same rainfall intensity and the same rainfall simulator – and 
therefore the same drop size distribution – was used. Only the rainfall 
depth (and the kinetic energy) differed among individual experiments. 
However, the extent to which the RR decreased did not coincide with the 
total rainfall depth. 

The surface runoff also detached soil particles from ridges, and some 
of the particles later settled into the surface depressions. This led to 
decreasing surface roughness (Fig. 4) and to decreasing depression 
storage capacity (Fig. 6). Smoothing of the surface is clearly visible 
during all experiments, irrespective of the presence or the orientation of 
the wheel track. The roughness also decreased in the wheel track 
(Fig. 4), which confirms that there are both soil erosion and soil depo-
sition in the compacted wheel tracks, as has also been reported by 
(Basher and Ross, 2001). This suggests that the wheel tracks also 
contribute to the overall changes in connectivity. Soil swelling may also 
affect the surface changes. However, it is hard to distinguish between 
soil swelling and consolidation, even if high temporal resolution 
microrelief data are available (Eltner et al., 2017). 

After the rainfall, the structural connectivity decreased at all plots. 
This non-intuitive surface development was most pronounced on the 
CWT plot (Fig. 5E). The before-rainfall soil surface structures created 
only by tillage and by the passage of the tractor exhibited clear flow 
paths oriented downslope (arrows in Fig. 5E). The impact of rainfall and 
runoff may create new flow paths via soil erosion, causing the water 
pathways to increase in length. The structural connectivity provides 
valuable information when observing surface changes within the plot. 
This was most visible on the SWT plots, where the flux between wheel 
track and surrounding soil was identified. Even when the wheel track is 
initially disconnected from the surrounding soil, the rainfall and runoff 
may form a connection. In this study, this happened in one of the SWT 
scenarios. This contrasting behavior may have been caused by the 
different tire tread for campaigns 1 and 2, since the passage of the tractor 
was in opposite directions and was followed by the trailed cultivator. 
The rainfall depth was higher during campaign No. 2 (when the two flow 
paths remained unchanged), and the wheel rut was slightly shallower 
during the second campaign. Two reasons can be put forward for the 
different outcome possibly affecting the NDD: (i) the different tire tread 
pattern, and (ii) the different lowering of the wheel track below the 
surrounding soil surface. Both of these effects potentially made the 

runoff more prone to create flow paths towards the wheel tracks (as seen 
in Fig. 5B). These flow paths influenced the reorganization of the soil 
surrounding the wheel tracks. 

An increase in connectivity and a decrease in soil surface storage 
capacity was observed in the functional connectivity for all plots. The 
surface storage capacity was observed to decrease after successive 
rainfall events, as has also been shown by Darboux et al. (2002a). 
However, the decrease in surface storage capacity cannot alone explain 
the increase in connectivity. A crucial factor is the spatial organization 
and the connectivity of the depressions. Similar trends were also 
observed by Peñuela et al. (2016) under natural rainfall. The storage 
depression capacity decreased rapidly after rainfall started, whereas the 
shift in the connectivity threshold first rose and then in some cases 
decreased (Peñuela et al., 2016). 

The role of a wheel track in increased functional connectivity (unlike 
in the case of structural connectivity) is not shown explicitly. SWT plot 
No. 1 exhibited higher functional connectivity than SWT plot No. 2 in 
both before-rainfall and after-rainfall soil surface conditions. However, a 
connection between the wheel track and the surrounding soil may not 
always be created, even after a substantial rainfall. 

4.3. Comparison between connectivity indices and direct measurements 

The direct measurements of runoff and sediment flow were in 
agreement with both functional connectivity and structural connectiv-
ity. Both the runoff amount and the sediment transport followed the 
order SWT > NWT > CWT. Differences between the plots were more 
pronounced when comparing the sediment fluxes than when comparing 
the runoff. This is most likely caused by the flow velocity in the wheel 
track, which increased the carrying capacity of the water. Wheel-track 
compaction in the direction of the slope increased the runoff coeffi-
cient and the sediment transport across all studied tillage systems, 
Ryken et al. (2018). The direction of a passing tractor (upslope or 
downslope) and of course the initial moisture conditions alter the sur-
face runoff and the transport of sediments (Withers et al., 2006). An 
accumulation of eroded soil was observed in wider wheel tracks, while 
narrower wheel tracks exhibited greater transport capacity due to the 
acceleration of the surface runoff (Eltner et al., 2017). This indicates the 
importance of the flow velocity. 

The same behavior (SWT > NWT > CWT order in surface runoff and 
sediment transport) was observed with structural and functional surface 
connectivity for the before-rainfall soil surface conditions. 

The structural connectivity agreed in terms of the connection of the 
wheel track and the surrounding soil, as shown on the SWT plot 
(Fig. 5BD). The bi-modal to uni-modal shift of the NDD distribution 
corresponded to the SWT measurement, where runoff and sediment 
transport only occurred in the wheel track (Table 1). The NDD distri-
bution during campaign No. 2 remained bimodal for before-rainfall and 
after-rainfall soil surface conditions. This corresponded to the direct 
measurements, where the runoff was active on both halves of the plot. 
No effect of different tire treads could be observed in the functional 
connectivity analysis. 

The SWC and NWT plots exhibited similar maximum runoff in direct 
monitoring, and also similar functional connectivity during campaign 
No. 2 (Figs. 6 and 7). The NWT in campaign No. 2 even exhibited 
significantly higher runoff compared to all other plots if the lag time was 
not taken into consideration in the analysis (Table 2). This was caused 
by the rapid increase in runoff after it started – after some time, the 
runoff reached values similar to those on both SWT plots (Fig. 7). This 
increase may have been caused by the sudden connection of a few larger 
puddles to the outlet. The effect of the prolonged time lag in the NWT 
plot was not shown by functional connectivity. However, the largest 
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time lag observed in the NWT plot during campaign No. 1 was well 
reproduced for the after-rainfall situation, in agreement with functional 
connectivity. The largest sediment flow rate occurred during campaign 
No. 2, but it was not reproduced by functional connectivity. However, 
functional connectivity was based on the model where erosion was not 
implemented, and correspondence with the sediment transport was 
therefore not to be expected. 

4.4. Comparison of structural and functional connectivity metrics 

Structural connectivity allows the soil surface to be observed in 
greater detail. This index was able to identify multiple major flow paths 
which reached the bottom of the plot (via identification of uni-modal or 
bimodal distribution). Structural connectivity in combination with the 
flow accumulation algorithm was able to assess which part of the plot 
was connected to /disconnected from the drainage flow paths – i.e. the 
inter-plot connectivity. In contrast to the functional connectivity, the 
structural connectivity did not incorporate soil surface depressions in 
the analysis, since sink-less REM was used to generate the data. Func-
tional connectivity takes the dynamics of the processes into consider-
ation. The changes in surface depression storage can therefore be 
incorporated. Although the functional connectivity used in this study 
does not require physically-based derivation of the parameters or any 
calibration or validation procedure, additional information about soil 
properties and rainfall data are needed in order to derive the functional 
connectivity. In addition, it is much more time demanding to run an 
overland flow model in 10 mm raster resolution than to compute the 
structural connectivity. 

5. Conclusion 

Surface runoff, sediment transport and hydrological connectivity 
have been analyzed on freshly-tilled topsoil with wheel tracks by means 
of microrelief DEM indices. Two wheel-track orientations were studied: 
slope-wise direction (SWT) and contour lines-wise direction (CWT). The 
experimental setup was supplemented by a reference plot with no wheel 
track (NWT). The experimental plots were subjected to artificial rainfall, 
and DEMs were obtained using the Structure from Motion method 
-before rainfall and after rainfall. The surface microrelief was assessed 
with random roughness, and two measures of connectivity were 
compared with direct runoff monitoring of surface runoff and sediment 
transport. 

The slope-wise wheel tracks (SWT) increased the sediment and the 
hydraulic connectivity of the surface. The wheel track itself exhibited 
high structural connectivity and low roughness when oriented slope- 
wise. This led to an increase in runoff and sediment transport. The soil 
surface adjacent to SWT is connected to the wheel track only to some 
extent, as shown by the direct measurements. The plot with a contour 
line wheel track (CWT) exhibited even higher roughness and lower 
connectivity than the plot without wheel tracks. A temporal decrease in 
random roughness and in soil surface storage was observed on all plots 
as the effect of the kinetic energy of the rainfall and runoff. The surface 
became more connected during the rainfall, as shown via the functional 
connectivity metric. 

The microtopography affects the water and sediment routing on the 
soil surface. The wheel tracks, depending on orientation, increase or 
decrease the water and sediment fluxes during runoff events. The effect 
of SWT after a rainfall-runoff event is pronounced, since it becomes 
more connected to the surrounding soil. On the other hand, the effect of 
CWT decreases in time, as it becomes filled with deposited sediment. 
The emergent connection of SWT to the surrounding soil needs to be 
further studied – however, our study has shown that microrelief analysis 
may be used to identify this process. The conditions under which the 
CWT effect is diminished also need to be further studied. Sudden 
connection of parts of fields previously disconnected by CWT increases 
the runoff and the risk of erosion. Since the rainfall and runoff process 

increases the functional connectivity regardless of the wheel track 
presence or orientation the importance of soil surface treatments is 
stressed. 

The outcomes of this study may be used for large-scale modeling of 
arable lands, where a single computation cell of the large-scale model 
can be represented by the experimental plot in this study. The direct link 
to such models can be found in random roughness (RR) and functional 
connectivity. Different RR can be assigned to cells based on the orien-
tation of the wheel tracks in the cells. However, this usage of RR may be 
misleading, since the wheel track is a physical feature in the model cell 
rather than the roughness of the soil surface. Functional connectivity can 
be used to represent the surface retention of the cell, as suggested by 
(Antoine et al., 2009; Antoine et al., 2011; Peñuela et al., 2016). In this 
case, different functional connectivity will represent the cells in the 
model with or without wheel tracks, as well as the orientation of the 
wheel tracks. This application has the potential to improve runoff gen-
eration modeling studies. However, further study is required to deter-
mine usability. 
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Devátý, J., Bauer, M., 2018. Double Size Fulljet Field Rainfall Simulator for Complex 
Interrill and Rill Erosion Studies. Stavební Obz. - Civ. Eng. J. 27, 183–194. https:// 
doi.org/10.14311/cej.2018.02.0015. 
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2. HYDROLOGICAL PROCESSES ON A CATCHMENT SCALE 
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− Zumr, D., Dostál, T., & Devátý, J. (2015). Identification of prevailing storm runoff generation 

mechanisms in an intensively cultivated catchment. Journal of Hydrology and Hydromechanics, 63(3). 

https://doi.org/10.1515/johh-2015-0022 

First study presenting the Nučice experimental catchment. We analyzed rainfall-runoff events and 

based on the shapes of the hyetograph, the hydrograph recorded at the gauge station, and the eroded 

sediment flux to distinguish between different runoff generation processes. Shallow subsurface 

runoff and tile drains were identified as the most common mechanisms of fast runoff. Surface runoff 

occurs rarely only during extreme rainfall events or happens only in distinct areas within the 

catchment. Based on the relationship between runoff and sediment concentration in the runoff water, 

we were able to distinguish the origin of the sediment. Hysteretic behavior indicated sediment 

resuspension of the streambed sediment or soil erosion from the attached fields. 

 

- Jeřábek, J., Zumr D., & Dostál, T. (2017). Identifying the plough pan position on cultivated soils by 

measurements of electrical resistivity and penetration resistance. Soil & Tillage Research, 174. 

https://doi.org/10.1016/j.still.2017.07.008 

As shown by Zumr et al. (2015), compacted plough pan significantly influences soil water regime and 

runoff dynamics. In this study we successfully implemented the electrical resistivity tomography 

technique to map the shallow subsurface and identify the depth and uniformity of the plough pan.  

 

- Li, T., Jeřábek, J., Noreika, N., Dostál, T., & Zumr, D. (2021). An overview of hydrometeorological 

datasets from a small agricultural catchment (Nučice) in the Czech Republic. Hydrological Processes, 

35(2), e14042. https://doi.org/10.1002/hyp.14042 

This manuscript presents general activities that have been studied in the Nucice experimental 

catchment and lists the instrumentation of the catchment. Spatial and temporal variability of soil 

moisture within the catchment, which is one of the dominant factors for runoff generation (Zumr et 
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al., 2015), is elaborated in more detail. The manuscript also introduces a publicly available database 

(WALNUD) of the aggregated daily data that have been measured. 
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Forestry, 175226. https://doi.org/10.1109/MetroAgriFor52389.2021.9628588 

Analysis of spatiotemporal topsoil moisture distribution on the Nucice catchment. The monitoring 

was done repeatedly, handheld TDR soil moisture probe was used to measure soil water content in 

upper 10 cm of the soil profile in a dense grid over the catchment. It was shown that soil moisture 

exhibits higher spatial variability when the catchment has medium moisture conditions. Dry or 

saturated catchment has more uniform topsoil water content distribution.  

 

− Noreika, N., Li, T., Zumr, D., Krasa, J., Dostal, T., & Srinivasan, R. (2020). Farm-Scale Biofuel Crop 

Adoption and Its Effects on In-Basin Water Balance. Sustainability 2020, Vol. 12, Page 10596, 12(24), 

10596. https://doi.org/10.3390/SU122410596 

Large scale simulation of the effect of rape seed crops on the overall water balance of the Nucice 

catchment. SWAT model was built and parametrized based on the measured data. The results 

indicate that especially due to different schedule of the rape seed seeding and harvesting, compared 

to eg. wheat, the crops require more soil water and more likely experience water stress during the 

vegetation season. 

 

− Jeřábek, J., & Zumr, D. (2021). Geophysical survey as a tool to reveal subsurface stratification at a 

small agricultural headwater catchment: a case study. Civil Engineering Journal, 30(3), 766–778. 

https://doi.org/10.14311/CEJ.2021.03.0059 

Application of the electrical resistivity tomography on a scale of the whole catchment. The ERT was 

used to identify the 3D position of the bedrock, which is an important boundary condition in the 

numerical models.  
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− Tenreiro, T. R., Jeřábek, J., Gómez, J. A., Zumr, D., Martínez, G., García-Vila, M., & Fereres, E. (2022). 

Simulating water lateral inflow and its contribution to spatial variations of rainfed wheat yields. 

European Journal of Agronomy, 137, 126515. https://doi.org/10.1016/J.EJA.2022.126515 

 As was shown by Zumr et al. (2015) and Jeřábek et al. (2017), shallow subsurface lateral flow 

(interflow) is often responsible for soil water concentration in the converging parts of the catchments. 

This study presents a way of coupling Richards equation-based model HYDRUS 1D with crops 

growth model AquaCrop. The routine is based on an artificial network algorithm. The model was 

trained on data from a small catchment in southern Spain; the concept was proved to be valid. 
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Abstract: The fact that flash floods initiated in arable catchments are often accompanied by massive sediment and nutri-
ent loads often leads to the assumption that surface runoff is the principle pathway by which runoff reaches watercourses. 
On the basis of an evaluation of several rainfall-runoff events in a representative agricultural catchment, we show that 
runoff from cultivated land may be generated in a way similar to that seen on forested slopes, where shallow subsurface 
runoff is the predominant pathway by which runoff makes its way to watercourses in most runoff events. To identify the 
predominant runoff pathway, we employed a combination of turbidity measurements and stream discharge data. Sus-
pended sediment flux, a newly introduced index representing the ratio between precipitation duration and total sediment 
yield, and direction of the discharge-turbidity hysteresis loops were proposed as reflective indicators of the frequency of 
runoff via different pathways.  

In our study, most of the events initiated by rainstorms of various intensities and durations resulted in rapid increases 
in stream discharge. Although we observed temporal variability of topsoil properties attributable to seasonal weather 
changes and agricultural activities, e.g. bulk density and porosity, runoff generation was mainly driven by precipitation 
characteristics and the initial catchment saturation. 

 
Keywords: Shallow subsurface runoff; Surface runoff; Rainfall-runoff; Soil erosion; Suspended solids transport; Agri-
culture watershed. 
 

INTRODUCTION 
 
The IPCC has cited more frequent occurrences of intensive 

storm events as evidence of climate change in Central Europe 
(Kovats et al., 2014). Recent hydrological research has therefore 
focused on studies of rainfall-runoff processes, though far fewer 
studies have investigated cultivated agricultural catchments than 
forested catchments. Rainfall-runoff processes in cultivated 
catchments are of great importance, as many fields are situated 
on slopes, and because arable land is one of the main non-point 
sources of solid particles, nutrients, fertilizers and herbicides in 
rivers and lakes (Dorioz and Ferhi, 1994).  

The runoff response of a catchment is determined by climate, 
size, topography, land use and soil parameters. Infiltration re-
gime and runoff routing depend on many factors at various 
spatial and temporal scales. Runoff can make its way to water-
courses via several pathways including overland flow, subsur-
face stormflow, pipeflow or groundwater flow (Jones, 1997). 
The hydrology of cultivated catchments has specific features. 
The temporary, variable properties of periodically cultivated 
soils are a crucial factor that must be taken into account in order 
to understand flow processes in agriculture catchments (Pare et 
al., 2011). Bachmair et al. (2012) and Birkel et al. (2011) have 
suggested that there is also seasonal variability of the catchment 
water storage and runoff generation on grasslands and forested 
hillslopes. Soil structure is a property that is often considered to 
be static rather than dynamic. This could be a reasonable as-
sumption for extensively compacted land or subsoil, but not for 
regularly tilled topsoil layers. Anthropogenic effects, e.g. over-
use of heavy machinery, tillage, ploughing and harvesting, and 
also natural processes such as rapid vegetation and root growth, 
edaphon activity, the kinetic energy of raindrops, freezing, 
thawing, etc., cause recurrent cycles of topsoil loosening, com-
paction and surface sealing (Alaoui et al., 2011). The gradual 

deformation of the soil structure within a growing season causes 
a reduction in the volume and the connectivity of inter-
aggregate voids. Eroded fine particles clog the macropores and 
preferential pathways, and infiltration capacity and soil water 
storage decrease. Originally, connected large pores normally 
serve as a quick bypass for infiltrating water. Therefore, based 
on the state of the topsoil structure and subsoil permeability, 
one can expect different water runoff mechanisms; ranging 
from deep percolation and shallow subsurface lateral flow to 
surface runoff to play a greater or lesser role in runoff genera-
tion. This phenomenon does not necessarily have a significant 
effect on the soil water regime in soils where the subsoil con-
tains a developed macropore network due to soil fauna and 
roots (Roulier et al., 2002; Steenhuis et al., 1988).  

Stormflow generation at the hillslope scale has been widely 
studied since the 1960s (Whipkey, 1965), mainly on steep for-
ested slopes, where subsurface runoff contributes greatly to the 
total runoff due to root channels, old root holes, and bio-pores. 
Various methods based on detailed hillslope inspection and dye 
tracer experiments, (e.g. Noguchi et al., 1999), indirect observa-
tions using natural isotopes and numerical modelling (e.g. 
Dušek et al., 2012; Holko et al., 2011; McDonnell et al., 1991; 
McGuire and McDonnell, 2010; Šanda et al., 2014; Schneider et 
al., 2014), and multiple regression analysis of selected rainfall-
runoff events (Hrnčíř et al., 2010) have suggested that the dom-
inant factors are shallow subsurface runoff, pipeflow of satura-
tion excess overland flow, and  rapid stream flow response to 
rainfall, often caused by pre-event water in the runoff in humid 
temperate catchments (Klaus et al., 2013).  

Cultivated soils also exhibit similar runoff regimes. Cox et 
al. (2006) showed that the agricultural catchment described in 
their paper was much more likely to generate runoff than the 
forested catchment, due to rapid saturation of the tilled soil 
above the hardpan. Studies by Coquet et al. (2005), van Asch et 
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al. (2001) and Verbist et al. (2007) confirmed the importance of 
compacted subsoil and the presence of lateral subsurface water 
flow in cultivated soils. They observed the low-permeable pan 
beneath wheel tracks, which caused local saturation in the seed 
bed where lateral flow was initiated during rainstorms. Similar 
runoff formation on a plot scale was observed by Bertolino et 
al. (2010). Despite evidence of subsurface flow processes, mod-
els based on the infiltration excess (overland flow) mechanism, 
e.g. the Soil Conservation Service (SCS) Curve Number method 
(CN) (USDA, 1983), are mainly employed when modelling the 
initiation of surface runoff and related processes, e.g. transport 
of soil particles and nutrients from cultivated soils. 

Classical modelling approaches are often based on parame-
terization of a single conceptual model. Temporary variable 
runoff mechanisms within an individual catchment are rarely 
taken into consideration. This issue is well known, and has been 
identified by several authors, e.g. Beven (2001), Grayson et al. 
(1992), Schmocker-Fackel et al. (2007). The problem is to 
identify the prevailing mechanism for each rainfall-runoff event 
or annual period, especially when only limited data are available. 

The aim of our paper is to examine the runoff dynamics of a 
small arable catchment, and to identify the prevailing runoff 
generation mechanisms. On the basis of observations, we test a 
hypothesis which assumes two dominant runoff mechanisms 
that prevail based on the state of the actual topsoil structure, 
vegetation cover and rainfall intensity and amount:  

(a) freshly tilled soil contains stable macro-aggregates with 
hydraulically conductive inter-aggregate voids (preferential 
pathways). Water percolates through the preferential pathways 
towards a compacted and less conductive subsoil layer, where 
interflow is formed. In this case, subsurface runoff is the most 
common form of catchment drainage and results in an instant 
increase in discharge into the stream channel, with only limited 
sediment transport. The solid particles originate only from re-
mobilisation of the deposited sediment in the stream channel. 
No infiltration excess surface runoff occurs under these conditions;  

(b) during summer, when the topsoil may be compacted, the 
surface is often sealed and the number of preferential pathways 
is reduced. The bulk soil infiltration capacity is reduced and 
surface runoff may appear. The same process and effect can 
theoretically also be observed for loosened topsoil when there is 
an extreme and sufficiently long rainfall event, when its intensi-
ty exceeds the saturated hydraulic conductivity. 

Our study investigates the following questions: (i) Do the 
temporary variable hydraulic properties of topsoil play a signif-
icant role in runoff generation? (ii) Where do suspended solid 
particles monitored in the discharge come from (from the field – 
taken by surface runoff, or from the stream channel – resus-
pended particles from previous events) and can we use turbidity 
data as additional information for estimating the water pathways 
and the dominant runoff mechanism? 
 
STUDY AREA AND METHODS 
Study site 
 

The Nucice experimental catchment, which was established 
in 2011, is located in central Bohemia (Czech Republic), 30 km 
east of Prague, in a moderately hilly area at elevations of 382 m 
to 417 m. The average elevation is 401 m. The position of the 
basin closing profile is 49°57'49.230"N, 14°52'13.242"E. The 
catchment has an area of 0.531 km2 (Fig. 1). The inclination of 
the hillslopes ranges from 1% to 12% with a mean slope of 
3.9% (Fig. 2). The climate is humid continental, with average 
annual precipitation of 630 mm, evapotranspiration of 500–550 
mm, and mean annual air temperature 6°C. The maximum mean  

 
 

Fig. 1. Nucice catchment. Numbers denote the fields with different  
crops and tillage practices. 

 

 
 
Fig. 2. Slope map of the Nucice catchment. 
 
monthly rainfall occurs in July, and is delivered mostly by 
frontal and convective storms. The catchment was chosen for its 
uniform land use. 95.3% of the area is under active cultivation. 
The remaining area includes watercourse, sparse grasslands, 
riparian trees, shrubs and local roads. There is no urbanization 
or resident population.  

The catchment is underlain by conglomerates, sandstone and 
siltstone. The soils are classified as Luvisols and Cambisols 
with a loamy Ap horizon (0.1–0.2 m deep) underlain by a silty 
and silty-clay B horizon. The content of clay particles in the 
topsoil is around 8%. The soil has low inner aggregate (soil 
matrix) hydraulic conductivity, with measured values of ap-
proximately 10–8 m s–1 – 2.3. 10–7 m s–1. The bulk topsoil satu-
rated hydraulic conductivity (Ks) ranges between 10–5 m s–1 and 
10–4 m s–1, depending on the season. The Ks is spatially variable, 
the higher values related to well developed and connected inter-
aggregate voids. The divide between the topsoil and the subsoil 
is clearly observable via soil probing or penetration tests. The 
division between the uniform layers in Fields 1 and 2 was found 
at a depth of 0.14 ± 0.02 m. The subsoil in Field 3, which was 
conventionally tilled until 2013, was observed to be approxi-
mately 0.3 m in depth (Zumr et al., 2014). The subsoil is poor in 
structure, has a higher clay content and bulk density than the 
topsoil, and does not contain an extensive macropore network. 
The macropores that are present are formed by decayed roots 
and wormholes. They are mostly vertical, and are disconnected 
from each other. 
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The catchment is divided into three fields cultivated by two 
farmers. Field 1 (0.38 km2) and Field 2 (0.09 km2) (Fig. 1) have 
been tilled conservatively since 2000, with a combination of a 
compact disk harrow and a cultivator. The maximum depth of 
soil disturbance caused by tillage is 0.18 m. A GPS guidance 
system with preserved parallel traffic lanes of 8 m span is im-
plemented. The standard crop rotation includes mainly winter 
wheat, summer oats, winter rape and mustard. As conservative-
ly tilled soils cover most of the catchment, the main focus in 
following text will be on these fields. The remaining western 
part of the basin (Field 3, 0.03 km2) was tilled conventionally 
until 2012, with ploughing depth up to 0.3 m, and in 2013 con-
servation tillage was introduced.  

The catchment area is drained by a trained rural channel, 
which starts in the upper part of the catchment as a single tile 
drain. The total stream length is 1106 m, from which 566 m is 
an open channel with a regular trapezoid cross section, stabi-
lized by concrete tiles. The channel is approximately 1.2 m in 
depth and 0.6 m in width at the stream bed. The mean slope of 
the drainage line is 3%. There are two culverts in the channel, 
each 0.8 m in diameter and about 8 m in length, but they do not 
have a significant effect on the water and sediment flow. The 
concrete lining is disturbed in some parts, and the stream bed is 
covered by sediment on the most of its length, which allows 
further sedimentation of solid particles and in-stream vegetation 
growth. The fields are cultivated right up to the stream banks 
with no buffer zones. 
 
Catchment instrumentation 

 
The experimental catchment is equipped with a standard me-

teorological station, where precipitation intensity, air tempera-
ture, humidity, wind speed and net solar radiation are moni-
tored. The stream discharge is measured in an H flume with 
capacity up to 400 l s–1, using a calibrated rating curve and 
duplicate water level recording with a pressure probe (LMP 
307, BD Sensors, Czech Republic) and an ultrasonic sensor (U-
GAGE T30UX, Banner, USA). A total suspended solids sensor 
(ViSolid 700 IQ, WTW, Germany) and a water sampling tube 
(3700 Full-size Portable Sampler, Teledyne ISCO, USA) are 
installed directly below the stream gauge in a small stilling 
basin. The recorded suspended sediment concentration is cali-
brated on the basis of the measured concentration of sediment in 
collected water samples, which are obtained during runoff 
events. The sediment yield is obtained through simultaneous 
measurement of the discharge and the suspended solids concen-
tration. The groundwater level in the vicinity of the gauging 
station is monitored by means of two piezometers. The soil 
water regime is monitored by four multi-parameter water con-
tent reflectometers CS650 (Campbell Sci., UK), which are 
installed 20 m from the gauging station in Field no. 2 at a depth 
of 0.07 m, 0.12 m, 0.25 m and 0.4 m. The probes record water 
content, bulk electrical conductivity and soil temperature. All 
measured data are collected and recorded automatically every 
five minutes during the growing season and every ten minutes 
during the rest of the year by a CR1000 control and measure-
ment datalogger (Campbell Sci., UK).  

Since 2011, when the catchment was established, 
undisturbed 100 cm3 soil samples have been regularly taken to 
evaluate seasonal changes in the physical macroscopic 
properties of the topsoil, such as bulk density, actual moisture 
content and porosity. The highest sampling frequency is in the 
period from May until October, when rapid macrostructural 
changes are expected due to crop growth and agrotechnical 

operations. During each sampling campaign, approximately 
twenty soil cores from selected sites are taken and analysed. 

 
Complementary experiments related to runoff generation 
and sediment transport 

 
For a clear interpretation of the monitored rainfall-runoff 

events, we used the outcomes of previously conducted 
experiments: (a) plot scale rainfall simulations to investigate 
stormflow routing under various rainfall and field conditions 
(Strouhal et al., 2014); and (b) artificial flood wave experiments 
to estimate volume and resuspension of streambed sediment 
(Dostál et al., 2013).  

Strouhal et al. (2014) presented a plot scale experiment 
aimed at observing and quantifying the components of runoff 
from cultivated soil during high-intensity rainfall. They used a 
mobile rainfall simulator equipped with four solenoid-
controlled nozzles (40WSQ FullJet, Spraying Systems Co) 
positioned 2.6 m above the soil. An inclined experimental plot 
(8 x 2 m) was successively exposed to uniform simulated rain-
fall with intensity ranging from 23 to 64 mm h–1 and duration 
ranging from 1 h to 2.5 h. These simulated rainfall parameters 
were selected to represent intensive rainfall events observed in 
the study locality, to generate surface runoff and to initiate soil 
erosion. Similar rainfall characteristics have been used is soil 
erosion studies elsewhere in Europe (e.g. Montenegro et al., 
2013, Ries et al., 2013). The dynamics of surface and shallow 
subsurface runoff and the soil water regime at three soil depths 
were monitored. Various initial soil moisture conditions and 
vegetation stages; from cultivated fallow to stubble, delimited 
the simulations. Variable proportions of both monitored runoff 
components were observed in relation to rainfall intensity and 
duration, ranging from zero surface runoff to a distinct domi-
nance of surface runoff. Both components reacted very dynami-
cally to the precipitation: shallow subsurface runoff was formed 
first under all tested conditions on the given soil profile (a tilled 
loamy topsoil, compacted subsoil at a depth of 0.15 m). In two 
simulations out of seven, both runoff components reached quasi 
steady-state conditions, and the subsurface discharge ranged 
from 30% to 40% of the direct runoff intensity. Even with the 
highest tested precipitation intensities, surface runoff always 
formed due to saturation excess of the topsoil, irrespective of 
the topsoil properties and crops. 

The results of Strouhal et al. (2014) prove that lateral runoff 
through the shallow topsoil can easily cause a very quick in-
crease of stream discharge. This runoff mechanism is not ac-
companied by significant soil erosion, but the increased stream 
flow causes a resuspension of streambed sediment and in-
creased water turbidity.  

It is difficult to distinguish the origin of the solid particles 
that are monitored at the gauging station. Therefore, Dostál et 
al. (2013) conducted six artificial flood experiments in the 
stream on the catchment to estimate the volume of resuspended 
stream bed sediments. The artificial waves (uniform discharge 
of 40 l s–1, volume of 16 m3) were introduced into the channel 
450 m upstream of the gauging station. The aim was to monitor 
the flood wave transformation and the sediment transport within 
the channel in a way similar to Eder et al. (2014). On the basis 
of the results, it was concluded that the channel does contain 
sediment from previous erosion events that can be mobilized by 
even a slight increase of discharge. The peak discharge at the 
catchment outlet reached approximately 20 l s–1 to 30 l s–1 (such 
values have been reached or exceeded five times in the last four 
years of natural runoff events observation) and duration of 
about 30 to 60 minutes, were able to carry the solid particles 
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only a short distance. The hysteresis loop between discharge 
and sediment concentration was always clockwise, which im-
plies that the sediment originates from the stream bed in the 
vicinity of the gauging station (Eder et al. 2010, Seeger et al. 
2004). The highest suspended solids concentration was ob-
served at the very beginning of the flood wave, when the maxi-
mum measured value reached almost 8 g l–1 (corresponding to 
most of the natural flood events). The suspended solids flux 
reached as high as 900 kg h–1 at its peak, which is also compa-
rable with recorded natural runoff events when no surface run-
off was observed. 
 
Separation of the dominant runoff mechanisms 
 

In the Nucice catchment, three relevant runoff mechanisms 
are considered: (a) surface runoff due to infiltration excess, 
(b) shallow subsurface runoff in combination with pre-event 
water flow, (c) surface runoff due to saturation excess. Runoff 
due to deep water percolation causing a rise in the groundwater 
table is omitted, because the groundwater table is deep for most 
of the year, and its recharge is very slow due to the low hydrau-
lic conductivity of the subsoil. 

We aimed to identify the dominant runoff mechanism on the 
basis of rainfall, discharge, suspended solids and soil water 
regime data. To confirm the presence of surface runoff, we 
inspected the catchment after each event, when evidence of 
surface runoff was easy to document. The evidence of surface 
runoff is usually very clear; the most pronounced indicators are 
flattened riparian vegetation, flushed and wet man made shal-
low ditches, soil erosion resulting in suspension of particles and 
the development of rills. We quite often found small amounts of 
ponded or flowing water in wheel tracks. This runoff was ne-
glected, because the area of wheel tracks was small and the 
tracks were not directly connected to the stream channel.  

Each runoff mechanism produces greater or less runoff de-
pending on actual catchment and rainfall conditions. Infiltration 
excess overland flow can be caused by very intensive rainfall, 
usually when the topsoil infiltration capacity is limited. This 
occurs when the topsoil is compacted or when the soil surface is 
sealed. A compacted topsoil has a low proportion of intra-
aggregate voids and macropores, which results in low porosity 
and high bulk density. We estimate that infiltration excess over-
land flow may take place when the mean topsoil saturated hy-
draulic conductivity is below about 10–5 m s–1. No values as low 
as this were measured at the studied location. A soil crust may 
appear in summer under sparse vegetation cover conditions and 
after a long dry period. Extensive surface sealing has not been 
observed in the catchment since 2011. The results from moni-
toring of the temporary variable physical properties of the top-
soil in Nucice catchment show that the month in which infiltra-
tion excess overland flow is most likely to occur is August.  

Interflow on an inclined subsoil layer may be initiated when 
the topsoil structure is well developed, with a high ratio of 
hydraulically conductive intra-aggregate pores and voids and 
when the subsoil has a significantly lower infiltration capacity. 
The rainfall intensity must exceed the infiltration capacity of the 
soil aggregates and the subsoil (soil matrix). Once interflow is 
initiated, the response of the stream discharge to changing pre-
cipitation patterns is very dynamic. Runoff via this mechanism 
causes the transport of few suspended solids (almost exclusively 
streambed particles are mobilized) and low runoff coefficients. 

Saturation excess overland flow begins when precipitation is 
intense and long. Interflow causes water to accumulate in con-
vergent parts of hillslopes. The water that does not fit into the 
topsoil pore space, begins to pond on the soil surface, thus 

forming return flow. Return flow is concentrated only in a part 
of the catchment, where soil erosion is initiated. These events 
are accompanied by high stream water turbidity and by a large 
quantity of soil particles transported from the fields. The state of 
the vegetation has to be taken into consideration. 

We employed the monitored sediment fluxes at the catch-
ment outlet as a measure of the dominant runoff mechanism and 
water flow pathways. Sediment concentration itself cannot 
serve as an unambiguous indicator. The sediment yield at the 
catchment outlet is only part of the total eroded soil particles, as 
a considerable quantity of the particles redeposit before reach-
ing the stream. The soil erosion regime and sediment transport 
is very site specific. Verstraeten and Poesen (2001) identified 
catchment size as the most sensitive factor.  
 
RESULTS AND DISCUSSION 
 

From July 2011 to September 2014, approximately 40 rain-
fall-runoff events were recorded in the experimental catchment. 
Sixteen of these events with single and distinguishable peak 
hydrographs, with peak discharge greater than 4 l s–1 and with 
reliably recorded precipitation, runoff and turbidity were select-
ed for an analysis of the runoff formation. The threshold of 
4 l s–1 is twice the spring baseflow. A lower discharge usually 
mobilizes an amount of suspended solids too small to be esti-
mated using the current setup. The difference between the peak 
discharge and the initial discharge had to be at least 2 l s–1, and 
the suspended solids concentration had to reach a minimum of 
1 g l–1. Table 1 presents precipitation and runoff characteristics, 
and the runoff coefficient. The baseflow component was sepa-
rated according to constant slope method. Characteristics of 
suspended solids are summarized in Table 2.  

May to June is the part of the year when rainfall-runoff 
events were recorded most frequently (six events). This does 
not correspond to the temporal distribution of storm events that 
is assumed by soil erosion prediction methods (USLE – 
Wischmeier, 1976), modified for conditions in the Czech Re-
public (Janeček et al., 2012), where the most frequent occur-
rence of storm events is expected in June–July. During the 
period of May–July are the soil properties most susceptible to 
surface runoff, because the bulk density is high and the topsoil 
porosity is low (Fig. 3). Both the infiltration capacity and the 
water retention capacity are therefore at their annual minimum. 
The distribution of rain events during the rest of the growing 
season is uniform, with a mean rate of about one episode per 
month. 
 
Surface runoff domination 
 

In 2013, two extreme events were recorded within a single 
month. The peak discharge on 2.6.2013 exceeded the maximum 
capacity of the flume, so the discharge and total flood volume 
were estimated from evidence of the maximum water depth in 
the channel above the flume. The peak discharge was calculated 
according to Chezy formula, the limbs of the storm hydrograph 
were extrapolated from the measured discharge which was 
recorded for values below 400 l s–1. The runoff was generated 
by a rainfall of 83.8 mm over a period ten hours. The soil had 
been almost saturated due to antecedent long precipitation of 
low intensity (three days of recurrent rainfall events with a 
maximum intensity of 4 mm h–1 resulting in 90% saturation of 
the soil profile to the monitored depth of 0.5 m). The total spe-
cific runoff of 79 mm, the runoff coefficient of 94% and the 
total suspended solids of 166 tons by far surpass all the other 
recorded events in our observations. Surface runoff, caused by  
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Fig. 3. Evaluation of the mean monthly soil bulk density (left) and saturated water content (right) of the cultivated topsoil as derived by 
regular soil sampling at the Nucice catchment from February until November between 2001 and 2014 (approx. 350 samples were analysed). 
Box and whisker plots depict minimum, maximum, median, first and third quartiles. There is a slight trend in increase in spring and 
decrease in late summer of the bulk density with its maximum in May to July. Saturated water content (which may be related to porosity) 
decreases in Spring and increases in Autumn with its minimum in May till August. High variability of soil physical parameters within the 
months are caused by spatial heterogeneity, crops growth, temporary variable soil organic matter content and agrotechnical operations. 

 
Table 1. Rainfall and runoff characteristics of selected rainfall/runoff events recorded between 2011 and 2014 at the Nucice experimental 
catchment. 
 

Event 
no. 

Date 
D.M.Y 

Rainfall Runoff Runoff coefficient 
(%) total 

(mm) 
max. 10 min intensity 

(mm h–1) 
duration 

(h) 
total 
(m3) 

peak 
(l s–1) 

specific 
(mm) 

1 11.7.2011 22.4 27 2.5 151 9.2 0.3 1.3 
2   5.9.2011 23.4 25 5 170 7.6 0.3 1.5 
3  3.8.2012 25 34 3 153 8.8 0.3 1.2 
4 26.8.2012 15 20 1.5 23 4.1 0.1 0.3 
5   9.5.2013 11.2 33.6 0.7 344 132 0.7 6.3 
6 26.5.2013 7.4 14.4 2 23 6.4 0.1 0.7 
7 27.5.2013 8.2 8.4 2 266 23.5 0.5 6.7 
8   2.6.2013 83.8 46 10 39500a 900a 79a 94a

9 25.6.2013 81.4 8.4 8 5100 117 10.2 13 
10   4.8.2013 15.1 36 2.5 34 6.3 0.1 0.5 
11   5.2.2014 20.4 49 4 200 10.6 0.4 2.0 
12 24.5.2014 18.7 30 4 177 15.5 0.2 1.9 
13 27.5.2014 8.2 40 0.75 65 7.3 0.1 1.6 
14 29.5.2014 19 17.4 6 55 29.5 0.1 0.6 
15 21.7.2014 40.2 66.6 2.5 251 64 0.5 1.2 
16 14.9.2014 12.2 30 5 380 15.7 0.8 6.2 

 

   a The capacity of the H-flume was exceeded, the values are estimated according to observed aftermath of the flooding (flattened vegetation) in the channel. 
 

Table 2. Summary of suspended sediment data as recorded at the gauging station. 
 

Event 
no. 

Date 
D.M.Y 

Total suspended 
solids 
(kg) 

Max. suspended 
solids 

concentration 
(g l–1) 

Max. suspended 
solids flux 

(kg h–1) 

Runoff indication 
indexb 

(kg h–1) 

1 11.7.2011 51 2.1 31 20 
2 5.9.2011 54 0.6 15 11 
3 3.8.2012 120 2.7 83 40 
4 26.8.2012 13 2 81 8 
5 9.5.2013 4600a > 26a 12500a 6600 
6 26.5.2013 28 2 40 14 
7 27.5.2013 400 2.4 194 199 
8 2.6.2013 166000a > 26a 52000a 16600 
9 25.6.2013 6300 3 522 783 

10 4.8.2013 34 1.6 31 14 
11 5.2.2014 340 4.3 132 85 
12 24.5.2014 100 5 72 25 
13 27.5.2014 190 7.4 171 257 
14 29.5.2014 990 4.3 282 165 
15 21.7.2014 2500a > 26a 200a 1000 
16 14.9.2014 530 2.9 125 106 

 

                          a records when the measurable turbidity range was exceeded, the total suspended solids and fluxes are estimated values 
                          b runoff indication coefficient is a ratio between total suspended solids and precipitation duration (Equation 1). 
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the saturation excess of the soil profile, through the thalweg above 
the open stream channel and within wheel tracks throughout the 
whole catchment, was observed during a site inspection. The 
peakflow return period was estimated to be approximately 50 
years from data available from the Czech Hydrometeorological 
Institute. 

Examples of hydrographs and sedigraphs with the dominant 
surface runoff mechanism are shown in Fig. 4. The event from 
9.5.2013 (event 5) was the result of a short rainfall with high 
intensity. The sediment flux of solid particles leaving the 
catchment reached over ten tons per hour at its peak, which 
must include a contributing soil eroded from the adjacent fields.  

The discharge recorded on 25.6.2013 (event 9) with a peak 
discharge of 117 l s–1 was also partly caused by saturated excess 
overland flow. Surface runoff was initiated only in the 
convergent areas close to the stream and the thalweg due to 
topsoil saturation excess, and in compacted wheel tracks. The 
precipitation intensity was below the topsoil saturated hydraulic 
conductivity, but parts of the catchment were still saturated 
from the previous rainfall. The event came after the extreme  
 
 

event (8), followed by minor recurrent rainfall, and was initiated 
by a long period of low-intensity precipitation. The fine-grained 
stream bed sediment close to the gauge was immediately mobili-
zed by the first raindrops. The maximum suspended solids flux 
only reached 500 kg h–1. Due to the well established crops 
(wheat on Fields 1 and 2, mustard on Field 3) and the low 
precipitation intensity, no significant soil erosion began. The 
outflowing suspended solids are attributed to resuspended 
sediments from the stream bed deposited during the previous event. 
 
Subsurface runoff domination 
 

In twelve of the sixteen recorded events, no surface runoff 
was observed. Nevertheless, the reaction of the stream flow to 
the precipitation events was very rapid (Fig. 5). Subsurface 
runoff always initiated very quickly and reacted to small 
variations in rainfall intensity. Similar runoff regime on 
cultivated soils with fragipan layer was also observer by e.g. 
Dahlke et al. (2011), Klaus et al. (2013) or Steenhuis et al. 
(1988). 

 

 
 

 

Fig. 4. Examples of hydrographs and sedigraphs of the events when overland flow contributed to the catchment outflow. The values of SS 
(suspended sediments) flux and discharge are higher by orders of magnitude than in case of no overland flow contribution (see Fig. 5); SSC 
is the suspended sediment concentration. 
 

 
 
Fig. 5. Examples of rainfall outflow episodes when shallow subsurface runoff was the principle pathway of runoff to the stream. 
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Fig. 6. Hysteretic loops indicating where the sediment originates. Example of domination of bed load sediment transport is on the left 
(event 14) and eroded particles from the arable fields on the right (event 5). 
 

The maximum discharge initiated by subsurface runoff of 
almost 30 l s–1 (note the value similar to the peak flows during 
the artificial flood experiments) was recorded on 29.5.2014. In 
the course of the remaining events, the maximum suspended 
sediment concentrations did not exceed 8 g l–1 (as in the case of 
the artificial flood experiments). 

The sediment concentration rose instanteously with the 
approaching flood wave, and the maximum turbidity was 
recorded approximately at the same time as the peak discharge, 
or a little before. In the event of a long peak discharge or double 
peaking, sediment concentration usually reached the maximum 
value within the first peak (Fig. 5 – 23.5.2014, 14.9.2014). As 
the baseflow was very low in all cases, the flood wave velocity 
and the celerity were almost equal. Most of the recorded hyste-
resis loops of discharge versus suspended solids concentration 
showed a clockwise direction (Fig. 6). This suggests that the 
main source of the sediment yield deposited on the stream bed 
close to the gauging station (Lefrançois et al., 2007). Very fine-
grained deposited sediment also came from the tile drain above 
the open channel. As the stream channel is fortified with 
concrete tiles, we do not suppose that the stream bank or stream 
bed failures contributed significantly to the total quantity of 
transported solid particles. On a recession limb of a hydrograph, 
the sediment concentration decreases. The reason is that mobile 
fine-grained particles are quickly flushed from the stream bed, 
and the flowing water does not have sufficient kinetic energy to 
carry heavier particles over a long distance (Dostál et al., 2013; 
Eder et al. 2014). 
 
Analysis of the suspended solids regime  
 

The events show reasonable range in the total delivered sus-
pended solids and in the maximum concentrations. During most 
of the rainfall episodes, irrespective of precipitation intensity, 
storm duration or hydrograph characteristics, the maximum 
suspended solids concentration did not reach values higher than 
3 g l–1. 

We found no clear correlation between the runoff mechanism 
and the discharge or suspended solids regime. High turbidity 
and high peak discharge were also recorded during events when 
surface runoff was not observed. A better indicator than dis-
charge, turbidity or total sediment yield is the maximum sus-
pended solids flux averaged by ten-minute intervals. The values 
during events 5 and 8 (Table 2) were higher by orders of magni-
tude than during other episodes, or than the values measured 
during artificial flooding experiments (Dostál et al., 2013). 

These fluxes cannot be reached without influx of eroded parti-
cles from the cultivated fields, unless the high turbidity is 
caused by massive stream bank or stream bed failures (which 
were not observed here). 

Another tested indicator of the prevailing runoff mechanism 
was the newly-introduced runoff indication index R (kg h–1), 
which is the ratio between the total sediment yield SStot (kg) and 
the duration of the precipitation that caused the increase in 
discharge Tprec (h): 

 

tot

prec

SS
R

T
=  (1) 

 
This index characterizes not just the short-term peak sedi-

ment fluxes but the net response of the catchment to the rainfall. 
The calculated runoff indication indexes range from 8 kg h–1 

(event 4) to 16600 kg h–1 (event 8). Episodes 5 and 8 have sig-
nificantly higher R than the other events. Events 9 and 15, with 
R around 1000 kg h–1, are the events when surface runoff most 
likely also occurred. Lower values are partly caused by dense 
vegetation (wheat) resulting in decreased soil erosion. During 
the events where lower R was calculated, subsurface runoff was 
prevalent. The runoff indication index does not depend directly 
on the peak discharge, turbidity or runoff coefficient, as is 
shown in Fig. 7, where the size of the circles represents the 
maximum turbidity and the peak discharge. 

The hysteresis loops of the suspended solids concentration 
and discharge corresponded in most cases to the dominant run-
off mechanism. In the case of subsurface runoff, when the sed-
iment fluxes were smaller, the loops had a clockwise direction. 
The surface runoff causes significantly higher sediment loads, 
so the initial solids flux, which is caused by the stream bed 
sediments, is lower than the flux when the particles from the 
adjacent fields arrive. The direction of the loop is anti-
clockwise. Examples of both scenarios are shown in Fig. 6. 
 
CONCLUSIONS 
 

Sixteen rainfall-runoff events that were recorded in a small 
agricultural catchment were evaluated in order to identify the 
major runoff mechanisms and their implication for soil erosion 
and sediment transport from the catchment. Most of the events 
that were initiated by precipitation of various intensities and 
durations resulted in a rapid increase of stream discharge with 
no surface runoff in the catchment (as documented by field survey). 
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Fig. 7. Surface runoff indicator expressed as an index - ratio between total sediment yield and duration of rainfall. Circle sizes denote max-
imum suspended solids concentration (left) and peak stream discharge (right). 
 
The shallow subsurface runoff taking place within the topsoil 
layer is the most common mechanism. 

Monitoring of the topsoil physical properties shows seasonal 
variability, but we have not identified a clear relationship between 
actual soil conditions and dominant runoff formation mechanism 
in the studied catchment. The surface runoff, mostly saturated 

excess driven, occurs only seldom and was caused by heavy 
rainfall in combination with high antecedent catchment satura-
tion. The topsoil was never compacted to such a level that infil-
tration excess overland flow could dominate. In the period of 
four years for which the catchment has been monitored, two 
extreme events have been observed, in which surface runoff 
caused by topsoil saturation excess overland flow was clearly 
dominant.  

We identified the prevailing runoff mechanism (subsurface 
or surface runoff) indirectly based on the monitoring of the 
suspended solids regime at the catchment outlet. We employed 
analysis of the suspended sediment flux, the newly-introduced 
runoff indication index (the ratio between the rainfall duration 
and the total sediment yield), and direction of the discharge-
turbidity hysteresis loops. We recognize these values to be 
reflective indicators of the runoff mechanism, even though the 
thresholds are very site specific, depend on actual state of the 
vegetation cover, and cannot be generalized. During most run-
off events the recorded sediment loads came from the fine sed-
iment deposited on the stream bed which indicates the predomi-
nance of subsurface runoff. 
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A B S T R A C T

Long term tillage has led to soil profile degradation in many cultivated fields. The topsoil is disturbed by
plowing. The movement of fine particles from the topsoil to the subsoil and direct pressure from agricultural
machinery create an abrupt delineation in the form of a plough pan with very low permeability. The plough pan
prevents water infiltrating deeper into the soil profile and reduces the water supply to the lower layers. The
plough pan also has a negative effect on the root growth of the crop, leading to a reduced yield. In this paper we
discuss the feasibility of using electrical resistivity tomography and penetrometry to identify the presence and
the position of plough pans, and also their spatial uniformity, on two fields with different tillage depths.
Electrical resistivity measurements were subjected to a comparison with soil physical characteristics, such as soil
water content, porosity and bulk density. Standard statistical and geostatistical methods were used. Electrical
resistivity tomography seems to be an attractive method that offers a faster and more efficient method than
standard invasive soil sampling for obtaining continuous information about the plough pan. It has been shown
that the position of a compacted layer within the soil profile can be identified reasonably well by combining
electrical resistivity data and penetration resistance data. The semivariogram showed higher variation by orders
of magnitude in the topsoil than in the subsoil. This suggests macroscopic homogeneity of the compacted layer
formatted in the subsoil in two differently tilled fields. We conclude that a short span between the electrodes
should be used (app 10 cm) in order to observe the shallow positioned plough pan clearly.

1. Introduction

Soil compaction, which may lead to the formation of a plough pan,
is a well-recognized phenomenon in agricultural lands. Crop root de-
gradation is one of the most dangerous effects of soil compaction. Roots
are of reduced length (Lipiec et al., 2012) and there is reduced biomass
(Colombi et al., 2016) in the compacted layer. Various effects can in-
fluence the degree of compaction in a field. Climatic or weather con-
ditions, tillage system (Pagliai et al., 2004), the condition of the soil
during harvesting (Boizard et al., 2002) and the machinery that is used
(Pagliai et al., 2003) can lead to an increase or reduction in soil com-
paction. As a consequence, the hydraulic properties of the soil are af-
fected. Ahuja et al. (1998), for example, showed how the water reten-
tion capacity of a field changes according to the tillage conditions.
Dörner and Horn (2009) investigated of the isotropy/anisotropy of
hydraulic conductivity in conventionally and conservationally tilled
fields. Unlike conservationally tilled fields, conventionally tilled fields
exhibited anisotropic conditions in the seedbed and in the plough pan.

A number of studies have investigated changes in the properties of

porous media due to compaction. Bertolino et al. (2010) concluded
that, in comparison with soils treated by minimum tillage, smaller and
less connected pores occurred in the plough pan of conventionally tilled
soil. Direct compaction due to the passage of traffic causes large dif-
ferences in porosity (n) and differences in bulk density (ρbd) which leads
to changes in the saturated hydraulic conductivity (Kim et al., 2010).
However, the lower hydraulic conductivity of the plough pan is not
necessarily the only reason. A significant decrease in hydraulic con-
ductivity in combination with flow irregularity may also occur due the
role of trapped air in the upper layer during infiltration (Císlerová et al.,
1990; Sněhota et al., 2008). In contrast, Roulier et al. (2002) presented
evidence of undisturbed bio-macropores in the plough pan, formed
after soil cultivation or not yet disturbed e.g. by shrinkage, which al-
lows water to flow through preferential pathways and to bypass the
compacted plough pan. This consequently increased the overall hy-
draulic conductivity.

Changes of soil properties due to compaction lead to changes in the
electrical properties of the soil. The changes in soil water content (θ), in
the salinity of the water, in the clay fraction or in the bulk density lead
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to changes in the electrical resistivity (ρ) of the soil (e.g. Besson et al.,
2004); Loke et al., 2013). The specific surface area of soil particles af-
fects the resistivity because of an adsorbed water film on the soil par-
ticles (Revil et al., 2012), whereas the soil particles themselves (irre-
spective of size) and the soil air are often considered as an insulating
material (e.g. Fukue et al., 1999). Macropores, cracks or voids and or-
ganic residues usually increase the electrical resistivity of the soil
(Besson et al., 2013). Since the specific surface area of soil particles
alters the electrical resistivity of the soil ρ, and it is affected by of soil
compaction causing changes in the bulk density and in the structure of
the soil, we assume that measurements of changes in ρ can provide
information about the plough pan depth and homogeneity.

We used the electrical resistivity tomography (ERT) technique to
obtain the position and the spatial uniformity of the plough pan. The
study covered a series of 10 specific ERT transects. In general, this
approach faces a few ambiguities. The electrical properties of soils, e.g.
their electrical resistivity, are affected by several factors. It is proble-
matic to recognize which factor is of major influence. Kowalczyk et al.
(2014) conducted experiments with a sandy material in which it was
shown that changes in electrical resistivity are caused by changes in
bulk density, water content and total porosity. Similar results in field
soils were observed by Besson et al. (2013), where the ERT data was
influenced by the degree of water saturation. The bulk density was
therefore tricky to determine. Organic carbon can also affect resistivity
measurements, especially in the uppermost layer of the soil in agri-
cultural land (Hadzick et al., 2011). When all quantities except the bulk
densities are excluded, i.e. their effect is set as constant over a measured
sample, the influence of bulk density is clearly present (Besson et al.,
2004). In a study performed by Besson et al. (2004), 2D ERT mea-
surements were compared with a visual inspection of the uncovered soil
profile transect on an experimental plot. Although the resistivity was
significantly lower in the plough pan, its exact position could not be
determined. ERT did not detect the position of all clods in the topsoil.
However, a clear negative relationship was found between electrical
resistivity and bulk density for field soil samples. When the topsoil was
less heterogeneous, it was less problematic to indicate the position of
the plough pan.

Séger et al. (2009) presented a comparison of identifying topsoil
features using 2D and 3D ERT. The 2D method was influenced by the
hemisphere integration effect (Séger et al., 2009). The electrical current
introduced to the ground by electrodes along a line introduces to the
ground an electrical field that is hemispherical in shape. The records are
therefore affected by lateral features to the side of the 2D line. Séger
et al. (2009) showed that 3D measurements diminish the hemisphere
integration effect, and enhance the sensitivity of the method to the
structure of the topsoil. In qualitative terms, large clods, which occu-
pied the whole depth of the topsoil (ca 30 cm), had the lowest re-
sistivity; loose material had slightly higher resistivity, but smaller clods
(∅ ca 5–10 cm) embedded in loose material had markedly higher re-
sistivity. However, the position of the plough pan appeared only in the
form of smoother changes in the horizontal 2D cross-sections of the 3D
measurements. ERT and a penetration test were used by Basso et al.
(2010). To assess the variations in soil resistivity in several differently
tilled plots. They concluded that ERT can assist in identifying a com-
pacted layer in the soil profile.

After a rain event, the infiltration capacity of the plough pan can be

exceeded due to its low permeability. This causes the formation of
lateral flow, (Coquet et al., 2005). Higher saturation above the plough
pan affects data acquisition and makes the results more difficult to in-
terpret. A detailed laboratory analysis of changes in the resistivity of
different clays under variably saturated conditions was undertaken by
Fukue et al. (1999). They measured abrupt changes in electrical re-
sistivity at a certain saturation, at which the water film on the surface of
a clay particle becomes connected, or ceases to be connected. The soil
structure appeared to have a limited effect on the electrical resistivity
(or conductivity) (Nadler, 1991). In many studies, the relationship be-
tween bulk density and electrical resistivity is assumed to be negative.
However, some other studies have reached the opposite conclusion (e.g.
Naderi-Boldaji et al., 2014). Electrical resistivity measurements of soil
are also used in hydraulic conductivity assessments, (Mazáč et al.,
1988), in soil classification based on resistivity distinctions between soil
layers (Buvat et al., 2014) and in tracking distinct pedological volumes
in a single soil layer (Séger et al., 2014).

The objective of our study is to assess the feasibility of using the ERT
technique to determine the position of the plough pan, and its spatial
uniformity and continuity. It is not our ambition to obtain the concrete
physical properties of the soil layers. We utilize the sharp contrast in
electrical properties between the topsoil and the subsoil caused by a
combination of attributes such as organic matter content, clay particles,
bulk density or current saturation to identify the divide. Data collection
took place at two sites exposed to different tillage. From the agri-
cultural, pedological, geological and climatological point of view, the
two sites are representative of their region. The penetration resistance
tests and the measurements of soil physical properties were collected in
order to compile a data set for a comparative analysis. The results of the
measurements are analyzed by means of standard statistical and geo-
statistical methods.

2. Material and methods

Our study consists of ERT measurements, penetration tests and
measurements of the physical properties of soil core samples. We con-
ducted four measurement campaigns. In each campaign, several ERT
transects were measured. In selected ERT transects, three to five pe-
netration tests were performed and soil core samples were collected at
different depths. The penetration tests were performed to a depth of ca
65 cm. The soil core samples were taken at three to six depths, down to
a depth of ca 50 cm. At least one set of core samples was taken from the
top soil, and at least one was taken from the compacted layer if a
plough pan was present. The penetration tests provided evidence of the
presence and the position of a plough pan. The physical properties of
the soil, namely soil bulk density, total porosity and water content,
were evaluated to clarify the interpretation of the ERT data. The setup
for typical ERT transect measurements, together with penetration tests
and the collection of soil core samples is shown in Fig. 1. Each mea-
surement campaign has its unique identifier (character A–D). The dis-
tribution of the measured transects (T) within the experimental catch-
ment is depicted in Fig. 2. A summary of all measurements is shown in
Table 1.

Fig. 1. Set up of ERT, penetration test and undisturbed
soil sample sites at one ERT transect.
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2.1. Study area

The study was performed in a small catchment located in the central
part of the Czech Republic, 30 km south-east of Prague. The catchment,
with a total area of 0.5 km2, consists of three fields cultivated by two
farmers.

The two largest fields (field 1 and 2 in Fig. 2) are exposed to con-
servation tillage. The crop in field 1 was white mustard (Sinapis alba) in
season 2013 and winter wheat (Triticum aestivum) in seasons
2013–2014 and 2014–2015. After harvesting, a Horsch Joker 12 cul-
tivator was used for stubble cultivation and a Horsch Tiger compact
disk harrow was used for seedbed preparation. The farmer uses John
Deere 9630T rubber tracked tractors. Cultivation is done to a depth of
10–12 cm, and seedbed preparation is done to a depth of 18 cm. After
harvesting in October 2015, chisel plowing was done to a depth of
25–28 cm.

The smallest field (field 3 in Fig. 2) was treated by conventional
tillage until 2012, after which conservation tillage was introduced.
Deep plowing is done after harvesting in order to disturb the wheel
tracks and the plough pan in field 3. In 2015, stubble cultivation was
done to a depth of 8 cm using a Vaderstad Carrier CR 925-1225

cultivator. Deep plowing to a depth of 45 cm and seedbed preparation
were done using a Vaderstad Topdown TD 300-900 cultivator. The
farmer uses Vicon wheeled tractors with 1.2 bar wheel pressure. The
crop in field 3 was winter wheat (T. aestivum) in the 2014–2015 season.
The most important cultivation activities before each measurement are
briefly presented in Table 1 .

Agricultural land covers 96.4% of the catchment area, with a mean
slope of 3.9%. The soil is classified as Cambisols and Luvisols, with an
Ap horizon between 0.1 and 0.2 m in depth and a B horizon beneath it.
Both the topsoil and the subsoil were classified as a loamy soil, but
there was a slightly higher clay content in the subsoil. The bedrock
consists of conglomerates, sandstone and siltstone. The organic matter
content is assumed to be homogeneous within the catchment. The mean
annual precipitation is 630 mm, and the mean evapotranspiration is
500–550 mm. The mean annual temperature is 6 °C. Detailed in-
formation about the hydrology of the experimental site can be found in
Zumr et al. (2015).

2.2. Electrical resistivity tomography

Electrical resistivity tomography (ERT) was used to determine the
electrical resistivity (ρ) of the soil profile. The research was conducted
using the ARES device, manufactured by GF Instruments (Czech
Republic). Date of the 10 measurements are presented in Table 1 . After
each measurement, the water content was determined (last column in
Table 1). The measurements were made after the harvest, when the
fields were bare. A dipole–dipole array with 48 electrodes was used for
each transect. The electrodes were inserted to a depth of 2–4 cm, which
coincided with the surface roughness. The spacing of the electrodes was
0.2 m for transects A and B, and 0.1 m for transects C and D. In transects
A and B, the array parameter a was within an interval of a = 0.2–1.8.
For transects C and D, array parameter a was within an interval of
a= 0.1–0.9. For all transects, parameter n was between 1 and 4. A
single measurement consisted of 1035 datum points and 45 depth le-
vels.

The dipole–dipole array is weaker in capturing deep structures, but
it is more sensitive in the shallowest part of the measured profile
(Furman et al., 2003; Dahlin and Loke, 1997). It has higher horizontal
sensitivity than other electrode arrays (Samouëlian et al., 2005), which
we found convenient for capturing the heterogeneity of the plough pan.
However, the dipole - dipole array has low sensitivity in deeper struc-
tures, which was taken into account during the inversion procedure.

To obtain the electrical resistivities, the datum points need to be
inverted. In situ measurements offer the so-called apparent electrical
resistivity. The apparent electrical resistivity represents the surficial
effect of the introduced electrical field. A model of the apparent elec-
trical resistivities based on an array geometry is fitted to the apparent
electrical resistivities obtained in the field during the inversion proce-
dure. The spatial distribution of the electrical resistivities serves as a set
of model parameters (Loke, 2004).

Before inversion, data points which had, compared to adjacent data
points, abnormal resistivity were filtered out to reduce the noisiness.
Based on previous experiences, the abnormal resistivity is caused by
weak connection between an electrode and a soil rather than on

Fig. 2. The study site and the location of the experiment profiles; A–D denote the order in
which the campaign was organized. The last digit denotes the order of the measurements
undertaken in a transect identifier.

Table 1
Overview of measurements and cultivation activities.

Date (D.M.Y.) Transect Penetrometry Undisturbed core samples Previous activity Soil water cont.

2.10.2014 A_T1, A_T2, A_T3, A_T4,
A_T5

Yes Top soil only 12.8. cultivation depth 10–12 cm; 28.9. seeding preparation
depth 18 cm

Wet θtop = 0.29

27.10.2015 B_T1, B_T2 Yes Yes 25.8. plowing 20 depth cm; 1.9. clover seeding Wet θtop = 0.34
20.11.2015 C_T1a, C_T2a At C_T1 Yes 28.10. chisel plowing 25–28 cm Very wet θtop = 0.39
30.3.2016 D_T1a Yes Yes After winter with no agricultural activity Wet θtop = 0.29

a Electrode spacing = 0.1 m; θtop topsoil volumetric water content [cm3/cm3].
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properties of a soil material. The threshold error of the reciprocal
measurements was set to 5%. The ratio of the removed noisy points
varied between 0 and 4%. Due to the increased noisiness of the dipo-
le–dipole array with depth (Furman et al., 2003; Dahlin and Loke,
1997), the number of layers was reduced to 10 for transects A and B and
to 20 for transects C and D. The total number of computation blocks
was reduced to 940 for transects A and B and to 1880 for transects C
and D.

Typically 3–6 iterations were needed to bring the relative change in
the subsequent RMS error below 1%. The maximum number of itera-
tions was set to 7. In all cases, the desired results were reached before
the 7th iteration. In most cases, the number of iterations was 3 or 4. A
finite-elements mesh with triangular elements and one half of the space
of the electrodes span was used. The smoothness constraint on the
model resistivity values was used for transects B_T1 and B_T2. For field
3, a smoother transition between the topsoil and the subsoil was ex-
pected, as was also suggested by the profiles of the apparent electrical
resistivities (as was discussed in Section 3.1). The robust inversion
option was used for other transects measured in field 1 (transects A, C
and D), where a sharper transition was expected between the soil and
subsoil. The standard Gauss–Newton method was employed for the
optimization.

2.3. Penetration resistance

We measured the penetration resistance (ppr) in the subset of ERT
profiles with spacing from 1 to 2 m along the profile. Eijkelkamp pe-
netrologger agrisearch equipment (art. no. 06.15.01) was used. At each
location, 5 consecutive penetration tests were performed to a depth of
approximately 65 cm. The probing cone had a 30° top angle and a base
area of 1.3 cm2. The resolution of data points were 1 cm. The resulting
ppr profile at each location was obtained as the average of 5 depth
measurements.

2.4. Soil core samples

At each ppr measurement location, undisturbed soil samples were
taken in metallic cylinders at various depths. One sample was always
taken in the topsoil (the upper 20 cm of the profile). The number of
samples in the subsoil depended on the time available during each
campaign. The number varied between 2 and 5 in the subsoil. The
volume of each cylinder was 137.4 cm3. Gravimetric methods were
used to obtain the bulk density ρbd, the total porosity n, and the volu-
metric water content θ. We used a displacement method to estimate
porosity based on difference of fully saturated and dry masses of un-
disturbed samples with a known volume.

2.5. Statistics and geo-statistics

Semivariograms were used for the geostatistical analysis. The gen-
eral semivariogram can be written as follows,

+ − = + − =E Y s Y s Y s Y s γh h h[ ( ) ( )] Var( ( ) ( )) 2 ( )2

where Y(s) is an observed variable at position s and h is the vector
denoting the spatial shift of variable Y from position s. 2γ(h) is the
variogram and γ(h) is the semivariogram, and both are dependent only
on h, which is the relative distance between variable Y at positions s
and s+ h (Banerjee et al., 2014). Here, we want to point out the am-
biguity of the last statement in relation to the use of semivariograms to
analyze ERT data. The reason is that ρ obtained by ERT is position
dependent. However, we assume that for shallow depths this fact can be
neglected.

In our paper we use a binned empirical semivariogram. A binned
empirical semivariogram is defined as
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where Bik is a so-called bin which contains pairs of points with a certain
relative distance, and NBik is the number of pairs in a bin.

The inverted electrical resistivity data was linearly interpolated
before the semivariance analysis. The linear interpolation was based on
triangles of adjacent datum points, which corresponds to the finite-
element modeling used in the inversion procedure.

The simple linear regression Student's t-test was used to evaluate
whether or not the penetration resistance ppr measurement can serve as
an explanatory variable for electrical conductivity σ (inverse electrical
resistivity). We tested the hypotheses of zero slope a and zero intercept
b in the linear formula σ= appr + b.

3. Results

3.1. ERT transects

Some trends can be evaluated from the ERT transects (Figs. A8–
A.10, for convenience displayed in Appendix A) together with in-
formation about the water content in the topsoil during the measure-
ments (last column in Table 1).

The apparent electrical resistivity (ρap) of the transects is displayed
in the topmost panel in Figs. A8– A.10. For transects A_T5 and C_T1
(Figs. A8– A.10) ρap is higher (> 80 Ωm) in the upper 20 cm of the soil
profile. The ρap is generally lower below the first 20 cm of the profile for
transects A_T5 and C_T1. Some areas of higher resistivities are scattered
evenly over the profile below a depth of 20 cm (ρap ∈〈40 − 50〉 Ωm) in
these transects. This suggests a sharper transition between the topsoil
and the subsoil. In transects A_T5 and C_T1 we therefore used the robust
inversion model option, which better captures sharp resistivity transi-
tions. Apparent electrical resistivity ρap exhibits different patterns for
transect B_T1 (Fig. A.9). The highest ρap values are found in the topsoil
but, in comparison with transects A_T5 and C_T1, the decrease of ρap
with depth is more gradual. For this reason, we used the standard
smoothness-constrained inversion model.

The inverted electrical resistivity ρ (second panel in Figs. A8– A.10)
has the highest value in the shallowest part of all profiles, and it shows
the greatest variation (variability is not shown in Figs. A8– A.10 due to
the colour scale). Deeper in the profile, ρ is lower than 60 Ωm in
transects A_T5 and C_T1.

The third and fourth panels in Figs. A8– A.10 show the sensitivity
and the uncertainty of the model. In the case of transects A_T5 and C_T1
(Figs. A8– A.10), the sensitivity of the model is greatest in the upper
30–40 cm of the profile, where the transition between topsoil and
subsoil is located. In transect B_T1, higher sensitivity values are pro-
pagated deeper in the profile to a depth of ca 50 cm. The higher ρ
patterns located at a depth of 60–70 cm in the central area of all
transects exhibit lower sensitivity of the model. Therefore it is not
possible to identify the central areas as a more conductive area or as an
inversion artefact. In transect B_T1, the uncertainty of the model in-
creases rapidly with depth. The uncertainty values are the highest in the
position of the high ρ object located in the central part of transect B_T1
at a depth of 60–90 cm. The uncertainty of the model is difficult to
interpret for transects A_T5 and C_T1 because a robust inversion model
underestimates the uncertainty value (Loke, 2004). Scattered areas of
higher uncertainty are located below the possible topsoil/subsoil tran-
sition (ca 30 cm) for transect A_T5 and for the upper 20–30 cm in
transect C_T1.

The ERT measurements were also conducted under very dry con-
ditions (the topsoil water content was 0.09 cm3/cm3). These data are
not presented here, but the electrical resistivity results exhibited large
errors due to these conditions, especially due to weak contact between
the electrodes and the soil. The penetration test also performed poorly
in this measurement. Although these results are not shown here, it
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should be pointed out that moderate to high water content has to be
reached in order to obtain reliable measurements of this type.

3.2. ERT and soil physical properties (ρbd, n, θ)

Fig. 3 shows the relationship between the electrical resistivity ρ and
the physical properties of the soil. The relations between ρ and bulk
density ρbd are displayed in Fig. 3a; porosity n is displayed in Fig. 3b and
water content θ in Fig. 3c. The negative correlation between ρ and ρbd
corresponds to findings published in the literature (Besson et al., 2004;
Basso et al., 2010; Kowalczyk et al., 2014). The correlation between ρ
and n is positive and it is also as expected. The correlation between ρ
and θ depends on the antecedent weather conditions. Data from
transect A_T are not shown due to missing physical properties data from
the subsoil. The data points for all graphs in Fig. 3 form two clusters,
one cluster of higher ρ (around 150 Ωm) and the second cluster of lower
ρ (around 50 Ωm). Data points belonging to the higher ρ cluster are
located in the topsoil. Data points belonging to the lower ρ cluster are
located in the subsoil and in the plough pan. Two data clusters can be
distinguished for ρ values and also for ρbd values (Fig. 3a). The same
behavior applies for the ρ and n values in Fig. 3b. Two clusters can be
distinguished only for ρ values in Fig. 3c.

3.3. ERT and the penetration resistance

In Fig. 4, we show the electrical resistivity ρ and penetration re-
sistance ppr results for four transects. The selected transects represent
typical ρ ∝ppr behavior.

The ρ values were extracted from the 60 cm wide strip of ten
measured transects, and correspond to the location of the ppr mea-
surements. The location of the ppr measurement along each ERT
transect is depicted in the legend of Fig. 4. Penetrometry allows the ppr
to be captured at a greater number of depths (obtaining finer ob-
servation resolution) than ERT. In Fig. 4, the ppr are linearly approxi-
mated from the two closest ρ measurements. Since the recorded depths
are rather dense in the penetrometry measurement, and because ppr is
already averaged over 5 consecutive measurements, the linear ap-
proximation seems to be justifiable.

Fig. 4 shows that ppr and ρ are almost inversely symmetric. An in-
crease in ppr corresponds to a decrease in ρ. An abrupt increase in ppr at
a certain depth indicates the surface of a plough pan. When the cone of
the penetrologger penetrates through the plough pan, ppr remains
constant or decreases slightly. According to the ppr profiles in Fig. 4a, c
and d, the plough pan emerges at a depth of 20 cm. In transect B_T2
(measured on field 3 where there is a different tillage regime) in Fig. 4b,
a more compacted layer emerges at a depth of 30 cm. We assume that
there is also decreased electrical resistivity in the plough pan for
transects B_T2, C_T1 and D_T1. The lowest values of ρ were deeper than

the corresponding high ppr for transect A_T5. The other measurements
indicated in Table 1 have a similar trend to transects B_T1, C_T1 or D_T1
(transect B_T2) similar to transect A_T5 (transects A_T1, A_T2, A_T3,
A_T4).

When 10 cm electrode spacing was used (Fig. 4c, d), better sym-
metry between electrical resistivity ρ and penetration resistance ppr was
identified (field 1 in Fig. 2). Sufficient symmetry between ρ and ppr was
shown for electrode spacing of 20 cm in field 3 in Fig. 4b.

The correlation between normalized penetration resistance ppr and
electrical conductivity σ(=1/ρ) for all penetrometry data are shown in
Fig. 5. The scattering of the points increases with increasing ppr. How-
ever, if a single transect is under consideration, the relationship appears
to be almost linear, with a certain deflection above or below the 1:1
line. A Student's t-test of the simple linear regression analysis of slope a
and intercept b of the fitted line σ = appr + b for each transect is dis-
played in Table 2 . In terms of the slope, the null hypothesis (the hy-
pothesis that the slope is equal to zero) is not rejected only for transect
A_T5. In terms of intercepts, the null hypothesis (the hypothesis that the
intercept is zero) is rejected, with the exception of profiles A_T5 and
D_T1.

3.4. Semivariograms of ERT results

The spatial soil heterogeneity of a particular layer can be assessed
with the use of a semivariogram. Fig. 7a–d shows the semivariance of
transects A_T5, B_T1, C_T1 and D_T1. The semivariance is shown only to
half the depth of the measured ERT transects to zoom the topmost part
of each transect. The semivariogram exhibits a rapid increase in semi-
variance in dependence on the increase in distance in the uppermost
layer for all profiles. The increase in semivariance becomes more gra-
dual below a depth of 20 cm in transects A_T5, C_T1 and D_T1. A one
order of magnitude decrease in semivariance occurs up to the points at
a distance of 2 m for C_T1 and D_T1. In the case of transect A_T5, the
semivariance below a depth of 20 cm is lowered by 2 orders of mag-
nitude in comparison with the layers above.

Similar behavior is observed for transect B_T1 in Fig. 7b. However,
the semivariance increases more gradually even in the first 20 cm of the
transect.

4. Discussion

ERT was used to measure the electrical resistivity ρ on agricultural
soils. In general, these soils are submitted to intense cultivation of the
topsoil. This causes a distinct nature of the soil structure, and as a result
a distinct ρ is measured in the first tens of centimeters of the soil profile.

The correlation between ρ and the soil physical properties (in Fig. 3)
exhibited two clusters. Higher bulk density ρbd and low porosity n data
points correspond to lower electrical resistivity measurements ρ. These

Fig. 3. Correlation between electrical resistivity (ρ) and the physical properties of soil samples ((a) bulk density (ρbd); (b) porosity (n); (c) volumetric water content (θ)); r stands for
Pearson's correlation coefficient.
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data were collected from the subsoil where the plough pan is formed.
Lower ρbd and higher n data points correspond to higher ρ and all these
data were collected in the topsoil.

Besson et al. (2004) conducted a study where the soil samples were
taken from a known (compacted or non-compacted) location within the
topsoil and the corresponding ρ were compared. In their study, the
decreasing relation between electrical resistivity and bulk density was
less pronounced than in our results. Measurements taken from loose
material exhibited high electrical resistivity ρ and low bulk density ρbd
(Besson et al., 2004). Low ρ and high ρbd were measured in the samples
taken from the compacted clods in Besson et al. (2004). This ρ ∝ρbd
relation corresponds to subsoil measurements in our research. This
leads to the conclusion that the two distinct clusters of points in the ρ
∝ρbd (∼n) plot in Fig. 3a and b indicate the topsoil and the compacted
plough pan, and that the data obtained by ERT reflect the changes in
the physical properties of the soil.

The results for a comparison between electrical resistivity ρ and

penetration resistance ppr (Section 3.3) indicate an agreement between
the quantities and the depth. We assume that ppr reveals the real posi-
tion of the plough pan. A comparison between electrical resistivity and
penetration resistance for transects C_T1 and D_T1 indicated that the
plough pan was at a depth of ca 20 cm, and the shapes of the two
measured curves are inversely symmetric.

The ERT data was measured with shorter electrode spacing (10 cm,
transects C_T1 and D_T1), which led to higher resolution of the elec-
trical resistivity data. The measurements for profile B_T1 indicate that
the plough pan is deeper in the soil profile due to deeper plowing. The
peaks of the ppr and ρmeasurements are at a similar depth. Although the
ppr and ρ profiles are not perfectly inversely symmetric in all cases
(A_T5; Fig. 4a), the depth of the lowest ρ values is very similar along the
transects. In other words, the absolute depth of the plough pan is not
clear in terms of ERT, but the relative change in the depth of the plough
pan along the profile is reasonable in transect A_T5.

The correlations between penetration resistance ppr and electrical

Fig. 4. A comparison between the penetration resistance
measurements (ppr) and the electrical resistivity (ρ) mea-
surements within the selected transects.
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conductivity σ and between penetration resistance ppr and electrical
resistivity ρ shown in Figs. 5 and 6 exhibit visible trends. The Student's
t-test of the linear regression slope and the intercept indicates that σ can

serve as an explanatory variable for ppr (and implicitly as a degree of
compaction identifier). However, the intercept of the regression line
differed from zero with a high level of significance. It may be in conflict
with the physical meaning of this relationship. A zero ppr is assumed to
lead to zero σ when the porosity is equal to one. The inverse relation
(Fig. 6) fulfills this assumption much better, since the asymptotic ap-
proach of ρ towards infinity at zero ppr is observed. The relationship
between ppr and ρ is much stronger than has been suggested in the
literature. In Basso et al. (2010), the correlation between ppr and ρ was
less significant; in Sudha et al. (2009) no correlation was shown; and in
Naderi-Boldaji et al. (2014) the correlation was opposite to our findings
and assumptions. However, different methods were used in the cited
articles to assess the penetration resistance.

Electrical resistivity semivariograms provide evidence about the
conformity or non-conformity of the soil layers. A decrease in semi-
variance in depth and distance indicates spatial uniformity of the sub-
soil. In Fig. 7a, c and d, a more gradual rise in semivariance along the
distance emerges below the identified plough pan. This leads to the
conclusion that the soil structure changes below a certain depth and
becomes more homogeneous. Transect B_T1 in Fig. 7b, which was
measured in a field that is more deeply plowed, exhibits a decrease in
semivariance along the distance above the plough pan. Deeper plowing
disturbed the compacted soil but keeps the soil relatively homogeneous.
The decrease in the variability of the electrical resistivity was observed
by Séger et al. (2009) with the use of 3D ERT, where the hemisphere
effect is lower than for 2D measurements.

5. Conclusions

Measurements of electrical resistivity, mechanical penetration re-
sistance and the physical properties of undisturbed soil samples were

Fig. 5. Correlation between normalized penetration resistance (ppr) and electrical con-
ductivity (σ).

Table 2
Results of Student's t-test of the linear regression analysis; σ = appr + b.

Transect b a P-value b P-value a

A_T1 0.471 0.371 <0.001 <0.001
A_T2 0.459 0.464 <0.001 <0.001
A_T3 0.409 0.445 <0.001 <0.001
A_T4 0.291 0.567 <0.001 <0.001
A_T5 0.256 0.469 0.032 0.012
B_T1 0.38 0.682 <0.001 <0.001
B_T2 0.429 0.501 <0.001 <0.001
C_T1 0.222 0.939 <0.001 <0.001
D_T1 −0.083 1.196 0.15 <0.001

Fig. 6. Correlation between normalized penetration resistance (ppr) and electrical re-
sistivity (ρ).

Fig. 7. Semivariograms of the electrical resistivity in transects A_T5, B_T1, C_T1 and
D_T1. Figure represents the series of semivariograms in various depths (Y-axis). Each
semivariogram was calculated separately for ca 1–2 cm thick slice of soil. The value of
semivariance for every soil layer and the lag distance (X-axis) is represented by the colour
scale. The lag distance is the spatial distance between pairs of datum points along each
transect. The semivariance is shown in a logarithmic scale.
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Fig. A.8. The results of the ERT transect A_T5; at the topmost panel are measured apparent electrical resistivities, at the second panel are depicted inverted electrical resistivities, at the
third panel is the model sensitivity and at the bottommost panel is depicted the uncertainty of the model.

Fig. A.9. The results of the ERT transect B_T1; at the topmost panel are measured apparent electrical resistivities, at the second panel are depicted inverted electrical resistivities, at the
third panel is the model sensitivity and at the bottommost panel is depicted the uncertainty of the model.
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performed in order to assess the presence and the spatial uniformity of
the plough pan along 10 transects in a small agricultural catchment in
the central part of the Czech Republic. The measurements showed
clearly that the plough pan is present in the soil profiles of the catch-
ment in two distinctly tilled fields. According to the semivariance cal-
culated from the electrical resistivity data, the plough pan exhibits a
certain spatial variability, but the spatial variability of the topsoil is
higher by one or two orders of magnitude. This leads to the conclusion
that the plough pan is macroscopically uniform along the 2D transects.

We have demonstrated that the ERT technique is a useful tool for
making a qualitative assessment of the spatial characteristics of the
plough pan in cultivated fields. However, the success of this approach is
dependent on the current saturation state of the soil, and on suitable

electrode spacing according to the depth of the topsoil. Based on our
findings, the water saturation should not be lower than field capacity.
The electrode spacing is recommended to be approximately half of the
expected depth of the plough pan. This is inhered from used ERT array.
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Abstract

We introduce the freely available web-based Water in an Agricultural Landscape—

NUčice Database (WALNUD) dataset that includes both hydrological and meteorologi-

cal records at the Nučice experimental catchment (0.53 km2), which is representative

of an intensively farmed landscape in the Czech Republic. The Nučice experimental

catchment was established in 2011 for the observation of rainfall–runoff processes,

soil erosion processes, and water balance of a cultivated landscape. The average

altitude is 401 m a.s.l., the mean land slope is 3.9%, and the climate is humid conti-

nental (mean annual temperature 7.9�C, annual precipitation 630 mm). The catch-

ment is drained by an artificially straightened stream and consists of three fields

covering over 95% of the area which are managed by two different farmers. The

typical crops are winter wheat, rapeseed, and alfalfa. The installed equipment

includes a standard meteorological station, several rain gauges distributed across

the basin, and a flume with an H-type facing that is used to monitor stream dis-

charge, water turbidity, and basic water quality indicators. Additionally, the ground-

water level and soil water content at various depths near the stream are recorded.

Recently, large-scale soil moisture monitoring efforts have been introduced with

the installation of two cosmic-ray neutron sensors for soil moisture monitoring.

The datasets consist of observed variables (e.g. measured precipitation, air temper-

ature, stream discharge, and soil moisture) and are available online for public use.

The cross-seasonal, open access datasets at this small-scale agricultural catchment

will benefit not only hydrologists but also local farmers.

K E YWORD S

agricultural catchment, hydrological modelling, hydrology, soil moisture

1 | DATA SET NAME

Water in an Agricultural Landscape—Nučice Database (WULNUD).

2 | SITE DESCRIPTION

The Nučice experimental catchment was established in 2011 with the

main aim to study the water balance of cultivated fields and

associated rainfall–runoff and soil erosion processes. The catchment

is 0.531 km2 and located 30 km east of Prague in an agricultural land-

scape in the Central Bohemian Region, Czech Republic (catchment

outlet location: 49�57049.23000N, 14�52013.24200E) (Figure 1). The

morphology, climatic conditions, and agricultural management are rep-

resentative of farmlands of the Czech Republic. The area belongs to

the moderately hilly Bohemian Massif, the catchment has an average

altitude of 401 m a.s.l. and slopes ranging from 1 to 12%. The climate

is humid continental with average annual precipitation of 630 mm
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from 1975 to 2015, mean annual potential evapotranspiration

between 500 and 550 mm, and mean annual air temperature of 7.9�C

(Hanel et al., 2013). The catchment is drained by a 950 m long, narrow

stream which begins as a subsurface drainage pipe in the uppermost

field. The channel has a trapezoidal cross-section that is 0.6 m wide at

the stream bed with an average depth of 1.5 m (Zumr et al., 2017).

The area of the catchment is almost exclusively covered by arable

land. Less than 5% of the area consists of the stream, paved roads,

and shrublands. The fields are tilled to the edge of the stream banks;

grass strips are not present. Therefore, the surface runoff and eroded

soil may enter the stream without significant transformation in a ripar-

ian zone. The catchment is divided into three parcels which have

existed since 2000 (Noreika et al., 2020). The standard crop rotation

is dominated by winter wheat (Triticum aestivum L.), rapeseed (Brassica

napus), summer oats (Avena sativa), and alfalfa (Medicago sativa).

The soils are developed on Palaeozoic conglomerate and are clas-

sified as Haplic Luvisols and Cambisols. The soil texture is considered

sandy loam (9% clay, 58% silt, and 33% sand, on average; Zumr

et al., 2019). Several geophysical surveys using electrical resistivity

tomography (ERT) have been conducted to capture the degree of

homogeneity/heterogeneity present in the plough pan and to deter-

mine the depth of the bedrock (Jeřábek et al., 2017). Based on geo-

physical monitoring and a geological borehole survey conducted at a

close by location, the bedrock ranges in depth from 6 to 20 m. The

soil is tilled to approximately 12 cm and below the tilled topsoil there

is a compacted plough pan with low hydraulic conductivity that ranges

between 10−8 m/s and 2.3. 10−7 m/s (Zumr et al., 2015).

The catchment often exhibits dry conditions during the summer

and the baseflow recorded at the catchment outlet declines to

0–0.2 L/s, while in winter and early spring the baseflow is around 4 L/s.

The average annual runoff coefficient is 1%. The runoff coefficient is

low since the ground water level is usually below the water level in

the stream, some water leaves the catchment as unmonitored ground-

water flow (Noreika et al., 2020; Zumr et al., 2015). Runoff exhibits a

threshold response to rainfall. Based on the measured rainfall–runoff

data, we have identified a rather scattered rainfall–runoff relationship

with a strong dependence of the runoff on the actual topsoil satura-

tion. Different runoff pathways and runoff mechanisms have been

observed. Once the soil moisture conditions are below a certain

threshold value, the magnitude of the stormflow is not correlated to

rainfall total (Zumr et al., 2015). Therefore, the shallow topsoil and its

water holding capacity play a significant role in runoff generation. As

the topsoil becomes saturated over a large part of the catchment,

water is quickly routed via surface (especially through the compacted

wheel tracks in the slope wise direction) and shallow subsurface run-

off processes towards the drainage channel. Even though the channel

F IGURE 1 Overview of the Nučice catchment: (a) catchment location, (b) catchment overview, (c) view from the lower part of the catchment,
and (d) view from the upper part of the catchment
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is straight and short, it has a high retention capacity and the flood

wave peaks during runoff events are attenuated. The channel serves

as a trap for eroded sediment during the summer months due to

dense instream vegetation (Zumr et al., 2017).

3 | WATER IN AN AGRICULTURAL
LANDSCAPE—NUČ ICE DATABASE

The catchment is equipped with instrumentation for basic meteoro-

logical, hydrological, and hydropedological monitoring. Most of the

variables are recorded at 5-min intervals. As the experimental

catchment does not belong to the World Meteorological Organiza-

tion (WMO) nor the Czech Meteorological Institute monitoring net-

works, the monitoring scheme does not strictly follow WMO

standards. A detailed description of the equipment, including

sensor accuracies and calibration frequencies, is listed in Appendix

(Table A1).

Discharge is monitored at two locations in the stream. Firstly, in

the culvert below the upper field; a pressure probe is installed for

water depth monitoring and the discharge is calculated based on the

circular culvert free-flow discharge relationships, which has been

recalibrated during flood wave experiments in 2013, 2014, and 2020

(Zumr et al., 2017) when known discharge (ranging between 2 and

40 L/s) was flowing through the culvert. Secondly, at the catchment

outlet there is a flume with an H-type facing with a capacity of

400 L/s that is serially connected to a triangular overflow Thomson

weir (90� V-notch) installed approximately 5 m further downstream

with a capacity of 5 L/s. The water level is measured in both the flume

with the H-type facing and the V-notch weir independently. This

setup allows us to measure both high discharge (with the flume with

H-type facing) and low discharge (with the Thomson weir), since each

F IGURE 2 Time series plots for
observation data in 2014:
(a) precipitation at Rain_1, (b) air
temperature at Rain_1,
(c) evapotranspiration at Rain_1,
(d) stream runoff at the outlet, and (e) soil
moisture dynamic at SWC_1
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has the best accuracy at their respective discharge ranges. The water

level is measured by pressure transducers (LMP307, BD Sensors,

Czech Republic, accuracy = ±0.1%) and a sonic distance sensor

(SR50A, Campbell Sci., UK, accuracy = ±10 mm) in the flume with H-

type facing. Stream water temperature, electrical conductivity

(CS547A, Campbell Sci., accuracy = ±5%), and turbidity (VisoTurb

700 IQ, WTW, Germany, accuracy = ±0.1 mg/L) are also recorded.

The meteorological station records air temperature, relative humidity

(CS215, Campbell Sci., UK, accuracy = ±0.4�C, RH ±2%), wind speed

and direction (03002, R. M. Young, accuracy = ±0.5 m/s, ±5�), and net

radiation (NR Lite 2, Kipp & Zonen, accuracy = ±10 μV W−1 m−2). The

groundwater level is monitored hourly via three 5 m deep piezometers

(water level monitored with pressure transducers LMP307, BD Sen-

sors, accuracy = ±2 mm for GWL_1, ±2.5 mm for GWL_2 and

GWL_3). The soil water regime is monitored at two points by water

content reflectometers (CS650, Campbell Sci., accuracy = ±1%) at

depths between 10 and 60 cm. Two cosmic-rays neutron sensors

(Cosmic-Ray Neutron Detector System, StyX Neutronica,

accuracy = ±6%; Bogena et al., 2013) are installed in the catchment

for larger scale topsoil water content estimation (Figure 1).

Three rain gauges (Rain_1–Rain_3; tipping buckets with 0.1 mm

resolution) are distributed across the catchment (Figure 1). Rainfall

observations near the catchment outlet (Rain_1) have been measured

with an MR3-01s tipping bucket rain gauge (Meteoservis, Czech

Republic) and recorded with a CR1000 datalogger (Campbel Sci., UK)

at a 5-min resolution since 2013 while the rain gauge (RAIN-OMATIC

PRO, Pronamic ApS, Denmark) in the upper field (Rain_2) began

recording data at the end of 2019. The Rain_3 gauge was installed

during autumn 2020 (during the datanote preparation) and its data

will be regularly (every 6 months) added to the database with the rest

of the data. All of the precipitation records in the dataset have been

post-processed for quality control assurance (to exclude extreme

values caused by measurement errors). The air temperature has been

recorded every 10 min simultaneously at the same locations as precip-

itation intensity: near the outlet (Rain_1) since 2013 and at the Rain_2

station from 2019. The dataset contains temperature data including

daily minimums, averages, and maximums at both stations. Daily net

radiation, mean daily wind speed, maximal/minimal daily tempera-

tures, and relative air humidity are also measured at Rain_1. Addition-

ally, daily reference evapotranspiration (ETo) is calculated based on

the data recorded at location Rain_1. ETo is calculated according to

the FAO methodology (Allan et al., 1998), where ETo is expressed in

terms of the Penman–Monteith ET equation calculated for grass as a

reference crop.

For the hydrological data, the stream discharge in the dataset

includes the measured discharge at the catchment outlet since the

end of 2013. Quality control of the runoff data (removal of extreme

values caused by measurement errors) was implemented, and the

runoff was saved at a 10-min time resolution. Based on the runoff

observations, one or two peak flows usually happen in the summer

after intensive summer storms. In addition, the measurement errors

of runoff have often occurred during the winter due to the sensor

failure caused by ice cover in the flume (Figure 2). Moreover, the

dataset contains temporal soil moisture records from two points:

F IGURE 3 Soil moisture
dynamics during winter at
SWC_2: (a) boxplot of the soil
moisture content at six depths,
(b) time series of soil moisture
dynamics
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one is located near the outlet (SWC_1; at three depths from 10 to

40 cm) since the end of 2013, the other is close to the powerline

(SWC_2; at six depths from 10 to 60 cm) since the end of 2019

(Figure 1). In general, the soil moisture dynamics (especially the top-

soil) are behaviorally similar to the runoff variation (Figure 2). The

soil moisture in the uppermost layer has a higher degree of fluctua-

tion when compared to the deeper layers (Figure 3). To summarize

the data and provide a more comprehensive perspective of the

observations for each year, we have included metadata and annual

reports in the dataset. However, since more devices have been

deployed at the catchment recently, the dataset will be updated

every 6 months with the observed data also from the newly

deployed devices.

4 | APPLICATION

4.1 | Application of the data

The hydrometeorological dataset in Nučice has been primarily used

for the investigation of hydrological responses under the impacts of

agricultural activities. Zumr et al. (2015) shows that based on the

rainfall–runoff event analysis, the subsurface runoff dominated the

storm runoff generation. The topsoil physical properties (bulk den-

sity, porosity) exhibited expected changes with topsoil consolidation

during a growing season. However, the unsaturated hydraulic con-

ductivity showed inconsistent trends in subsequent growing seasons

(Zumr et al., 2019). The data have also been used to calibrate and

validate a hydrological model in the Soil and Water Assessment Tool

(SWAT) to conduct scenario analysis to determine the effects of

crop changes on in-basin water balance (Gómez et al., 2020; Noreika

et al., 2020).

5 | CONTRIBUTORS AND DATA
OWNERSHIP

Several people, including Master of Science and PhD students, have

been involved in the sensor installations, maintenance, fieldwork,

and experiments. Tomáš Dostál initiated the establishment of the

experimental catchment. The environmental data have been col-

lected primarily by David Zumr (2012–2020), Jakub Jeřábek

(2015–2020), and Tailin Li (2019–2020). Nina Noreika analysed and

proofread data for the annual reports and the data note. The

research at the Nučice experimental catchment would not be possi-

ble without the support of the local farmers Mr Kopecký and Mr

Morávek. Czech Technical University in Prague has full ownership of

the dataset.
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Hanel, M., Mrkvičková, M., Máca, P., Vizina, A., & Pech, P. (2013). Evalua-

tion of simple statistical downscaling methods for monthly regional cli-

mate model simulations with respect to the estimated changes in

runoff in the Czech Republic. Water Resources Management: An Inter-

national Journal, Published for the European Water Resources Association

(EWRA), 27(15), 5261–5279.
Jeřábek, J., Zumr, D., & Dostál, T. (2017). Identifying the plough pan posi-

tion on cultivated soils by measurements of electrical resistivity and

penetration resistance. Soil and Tillage Research, 174, 231–240.
https://doi.org/10.1016/j.still.2017.07.008

Noreika, N., Li, T., Zumr, D., Krasa, J., Dostal, T., & Srinivasan, R. (2020).

Farm-scale biofuel crop adoption and its effects on in-basin water bal-

ance. Sustainability, 12(24), 10596. https://doi.org/10.3390/

su122410596

Zumr, D., Dostál, T., & Devátý, J. (2015). Identification of prevailing storm

runoff generation mechanisms in an intensively cultivated catchment.

Journal of Hydrology and Hydromechanics, 63(3), 246–254. https://doi.
org/10.1515/johh-2015-0022

LI ET AL. 5 of 9

120

https://orcid.org/0000-0002-9648-3347
https://orcid.org/0000-0002-9648-3347
http://www.fao.org/3/x0490e/x0490e00.htm
https://doi.org/10.1002/wrcr.20463
https://doi.org/10.1002/wrcr.20463
https://doi.org/10.1016/j.iswcr.2020.01.001
https://doi.org/10.1016/j.iswcr.2020.01.001
https://doi.org/10.1016/j.still.2017.07.008
https://doi.org/10.3390/su122410596
https://doi.org/10.3390/su122410596
https://doi.org/10.1515/johh-2015-0022
https://doi.org/10.1515/johh-2015-0022


Zumr, D., Dostál, T., Devátý, J., Valenta, P., Rosendorf, P., Eder, A., &

Strauss, P. (2017). Experimental determination of the flood wave trans-

formation and the sediment resuspension in a small regulated stream in

an agricultural catchment. Hydrology and Earth System Sciences, 21(11),

5681–5691. https://doi.org/10.5194/hess-21-5681-2017
Zumr, D., Jeřábek, J., Klípa, V., Dohnal, M., & Sněhota, M. (2019). Estimates
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Hydrological Processes. 2021;35:e14042. https://doi.org/10.

1002/hyp.14042

6 of 9 LI ET AL.

121

https://doi.org/10.5194/hess-21-5681-2017
https://doi.org/10.3390/w11040740
https://doi.org/10.1002/hyp.14042
https://doi.org/10.1002/hyp.14042


A
P
P
E
N
D
IX

A

T
A
B
L
E
A
1

Li
st

o
f
se
ns
o
rs

in
th
e
N
uč
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3. INTERACTION OF WATER WITH EARTH STRUCTURES 

Attached research articles: 

 

− Zumr, D., Dostál, T., Devátý, J., Valenta, P., Rosendorf, P., Eder A., & Strauss, P. (2017). Experimental 

determination of the flood wave transformation and the sediment resuspension in a small regulated 

stream in an agricultural catchment. Hydrology and Earth System Sciences, 21(11). 

https://doi.org/10.5194/hess-21-5681-2017 

Once runoff water enters the drainage channels, it causes a flood wave which has enough kinetic 

energy to carry a bedload of sediment. As Zumr et al. (2015) showed, during some rainfall runoff 

events, only the bedload material was mobilized and nearly no eroded particles entered the stream 

from the adjected fields. The research question was therefore to estimate the quantity and distance 

that stream sediment can travel during floods. The translocation regime of the bedload sediment was 

experimentally evaluated based on in total six artificially generated waves. The experiments were 

carried out under different conditions of stream vegetation. It was shown that even small waves 

mobilize the sediment, though the travel distance is quite short. Instream vegetation significantly 

influences the sediment runoff regime.  

 

− Zumr, D., & Císlerová, M. (2010). Soil moisture dynamics in levees during flood events variably 

saturated approach. Journal of Hydrology and Hydromechanics, 58(1). 

https://doi.org/10.2478/v10098-010-0007-z 

The soil water regime within the earth made water retaining bodies, such as dams or embankments, 

is of great importance when evaluating water seepage, internal soil erosion or piping due to rapidly 

percolating water, or slope stability. The soil water regime of the dam is traditionally evaluated using 

the Darcy law, which serves to estimate the depression cone of the saturated zone. In this study, we 

used more complex two-dimensional Richards equation to simulate the regime during filling and 

emptying of a levee. Therefore, we were able to simulate the saturated-unsaturated character of soil 

water dynamics within earth-filled dams.  

125
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− Zumr, D., David, V., Jeřábek, J., Noreika, N., & Krása, J. (2020). Monitoring of the soil moisture regime 

of an earth-filled dam by means of electrical resistance tomography, close range photogrammetry, 

and thermal imaging. Environmental Earth Sciences, 79(12). https://doi.org/10.1007/s12665-020-

09052-w 

Synergic approach of implementation of several techniques to noninvasively estimate water seepage 

pathways through an earth dam. Combination of remote sensing (unmanned aerial vehicle (UAV) 

thermal imaging), close range photogrammetry, and electrical resistivity tomography allowed to 

identify potential water seepage. The UAV monitoring system provided reliable data for a surface 

temperature distribution map that corresponded well to the topsoil water content and electrical 

resistivity. 
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5682 D. Zumr et al.: Experimental determination of the flood wave transformation

the processes related to the suspended sediment dynamics in
the closing profiles are therefore of fundamental importance
for an assessment of the sediment budget and the transport of
dissolved or absorbed substances in the catchment (Walling,
2005). However, even physically based mathematical models
of soil erosion assume that the sediment transported through
water courses originates from a recent (or current) rainfall–
runoff event. Similarly, traditional experiments and soil ero-
sion monitoring usually rely on measurements of the sedi-
ment yield at the catchment outlet, assuming that the mea-
sured sediment yield originates on the hillslopes. If any re-
tention in the channel is expected, no resuspension is then
assumed, and this affects the total sediment budget. Minella
et al. (2008) point out that the transport capacity of the chan-
nel may increase, and that the stream bed sediment is eas-
ily mobilized during runoff events with no eroded sediment
from the catchment. Zumr et al. (2015) and also Musolff et
al. (2015) show that a quick runoff response with no soil ero-
sion on the fields is very commonly observed on cultivated
catchments where subsurface runoff or tile drains are the
dominant controls. The resuspension regime of the stream
bed sediment and the connected nutrient transport depend on
the characteristics of the stream, the hydrograph of the flood
wave and the actual conditions of the channel (Peterson and
Benning, 2013).

The sources of the suspended sediments recorded at the
catchment outlet also vary due to seasonally varying veg-
etation (Hearne et al., 1994). The development of aquatic
macrophytes limits the discharge capacity of the channels.
Keesstra et al. (2012) evaluated the effect of temporary vari-
able vegetation cover within the natural and semi-natural
headwater channels and the stream riparian zone on wa-
ter and sediment transport. On the basis of numerical mod-
elling, they concluded that vegetation affects resuspension
especially during high-flow conditions in streams that are not
sediment supply limited. Similarly, Huisman et al. (2013)
showed that the previously suspended sediment is mobi-
lized during the later parts of the year. In spring the re-
cently eroded sediment is quickly flushed downstream. Shore
et al. (2015) showed that in the case of well-trained chan-
nels there is greater potential for fast sediment transporta-
tion downstream. However, this is not necessarily the rule in
sparsely maintained and over-vegetated channels, where the
sediment retention capacity is not negligible.

The key questions that we will address in this paper are as
follows.

– Can well-trained and well-regulated stream channels act
as a temporal sediment trap and sediment source due to
the resuspension of sediments deposited from previous
erosion events?

– How does the flood wave transformation regime and the
suspended solids remobilization regime change within
one season as a consequence of various instream vege-
tation and baseflow conditions?

– How does the resuspended sediment concentration and
the mass movement change in the event of repeated
short flood waves?

To answer these questions, we initiated two sets of three
small artificial floods into a typical drainage channel in the
rural landscape of central Bohemia, Czech Republic. The ex-
periments were performed recurrently in September and in
March, when the channel vegetation, the baseflow, and the
channel saturation differ most.

2 Methods

2.1 Site description

The experiments were performed in the stream which
drains the Nučice rural experimental catchment, Czech Re-
public (Fig. 1). The Nučice catchment (49◦57′49.230′′ N,
14◦52′13.242′′ E) was established in 2011 with the main pur-
pose to monitor and study the rainfall–runoff and soil erosion
processes by water originating from intensive rainfall over
cultivated fields (Zumr et al., 2015).

The catchment (0.531 km2) is located at elevations rang-
ing from 382 to 417 m a.s.l. The inclination of the slopes
varies between 1 and 12 %, the average slope being 3.9 %.
The annual average precipitation is 630 mm, and the an-
nual evapotranspiration is 500 mm. The mean air tempera-
ture is 6 ◦C, and the climate is considered as humid conti-
nental. The catchment is unique with its very uniform land
use. More than 95 % of the area is arable land, while the re-
maining parts are the watercourse, riparian trees and shrubs,
and paved roads. There are no forests, grassland, or urban-
ized areas. The arable land is cultivated down to the stream
banks, and conservation tillage is practised. The usual crops
are winter wheat (Triticum aestivum L.), mustard (Sinapis
alba L.), and rapeseed (Brassica napus). The soil types are
classified as Cambisols and Luvisols. The topsoil has loamy
texture with content of 13 % clay, 42 % silt, and 45 % sand.
The average annual topsoil saturated hydraulic conductivity
is 4.8× 10−7 m s−1, and the mean organic carbon content is
1.9 %.

The Nučice catchment is drained by an artificially trained
narrow stream, which has been piped in the uppermost part.
The channel was modified into its current form in the 1950s,
with the aim to decrease the groundwater level and to pre-
vent inundation of the fields. The piped section is 530 m in
length, and the open channel down to the outlet profile of the
experimental catchment extends to 424 m. The straight, deep
channel is in direct contact with the surrounding fields. The
riparian vegetation is only sparse.

The channel has a trapezoid profile which is 0.6 m in width
at the stream bed, and the slope of the banks is 1 : 2. The
stream bed and footslopes up to 0.3 m are stabilized with con-
crete tiles. There are two culverts on the stream. One is 56 m
from the start of the open channel, and it is 0.8 m in inner
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Figure 4. Hydrographs of flood propagation along the monitored stream in the Nučice catchment. The different dynamics in September
(W1–W3) and March (W4–W6) are caused by the current state of the stream and the vegetation conditions.

Figure 5. Measured outflow rates and the concentration of suspended solids in the Nučice catchment outlet during experiments conducted in
September 2012 (a) and in March 2013 (b). The sediment mobility in September was limited by the lower peak discharge rates due to high
vegetation density and dry initial conditions.

tance and period of time, as was also observed by Exner-
Kittridge et al. (2016).

The time lags in the B profile already differed. Wave
W1 arrived after almost 20 min. Waves W2 and W3 were
faster, and appeared 15 min after pumping began. The peak
discharge also increased, with subsequent waves starting at
12.8 L s−1 for W1 and reaching 19.6 L s−1 for W3. The dif-
ference between the arrival times of W1 and W3 in the C
profile was also 5 min, and the maximum flow rate increased
from 12.3 L s−1 (W1) to 19.6 L s−1 (W3). The volume of
water that reached the closing profile was 9.8 m3 for W1,
13.7 m3 for W2 and 14.8 m3 for W3. Within W1, only 69 %
of the pumped water was recovered in the C profile. For W2
and W3, the recovery rate was 90 %.

The wave celerity along the stream was calculated accord-
ing to the wave arrival time, which we defined as the time of
the first rise of the hydrograph (Table 2). The average wave
celerity for W1 was 0.20 m s−1, for W2 it was 0.23 m s−1,
and for W3 the celerity was 0.24 m s−1. The water flow ve-
locity was calculated on the basis of the time of arrival of the
tracer. The tracer was always detected later than the rise in
the hydrograph (Fig. 5). The mean water flow velocity was
0.15 m s−1.

The hydrographs of waves W3–W6 are very similar to
each other, and the time lags differ by less than 1 min. The
waves approached profile A after 3 min, profile B after 9 min,
and profile C after 16 min. The peak discharge values ob-
served in the individual profiles were also similar, but the
last wave, W6, reached slightly higher values. The average
peak discharge of W4 to W6 in profile A was 32.5 L s−1, in
profile B the peak discharge was 29.3 L s−1, and in profile C
the peak discharge was 26.5 L s−1. The initial pumped water
volume was 85 % recovered in the C profile in all the March
experiments, which is similar to the results for waves W2
and W3 (in the September experiment). The waves propa-
gated with average celerity of 0.44 m s−1, which is twice the
velocity of the September waves.

For each flood wave, the simulated flow hydrograph at the
downstream end was compared with the measured discharge
data (Fig. 6). The accuracy of the fit was evaluated by com-
paring two characteristic parameters – the time and the dis-
charge at the wave peak. Manning’s hydraulic roughness was
used as the calibration parameter, separately for the Septem-
ber scenario and for the March scenario.
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Table 2. Hydrograph characteristics. n/a: data not available.

Wave no. Profile Time of first Peak Duration of limb Volume (m3) Wave celerity Wave velocity

arrival (mm:ss) discharge (L s−1) time (mm:ss) rising falling (m s−1) (m s−1)

W1 A 04:53 30.9 09:00 04:07 26:10 14.2 0.23 n/a
B 19:53 12.8 23:25 03:32 40:00 9.9 0.19 n/a
C 34:35 12.3 40:35 06:00 40:00 9.8 0.22 n/a

W2 A 04:22 29.9 10:00 05:38 31:50 16.0 0.25 n/a
B 17:13 16.9 20:40 03:27 45:00 12.9 0.22 0.13
C 31:29 17.7 34:29 03:00 47:00 13.7 0.22 0.15

W3 A 04:12 36.3 07:55 06:43 28:45 16.4 0.26 n/a
B 15:00 19.6 08:32 03:32 44:28 15.8 0.26 n/a
C 29:40 19.6 33:40 04:00 44:00 14.8 0.22 n/a

W4 A 3:08 28.4 4:55 1:47 27:30 14.6 0.35 n/a
B 8:36 27.9 11:14 2:38 35:30 14.5 0.45 n/a
C 16:28 22.8 19:23 2:55 41:00 13.3 0.43 n/a

W5 A 3:15 31.8 5:24 2:09 27:00 16.3 0.34 0.09
B 9:14 27.8 12:35 3:21 33:00 14.1 0.42 0.19
C 16:45 27.2 20:20 3:35 44:00 14.5 0.42 0.14

W6 A 2:51 37.2 8:06 5:15 28:30 16.3 0.39 n/a
B 8:54 32.2 13:00 4:06 32:30 16.2 0.44 n/a
C 15:58 29.6 18:33 2:35 44:00 14.1 0.44 n/a

Figure 6. Comparison of the flood wave characteristics measured at
the gauging profile and simulated by HEC-RAS.

Table 3. Water and sediment budget as measured at the gauging
stations (profile C).

Wave no. Inflow Outflow Cumulative sediment
volume volume mass at the

(m3) (m3) outlet (kg)

W1 14.2 9.8 (69 %) 18.2
W2 16.0 13.7 (86 %) 13.8
W3 16.4 14.8 (90 %) 9.6
W4 15.7 13.3 (85 %) 48.5
W5 17.2 14.5 (84 %) 45.3
W6 16.4 14.1 (86 %) 30.7

Figure 7. The approach of the W4 wave front at stationing of 400 m.
The times (hh:mm:ss) stand for the duration from the start of the
experiment.

3.2 Sediment regime

The total amount of sediment released during the September
experimental campaign was 41.6 kg, and during the March
experimental campaign the amount was 124.5 kg. Assum-
ing regular initial distribution and uniform release of the
sediment, this represents 0.10 kg m−1 of the channel for the
September campaign and 0.29 kg m−1 of the channel for the
March campaign.

The maximum suspended solids concentration in pro-
file A, with a value of 9 g L−1, was observed at the moment
when W1 and W4 were approaching (Fig. 7). The minimum
peak concentration of 1.7 g L−1 was reached for wave W3. In
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profile C, the peak sediment concentration reached 7.5 g L−1

and dropped to 3.9 g L−1 for waves W2 and 3.7 g L−1 for
wave W3. The total sediment mass that passed the catchment
outlet was 18.2 kg during the first wave, 13.8 kg during W2,
and 9.6 kg during W3.

The amount of carried sediment measured at site C de-
creased from 48.5 to 30.7 kg between waves W4 and W6.
The peak concentration of suspended solids in profile C
reached close to 8 g L−1 for W5 and 5 g L−1 for W6.

4 Discussion

4.1 A comparison with the results from a natural
catchment

The set-up of our experiment was based on a study made by
Eder et al. (2014), who carried out two flushing experiments
in a natural stream in the HOAL experimental catchment in
Austria (Blöschl et al., 2016). The catchment is similar in
size, climate, soils, and management to the Nučice catch-
ment. The HOAL stream meanders through a forested belt.
The monitored length is 590 m, with an average slope of
2.4 %. The stream cross section is irregular, and the chan-
nel width varies from 0.6 to 1.0 m. The longitudinal slope
is relatively homogeneous over the whole monitored length,
with the exception of the initial 90 m, which are significantly
steeper. Our experimental section had a convex course, with
the slope gradually increasing from 2.3 % in the first section
of ca. 70 m to 3.3 % in the last section ca. 200 m in length
(nearly half of the length of the total monitored course).

The HOAL experiments were carried out in August 2011
on 2 days separated from each other by a gap of approxi-
mately 1 week. The volume of pumped water was 17 m3, and
the wave propagation was monitored on three observation
sites. The two recurrent waves had a very similar character.
The average celerity was 0.22 m s−1, which corresponds very
well with the celerity measured in our experiment in summer
conditions (waves W1–W3), and reached about 50 % celerity
in comparison to our experiment in March (waves W4–W6).
The amount of water recovered in the closing profile was 79
and 75 % of the pumped volume, which is comparable with
Nučice experiments W1 to W3. However, the wave trans-
formation in HOAL was extreme, and the peak discharges
were reduced from 57 to 8.7 L s−1 and 7.9 L s−1 at the out-
let profile. This is due to lowering of the longitudinal pro-
file, and probably also due to higher surface roughness of
the natural stream channel. In the HOAL experiments, only
7.0 and 7.7 kg of suspended solids were recorded, which is
only about 50 % of the amounts of sediment for the Nučice
catchment in September conditions, and 15 % of the amounts
of sediment for the Nučice catchment in March. Both the
HOAL experiment and the Nučice experiment resulted in
major stream bed sediment mobilization during the rising
limb of the hydrograph. A similar sediment regime in chan-

nels has also been observed during large flood events on other
streams (Guan et al., 2015). A comparison of the measured
hydrographs and the physical and geometrical characteris-
tics of the stream channels shows that, for the HOAL exper-
iment, there is an extremely high flood wave transformation,
with relatively low retention. This is partly due to the de-
creasing longitudinal slope of the river bed, and partly due to
the higher surface roughness of the natural stream channel. It
shows that the transport capacity of the generated waves was
exceeded and the amount of transported sediment decreases
along the monitored course. In the Nučice experiment, the
flood wave transformation was considerably lower. However,
we observed relatively significant water retention in the first
experiment in September (see the section in the Results refer-
ring to mathematical hydraulic modelling). We conclude that
the transport capacity of the flood wave was exceeded dur-
ing the HOAL experiment, and detached sediment from up-
per, steeper parts of the experimental course was redeposited
downstream, as in most of the natural streams monitored by
Naden et al. (2016). By contrast, during our experiment in
Nučice, the transport capacity of the flood waves was not
reached, either in September or March. The sediment con-
centrations and also the fluxes therefore increased continu-
ously throughout the section.

4.2 Stream potential for sediment trapping

We have to keep in mind that the artificial flood waves used
in this experiment were relatively small in volume and of
short duration. Based on the monitoring of the natural runoff
events, we estimate that the minimum time needed for com-
plete bedload sediment removal with comparable discharge
is in the range of 10–24 h (Zumr et al., 2015). Although
the amount of sediment transported by the waves decreased
within each set of experiments, there was still enough sedi-
ment left in the channel that could be released if there were
to be a larger wave. The clockwise hysteresis of the sedi-
ment concentration–discharge relation suggests that the sed-
iment originates from nearby. Similar results were observed,
for example, by Molder et al. (2015) and Seeger et al. (2004).
The amount of resuspended sediment was significantly lower
in summer conditions. We relate this to the particular condi-
tions in the channel with dense erect vegetation and dry con-
ditions, which led to storage of a considerable proportion of
the water.

Significant changes in surface roughness, which also affect
this process, may be documented by mathematical modelling
of the movement of the wave through the experimental sec-
tion using a 1-D hydraulic model.

These processes, though with reverse trends exhibiting a
decrease in the amount of resuspended sediment over sec-
tions downstream, due to very different stream channel char-
acteristics, have also been confirmed by the similar HOAL
experiment, performed by Eder et al. (2014). The results
clearly show the potential of even well-trained channels with-
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out visible signs of sediment accumulation to release sedi-
ment during flood events.

The experiments showed that a well-trained stream can act
both as a trap and as a sediment source. However, the hy-
draulic characteristics of the flood wave and the physical and
geometrical characteristics of the channel will be crucial for
indicating whether deposition or remobilization will occur in
a given section and during a given event.

4.3 Temporal variability of sediment resuspension

All the sedigraphs show similar behaviour (Fig. 5). The sed-
iment concentration increases rapidly immediately after the
arrival of the wave. The highest sediment concentration is
always directly measured at the wave front, and does not
necessarily correspond to the peak discharge. After culmi-
nation of the wave, the concentration of the sediment also
decreases. The highest sediment concentration peak was ob-
served when waves W1 and W4 were approaching, i.e. in
the initial experiment of each campaign. We relate this to the
fine-textured sediment that had been deposited in the stream
during previous events. Our initial assumption was that most
of the solid particles move only a short distance, because of
low water velocity and short wave duration. Only the finest
particles would be mobile enough to travel longer distances.
However, our experiment showed that while the discharges
decreased along experimental sections A to C, the sediment
concentration increased (see Tables 2, 3 and Fig. 4). This
suggests that the transport capacity of the stream had not
been reached, even for lower discharges at the outlet point,
and at least fine-textured soil particles were resuspended and
transported over the whole observed section of the stream
channel. To test this assumption, we estimated the maximum
clear water transport capacity during the observed flow ac-
cording to the simple transport capacity equation proposed
by Govers (1990). The transport capacity of the peak flow
was 990 g L−1, which greatly exceeds the measured values.
The sediment concentration behaviour during waves W2 to
W6 was similar (Fig. 5).

The remobilized sediment mass was two to three times
higher in March than in September. We relate this to higher
water velocity, as a result of which heavier particles con-
tribute to the recorded amount, due to the higher transport
capacity. It is not technically possible to measure the total
initial mass of the sediment in the stream, and we can only
make an estimate on the basis of previous runoff events that
the conditions in September and March were similar, and
were close to a quasi-steady state for the stream. In both
cases, the last antecedent erosion event had taken place more
than 2 months before the experiment, followed by at least
one runoff event when no soil erosion was recorded and the
discharge was above 5 L s−1.

The experiments confirmed our assumption that vegetation
development is a crucial parameter that affects flood wave
retention and propagation, as well as the sediment dynamics.

Contrasting vegetation conditions are documented by Fig. 3 –
fully erect well-developed dense vegetation in the September
set of experiments (W1–W3) vs. no erect vegetation in the
March set of experiments (W4–W6).

The general behaviour of the sediment transport during
both sets of experiments (September conditions vs. March
conditions) is the same, since the bedload sediment is avail-
able throughout the year. In both cases, it decreases event
by event, but the sediment load increases along the sections.
The general difference between the resuspension in fully-
developed vegetation (September) vs. the March conditions
is 2.7 times higher for the first event and 3.2 times higher for
the second and third events, as regards total transported sed-
iment. As regards sediment concentrations, the peak values
were the same for the first events and ca. 50 % for the second
and third events. Well-developed vegetation therefore signif-
icantly increased the trapping capacity of the stream channel
(Keesstra et al., 2012).

The flood waves propagate differently in September and in
March. While in September the successive waves speed up,
in March the wave velocities are very similar for all experi-
ments. When we compare the speed of flood propagation in a
vegetated channel and in an empty channel, the March waves
propagate twice as fast, and reach a 30 % higher peak dis-
charge. The reason is twofold: (i) there is higher vegetation
resistance in September, and (ii) there is higher baseflow and
therefore a greater difference between the water velocity and
the wave celerity in March. The volume of water recovered
on site C is slightly larger during the March experiments.
It should be noted that in reality the general summer and
winter regime may vary because of variable rainfall patterns
and catchment conditions (Buendia et al., 2016; Walling and
Amos, 1999).

There is a significant water loss in the case of wave W1,
which was released into an almost empty channel with dry
stream banks (Table 1). Because of water exfiltration, in-
terception on the vegetation, and filling of the streambed
depressions along the 424 m long channel, the water loss
reached 31 %. During all other experiments, including W4,
the water loss was only 10–15 %.

A comparison of the simulated hydrographs and the mea-
sured hydrographs is presented in Fig. 6. It can be stated that
the numerical simulations mimic the monitored hydrographs,
and the effect of the vegetation seems to be a correct assump-
tion. In the simulation of the September experiments, very
high Manning roughness values (n= 0.20) were reached,
while in March the optimized Manning n was equal to 0.12.
The values fit well into the common ranges for sparsely veg-
etated and densely vegetated streams published, for example,
by Luhar et al. (2008) and by Vereecken et al. (2006).
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5 Conclusion

Our paper has presented the methodology for an artificial
flood experiment conducted on an experimental agricultural
catchment, and the results of the experiment. Three succes-
sive flood waves, each with an approximate volume of 17 m3,
were released into the upper part of the drainage channel. The
aim was to monitor the transformation of the flood wave and
the sediment transport within the channel.

On the basis of our results, we concluded that even well-
trained and straight channels trap sediment, which can be
mobilized by subsequent small floods.

The resuspension regime depends on the current condi-
tions of the stream and the instream vegetation, and therefore
changes significantly in the course of a year. The sediment
moves quickly in winter and early spring, but in the later part
of the year the channel serves as a sediment trap and the re-
suspension is slower, if dense vegetation is present.

The resuspension regime and the sediment loads within the
succeeding small flood waves do not change considerably.
The artificial waves that we initiated do not have sufficient
magnitude to flush the bedload sediment out from the entire
channel.
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Fiala for their great help during the experiments. This research was
prepared within the framework of Czech Science Foundation post-
doctoral project GP13-20388P, Ministry of Agriculture projects
NAZV QJ1230056 and QJ1530181, and ÖAD WTZ Mobility
project no. CZ18/2016 – 7AMB16AT002.

Edited by: Patricia Saco
Reviewed by: two anonymous referees

References
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Growing occurrence of extreme floods in the Czech Republic has attracted attention to the security of 
protective earthfill embankments along the rivers. A suddenly increased amount of water on the waterside 
slope of the embankment may have destroying or even catastrophic consequences. Predictions of seepage 
patterns through the earth body are usually done considering the saturated flow beneath the free water level 
only, neglecting the saturated-unsaturated character of the soil water dynamics within earthfill dams. 

The importance of water dynamics within an earth dam is known and may be addressed using numerical 
simulation models. In this study the solution based on transient simulation of seepage through protection 
levee using saturated-unsaturated theory is presented. Simulations were carried out by a two-dimensional 
numerical model based on Richards’ equation for water flow in porous medium. 

It has been shown that proposed approach is, with certain limitations, suitable for large scale engineering 
applications. 
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Vyšší pravděpodobnost výskytu extrémních klimatických jevů obrací pozornost k ochraně před následky, 

které tyto jevy způsobují. Zájem se soustředí na protipovodňové ochranné zemní hráze a jejich bezpečnost 
při povodních. Výpočet průsaku zemními hrázemi se často omezuje pouze na tu část hráze, která byla plně 
nasycená vodou, to znamená na plně nasycené proudění. Tento způsob modelování průsaku je dodnes 
považován za standardní, přestože je velmi limitující. Bez zahrnutí nenasycené části tělesa hráze je 
zanedbán vliv časově i prostorově proměnlivého pole vlhkostí (např. při infiltraci vody ze srážky) na polohu 
hladiny. 

V naší studii je simulováno proudění v tělese hráze s použitím numerického modelu, který umožňuje 
řešit proudění vody v proměnlivě nasyceném heterogenním pórovitém prostředí, s obecnými okrajovými 
podmínkami. 

Výsledky potvrdily, že přístup, který uvažuje proudění i v nenasycené části hráze, lze k řešení průsaků 
zemními tělesy úspěšně využít. 

 
KLÍČOVÁ SLOVA: záplavy, protipovodňová hráz, sypaná zemní hráz, nenasycená půda, vadózní zóna, 
modelování průsaku, vodní režim půd, Richardsova rovnice. 

 
Introduction 
 

Extreme floods represent an increased risk for 
urban areas, infrastructure, industrial structures and 
agriculture. Since the river embankments, polders 
and dams are often the only flood control measure, 
the safety of protective structures has attracted in-
creased attention. 

Time to time, the protective barriers along the 
rivers are destroyed by a suddenly increased 
amount of water with destructive or even catastro-
phic consequences (Rinaldi, Casagli, 1999). The 
most frequent causes of failures are overtopping, 
internal erosion, erosion of the banks and settling of 
the structure. Heavy rainfalls and rapid rise of water 
also cause wetting of unsaturated region in the up-
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per part of the structure which often ends up with 
slope failures.  

Despite of today’s advanced mathematical and 
computational capabilities, the predictions of seep-
age patterns are usually based merely on considera-
tion of steady-state saturated zone beneath the 
phreatic surface. This assumption, even with intro-
duction of finite element methods, is not accurate 
enough for fine grained soils. The key problem lies 
in determination of the position of phreatic surface 
in transient simulations, when water table level 
dramatically changes during extreme floods (Chen, 
Zhang, 2006). Generally, the seepage analysis be-
longs to the basic geotechnical problems which are 
related to seepage failures, contamination of ground 
water, slope stability issues, foundations and design 
of earthfill structures.  

The first authors, who considered unsaturated 
hydraulic properties of soils for transient seepage 
analysis of earth dams, were Freeze (1971) and 
Neuman (1972). The inclusion of unsaturated zone 
in the modelling of seepage has practical conse-
quences for engineering problems. Actual soil 
moisture conditions in vadose zone influence the 
position of water table, especially on fine grained 
soils (Szilagyi, 2004). This effect is significant for 
example in water regime of clay cores in earthfill 
dams or layered soil profiles (Starnaud, 1995). The 
flood events are commonly accompanied with 
heavy or long lasting rainfalls which may lead to 
saturation of the top soil at the surface of a dam 
body.  

The permeability and shear strength of each soil 
vary with the degree of saturation. Thus saturated 
and nearly saturated conditions may cause reduc-
tion of stability of slopes, dams and earth dikes. 
Schmertmann (2006) provides a general engineer-
ing screening procedure to estimate the slope stabil-
ity risk induced by atmospheric conditions such as 
rainfalls and droughts. Finite element hydrome-
chanical numerical models are already being used 
in the river embankment stability studies (Rinaldi, 
Casagli, 1999; Dapporto et al., 2001; Pham, Fred-
lund, 2003), the earth dam seepage (Freeze, 1971; 
Thieu, 2000; Chen, Zhang, 2006) or the landslides 
simulations (Wilkinson et al., 2002; Gerscovich et 
al., 2006). 

The aim of this study is to simulate the water dy-
namics in saturated and unsaturated zones of an 
arbitrary homogeneous earthfill dam during a flood 
event. A simple case was chosen. Any other more 
realistic dam structures (e.g. including clay core or 
material heterogeneities of any kind) may be simu-

lated as well. The soil moisture propagation 
through a vertical cross section of the earth body 
during the flood event is simulated using the latest 
version of the numerical two-dimensional simula-
tion model SWMS II (Vogel, 1987), the code S2D 
(Vogel et al., 2000). 
 
Theory 
 

The saturated-unsaturated soil water fluxes in a 
continuum of soil, air and water at the scale of rep-
resentative elementary volume are being calculated 
according to Richards’ flow equation. The equation 
is based on Darcy-Buckingham’s law and continu-
ity equation. Richard’s equation for nearly laminar 
flow in variably saturated rigid porous media with 
incompressible water and continuous air phase with 
inclusion of root water uptake can be written as 
(Šimůnek et al., 2006): 
 

( ) [ ( )]A A
ij iz

i j

θ h hC h K K K S
t t x x

∂ ∂ ∂ ∂
= = +

∂ ∂ ∂ ∂
− , (1) 

 

where θ is the volumetric water content [L3 L-3], h – 
the pressure head [L], C – the moisture capacity 
(dθ/dh) [L-1], t – the time [T], xi (i = 1,2) – the spa-
tial coordinates [L], K – the unsaturated hydraulic 
conductivity function [LT-1], Kij

A – components of a 
dimensionless anisotropy tensor KA and S is a sink 
term for root water extraction [T-1].  

The assumption of the air phase continuity has 
not to be always fulfilled when the soils are nearly 
saturated (Sněhota, 2003; Sněhota et al., 2008). 
Nevertheless, already Freeze (1971) showed that 
for simulation of seepage, when one is more inter-
ested in water fluxes than in air movement, inclu-
sion of no more than the water phase is adequate 
and Eq. (1) may be used. 

To solve transient flow problems we need to in-
troduce relations between soil water content and 
pressure head (retention curve) and pressure head 
and hydraulic conductivity (hydraulic conductivity 
function). Both functions, called soil hydraulic 
characteristics, are commonly described by a set of 
parametric equations (van Genuchten (1980) and 
Mualem (1976)). Eq. (1) is a parabolic partial dif-
ferential equation with highly nonlinear physical 
relationship between water content, pressure head 
and hydraulic conductivity, therefore is impossible 
to be solved analytically.  

In the applied simulation model S2D a modifica-
tion of retention curve is implemented (Vogel et al., 
2001): 
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in which Se is the effective soil water content, θr 
and θs – the residual and the saturated water con-
tents [L3 L-3], θm – the extrapolated fictitious pa-
rameter [L3 L-3] to allow non-zero air entry value hs 
[L], α [L-1], the retention curve parameter m is 
equal to 1 – 1/n where n > 1. Ks is the saturated 
hydraulic conductivity [L T-1] and Kr – the relative 
hydraulic conductivity function. 

The solution of Eq. (1) requires known initial 
distribution of the pressure head within the flow 
domain: 
 

0( ) (h x,z,t h x,z= )

)

 for  t = 0.      (7) 
 

Two types of conditions were used to describe 
system independent interactions at the flow 
boundaries along the flow region (Vogel et al., 
2004). These conditions are specified pressure head 
(Dirichlet type) boundary conditions in form: 
 

( ) ψ (h x,z,t x,z,t= for (x,z)  ∈ΓD      (8) 
 

and specified the flux (Neumann type) boundary 
conditions given by: 
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where ΓD and ΓN indicate Dirichlet and Neumann 
boundary segments, Ψ [L], σ1 [L T-1] are prescribed 

functions of x, z, and t, ni – the components of the 
outward unit vector normal to boundary ΓN. 

S2D code numerically solves Richards’ equation 
for saturated-unsaturated water flow. The numerical 
solution is based on Galerkin linear finite element 
method applied on a triangular elements mesh. The 
time derivatives are approximated by finite differ-
ences using a fully implicit approximation for both 
saturated and unsaturated conditions. The time step 
is adjusted automatically during the simulation to 
ensure stability and fulfilment of mass balance (Vo-
gel, 1987). The solution of the Richards equation 
gives the information about macroscopic spatio-
temporal distribution of water content, pore pres-
sures and water fluxes within the flow domain. 
 
 

Material and methods 
 
 

To illustrate the suitability of the numerical code 
and the saturated-unsaturated approach, we ran a 
numerical study to show the effect of a flood wave 
on water dynamics of protection embankment and 
its underlying subsoil. The simulation was per-
formed by numerical model S2D (Vogel et al., 
2000; Dušek et al., 2008). 

The subject of the study is a protective homoge-
neous levee made of loamy-clay soil. The structure 
is founded on loamy top soil, which covers a deep 
layer of permeable sandy soil (see Fig. 1). The top 
of the dam is 2 m above terrain and 2.7 m above 
normal river water level, the width of the dam at the 
base is 12 m. The waterside slope is 3 : 1, the land-
side slope is 2.5 : 1. There is a drain pipe beyond 
the toe of the dam. A draining ditch, which is often 
built up along the drain pipe, is not considered. The 
part behind the dam is enlarged to incorporate also 
the region where the possible upward flow caused 
by the flood event could take place. We consider no 
sealing layer at the contact with the river bed and 
the waterside slope.  

The arrangement of soil horizons is typical for 
fluvial plains along lower parts of river basins. 
There the thick permeable alluvial layers are usu-
ally covered by the less permeable thin top soils. 
The top soil horizon serves as a natural anti-
percolation barrier and so offers the convenient 
material for foundation of a dam (Říha, 2006). Un-
fortunately, especially in urban areas, the top layer 
is often spatially heterogeneous and may lead to 
preferential flow and preferential seepage below the 
dams. We do not consider preferential flow in this 
study. 
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Fig. 1 Drawing of the simulated domain (in cm). Dashed lines stand for three homogeneous soil materials. 
Obr. 1. Nákres modelované oblasti (v cm). Přerušované čáry vyznačují tři odlišné materiály. 
 
T a b l e  1.  Parameters of soil hydraulic characteristics. 
T a b u l k a  1.  Hydraulické charakteristiky. 
 

 Texture θr θs θm α [cm-1] n Ks [cm d-1] 
Earth dam body loamy – clay 0.095 0.41 0.415 0.019 1.31 6.24 
A horizon – loamy 
sediments loamy 0.078 0.43 0.435 0.036 1.56 24.96 

B horizon – perme-
able alluvial layer sandy – loam 0.065 0.41 0.415 0.075 1.89 106.1 

 
The finite-element mesh was created with AR-

GUS ONE mesh generator. The triangular element 
mesh is composed of 45225 nodes and 89095 ele-
ments. The finite element mesh is finer (order of 
centimetres) at the waterside slope, where steep 
wetting front develops. The appropriate soil hy-
draulic characteristics of particular soil materials 
were taken from UNSODA database, the parame-
ters are given in Tab. 1. Values of θm were assumed 
slightly higher than saturated water contents to 
incorporate air entry value (Vogel et al., 2001). 

The propagation of the flood wave was simulated 
as a time-dependent pressure head boundary condi-
tion (Dirichlet type) prescribed at the waterside 
slope of the dam. The boundary nodes below the 
water level had given pressure head corresponding 
to the actual water level (Eq. (8)). The boundary 
conditions above the actual water level were as-
sumed as no flow boundary (Neumann type, Eq. 
(9)). In this scenario we do not consider any rainfall 
or evapotranspiration, the both can be easily im-
plemented in future simulations. The river water 
level position during the uprising and dropping 
stages were simplified by stepwise pressure func-
tion (13 steps, see Fig. 2). The simulated flood 

event lasts eight days, the maximum water level 
upraise was 240 cm at the flood wave peak. The 
shape of the wave (together with simulated course 
of water amount in the dam body) is on Fig. 2. Al-
though the increase of the water level at the water-
side slope is stepwise, the water flow within the 
simulated domain is transient. 

To the landside slope terrain behind the dam and 
to the drain the seepage boundary condition was 
assigned. This condition assumes zero flux when 
the nodes at the boundary are under unsaturated 
conditions and zero pressure head during periods of 
full saturation. Zero flux boundary condition is 
prescribed to the remaining boundaries. We assume 
that the right edge of the domain is in a sufficient 
distance not to influence flow in the area of interest. 

Initial condition (at the moment of the flood 
start) is prescribed as the equilibrium pressure field 
corresponding to the river water level position at   
80 cm. 

 
Results 
 

The results of the simulation are shown in Figs. 
3, 4  and 5. It  can  be  noticed  that the groundwater 
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Fig. 2. Water level graph and the course of the volume of water in the levee. Asterix line shows the step approximation which was 
used as the input into the simulation model. Letters A to E correspond with marking in Figs. 3 and 4.  
Obr. 2. Průběh hladiny na vodním líci ochranné hráze a objem vody v tělese hráze. 
 
level (GWL) directly behind the toe of the dam 
increases by approximately  40 cm and continues to 
the drain pipe. For a given flood, GWL does not 
rise up to the surface behind the dam (this conclu-
sion does not need to hold for longer lasting flood-
ing). 

During the flood event, which culminated on the 
third day at the water level of 320 cm (see Fig. 2), 

the 5.5 m3 of water was infiltrated per one length 
meter of the dam body. The maximum volume of 
water in the levee was four days after the beginning 
of the flood, when the water level in the river was 
already falling down (see Fig. 2). 
 

 

 
 

A 

B 

C 

D 

E 

Fig. 3. Distributions of simulated pressure heads (cm) in particular times of the flood event A) 0; B) 1,6 days; C) 2,5 days; D) 4 
days and E) 8 days after the beginning of the water level increase. The black solid line represents a phreatic surface.  
Obr. 3. Rozložení modelovaných tlakových výšek (cm) v reakci na povodňovou vlnu. Černá čára vyznačuje hladinu podzemní 
vody. 
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Fig. 4. Distributions of simulated soil water content in particular times of the flood event A) 0; B) 1.6 days; C) 2.5 days; D) 4 days 
and E) 8 days after the beginning of the water level increase.  
Obr. 4. Rozložení modelovaných vlhkostí v reakci na povodňovou vlnu. 
 
 

 
 
Fig. 5. Simulated field of horizontal velocities (in cm/d) at 2.5 days. The maximum velocities are reached in saturated permeable B 
horizon and at the wetting front. 
Obr. 5. Modelované pole rychlostí proudění vody v horizontálním směru (cm/d). 
 

In the Figs. 3 and 4 the simulated distribution of 
soil water pressure and water content in five se-
lected stages of the flood event are presented. The 
A part of the figures corresponds to the initial state 
at the start of the flood, the B part shows the state 
during the flood rise, C stands for the flood peak, D 
for the maximum water volume in the dam struc-
ture when the level in the river is already decreas-
ing, and E is the state when water in the river is 
back at the initial state. The steady state conditions 

(the same as at the beginning of the simulation) are 
reached after approximately 40 days (not shown 
here).  

Fig. 5 shows horizontal water flow velocities 
when the river water level was at its peak. At this 
moment the highest values of flow rates occure. In 
the saturated permeable sandy loam horizon the 
velocities reached the values of 20 cm d-1. The ve-
locities at the water front are lower because of 
lower permeability of the particular soil considered 
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to form the dam body. Even these magnitudes 
might be still significant for the potential waterside 
bank erosion. 
 
Conclusions 
 

Two-dimensional transient infiltration and seep-
age through the vertical cross section of the model 
protection embankment was simulated using varia-
bly saturated flow theory. The evolution of wetting 
front was expressed by means of pore-water pres-
sure contours in different times. It has been shown 
that the proposed approach is not only a theoretical 
exercise, but it is a suitable procedure to be used in 
engineering applications.  

Nonlinearity of Richard’s equation is demanding 
in terms of computing time, hardware and experi-
ence. Input data for hydraulic characteristics are in 
most cases difficult and time consuming to obtain. 
Stability of the numerical solution is strongly de-
pendent on proper design of finite element mesh, 
minimum allowed time increments in time discreti-
zation and detailed description of the flood wave 
formation. In any case, the presented methodology 
has still a strong potential to increase accuracy of 
the results of simulations in many real world appli-
cations, especially in those where fine grained soils 
are involved. 

The transient simulations do result in a different 
velocity fields than the steady-state simulations. 
The steady-state approach cannot take into account 
the dynamics of water at the shallow layer of the 
dam slopes and at the wetting front. With increas-
ing permeability of soil material the flux rates at the 
water front might become crucial. In contrast, the 
extreme flux rates in the permeable alluvial horizon 
are of the same magnitude as if they were simulated 
with a steady state approach. The transient ap-
proach provides the information not only about 
spatial but also temporal distribution of the critical 
velocities. 

The simulation can be used for the design of 
earthfill structures with respect to different types of 
hydraulic failures. In the case of levees the most 
probable failures result from internal erosion and 
piping. The safety analysis may be done by com-
paring the simulated pore pressures and hydraulic 
gradients with the estimated critical values (Frank 
et al., 2004). The hydraulic gradients are not the 
direct outputs of the S2D model, but can be easily 
calculated from the velocities matrix. Values of 
velocity vectors at any node are available. 

The simulation model S2D is suitable for engi-
neering applications related to the earth dams due 
to its ability to describe the saturated and unsatu-
rated flow complexly. As Freeze (1971) states, the 
failure to exclude unsaturated zone in transient 
analyses can lead to the results that are in error. 
Identifying the proper critical scenarios, the results 
of simulations using the model S2D may also help 
in designing of safe flood control dams or in evalu-
ating reasons of possible failures to prevent future 
disasters.  

The study is a part of the broader research with 
the aim to find out a methodology to simulate hy-
drological and soil mechanical behaviour of small 
earth dams and river embankments during extreme 
events. We also plan to propose a scheme for het-
erogeneity assessment of earth bodies based on 
geophysical tools to be able to incorporate the het-
erogeneity and preferential pathways into numerical 
simulations. 
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DYNAMIKA VODNÍHO REŽIMU V TĚLESE  
OCHRANNÉ HRÁZE BĚHEM POVODNĚ  
S UVÁŽENÍM NENASYCENÉHO PROUDĚNÍ 
 
David Zumr, Milena Císlerová 
 

Vyšší pravděpodobnost výskytu extrémních klimatic-
kých jevů obrací pozornost k ochraně před následky, 
které tyto jevy způsobují. Zájem se soustředí na protipo-
vodňové ochranné zemní hráze a jejich bezpečnost při 
povodních. Výpočet průsaku zemními hrázemi se často 
omezuje pouze na tu část hráze, která byla plně nasycená 
vodou, to znamená na plně nasycené proudění. Tento 
způsob modelování průsaku je dodnes považován za 
standardní, přestože je velmi limitující. Na význam ne-
nasycené zóny na průběh průsaků hrází a na dynamiku 
tlakových poměrů uvnitř tělesa hráze upozornila celá 
řada autorů (např. Freeze, 1971; Dapporto et al., 2001). 
Zahrnutí nenasycené zóny je velmi důležité zejména u 
jemnozrnných, málo propustných zemin, ze kterých jsou 
často budována jádra zemních hrází. Bez zahrnutí nena-
sycené části tělesa hráze je zanedbán vliv časově i pros-
torově proměnlivého pole vlhkostí (např. při infiltraci 
vody ze srážky) na polohu hladiny. 

V naší studii je simulováno proudění v tělese hráze     
s použitím numerického modelu, který umožňuje řešit 
proudění vody v proměnlivě nasyceném heterogenním 
pórovitém prostředí, s obecnými okrajovými podmínka-
mi. Pro ilustraci použitelnosti přístupu byla zvolena 
geologická skladba vrstev podloží typická pro údolní 
nivy dolních tratí větších toků, tak jak ji popisuje napřík-
lad Říha (2006). Jedná se o mocné vrstvy velmi propust-
ných sedimentů, které jsou překryty vrstvami málo pro-
pustných povodňových hlín (obr. 1). 

Průběh povodňové vlny byl simulován pomocí pro-
měnlivé okrajové podmínky na návodním líci hráze. 
Okrajová podmínka byla v zatopené části definována 
jako předepsaná tlaková výška (Dirichletova podmínka), 
která se skokově měnila podle aktuální výšky zatopení 
(obr. 2). Nezatopené části návodního líce byla přiřazena 
atmosférická okrajová podmínka (Neumanova). Na hor-
ním okraji hráze byla nastavena atmosférická okrajová 
podmínka, za hrází a v patě hráze výronová plocha. Tok 
dnem i horizontální tok podložím byly uvažovány jako 
nulové. Bylo simulováno celkem čtyřicet dní, během 
simulovaného období nebyly uvažovány žádné srážky 
ani výpar. Pro řešení byl použit simulační model 
S_2D_DUAL (Vogel et al., 2000), který využívá metody 
konečných elementů pro prostorovou diskretizaci a ko-
nečných diferencí pro diskretizaci času. 

Výsledky simulace jsou na obr. 3, 4 a 5. Během po-
vodně, která kulminovala ve třetím dni na stavu 320 cm, 
bylo do tělesa hráze infiltrováno přes 5,5 m3 vody na 
metr šířky hráze. Nejvíce vody bylo v hrázi čtyři dny po 
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začátku povodně, kdy hladina v korytu řeky již klesala 
(obr. 2). 

Dynamika infiltrace vody do tělesa hráze a do podloží 
je ilustrována na obr. 3 a 4. Obr. 3 vyjadřuje rozložení 
tlakových výšek ve vybraných časech, na obr. 4 jsou 
odpovídající aktuální vlhkosti. Případ (a) odpovídá počá-
tečnímu ustálenému stavu, (b) stavu během vzestupu 
hladiny, (c) kulminaci povodňové vlny, (d) maximální-
mu objemu zadržené vody v tělese hráze a (e) stavu po 
opadnutí vlny. 

Výsledky potvrdily, že přístup, který uvažuje proudě-
ní i v nenasycené části hráze, lze k řešení průsaků zem-
ními tělesy úspěšně využít při aplikacích, které vyžadují 
podrobnou znalost vodního režimu i v nenasycené zóně. 
Jedná se například o zjišťování tlaků vody v pórech 
během sycení a prázdnění zemních hrází pro posuzování 
stability těles, modelování vývoje vlhkosti jílových jader 
v nehomogenních hrázích při nízkých nebo nulových 
stavech v nádrži, kdy hrozí nebezpečí vzniku puklin 
vlivem vysušení. Model dovoluje testovat vliv různého 
počátečního nasysení ochranných hrází nebo hrází pol-
drů a vliv infiltrace dešťové vody. 
 
 
 

Seznam symbolů 
 
θ – objemová vlhkost [L3 L-3], 
h – tlaková výška [L], 
C – vlhkostní kapacita [L-1], 
t – čas [T], 
xi (i = 1, 2) – prostorové souřadnice [L],  
K – nenasycená hydraulická vodivost [L T-1], 
Kij

A – složky tenzoru anisotropie,  
S – propadový člen pro odběr vody kořenovou zónou 

[T-1], 
Se – stupeň nasycení, 
θr – residuální vlhkost [L3 L-3], 
θs – nasycená vlhkost [L3 L-3], 
θm – parametr modifikované retenční křivky [L3 L-3],  
hs – vstupní hodnota vzduchu [L], 
α – parametr retenční křivky podle van Genuchtena 

[L-1], 
m – parametr retenční křivky podle van Genuchtena, 
n – parametr retenční křivky podle van Genuchtena,  
Ks – nasycená hydraulická vodivost [L T-1], 
Kr – funkce relativní hydraulické vodivosti, 
ΓD – Dirichletova okrajová podmínka, 
ΓN – Neumannova okrajová podmínka, 
Ψ, σ1 – předepsané funkce  [L], [L T-1]. 
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Abstract
Small earthen dams usually lack a detailed monitoring system that would provide high-resolution data concerning changes 
in seepage flow. Geophysical methods and remote sensing are useful techniques for non-destructive and non-invasive inves-
tigation of subsurface processes. We have utilized a combination of electrical resistivity tomography (ERT), close range 
photogrammetry, and unmanned aerial vehicle (UAV) thermal imaging techniques to detect specific superficial and internal 
structures of a historical earth-filled dam. Longitudinal and transversal profiles of a typical fishpond dam in the Czech 
Republic were measured. The dam was constructed during the fifteenth century, but has since gone through some minor 
reconstruction. The aims of the applied geophysical methods are to detect and localize the boundary of the dam foundation, 
new earth material from reconstruction, the cone of water depression, the reservoir’s outlet location, potential internal ero-
sion, cavities, and heterogeneity in water content pattern and any other anomalies. The primary results show that ERT is 
suitable to detect dam stratification and large anomalies. The UAV monitoring system provided reliable data for a surface 
temperature distribution map which corresponded well to topsoil water content and electrical resistivity.

Keywords Earth-filled dam · Electrical resistance tomography · Geophysics · Unmanned aerial vehicle · Infrared spectra · 
Fishpond

Introduction

Throughout the Czech Republic, there is a network of 
earthen-dammed fishponds that provides both historic and 
touristic value, some of these structures date back 1000 years 
(Pokorná et al. 2014). The presence of these ponds and dams 
creates an interesting opportunity to apply various water and 
landscape conservation techniques, as they are typically 
protected by numerous cultural and environmental policies. 
Due to the protected status of these dams, it is imperative to 
preserve their integrity; first, to protect the local, historical 
tradition of fish farming that dates back to the 1100s AD and 
second, to avoid dam failure to protect the downstream area.

Many of the fishpond dams in the Czech Republic are his-
torical, built in a time before current techniques were applied 

and regulations were enforced. When compared to modern 
dams, many of these historical dams are lacking in their 
material quality, overall design, and degree of soil compac-
tion and consolidation making any engineering intervention 
rather complicated if a seepage or stability issue were to 
arise. The original outlets were typically constructed from 
wood and have since either degraded or become clogged, 
additionally, there is rarely any documentation concerning 
a dam’s foundational design and material composition and 
many have been reinforced, repaired, or elevated over the 
years.

There are many threats to the soundness of old earth-
filled dams—overtopping, uneven settling, tampering 
from rodents, etc. One of the common causes of failure is 
increased seepage due to internal erosion (Singh and Scar-
latos 1988; Lawton et al. 1992; Panthulu et al. 2001; Rich-
ards and Reddy 2007; Zhang et al. 2009; Beneš et al. 2011; 
Morales-Nápoles et al. 2014). The internal erosion of poorly 
compacted soil can lead to “piping events” via fine sediment 
loss through the development of preferential pathways and 
can occur at any location of the dam’s body. The severity 
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of such piping events can be influenced by many factors 
including: dam material (homogeneity and composition), 
dam geometry, percolating water velocity, and erodibility of 
the soils used (Omofunmi et al. 2017) and these factors are 
amplified by rapid changes in reservoir water levels (Zumr 
and Císlerová 2010).

There are two main classifications of techniques to moni-
tor the internal structure of a dam: invasive and non-inva-
sive. Since the earthen dam in this study is historical and 
protected, the use of invasive techniques (e.g., boreholes, 
sensor installation, extensive sampling) is not feasible, so 
non-invasive monitoring techniques are necessary. A combi-
nation of different methods of modern geophysical surveying 
has become a popular option for this monitoring purpose as 
these surveys are relatively quick and inexpensive to conduct 
(Beneš et al. 2011; Perri et al. 2014). Current examples of 
these non-invasive surveying methods include: electrical 
resistivity tomography (ERT) (Cho et al. 2014; Lin et al. 
2014; Arosio et al. 2017; Sentenac et al. 2017), ground pene-
trating radar (GPR) (Kim et al. 2007), electromagnetic meth-
ods (Sungkono et al. 2014), and seismic surveys (Karl et al. 
2011). Although most of these techniques were originally 
developed for the survey of geological formations and deep 
soil horizons, GPR and ERT have been shown to be effective 
for shallow surveys as well (Zumr et al. 2012; Jeřábek et al. 
2017; Guo et al. 2020).

Remote sensing and photogrammetry are very simple 
and useful non-invasive surface monitoring approaches. A 
precise surface model of the dam is necessary to map and 
display the internally monitored parameters. Close range 
photogrammetry and laser scanning provide very detailed 
digital surface models (DSM) with sub-millimeter accuracy 
that can aid in the monitoring of a soil’s surface and the 
calculation of erosion rill volumes and surface roughness 
parameters (Peter Heng et al. 2010; Báčová and Krása 2016). 
The monitoring of such volumetric changes can help detect 
potential dam movements. A thermal imagery map of an 
area may be useful in dam monitoring efforts; significant 
variation in a dam’s temperature (indicating variations in 
soil water content) can indicate possible failure areas (Chen 
et al. 2018). Unmanned aerial vehicles (UAVs or drones) are 
most commonly used to acquire data in these photogram-
metry techniques.

Non-invasive monitoring techniques have been used in 
case studies of more recently constructed earthen dams (Al-
Fares 2011; Hasani et al. 2013; Lin et al. 2013). No stud-
ies found have surveyed dams that are ~500 years old; the 
challenge with surveying such structures is the lack of data 
available for ground truthing results with pre-dammed geo-
logical data, so it is necessary to employ multiple techniques 
to cross-reference the survey findings.

Due to the various influences on the structural integrity 
of fishpond dams and in the face of climate change (with the 

expectation of more extreme weather events), it is important 
to assess the applicability of different non-invasive tech-
niques available for active monitoring, in addition to regular 
visual inspections. The purposes of this study are threefold: 
(1) to detect faults, voids, and/or piping events within the 
structure of the dam, (2) to determine if any of the outlined 
techniques are able to distinguish between original and 
reconstructed portions of the dam along with the locations of 
any technical structures (like the reservoir outlet), and (3) to 
compare the outputs from close range photogrammetry and 
remote sensing with the electrical resistivity tomography 
surveys. The manuscript presents a comparison of the above-
mentioned non-invasive monitoring techniques to determine 
if there is a synergistic solution to historical earthen dam 
surveying using a combination of these techniques. It also 
presents the various factors that must be considered when 
employing such techniques. It is considered that a non-inva-
sive dam monitoring protocol would be valuable to water-
shed managers, engineers, and stakeholders to determine 
when dam maintenance is necessary.

Materials and methods

Study site

The surveys took place on a homogeneous earth-filled dam 
that creates the historical fishpond, Podviňák (constructed in 
the fifteenth century), located 30 km east of Prague in cen-
tral Bohemia, Czech Republic (dam’s crest GPS coordinates: 
50.0604683 N, 14.8486778 E; 50.0599311 N, 14.8506947 
E; altitude 217 m a.s.l.). The dam is 165 m long and the 
height at the reservoir’s outlet is 3.7 m. Its trapezoidal cross-
section is 7 m wide at the top, the upstream area is reinforced 
by a 1.8 m stone wall, and its downstream slope has an incli-
nation of 1:5 (Fig. 1).

The Podviňák fishpond was selected for this study 
because of the historical age and the relative robustness of 
data available due to recent reconstruction. Prior to 2002, 
this fishpond was excessively silted and the owner, also 
being concerned about the dam’s safety, initiated a reser-
voir de-siltation and dam reconstruction project using the 
sediment that had been deposited in the reservoir for dam 
enlargement. Prior to reconstruction, the crest’s width was 
approximately 4 m and after reconstruction, the crest was 
widened to its current width of 7 m and the downstream 
slope was elongated.

Electrical resistance tomography

The geophysical survey was completed in November 2017 
when the reservoir was empty. The antecedent monthly rain-
fall recorded by a nearby meteorological station was 45 mm 
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(slightly below the regional long-term average), there was 
no rainfall 7 days prior to the survey. The air temperature on 
the day of the measurement was greater than the long-term 
average and reached 14 °C.

The electrical resistivity tomography (ERT) surveys (in 
longitudinal and transversal directions) were conducted to 
obtain the electrical resistivity distribution of the dam’s sub-
surface using an automated resistivity system (trade name 
ARES, produced by GF Instruments, Czech Republic). 
For all measurements, passive multi-electrode cables were 
used and the spacing between electrodes was limited to 1 m 
(Zumr et al. 2018). The narrow spacing of electrodes (up to 
1 m) results in a high spatial resolution output of the shal-
low subsurface layers, as shown in previous earthen dam 
surveys (e.g. Al-Fares 2011; Hasani et al. 2013; Lin et al. 
2013; Camarero et al. 2019).

The high soil water content allowed for an easy installa-
tion of the electrodes and established very good electrical 
contact between the device and the soil. To survey the sub-
surface, we utilized a Wenner–Schlumberger array, which is 
an appropriate method for the detection of shallow structures 
(Fazzito et al. 2009). The measured data points of the appar-
ent electrical resistivity field were numerically inverted to 
obtain the electrical resistivity distribution using the stand-
ard Gauss–Newton optimization method (Loke et al. 2013) 

within RES2DInv software (Geotomo). Prior to inversion, 
the data with significantly different resistivity values (com-
pared to the adjacent data points) were filtered out (less than 
1% of datapoints were removed). The accepted inversion 
was consistently reached between 3 and 5 iterations, and the 
model residuals were below 2%.

To analyze the electrical resistivity transects, a binned 
empirical semivariogram was used (Banerjee et al. 2003; 
Jeřábek et al. 2017). A single semivariogram was calculated 
for all 20 depth levels in the longitudinal ERT transect to 
assess the spatial variability of electrical resistivity due to 
depth. A 5-m bin size was used for all depths. Due to the 
trapezoidal shape of the ERT transect, the maximum dis-
tance between analyzed points was restricted to 100 m, with 
this restriction, 20 semivariances were obtained for each 
depth level.

Two perpendicular ERT profiles were measured (Fig. 2):

 (i) The longitudinal profile was located on the dam’s 
crest, parallel to the dam’s structure, toward its 
downstream edge (as the downstream side is of par-
ticular interest regarding seepage) and we omitted the 
center of the crest as it was not possible to properly 
insert electrodes into a gravel road. A passive multi-
electrode cable with 96 electrodes at 1 m spacing 

Fig. 1  Dam of Podviňák fish-
pond in a February 2017 and b 
November 2017
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was used. We surveyed the longitudinal profile in 
two steps as the multi-electrode cable was very short 
to survey the entire dam at once. Each profile was 
95 m long, the second survey was shifted by 74 m 
(21 m overlapped between the first and second sur-
veys). The length of the entire profile was 169 m. The 
measured apparent resistivity data from each section 
were merged into a single profile for the inverse anal-
ysis using Res2DInv (Loke et al. 213). The reliable 
output depth of the survey is approximately 20% of 
the length of each section (95 m) resulting in a maxi-
mal survey depth of ~19 m. For this analysis, a 10 m 
depth was selected, as deeper data have a coarser 
resolution, are affected by interpolation, and 10 m is 
well below the foundation of the dam anyway.

 (ii) The transversal profile began on the upstream-most 
edge of the dam, adjacent to the stone wall and per-
pendicular to the dam’s orientation. This ERT profile 
ran over the dam’s crest to the foot of the downstream 
slope totaling 19 m in length, resulting in a reliable 
output depth down to ~4 m. This survey was con-
ducted using the passive multi-electrode cable with 
an electrode spacing of 0.2 m.

Remote sensing

The Podviňák fishpond was first monitored by unmanned 
aerial vehicle (UAV) in February 2017 under full reservoir 
conditions and without vegetation cover. A second monitor-
ing event was conducted over several days during the autumn 
of 2017 under moderately wet conditions when the reser-
voir was empty. Neither rainfall nor significant temperature 
changes were recorded across either set of surveying dates.

The dam was inspected by three optical systems. First, a 
DJI Phantom 4 equipped with the FC330 visible spectrum 
RGB camera (4000 × 3000 pix) served to build the ortho-
photo and 3D surface model of the entire dam. These data 
were collected both in February 2017 and in November 2017 
(Fig. 1); at an elevation of 42 m a 16-mm ground sampling 
distance (GSD) was obtained. Then the DJI Phantom 4 was 
equipped with the Flir Tau2 13 mm radiometric IR camera 
(336 × 256 pix) at an elevation of 88 m, thermal imagery 
of the below-dam area was captured resulting in a 110 mm 
GSD. Finally, the entire dam area was monitored using a 
Tarot X hex-copter equipped with an Optris Micro-Epsilon 
TIM 450 infrared (IR) camera (382 × 288 pix) from a 23-m 
elevation resulting in a GSD of 90 mm. IR UAV surveys 
were completed across the same dates and times as the ERT 
monitoring (Krása and David 2018).

Agisoft PhotoScan Professional (v. 1.4.5) was used to 
process the UAV data by structure from motion photogram-
metry. Twenty ground positioning targets were set in the 
area, the real-time kinematic global positioning system 
(RTK GPS) with a 15-mm standard deviation positioning 
error served as a reference set-up (Fig. 3).

The IR monitoring data for measuring temperatures can 
reach 10 mm GSD, but due to lower IR camera resolutions, 
it is impossible to cover areas of thousands of square meters 
with reasonable UAV flight times. Therefore, 100 mm GSD 
was selected as a reasonable compromise between data avail-
ability and output detail.

Soil water content and soil temperature monitoring

Topsoil volumetric soil water content was measured 
using an ML3 ThetaProbe (Delta-T Devices, UK) and a 

Fig. 2  ERT profile locations on 
the dam of the fishpond
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TRIME-PICO32 TDR sensors (IMKO Micromodultechnik, 
Germany). Both sensors have integrated soil temperature 
sensors. The ML3 Theta Probe measurements are repre-
sentative of the top 6 cm of the soil profile and the TRIME-
PICO32 is representative of the top 11 cm. The monitored 
soil volume is approximately 170  cm3 for the ThetaProbe 
and 250  cm3 for the TRIME-PICO32.

Soil water content and soil temperatures were measured 
in two profiles identical to the ERT profiles (on the trans-
versal profile × 39 points on longitudinal profile). Addition-
ally, 12 points were measured on the grassed area below the 
downstream slope. Five replicated measurements with both 
probes were completed in a square plot (0.5 m by 0.5 m) 
for each data point. All the data were imported into ArcGIS 
10.5 (ESRI) to perform interpolations, spatial analyses, and 
data comparisons.

Results and discussion

Electrical resistance tomography

The results of the geophysical surveys were plotted as 2D 
transects representing the spatial distribution of the subsur-
face electrical resistivity (Fig. 4). Even though the reservoir 
was empty during the geophysical monitoring, the earthen 
dam was very wet and the observed electrical resistivity 
inside the dam was very low, ranging from 10 to 60 Ω m. 
Only close to the surface were distinct areas where the elec-
trical conductivity reached up to 150 Ω m. The transversal 
ERT profile shows the resistivity distribution to a depth of 

4 m below the surface of the dam’s downstream slope. The 
rest of the dam’s body was not monitored as we could not 
install the ERT electrodes into the stone wall on the water-
side of the dam.

The transversal ERT profile (Fig. 4a) shows a rather iso-
tropic distribution of electrical resistivity, with higher elec-
trical resistivity in the middle of the dam’s crest and the 
reasoning for this is twofold. First, the soil texture at the 
top of the dam is very different from the remaining material 
as there is a gravel pathway in the crest’s center. This area 
is covered with a less conductive gravel that extends into 
the subsurface. The second reason is lower saturation as the 
pathway is neither protected by vegetation nor gravel so it 
drains more quickly; close to the dam’s crest a trace of the 
historical dam’s boundary can be detected (outlined with 
the dashed yellow line). The less resistive area in the central 
lower part of the ERT profile (violet color) is the same depth 
as the normal water level in the reservoir, the lower resistiv-
ity indicates the remnants of the seepage line. The topsoil in 
the middle of the downstream slope has a higher electrical 
resistivity, this area has low vegetation density compared to 
the surroundings. Via remote sensing methods and the point 
measurements, we observed higher surface temperature and 
lower soil moisture in this part of the slope as well. Even 
though it has been previously shown that the relationships 
between electrical resistivity and soil water content (or any 
other physical parameter) are generally uncertain (Kotikian 
et al. 2019), in this case, it seems that the high resistivity 
is associated with the distinct vegetation pattern and soil 
moisture [as was shown e.g. by Loke et al. (2013) and Dick 
et al. (2018)].

Fig. 3  Podviňák dam overview of temperature sampling points. Two separate IR models were evaluated: (i) Optris IR—covering the earth dam; 
(ii) Flir IR—below the dam
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The longitudinal ERT profile, extending to a depth of 
10 m below the dam’s crest, does not show any significant 
anomalies or divisions between the dam’s body and the bed-
rock (Fig. 4b). The position of the outlet corresponds to the 
area of lower electrical resistivity. Low resistivity below the 
outlet indicates the original position of the stream. Similar 
resistivity patterns in the vicinity of a dam’s outlet have been 
previously observed (Yilmaz and Koksoy 2017).

Three distinct horizontal layers can be observed in the 
longitudinal profile. The top 2 m exhibits higher electri-
cal resistivity with values of approximately 50 Ω m. The 
lower boundary of this uppermost zone corresponds to the 
normal water level. The subsurface layer, ranging from 2 
to 4 m below the crest, has a very low electrical resistiv-
ity. The upper and lower boundaries of the second layer 
correspond to the reservoir’s normal water level and the 

reservoir’s ground level, respectively. Low resistivity can 
be explained by nearly saturated soil. Below the reservoir’s 
ground level are alternate zones with higher and lower 
electrical resistivity, likely representing soils with different 
textures. Horizontal zonation of the electrical resistivity is 
also apparent from the semivariogram of the longitudinal 
ERT profile (Fig. 5). Electrical resistivity semivariograms 
have been previously used to determine the degree of het-
erogeneity in a particular soil layer (Jeřábek et al. 2017). 
In this study, the uppermost layer has much higher spa-
tial variability (greater than one order of magnitude) for 
any lag distance than the subsurface layer. The semivari-
ance increases more gradually with distance in the deeper 
soil layers, indicating that soil water properties change at 
large spatial scales. This electrical resistivity semivariance 
decrease in response to depth and distance from the crest 

Fig. 4  a Transversal 2D ERT 
transect; b longitudinal 2D 
ERT transect. Blue represents 
nearly saturated regions, green 
to red areas close to the surface 
are drier with higher electrical 
resistivity

Fig. 5  Semivariogram of the longitudinal ERT transect. Each row in the grid represents a semivariogram for a single depth level. The semivari-
ance is depicted by color on a logarithmic scale
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of the dam indicates a spatial uniformity of the subsoil 
below the dam’s toe level.

The surveyed dam was recently reconstructed, so one can 
hardly expect evidence of any current significant preferen-
tial seepage or piping, and the geophysical survey did not 
detect any. Recent studies suggest that recurrent monitoring 
of dams under varying soil moisture and water level condi-
tions is necessary to detect potential failures (Song et al. 
2005; Lin et al. 2014; Arosio et al. 2017; Sentenac et al. 
2017) even though such an approach is more demanding.

Remote sensing outputs

The results of the remote sensing are:

• Accurate dam shape and 3D models from February to 
November 2017 with a precision of 16 mm GSD, illus-
trating differences due to water level and varying lev-
els of vegetation cover. November imagery allowed the 
capture of vegetation cover influences and the bottom of 
the reservoir at the time of the ERT experiment. Febru-
ary imagery allowed for a better shape estimation of the 
dam’s top (due to no vegetation cover) and detection of 
spatial variability in snowmelt at the dam’s toe.

• High-resolution orthophotographs of the dam and reser-
voir area from both periods.

• IR orthophoto of the dam and the downstream area of the 
dam’s slope (November 2017).

3D modeling and orthophotography are able to detect 
topographical changes and aid in analyzing potential shape 
changes over time. Detailed dam cross sections were derived 
from the model (Fig. 6) and difference raster surface models 
(Peter et al. 2014) were utilized to detect shape shift. 3D 
modeling and orthophotography serve also as supporting 
data for ERT and moisture monitoring, since the ERT mod-
eling must be coordinated and the dam cross sections allow 
for the projection of ERT imagery to a realistic dam shape.

Finally, the orthophotography and 3D modeling accounts 
for differences in vegetation properties (both vegetation spa-
tial distribution, height, and volume) which may explain dif-
ferences in the soil water content of the dam’s downstream 
slope (Fig. 6). The difference raster and cross sections indi-
cate vegetation height (up to 1 m) and rather high spatial 
variability. The entire slope is not regularly cut.

Remote IR monitoring was examined alongside orthopho-
tography and 3D modeling to identify areas of temperature 
hotspots of the dam (Fig. 7). The surface temperature is spa-
tially variable, especially along the dam’s downstream slope. 
The drainage channel of the empty reservoir was the coldest 
detected surface (8 °C). The saturated sediment of the res-
ervoir and the rills in the vicinity of the channel tended to 

Fig. 6  Dam profiles by UAV monitoring showing the water level changes and vegetation growth in 2017
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be cooler than the dry sediment in the left part of the figure, 
where the temperature reached 17 °C. The warmest surface 
detected was the wall (above 20 °C) and the sun-oriented 
parts of the areas with higher vegetation. This effect was 
caused by sunset time co-occurring with IR monitoring; the 
temperature of all surfaces significantly dropped, but the 
higher vegetated surfaces prevented cooling. The surface 
of the dam is on average 5 °C warmer than the grassland 

below the dam. The significant effect of vegetation was also 
observed during ERT data analysis, as previously mentioned.

Topsoil water content

Measured soil water content values were separated into 
three groups according to their position (Fig. 8); 320 meas-
urements were taken on the dam’s crest with an observed 

Fig. 7  IR orthophoto via Optris IR monitoring in November 2017

Fig. 8  Comparision of the volumetric water content measured on 
the dam’s crest, its downstream slope, and the grassland below the 
dam. The upper and lower bounds of the boxes are the first and third 
quartiles inner band represents the water content median. The whisk-

ers represent minimal and maximal values, outliers are represented by 
dots (left). Topsoil water content and electrical resistivity along the 
transversal ERT profile (right)
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average water content of 41.5 ± 4.7%, 220 measurements 
were taken on the dam’s downstream slope with an observed 
average water content of 40.7 ± 8.7%, and 625 points were 
taken in the grassland area below the dam with an observed 
average water content of 48.5 ± 5.2%. The mean values for 
the crest and the downstream slope are similar, but it should 
be noted that the position of the crest’s datapoints is identical 
to those of the longitudinal ERT profile, which was located 
within a grassed area at the edge of the crest. The sloped area 
is the most variable in soil water content, which corresponds 
well with the vegetation density variability observed with 
the UAV. The grassland below the dam has the highest top-
soil water content, which corresponds to the observed low 
surface temperature (as can be seen in Fig. 7). This direct 
association of the soil moisture with surface temperature 
infrared images on a maize field was observed by Hassan-
Esfahani et al. (2015).

Figure 8b presents a comparison between the near sur-
face soil electrical resistivity (10 cm below the surface) and 
the volumetric water content as measured along the trans-
versal ERT profile (Fig. 4a). Generally, the decrease in the 
volumetric water content corresponds with increased elec-
trical resistivity (visible on profile lengths 0, 3 and 11 m 
on Fig. 8b). This trend is expected, as electrical resistivity 
depends on, among other soil characteristics, actual water 
content (Michot et al. 2003; Samouëlian et al. 2005).

Conclusions

The purpose of this study was to evaluate the applicability 
of various non-invasive monitoring techniques of earthen 
fishpond dams in the Czech Republic. The implementation 
of non-invasive dam monitoring techniques is necessary to 
ensure their structural stability for safety, historical, and cul-
tural reasons. The applied techniques were able to detect 
various heterogeneities within the dam. Electrical resistivity 
was able to indicate traces of the original stream location 
and was isotropically distributed across the dam without any 
glaring irregularities, suggesting that there were no large-
scale structural issues within the dam, but this analysis 
would be more sensitive when the pond is at full capacity. 
The high level of variability found in surface temperatures 
and electrical resistivity measurements on the dam’s down-
stream slope could indicate seepage problems and/or pip-
ing events but in this case, it is likely due to the variation 
in vegetative characteristics. Through the analysis of ERT, 
various layers of the dam (corresponding to annual variation 
in water levels) were identified along with the location of the 
reservoir’s outlet. Neither DSM (constructed via close-range 
photogrammetry nor infrared imagery) indicated any major 
faults or structural issues.

The presented method of comparing UAV monitored and 
measured topsoil temperatures shows that UAV monitoring 
can give reliable data. UAV monitoring in the visible and 
infrared spectra serves to support non-invasive techniques by 
providing data on dam geometry and its changes over time. 
Assessing surface parameters (vegetation status, vegetation 
density and height, soil moisture, and surface temperature) 
by UAV techniques can explain the spatial distribution of 
soil profile conductivity. Commercial drones and cameras 
(Phantom 4) are precise enough to build models of entire 
dams with approximately a 15-mm ground sampling dis-
tance (GSD), provided that enough positioned targets are 
available for georeferencing.

For IR temperature monitoring, two optical systems were 
used and both systems produced similar data quality (GSD 
and spectral resolution) but they differ in feasibility and ter-
rain applications. Orthophotography assembling over larger 
structures allows for easier data collection due to the wide 
angle of the Optris system.

To properly assess the temperature and soil water content 
relationship, one needs to consider vegetation influences. 
Since old fishpond dams rarely have bare soil or non-vege-
tated surfaces, climate conditions (no direct sunlight, stable 
air temperature) and vegetation status (ideally non-vegeta-
tive season) need to be carefully controlled. The study has 
shown drawbacks and potential uses of UAV IR imagery. 
Highly saturated surfaces such as the original streamline, 
are easily detectable and could be even automatically clas-
sified. Tall and dense vegetation on the dam’s surface can 
hide many effects of water percolation, especially when tem-
perature is quickly decreasing after a relatively warm day. 
Usually a combination of visible spectrum (RGB), digital 
surface model (DSM), and infrared data can help to iden-
tify individual effects from different factors and enhance the 
ability to reliably define the water saturated areas of a dam 
structure.

There is a potential in searching for a synergy using a 
combination of subsurface non-invasive surveying methods 
and surface imaging in various spectra. Each method has 
its drawbacks and uncertainties, but especially UAV imag-
ing is developing quickly and we may expect improvements 
in resolution and reliability of IR imaging techniques. Still 
more research will be needed to connect the results from 
subsurface and surface surveys and to be able to quantita-
tively and precisely identify the locations and the degree 
of a dam’s failures and to relate it to seepage that can be 
detected from superficial surveys. The next anticipated step 
will be the use of numerical models to predict seepage where 
geophysics surveys and the remote sensing can provide both 
input and validation data.
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