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Abstrakt 

V průběhu let došlo v České republice vlivem nevhodného hospodaření s vodou a 

půdou ke snížení retenční kapacity krajiny. Mnoho nevhodných dopadů lze připsat 

intenzifikaci zemědělství, které nastalo po transformaci tohoto sektoru po roce 1953. V 

období kolektivizace došlo ke scelování pozemků a vzniku velkých homogenních polí, 

byla instalována odvodnění a napřimovány drobné vodní toky. V důsledku tyto zásahy 

vedly k rychlejšímu odtoku vody po intenzivních srážkách nebo tání sněhu. V 

současnosti je podstatná část zemědělských ploch obhospodařována velkými akciovými 

společnostmi nebo korporacemi, které upřednostňují ekonomický faktor nad 

environmentálním. Jedním z holistických přístupů pro udržitelné hospodaření s vodou v 10 

krajině je podpora malého vodního koloběhu. Změny fungování krajinné matrice mohou 

mít významný vliv na bilanci vody na měřítku jednotlivých povodí. Cílem této práce je 

kalibrace a validace numerického modelu SWAT na dvou měřítkách (jednotlivý statek a 

část krajiny na úrovní okresu) a simulace vybraných scénářů hospodaření (např. změny 

plodin a osevních postupů, využití pozemků, zavedení půdoochranných opatření) pro 

posouzení efektivity opatření směrem k posílení malého vodního cyklu v krajině. 

Výsledky naznačují, že velkoplošné vysévání řepky nepřispívá k udržitelnému způsobu 

hospodaření s vodou, konkrétní dopad řepky závisí i na místu vysetí v povodí. Změny 

využití území výrazně ovlivňují malý vodní cyklus. Na základě simulací provedených pro 

situace z let 1852, 1954, 1983 a 2019 je ukázáno, že hydrologickou odezvou si jsou 20 

nejpodobnější stavy z let 1852 a 1954. Důvodem je, že během těchto období nedošlo k 

výrazným změnám v landuse ani k plošnému odvodnění pozemků.  Dále je ukázáno, že 

s ohledem na posílení malého vodního cyklu bylo nejpřívětivější střídání osevních 

postupů v letech 1920 – 1938, zatímco osevní postupy v letech 1950 – 1989 byly 

nejméně příznivé. Vrstevnicové obdělávání, následováno zachováním posklizňových 

zbytků na půdním povrchu,  byly vyhodnoceny jako nejúčinnější technická opatření pro 

zadržení vody a posílení vodního cyklu. Na velkém měřítku je, dle výsledků SWAT 

modelu, zavedení půdoochranných opatření velmi efektivní a významně podporuje malý 

vodní cyklus. Nicméně, prostorové rozmístění jednotlivých opatření v krajině, ani jejich 

relativní zastoupení nemají dle modelu významný vliv.    30 
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Abstract 

Inappropriate soil, water, and landscape management has decreased the water 

retention capacity of the landscape in the Czech Republic over time. Many sources of 

such mismanagement can be traced to an agricultural intensification across the Czech 

landscape that began after the 1953 collectivization process due to Communist Era 

policies. During this time large monotonous fields, subsurface tile drainage systems, and 

artificially straightened streams were incorporated across the landscape. Currently, 40 

much of the Czech agricultural landscape is managed by large conglomerates who 

prioritize profit over all else. Reinforcing the small water cycle is considered to be a 

holistic approach to water resource management within a landscape. Changes in land 

use and land management can greatly affect the water balance at a basin-scale. The 

objectives of this research are to calibrate and validate the Soil and Water Assessment 

Tool (SWAT) in the Czech landscape at two scales (the farm-scale and the 

management-scale) and to model various scenarios (e.g., crop changes, land 

use/management changes, and the incorporation of agricultural conservation practices) 

to determine management regimes that would reinforce the small water cycle. This 

research found that rapeseed adoption does not support the goal of developing a 50 

sustainable agricultural landscape in the Czech Republic. The adoption of rapeseed had 

disproportionate effects on a basin’s water balance depending on its location in the 

basin. In addition to crop changes, it was found that land use changes significantly 

affected the small water cycle at the basin-scale. Of the four land use change scenarios 

conducted (1852, 1954, 1983, and 2019), the 1852 and 1954 scenarios behaved the 

most similarly hydrologically, likely due to minimal landscape transformation and the fact 

that these two scenarios occur prior to the widespread incorporation of subsurface tile 

drainages across the landscape. Additionally, the crop rotation of 1920–1938 (Pre-

Communist Era) reinforced the small water cycle the most, while that of 1950–1989 

(Communist Era) reinforced the small water cycle the least. Regarding the incorporation 60 

of agricultural conservation practices at the farm-scale, SWAT modeled contour farming 

as the most effective practice that reinforced the small water cycle followed by residue 

incorporation. At the management-scale, the widespread incorporation of agricultural 

conservation practices significantly reinforced the small water cycle, but the relative 
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scale and spatial distribution of their incorporation were not reflected in the SWAT 

scenario analysis. 

 

Keywords: soil and water assessment tool (SWAT); land use changes; landscape 

management; small water cycle; agricultural conservation practices 
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Chapter 1: General Introduction 

1.1 The Small Water Cycle  

Intensive storm events are becoming increasingly frequent in Central Europe 

according to the Intergovernmental Panel on Climate Change (IPCC) [1]; and these 

effects can be exacerbated by inappropriate soil, water, and landscape management.  

Due to the mismanagement of the agricultural landscape in the Czech Republic, its 

water retention capacity has significantly decreased over time. Hence, Zelenakova et al. 

suggested the restoration of local water circulation (i.e. reinforcing the small water cycle) 

within the landscape as a holistic approach to water resource management in the Czech 10 

landscape [2]. The small water cycle refers to the local cycling of water in a specific 

geographic area, i.e., water should fall as precipitation in the same area from which it 

evapotranspirates (Figure 1.1). The two main objectives for the reinforcement of the 

small water cycle in the landscape are (i) the restoration of drainage patterns with 

natural hydromorphology and (ii) the improvement of the water retention capacity across 

the landscape. By working to reinforce the small water cycle through appropriate 

landscape management, the effects of extreme precipitation events (e.g., huge spikes in 

surface runoff ratios as well as extreme soil loss events) may be mitigated at the basin-

scale [1]. 
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 20 

Figure 1.1. A representation of the small water cycle. 

1.2 Land Use Changes  

Over the last several decades, the local (physical soil quality) and regional (basin 

hydrology and water balance) impacts of land use changes have been extensively 

studied [3–10]. Decisions made by basin managers concerning land use and 

management changes can have big impacts on the hydrology of a system, and 

managers should tailor their decisions to address specific motivations and water 

resource goals within their management area. Decisions to develop land, to deforest, to 

afforest, and to expand agriculture all have varying effects on water yield, soil storage 

capacity, surface runoff, and evapotranspiration in a basin [11]. Afforestation from 30 

grassland and shrubland has been found to decrease surface runoff by up to 44% 

[12,13]. While deforestation is usually influenced by anthropogenic sources, it also can 

be a natural process. Deforestation can have significant impacts on annual runoff but 

has also been found to have seasonally variable impacts [14]. The development of land 

typically results in an increased area of impervious cover which can result in amplified 

surface runoff ratios and flooding risk. The variability of precipitation patterns in a basin 
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will also have large influence over the effects of land use changes, depending on the 

size of the basin [15]. 

The basin is the logical management unit in a landscape. By managing human 

disturbance and increasing restoration efforts in the Czech Republic, many issues 40 

caused by past mismanagement can be mitigated in the hydrological landscape [16]. 

When the landscape is managed at the basin-scale, any development or extraction 

decisions and their subsequent impacts on the surrounding hydrological landscape can 

be anticipated, rather than extrapolating local impacts at an artificially-defined scale such 

as those defined by municipalities or borders between landowners.   

1.3 The Czech Landscape 

Since governmental shifts in the Czech Republic from 1989, there have been 

some significant land use changes especially regarding the distribution of arable land vs 

the distribution of forested land [16]. Between 1989 and 2000, many areas of previously 

arable (deemed infertile) land were replaced by forests and grasslands and arable lands 50 

were relocated to more fertile soils [16,17]. But since 2000, there have been minimal 

shifts in land use changes aside from a slight decrease in the percent cover of arable 

land, replaced by impervious cover such as expanding industry, developments, and 

roadways [16]. In addition to the outlined land use changes, crop changes across time in 

the Czech Republic have been significant. 

 Another hydrologically significant feature in the Czech landscape is its large 

network, covering 52,000 hectares, of earthen dammed fishponds [18]. These ponds 

provide cultural and economic value to the Czech Republic and many are under 

historical protections as they date back 1000 years [19]. These ponds also serve as 

constructed wetlands by providing increased biodiversity including water fowl, 60 

invertebrates, and amphibians, sediment trapping, and flood mitigation [18]. But, the 

benefit of flood mitigation decreases with time since the pond’s most recent de-siltation. 

Since there is no central management of many of these smaller ponds, their hydrological 

influence can vary greatly depending on decisions made by specific land owners or local 

managers. 

Since the modern era, the Czech Republic has always been an intensively 

cultivated landscape. Czechs tend to place high value on local produce and livestock. 
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Agricultural intensification of the Czech Republic began in the 1970s during the 

Communist Era wherein large monotonous agricultural fields (Figure 1.2), subsurface tile 

drainage systems, and artificially straightened streams were incorporated across the 70 

landscape [16]. Since 1989 (the end of the Communist Era), agricultural land and 

management has been privatized and has experienced shifts from centrally planned 

crop rotations to those that are economically-driven; but the large field sizes and tile 

drainage systems are still mostly in place. Larger field sizes can contribute to surface 

runoff events resulting in significant soil loss in the landscape while the drainage 

systems reduce the water holding capacity of the soil. 

 

Figure 1.2. Field size discrepancies between the Czech Republic and Austria [20]. 

1.4 Agricultural Conservation Practices 

Much of the Czech agricultural landscape is managed by large conglomerates 80 

that prioritize profit and EU monetary incentives. However, many independent Czech 

farmers are beginning to explore various agricultural conservation practices which have 

been shown to have as significant of a hydrological impact as land use changes [15]. 

Agricultural conservation practices have been extensively studied over the last 40 years 
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and have been shown to significantly improve a soil’s infiltration capacity and, in turn, 

significantly decrease the surface runoff in a landscape. Agricultural conservation 

practices include reduced/no-tillage, mulch cover, cover crops, crop residues, and 

reduced application of herbicides. The goal of conservation agriculture is to make soils 

“self-sustainable” by: maintaining sources of organic matter above and below the soil’s 

surface, recycling water and nutrients within the system, and ensuring that the infiltration 90 

rate of a soil is greater than the rainfall rate (Figure 1.3) [21]. To maximize the benefits of 

implementing agricultural conservation practices, managers must: maintain year-round 

organic matter cover, ensure the health and balance of soil biota, minimize soil 

disturbance, and diversify crop rotations [21–23]. 

 

Figure 1.3. A graphical representation of the effects of agricultural conservation practices on soil. 

The transition from conventional or reduced tillage to no-tillage has been shown 

to reduce surface runoff ratios by upwards of 20% [24]. A no-tillage management 

scheme can increase the infiltration capacity of soil in two ways: by minimizing soil 

disruption and by preserving the highest percentage of crop residue cover. Rainfall 100 

simulations on corn plots at 5% and 10% slopes showed that a no-till treatment 

produced the lowest surface runoff ratios while chisel ploughing and moldboard 
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ploughing produced increasing runoff ratios, respectively [25]. No-tillage has also been 

shown to reduce soil and splash erosion as well as surface runoff while increasing the 

direct infiltration through a soil core sample [22,26,27]. Winter cover crop establishment 

can greatly increase the water availability for summer crops by: acting as a mulch and 

reducing soil water evaporation, increasing infiltration, decreasing runoff, increasing 

organic matter content, and improving soil structure [28,29]. Maintaining adequate plant 

cover year-round provides numerous benefits including improving soil quality, controlling 

soil erosion, and increasing soil water availability [30]. Plant cover percentage has a 110 

significant, negative relationship with final runoff rate, indicating that the greater the plant 

cover percentage- the lower the expected hourly runoff [31]. While cover crops provide 

year-round soil coverage, they also provide an even-coverage mulching (in no-tillage 

treatments) which has been found to be a more successful mulching strategy in real-life 

scenarios when compared to artificial mulching with wheat straw, grass clippings, wood 

chips, etc. [26].  Agricultural conservation techniques can greatly improve the water 

holding capacity of a soil which can reduce the need for irrigation. Implementing such 

techniques at the basin-scale can greatly reduce surface runoff and make an agricultural 

landscape more sustainable in the face of climate change with projected water 

shortages and greater precipitation variability. 120 

1.5 The Soil and Water Assessment Tool (SWAT) 
Hydrologic models are a relatively easy and non-invasive way to predict water 

balance shifts in a basin and can aid basin managers as decision-making tools with 

regard to landscape management. The Soil and Water Assessment Tool (SWAT) is a 

semi-distributed, semi-physically based, basin-scale hydrologic model [32,33]. SWAT 

divides a basin into hydrologic response units (HRUs), which are defined by unique 

combinations of soil types, slope classes, and land uses. SWAT is the most popular 

hydrologic model in modern literature because it is open access and highly flexible since 

it is composed of hundreds of editable parameters [32,34,35]. SWAT has been able to 

effectively model basins from <1 km2 to basins on the continental scale and can be run 130 

on daily, monthly, or yearly timescales [36]. Due to its highly flexible nature, it is quite 

simple to run scenario analyses in SWAT whether they are climate change, land 

use/management change, or a combination [37]. 
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1.6 Research Objectives 

I intend to address the following questions throughout this thesis: 

• How do crop changes affect the water balance in a small agricultural basin? 

o Does the percent area change affect the water balance proportionally? 

o How are these shifts affected at the daily, monthly, and seasonal 

timescales? 

• How do land use changes, agricultural conservation techniques, and field size 140 

shifts align with the goals of restoring local water circulation in a landscape? 

• How do agricultural conservation techniques and field size shifts affect the local 

water circulation in the landscape at the farm- and management-scales? 

o Do the effects of agricultural conservation practices and field size shifts 

have an additive or multiplicative effect as they are upscaled within a 

landscape? 

o How do the effects of the scale of adoption relate to management 

strategies?  

The main goals during this research were outlined as developing, calibrating, and 

validating SWAT models for two basins (at two scales) in the Czech landscape to be 150 

utilized for further scenario analysis. SWAT had rarely been used in the Czech 

landscape and never at this scale so it was important to determine SWAT’s applicability 

to this region. The two basins of study, Nučice (0.52 km2) and Vrchlice (97 km2), are 

both dominated by agricultural land cover. The research began by modeling the Nučice 

basin which is considered to be representative of the farm-scale. The scenario analysis 

in Nučice included the impacts of various crop rotations and the incorporation of 

agricultural conservation practices (Chapters 2 & 4, respectively). Then modeling efforts 

were upscaled to Vrchlice which is representative of the management-scale. At Vrchlice, 

land use and management changes as well as the impacts of agricultural conservation 

practice adoption were modeled (Chapters 3 &4). All the research completed during my 160 

PhD studies were published in international journals and are each outlined as their own 

chapter in the following text. 
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Chapter 2: Farm-Scale Biofuel Crop Adoption and Its Effects on 280 

In-Basin Water Balance1 

2.1 Abstract 

In the face of future climate change, Europe has encouraged the adoption of biofuel 

crops by its farmers. Such land-use changes can have significant impacts on the water 

balance and hydrological behavior of a system. While the heavy pesticide use 

associated with biofuel crops has been extensively studied, the water balance impacts of 

these crops have been far less studied. We conducted scenario analyses using the Soil 

and Water Assessment Tool (SWAT) to determine the effects of farm-scale biofuel crop 

adoption (rapeseed) on a basin’s water balance. We found that rapeseed adoption does 

not support the goal of developing a sustainable agricultural landscape in the Czech 290 

Republic. The adoption of rapeseed also had disproportionate effects on a basin’s water 

balance depending on its location in the basin. Additionally, discharge (especially 

surface runoff ratios), evapotranspiration, and available soil water content display 

significant shifts in the rapeseed adoption scenarios. 

2.2 Introduction 

Over the last several decades land use change and its impacts locally (physical 

soil quality) and regionally (basin hydrology and water balance) have been extensively 

studied [1–8]. Depending on the motivation, managers can make decisions concerning 

land use changes that have big impacts on the hydrology of a system. Decisions to 

develop land, deforest, afforest, and expand agriculture all have varying effects on water 300 

yield, soil storage capacity, surface runoff, and evapotranspiration in a basin [9]. While 

land use changes from forest or pasture to cropland (and vice versa) have been 

extensively studied, fewer hydrological studies performed examine such effects based 

solely on crop changes [10–14].  

Between efforts outlined by the EU’s biofuel directive (2003), the Kyoto Protocol 

(2005), the Paris Agreement (2016), and other EU directives (Renewable Energy (2009), 

                                                 
1 Published as Noreika et al. (2020) 
Sustainability. DOI: https://doi.org/10.3390/su122410596 
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Fuel Quality (2009), etc.) [15–18]; the EU incentivizes the production of crops utilized for 

biofuels to reduce greenhouse gas (GHG) emissions. Such crop changes can have 

significant impacts on agricultural landscape processes and the water balance in a 

basin. Across crops there are innumerable parameter changes that can affect the water 310 

processes in a system, including: rooting zone depth, USLE C-factor (Universal Soil 

Loss Equation Cover-factor), canopy height, stomatal conductance, leaf area index, and 

many more [19]. Numerous previous studies showed that each crop has distinctive water 

requirement patterns throughout a growing season and crop selection can have 

significant impacts that vary based on local climatic conditions [20-22]. Even the water 

requirements for crops that are appropriate for the same climate can have significantly 

different water footprints and thus is something for a manager to consider when making 

the switch from a food crop to a biofuel crop, especially in the face of future climate 

change [23].  

Intensive storm events are becoming increasingly frequent in Central Europe 320 

according to the Intergovernmental Panel on Climate Change (IPCC) [24]; however, 

inappropriate soil, water, and landscape management has decreased the water retention 

capacity of the landscape in the Czech Republic. In the Czech Republic, many small 

streams run dry during the summer while flash floods are becoming more common. 

Hence, Zelenakova et al. suggested restoring local water circulation within the 

landscape [25]. The two main objectives for the restoration of the water cycle in the 

landscape are: (i) the restoration of drainage patterns with natural hydromorphology and 

(ii) the improvement of water retention capacity across the landscape in the Czech 

Republic—i.e., water should infiltrate the soil at the same location where it falls as rain. 

In light of these projected climatic changes, it is more important than ever to predict how 330 

a highly agricultural landscape will respond to specific crop changes [24]. 

Being an intensively agricultural country with nearly 40% of its total land area 

arable, the Czech Republic benefits greatly from many EU agricultural incentives. The 

primary crop processed for biofuel production in the EU is rapeseed [26]; according to 

the Research Institute of Crop Production in the Czech Republic, it is also the most 

economically important biofuel crop in the Czech Republic [27]. Extreme pesticide use is 

associated with the production of biofuel crops and the potential freshwater 
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ecotoxicology impacts (PFEIs) of rapeseed cultivation can be up to 1000x greater per 

biofuel unit than other biofuel crops [28]. In addition to the water/air/soil contamination 

risks associated with extreme pesticide use, in the Czech Republic rapeseed is also 340 

planted in a physically unsustainable way. Rapeseed is sown during the rainy season 

(August) and soil is intentionally compacted and rolled smooth which can lead to 

extreme erosion events [29,30]. While previous studies have focused on the negative 

effects that rapeseed cultivation for biofuel can have on soil processes and water quality 

[28,29,31], it is the purpose of this study to assess the seasonal shifts in water balance 

at the farm-scale.  

The Soil and Water Assessment Tool (SWAT) is a semi-distributed, semi-

physically based, basin-scale hydrologic model [32,33]. SWAT divides a basin into 

hydrologic response units (HRUs) which are defined by unique combinations of soil 

types, slope classes, and land uses. SWAT is the most popular hydrologic model in 350 

modern literature because it is open access and highly flexible since it is composed of 

hundreds of editable parameters [32,34,35]. SWAT has been able to effectively model 

basins from <1 km2 to basins on the continental scale and can be run at the daily, 

monthly, or yearly timescale [36,37]. Due to its highly flexible nature, it is quite simple to 

run scenario analyses in SWAT whether they are climate change, land use/cover 

change, or a combination [38]. While SWAT has been applied to basins all over the 

world, it has rarely been applied in the Czech Republic and never to assess the water 

balance impacts of rapeseed at the farm-scale which is currently a hotly debated topic in 

the Czech Republic.  

This study investigates the following questions: (i) How does a crop change from 360 

winter wheat to rapeseed affect the water balance in a small agricultural basin? (ii) Does 

the percent area change affect the water balance proportionally? (iii) How are the shifts 

in water balance affected at the daily, monthly, and seasonal timescales? And (iv) How 

do these changes in water balance align with the goals of restoring local water 

circulation in a landscape? 
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2.3 Materials and Methods 

2.3.1 Study Watershed 

The basin selected for this study is the Nučice experimental catchment (“Nučice”); 

it is a small (0.52 km2) agricultural watershed in the Czech Republic (approximately 30 

km from Prague; Figure 2.1). The basin’s outlet location is 49°57'49.230"N, 370 

14°52'13.242"E. Nučice has been monitored by the Landscape Water Conservation 

Department of Czech Technical University in Prague since 2011. The climate in this 

region is humid continental with an average annual precipitation of ~600 mm and an 

average daily temperature of 7.9°C [39]. The highest monthly precipitation occurs in 

June with an average of 74.1 mm in rainfall and the lowest occurs in February (18 mm), 

but the rainy season is typically from May through August. The lowest temperatures 

occur in January with an average minimum daily temperature of -0.6°C and the highest 

temperatures occur in August with an average maximum daily temperature of 19.2°C. 

 

Figure 2.1. (a) Map of the Czech Republic with Prague and Nučice (the Study Watershed) highlighted for reference; 380 

(b) 3 m resolution DEM of Nučice and its immediate surroundings along with field IDs, channel, gauging station, and 

weather station. 

Nučice is >95% agricultural and its remaining <5% consists of a narrow riparian 

zone of brush, the streambed, and a paved single-lane road that bisects the basin 

horizontally (Figure 2.2). The soils here are classified as Luvisols and Cambisols that 

overlay sandstone and siltstone [40]. Based on a nearby geological borehole survey, the 
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depth to the bedrock is estimated to range from 6 m to 20 m. The ground water level 

measured at the catchment is quite deep, having very rarely risen above the level of the 

streambed, and recharge is quite low especially during the growing season. The deep-

water table suggests that the stream discharge and the processes in the shallow part of 390 

the soil profile are not significantly influenced by groundwater. Nučice is divided into 

three fields that are managed by two farmers; the basin is drained by a channeled 

stream that begins in the upper field as a single tile drain. The average slope of Nučice 

is 3.9% but ranges from 1% to 12%. The basin is equipped with a meteorological station 

(measuring precipitation intensity, air temperature, humidity, wind speed, and solar 

radiation) and stream discharge is measured at the basin’s outlet using an H-flume with 

a capacity of up to 400 L·s-1. 

 

Figure 2.2. (a) Soil map; (b) slope map; (c) land use map (with field IDs) of Nučice. 

Fields 1 and 2 are managed by the first farmer (“Farmer A”) and Field 3 is 400 

managed by the second farmer (“Farmer B”) (Figure 2.2c). Fields 1 and 2 have been 

tilled conservatively since 2000 and Field 3 has been tilled conservatively since 2013 

with a maximum of 0.18m of soil disturbance. The farmers in Nučice typically grow the 

cereal grain winter wheat but occasionally rotate with rapeseed or mustard. It is feasible 

that the farmers who manage Nučice may shift their primary crops to further benefit from 

various EU policies that incentivize biofuel crop production. 

2.3.2 SWAT Model Description 

SWAT is a very flexible and highly customizable model; it allows for hydrological 

modeling at varying timesteps from daily to annual. Since Nučice is very flashy and has 
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only been monitored since 2011 a daily timestep was selected for SWAT modeling to 410 

determine whether SWAT could model the flashiness of the basin and so that enough 

data points would be available for calibration and validation. The stream definition was 

digital elevation model-based (DEM-based) and the extent that most closely reflected 

the actual channel was selected. The slope classes were defined by every 5% increase 

in slope, resulting in four classes (0-5%, 5-10%, 10-15%, and >15%; Figure 2.2b). 

Hydrologic response units (HRUs) were defined by each unique combination of soil type, 

slope class, and land use types with >5% area coverage. The Penman-Monteith method 

was used for the calculation of potential evapotranspiration (PET) and the SCS (Soil 

Conservation Service) curve number method was used for the estimation of surface 

runoff. Generic parameters for a tile drainage system were integrated into the model and 420 

later refined during calibration. The model was run from 2014 through 2019 with a one-

year warmup period of 2013. 

2.3.3 Input Data 

The soil map used was distributed by the State Land Office of the Czech Republic 

and includes basic soil physical properties (Figure 2.2a). The slopes in Nučice were 

divided into 4 classes as defined in SWAT according to the Digital Elevation Model 

(DEM) (Figure 2.2b). The DEM was obtained from the fifth generation of the digital relief 

model of the Czech Republic (DMR5G) and is based on LiDAR surveys with a relative 

error of 0.18m. The model point cloud was processed to obtain a 3m spatial resolution. 

The DEM was used to delineate the watershed boundaries. The land use map was 430 

composed by digitizing a detailed orthophoto map created during local unmanned aerial 

vehicle (UAV) surveys conducted by the Department of Landscape Water Conservation 

at Czech Technical University (Figure 2.2c; Table 2.1). 

Table 2.1. Input variables used for SWAT modeling. 

 Input Data Description Source 

Meteorological 

Data 

Extreme 

Temperatures 

Minimum and maximum 

daily temperatures 

(2011-2019) 

On-site: 

107 Temperature Probe  

(Campbell Sci., UK) 

Precipitation 
Total daily precipitation 

(2011-2019) 

On-site: MR3-01s Tipping Bucket 

(Meteo Servis, Czech Republic) 
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Spatial Data 

DEM 
Digital elevation model 

(3m resolution) 

LiDAR Survey: Czech Institute of 

Geodesy and Cartography 

Soil Type 
Soil map of the Czech 

Republic 1:5,000 

State Land Office of the Czech 

Republic 

Land Use 
Digitized from detailed 

orthophoto 

UAV Survey: Czech Technical 

University 

Daily precipitation and temperature data were downloaded from the on-site gauge 

(Table 2.1) and compared to data from 6 stations provided by the Climate Forecast 

System Reanalysis database (CFSR) to verify that the on-site gauge is not significantly 

different for the overlapping years (2011-2014). The data downloaded from CFSR 1976-

2014 was then used as climate generator data that is used to fill in any missing data 

over the timespan of the SWAT model run. 440 

2.3.4 SWAT Sensitivity Analysis, Calibration, Validation, and Performance Evaluation 

The sensitivity analysis and calibration for the SWAT model of Nučice was 

conducted using the SUFI2 method in SWAT CUP 2019 [41]. A global sensitivity 

analysis was conducted to determine the most sensitive parameters according to model 

response. After outliers were removed from the observation dataset, the model was 

calibrated at a daily time step using daily average discharge from 2016-2018 and 

validated for 2019. Several iterations of over 2000 simulations were executed across 18 

parameters (Table 2.2). The stream discharge during the vegetated seasons of each 

year (approximately 1 April through 31 October) were used for calibration and validation. 

The reason for using only the vegetated seasons for calibration and validation are 450 

threefold: a) when conducting scenario analyses in the Czech Republic it is most 

important to assess the effects of land use shifts during the vegetated season as the 

Czech Republic is a very agricultural country and water balance shifts will be most 

relevant during the growing season, b) the runoff regime during winter months differs 

greatly from the rest of the year as the soil is typically saturated and baseflow is 

common- meaning that a separate calibration/validation procedure would be necessary 

for winter, and c) much of the installed equipment is removed during the winter so it is 

not damaged by the freeze- making calibration/validation impossible during these 

periods.  
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The statistical criteria for model acceptance were based on Nash-Sutcliff 460 

efficiency (NSE>0.4), percent bias (PBIAS<10%), coefficient of determination (R2>0.4), 

and Kling-Gupta Efficiency (KGE>0.5). 

Table 2.2. Parameters used for model calibration in SWAT CUP along with their degree of sensitivity (V: replace, A: 

absolute, R: relative, *p<0.05). 

Parameter Definition File Method Min Max 

ESCO Soil evaporation compensation factor .bsn V 0.5 0.95 

SURLAG Surface runoff lag coefficient (days) .bsn V 0.001 15 

ALPHA_BF Base flow recession constant (days) .gw V 0.001 1 

RCHRG_DP* Deep aquifer percolation fraction .gw V 0.001 1 

GW_DELAY* Delay time for aquifer recharge (days) .gw A -45 60 

GW_REVAP* Groundwater revap coefficient .gw V 0.02 0.2 

GWQMN 
Threshold water level in shallow 

aquifer for base flow (mm) 
.gw A -2000 2000 

OV_N Manning’s n value for overland flow .hru V 0.05 0.8 

DEP_IMP* 
Depth to impervious layer in soil 

profile (mm) 
.hru A -1500 4000 

SLSOIL 
Slope length for lateral subsurface 

flow (m) 
.hru R -0.25 0.25 

CN2 
Initial SCS curve number for moisture 

condition II 
.mgt R -0.2 0.2 

DDRAIN_BSN Depth to subsurface drain (mm) .mgt A -500 500 

TDRAIN_BSN 
Time to drain soil to field capacity 

(hours) 
.mgt A -40 40 

GDRAIN_BSN Drain tile lag time (hours) .mgt A -40 40 

CH_N2 Manning’s n for main channel .rte V 0.02 0.14 

SOL_AWC* Available water capacity .sol R -0.75 0.75 

SOL_K* 
Saturated hydraulic conductivity  

(mm·h-1) 
.sol R -0.5 0.5 

CH_K1 
Effective hydraulic conductivity of 

channel (mm·h-1) 
.sub V 0.025 150 
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2.3.5 Scenario Analysis 

Three scenarios in addition to the default conditions were determined based upon 

individual farmer adoption of rapeseed. The scenarios were defined as such so that the 

effects of farm-scale biofuel crop adoption could be observed and to determine if 

adoption area and location in the basin disproportionately affect water balance shifts. 

The percent area of crop change ranged from 6 to 96 depending on the scenario (Table 470 

2.3). All crop parameters were kept to the respective crop’s default values outlined by 

SWAT except for those found in Table 2.4 which were calculated by local experts in 

local conditions (including crop strain, growing conditions, and climate) [30]. There are 

several differences in crop parameters and management practices that could result in 

water balance shifts between winter wheat and rapeseed cultivation. Rapeseed and 

winter wheat are seeded within a month of each other, but since rapeseed is planted 

earlier in the year and the soil is compacted to protect the seeds during the rainy 

season, this may make the soil more vulnerable to erosive events. The minimum USLE 

C-factors differ greatly between the two crops and this indicates that rapeseed makes a 

landscape more susceptible to soil loss (Table 2.4). Rapeseed and winter wheat have 480 

similar rooting zone depths, with averages of 70 and 80 cm and maximums of 130 and 

140 cm, respectively. Rapeseed and winter wheat also have similar optimal, minimal, 

and maximal temperature requirements but winter wheat requires a higher sum 

temperature to harvest. Winter wheat has a higher maximum LAI (by 2.0 m2·m-2) 

indicating a higher rate of transpiration when compared to rapeseed [30]. 

Table 2.3. Scenario ID, crops planted by each farmer, and percent area of basin change from winter what to 

rapeseed. 

Scenario ID Farmer A Farmer B Percent Basin Change 

Default Winter Wheat Winter Wheat 0 

S1 Rapeseed Winter Wheat 90 

S2 Winter Wheat Rapeseed 6 

S3 Rapeseed Rapeseed 96 

The basic water balance output components (evapotranspiration (ET), surface 

runoff (SURQ), subsurface lateral flow (LATQ), available water capacity (SW), and 

discharge at the outlet (FLOW)) were evaluated across the three crop change scenarios 490 
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in addition to the default scenario. The average monthly values from April to October 

and their respective percent change from the default scenario were calculated. Paired t-

tests between the daily values for the water balance variables ET, SW, and FLOW were 

conducted to compare each rapeseed adoption scenario to the default scenario. For 

Scenarios 1&2, the values for these parameters were normalized against full rapeseed 

adoption (Scenario 3) to determine if area adoption had any significant influence on the 

water balance parameters. Finally, to assess shifts in SURQ and LATQ, the daily 

contribution ratios were calculated against the default scenario for each rapeseed 

adoption scenario.  

Table 2.4. Adjusted crop parameters from default SWAT values. 500 

Parameter 
Winter Wheat (WWHT) Rapeseed (CANP) 

Default Adjusted Default Adjusted 

Max Rooting Depth (m) 1.3  1.4  0.9  1.3  

Max LAI (m2·m-2) 4.0  5.0  3.5  3.0  

Min USLE C-Factor 0.03 0.05 0.20 0.10 

2.4 Results 

2.4.1 SWAT Model Sensitivity Analysis 

According to the global sensitivity analysis, six parameters significantly influenced 

the modeled discharge flow out of the Nučice experimental basin (Table 2.5). The first 

significantly sensitive parameter is related to groundwater processes and local 

geomorphology. Groundwater delay (GW_DELAY) is the lag time between when water 

exits the soil profile and enters the shallow aquifer. Groundwater delay is dependent 

upon water table depth and geologic formations. Five of the six sensitive parameters are 

related to soil water processes. The deep aquifer percolation fraction (RCHRG_DP) is 

the fraction of percolation that recharges the deep aquifer from the root zone. The 510 

groundwater “revap” coefficient (GW_REVAP) is the ratio of water that may move from 

the shallow aquifer back into the unsaturated zone but is a parameter that is typically 

more sensitive in basins where the saturated zone is relatively shallow and the land 

cover includes deep rooting vegetation. The depth to impervious layer parameter 

(DEP_IMP) parameter dictates a layer of soil with lower hydraulic conductivity than the 
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layer(s) above it. This parameter facilitates greater subsurface flow in the basin and was 

included in this model because there is a tile drainage system in the Nučice 

experimental basin of which very little is known. Soil available water capacity 

(SOL_AWC) and saturated hydraulic conductivity (SOL_K) are both soil input 

parameters that dictate the ability of a soil to retain water for plant use and to infiltrate 520 

and drain water, respectively. 

Table 2.5.  Sensitive parameters and their calibrated (adjusted) values. (V: replace, A: absolute, R: relative) 

Parameter Method 

Calibration Values 

Minimum 

Value 

Adjusted 

Value 

Maximum 

Value 

Groundwater “revap” coefficient V 0.02 0.086 0.2 

Deep aquifer percolation fraction V 0.001 0.48 1 

Delay time for aquifer recharge (days) A -45  -32.31  60  

Depth to impervious layer in soil profile 

(mm) 
A -1500 3036.7 4000 

Available water capacity (mm) R -75% -59% +75% 

Saturated hydraulic conductivity (mm·h-1) R -50% 25% +50% 

2.4.2 SWAT Model Calibration and Validation 

Successful model calibration and validation was obtained via a semi-automatic 

calibration method (Table 2.6). The overall model fit for the calibration period is considered 

to be “good” while the fit for the validation period is considered to be “satisfactory” at a 

daily timescale [42]. The NSE, PBIAS, R2, and KGE are all considered very good for 

calibration at the daily timescale (Table 2.6). During the validation period, the PBIAS is 

considered good and the other indicators are considered to be satisfactory. Overall 

calibrated and validated model fit is generally good and the uncertainty reflected in the p-530 

factor (0.55 and 0.71, respectively) and the r-factor are satisfactory (0.22 and 0.12, 

respectively; Figure 2.3).  

Table 2.6. Model performance indicator values for calibration and validation periods of the SWAT model. 

Model Performance Indicator Calibration (2016-2018) Validation (2019) 

NSE 0.65 0.40 
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PBIAS -0.3% -6.7% 

R2 0.65 0.42 

KGE 0.75 0.47 

p-factor 0.55 0.71 

r-factor 0.22 0.12 

 

Figure 2.3. Calibration and validation of daily average flow in Nučice during the growing seasons from 2016-2019. 

A correlation between observed and modeled discharges for the calibration and 

validation periods are presented in Figure 2.4 (a) and (b), respectively, a trendline for 

reference. Paired t-tests comparing modeled to observed discharge values (during both 

calibration and validation periods) showed no significant differences (p>0.05). 
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 540 

Figure 2.4. Observed daily average flows versus modeled daily average flows for (a) calibration period and (b) 

validation period. 

2.4.3 Crop Change Effects on Water Balance parameters 

The following daily basin water balance parameters were analyzed across crop 

change scenarios: evapotranspiration (ET), soil water content (SW), and stream 

discharge at the outlet (FLOW). Two sets of paired t-tests were conducted. Firstly, to 

assess if there were significant basin-wide differences between each scenario and the 

default. The second set of paired t-tests were based on the percent area adoption in 

Scenarios 1 & 2 normalized by Scenario 3 (full adoption) and compared to the modeled 

scenario outputs to determine if percent adoption affected the water balance parameters 550 

proportionally. The conducted paired t-tests indicate significant changes in water 

balance variables across scenarios (Table 2.7). Evapotranspiration (mm·d-1) is 

significantly lower in the rapeseed scenarios when compared to the default winter wheat 

scenario. Stream discharge (average daily L·s-1) is significantly higher in the rapeseed 

scenarios. Soil water content (average daily mm) is significantly higher in rapeseed 

Scenario 1 but significantly lower in rapeseed Scenario 2. Once normalized for percent 

area change from winter wheat to rapeseed, there are significant changes in basin water 

balance parameters that are likely influenced by slope, soil type, location in the basin, 

and proximity to stream; indicating a multiplicative rather than additive effect based on 

area change. 560 
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Table 2.7. Key basin water balance parameters, their daily average values (2014-2017), and their significance when 

compared to the default scenarios and when normalized against full rapeseed adoption in Scenario 3 (normal); 

(**p<0.001). (ET: evapotranspiration, SW: available soil water content, FLOW: average daily discharge.) 

Parameter Default 
Scenario 1 Scenario 2 Scenario 3 

Modeled Normal Modeled Normal Modeled 

ET 

(mm·d-1) 
1.27 1.14** 1.41** 1.20** 1.13** 1.12** 

SW (mm) 40.96 56.72** 48.04** 39.62** 41.43** 49.15** 

FLOW     

(L·s-1) 
0.829 1.120** 1.088** 0.989** 0.846** 1.129** 

In addition to the lumped daily analysis described above, the daily values were 

also sorted by month so that patterns through the growing season could be observed 

(Figure 2.5a). For all three rapeseed scenarios, ET decreased in months April, May, and 

June and ranged from -7.2 to -35.9% but increased in September and October ranging 

from +0.9% to +38.3% when compared to the default scenario (Figure 2.5b). There do 

not seem to be significant differences in ET during the months of July and August. The 

basin’s average available soil water content increased from May through October for 570 

Scenario 1, ranging from +9.4 to +132.5% when compared to the default scenario (the 

greatest % increase was observed in August during which the soil water content 

increased from 23.5 mm to 54.6 mm); but the average soil water content varied greatly 

for Scenario 2 across the same time period ranging from -10.9% to +28.9%. In April, 

July, and October substantial decreases in soil water content were observed in Scenario 

2 ranging from -10.9% to -14.2% when compared to the default scenario. Across the 

entire growing season, any adoption of rapeseed resulted in considerable discharge 

increases ranging from +5.7% to +180.5%. Lateral flow contribution to total water yield 

does not seem to be affected by rapeseed adoption whereas surface runoff contribution 

to total water yield varied across time and percent adoption (Table 2.8). From April 580 

through September, surface runoff increased in rapeseed Scenario 1 from 1.02 to 4.15x 

the amount modeled in the default scenario but in October the surface runoff decreased 

to 12% of the default scenario. The largest increase in surface runoff in Scenario 2 was 

observed in June with 1.89x higher values than the default scenario. Since both 
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Scenarios 1&2 are subsets of Scenario 3, Scenario 3 was used to determine if crop 

changes in Scenarios 1&2 provided proportional changes to water balance parameters. 

 

Figure 2.5. (a) Average daily water balance parameters across the growing season comparing the default scenario 

values to those of scenarios 1-3; (b) the relative percent change of each parameter in each scenario. 

Table 2.8. Surface runoff ratios for each scenario (S1-S3) when compared to the default scenario. A value closer to 590 

1.0 reflects minimal differences comparing the crop change scenarios to the default scenario. The further the value is 

from 1.0, the greater the impact due to the respective crop change scenario. (SURQ: surface runoff, LATQ: 

subsurface lateral flow) 

Month 
SURQ LATQ 

S1 S2 S3 S1 S2 S3 

April 2.83 1.34 2.42 1.03 1.01 1.03 
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May 1.43 1.02 1.51 1.00 1.00 0.99 

June 4.15 1.89 4.04 1.09 1.03 1.10 

July 1.93 1.12 1.84 1.00 1.00 0.99 

Aug 1.14 1.05 1.07 1.02 1.01 1.01 

Sept 1.14 1.04 1.07 1.01 1.01 1.01 

Oct 0.12 0.84 0.01 1.02 1.01 1.01 

 

2.5 Discussion 

2.5.1 Hydrological Modeling with SWAT 

In any hydrological model, there are four major sources of uncertainty: input data, 

model structural uncertainty, model parameter uncertainty, and output data uncertainty 

[43,44]. Although SWAT is one of the most widely used hydrological models in modern 

literature, it does have some limitations as well as the sources of uncertainty outlined 600 

above [44]. Since SWAT is semi-physically based many inputs are calculated from 

equations or obtained from global or regional databases which can introduce uncertainty 

especially at this scale and SWAT is unable to truly represent physical runoff processes 

such as preferential flow [45,46]. Nučice has been equipped to monitor generalized 

processes at the basin’s outlet rather than more distributed, basin-wide processes. 

SWAT is unable to reflect the true flashiness in the observed discharge data. This may 

be due to some level of uncertainty in the pressure probe at Nučice which produces very 

“bouncy” discharge readings. The SWAT model of Nučice may also be improved with 

sub-hourly precipitation along with using the Green and Ampt Equation instead of the 

SCS curve number method to simulate infiltration but this is not typically recommended 610 

with the current quality of soil data available [47-49]. But overall, the fit of the SWAT 

model for the Nučice experimental basin ranges from “satisfactory” to “good,” depending 

on model fit parameter selection, which is more than adequate for our scenario analyses 

as many other studies have used SWAT to conduct scenario analyses on ungauged 

basins since relative changes between scenarios are typically of interest [50-52]. 
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2.5.2 Water Balance Response to Crop Changes 

The three parameters analyzed in this study that encompass the basin water 

balance are evapotranspiration, available soil water content, and stream discharge along 

with the relative ratios of surface runoff and subsurface lateral flow. Concerning water 

balance loses, springtime evapotranspiration was much lower in the rapeseed scenarios 620 

than the default winter wheat scenario (from -7.2% to -35.9%) but the opposite was true 

during the autumnal months (+0.9% to +38.3%) which is expected since rapeseed 

begins its growth cycle in the autumn as winter wheat is just being planted. Although 

evapotranspiration is typically highest in the default winter wheat scenario throughout 

most of the year, this contributes to the goal of local water recycling rather than it being 

lost to discharge as in the rapeseed scenarios [25]. Daily average discharge was higher 

(by up to 180.5%) in all rapeseed scenarios when compared to the winter wheat 

scenarios. In the rapeseed scenarios, a greater proportion of discharge is composed of 

surface runoff (up to >4x higher) this could be due to a greater degree of interception by 

winter wheat due to its higher LAI; this higher proportion of surface runoff may lead to 630 

more soil erosion events in the summertime [53]. The fields are already more vulnerable 

to erosion events during summer for two reasons: a) precipitation patterns (the summer 

months have higher precipitation rates and the convective storms are more frequent 

than during the rest of the year) and b) seedbed conditions of the rapeseed fields [54]. 

Additionally, since increased levels of pesticide use are associated with biofuel crops in 

general, but especially rapeseed [28], these surface runoff events could lead to much 

greater pesticide runoff than the winter wheat scenarios, but such is not in the scope of 

this study. Average daily soil water content is generally much higher in the rapeseed 

scenarios over the default winter wheat scenario which may make rapeseed a more 

appropriate crop in years of longer droughts especially since the rapeseed scenarios 640 

also have generally lower rates of evapotranspiration. Average daily soil water content 

varies by scenario and is significantly lower than expected in Scenario 2 when 

normalized for percent area adoption. We expect that this might be due to higher than 

basin-average slopes and the close proximity to the streambed in Field 3; which could 

also explain the significantly higher than expected total water yield in Scenario 2 [55]. 
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2.5.3 Implications for Crop Management in the Czech Republic 

The main goal of sustainable agricultural management in the Czech Republic is to 

build a landscape that restores local water circulation [25]. The substantial increases in 

discharge at Nučice’s outlet resulting from rapeseed adoption do not support this goal. 

The 400% increase observed in surface runoff also does not support this goal and may 650 

contribute to huge soil losses during large rainstorm events in the summertime. There 

are some disproportionate effects due to location of adoption within the basin that 

greatly affect the water balance in the basin and should be noted by basin managers 

who may be able to incentivize farmers to make certain management decisions by 

location and proximity to a basin’s outlet. This manuscript should initiate studies that 

upscale scenarios related to biofuel crop adoption, which is supported by governmental 

incentives, and its effects on water balance and water pollution within the Czech 

Republic. 

2.6 Conclusions 

This study shows that the SWAT model can be effectively used in the Czech 660 

Republic to determine the effects of crop change scenarios on key water balance 

parameter shifts and can be of future use to determine how and where governmental 

policies and subsidies should be applied, especially in the case of biofuel crop adoption. 

Discharge, soil water content, and evapotranspiration were all significantly affected by 

rapeseed adoption. Discharge, soil water content, and surface runoff were all 

significantly higher when rapeseed was adopted in the basin. The increased discharge 

and surface runoff indicate a lesser degree of local water cycling than in the default 

winter wheat scenario and can also indicate higher potential soil losses from the 

landscape. The evapotranspiration in the winter wheat default scenario was typically 

higher than the rapeseed scenarios which reinforces the local water cycle. It is possible 670 

that in future climate change scenarios rapeseed may be more beneficial in longer 

drought periods due to lower average transpiration and higher average soil water 

content than winter wheat scenarios, but further scenario analyses would need to be 

conducted at a larger scale in the Czech Republic.  
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I conclude that rapeseed crop adoption does not support the goal of establishing 

a sustainable agricultural landscape and does not reinforce the local water cycle. The 

results of this study can be used by local farmers to make decisions regarding their crop 

rotation and location of planting with respect to the field’s soil and slope properties as 

well as its proximity to the basin’s outlet. This study suggests that upscaling these 

modeling efforts in the Czech Republic is important and may be able to be used to 680 

shape public policy and to work as a decision-making tool for watershed managers. 
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Chapter 3: The Small Water Cycle in the Czech Landscape: How 

Has It Been Affected by Land Management Changes Over Time?2 

3.1 Abstract 

For the Czech Republic to recover from the effects of past mismanagement, it is 

necessary to determine how its landscape management can be improved holistically by 

reinforcing the small water cycle. We conducted a scenario analysis across four time 

periods using SWAT (Soil and Water Assessment Tool) to determine the effects of land 880 

use, land management, and crop rotation shifts since the 1800s in what is now the 

Czech Republic. The 1852 and 1954 land-use scenarios behaved the most similarly 

hydrologically across all four scenarios, likely due to minimal landscape transformation 

and the fact that these two scenarios occur prior to the widespread incorporation of 

subsurface tile drainages across the landscape. Additionally, the crop rotation of 1920–

1938 reinforces the small water cycle the most, while that of 1950–1989 reinforces the 

small water cycle the least. Diversified crop rotations should be incentivized to farmers, 

and increasing the areas of forest, brush, and permanent grassland should be prioritized 

to further reinforce the small water cycle. It is necessary to foster relationships and open 

communication between watershed managers, landowners, and scientists to improve 890 

the small water cycle and to pave the way for successful future hydrological modeling in 

the Czech Republic. 

3.2 Introduction 

Since the modern era, the Czech Republic has always been intensively 

cultivated, and the culture places a high value on Czech produce, livestock, and of 

course, beer. The Czech Republic is largely self-sufficient in its production of fruit, beef, 

pork, poultry, and eggs, and is a major exporter of hops and biofuel crops such as 

rapeseed [1]. While the local mindedness of the Czech people has remained unphased 

over the years, changes in political management have greatly affected how the Czech 

landscape retains water and rein-forces the small water cycle. The small water cycle is a 900 

                                                 
2 Published as Noreika et al. 2021 
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closed system in which water evaporated from a terrestrial area falls as precipitation in 

the same terrestrial area [2,3]. To reinforce the small water cycle, great emphasis is 

placed on increasing the retention capacity of a landscape while reducing the potential 

for surface runoff [4,5].  

In the area that is now the Czech Republic, agricultural intensification started 

during the Communist regime, wherein large, monotonous agricultural fields, subsurface 

tile drainage systems, and artificially straightened streams were incorporated across the 

landscape [6,7]. 

The large, monotonous cultivated fields that are still present across the Czech 

Republic can contribute to significant runoff events and increased soil erosion, which in 910 

turn in-creases reservoir siltation rates [8]; the average field size in the Czech Republic 

is >10 ha [9]. The subsurface tile drainage systems that are still widely present across 

the Czech landscape cover an area >1.1 million ha [10]. although many are no longer 

properly maintained, these systems drain agricultural soils faster than they would 

naturally, and divert infiltrated water directly into the stream network, disallowing proper 

deep percolation and groundwater recharge. Additionally, many streams and rivers 

throughout the Czech Republic have been concrete-lined and artificially straightened [6], 

which can lead to several problems in the landscape. The first is the reduction of alluvial 

processes, which decreases infiltration and groundwater recharge [6]. Secondly, 

straightening a stream/river can reduce the riffle–pool sequencing, in turn reducing the 920 

aquatic biodiversity that would otherwise be present in a natural lotic water body. The 

straightening and smoothing of a lotic system can also contribute to more sediment 

leaving the system as resistance is reduced and the slope increased (by straightening), 

and in-stream resuspension is more likely (by smoothing), which leads to greater 

reservoir siltation. 

Since governmental shifts in the Czech Republic in 1989, there have been some 

significant land-use changes, especially with the distribution of arable land versus 

forested land [6]. Between 1989 and 2000, many areas of previously arable (with low 

productivity) land were shifted to forests and grasslands while arable lands were 

relocated to more fertile soils [6,11]. However, since 2000, there have been minimal 930 

shifts in land-use; there has been a slight decrease in the percent cover of arable land 
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which has been replaced by an impervious cover, such as expanding industry, 

developments, and roadways [6]. In addition to land-use changes, there have also been 

significant crop changes over the last century. The Czech Republic has shifted from 

primarily growing potatoes, oats, and rye to higher-profit crops driven by the free market 

and government subsidies, such as winter wheat, rapeseed, and maize [12]. While there 

have been some improvements in Czech landscape management with smaller farms 

incorporating IPA (integrated pest management for agriculture) guidelines and 

agricultural conservation practices [1], much of the Czech Republic’s cropland cover is 

managed by large-scale agricultural conglomerates, with profit being the top priority.  940 

Hydrologic models are a relatively easy and non-invasive way to monitor the 

water balance of a landscape and can aid basin managers as decision-making tools. 

The Soil and Water Assessment Tool (SWAT) is one of the most widely used hydrologic 

models in modern literature [13–16]. SWAT divides a basin into sub-basins based on the 

delineated stream network and then further divides the sub-basins into HRUs 

(hydrologic response units), which are noncontinuous areas that have identical user-

defined soil, slope, and land-use properties. Each HRU is treated as its own individual 

unit throughout the modeling process. SWAT has been used effectively anywhere from 

the farm to the continental scale and has been previously applied to the Czech 

landscape [17–21]. 950 

This study investigates the following questions: (i) How do the land-use changes 

since the 1800s affect the small water cycle in a Czech agricultural landscape?; (ii) Do 

crop changes have similar impacts on the small water cycle as the land-use and 

management changes throughout the political eras of the modern Czech Republic?; (iii) 

Have the management and land-use changes since 1989 improved the Czech 

landscape by reinforcing the small water cycle? 

3.3 Materials and Methods 

3.3.1 Study Watershed 

The Vrchlice basin (“Vrchlice”) outlet is located 65 km from Prague and is 

approximately 97 km2 (Figure 3.1). Vrchlice is primarily cropland (54% by area, Figure 960 

3.2) but also includes large forested areas and smaller townships as well as a network of 
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reservoirs (137 in total) that provide cultural, municipal, and hydrological value to the 

landscape [8]. The basin drains into the Vrchlice reservoir, which provides drinking water 

to the sur-rounding areas, including the town of Kutná Hora. Vrchlice is primarily a 

lowland area with altitudes ranging from 308 to 555 meters a.s.l., and its outlet is located 

at 49°55'37.211" N, 15°13'37.07" E. 

 

Figure 3.1.  (a) Map of the Czech Republic with Prague and the outlet of Vrchlice (the study watershed) highlighted 

for reference; (b) 5 m resolution DEM of Vrchlice and its immediate surroundings. 

 The catchment is covered mostly by clayey soils classified as Cambisols [8]. 970 

There is minimal groundwater interaction with the surface due to metamorphic bedrock. 

The few springs that are present are quite dependent on the weather; they flow if there 

is rain but are dry if there is not. The streams in the Vrchlice basin are quite flashy and 

reactive to rainfall and can run dry during periods of prolonged drought. The discharge at 

the basin’s outlet (from the Vrchlice Reservoir) has been measured at the daily timestep 

since January of 1979 by the Elbe River Basin Authority. The climate of this region is 

characterized as humid continental. The rainy season spans from May through August, 

and the highest precipitation rate is typically in July (76 mm/month), while the lowest 

precipitation rate is in February (23 mm/month). 
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 980 

Figure 3.2. Land-use changes across the Vrchlice basin over time. 

Vrchlice has a much higher cropland area cover (+15%) than the Czech Republic 

on average. In Vrchlice, there have been fluctuations in cropland cover over time, 

reflected by the rise and subsequent fall of communism and its associated policies. The 

largest percent area change across the basin is seen in the reduction of permanent 
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grasslands (Table 3.1). Otherwise, there are some land-use changes that are consistent 

with the Czech average (as previously described); many of the land-use changes are not 

reflected in total percentages but are the result of shifts in the spatial distribution of 

various land-use classes (Figure 3.2). Vrchlice has a much higher cropland area cover 

(+15%) than the Czech Republic on average. In Vrchlice, there have been fluctuations in 990 

cropland cover over time, reflected by the rise and subsequent fall of communism and its 

associated policies. The largest percent area change across the basin is seen in the 

reduction of permanent grasslands (Table 3.1). Otherwise, there are some land-use 

changes that are consistent with the Czech average (as previously described); many of 

the land-use changes are not reflected in total percentages but are the result of shifts in 

the spatial distribution of various land-use classes (Figure 3.2). 

Table 3.1. Land-use cover changes (in percent area cover) across the Vrchlice basin over time. 

Land Use 1852 1954 1983 2019 

Impervious 2 3 3 3 

Brush 3 3 4 4 

Forest 23 23 23 25 

Cropland 56 60 58 54 

Grassland 13 7 6 8 

Water 1 1 2 2 

Gardens 2 3 4 4 

3.3.2 SWAT Model Description 

The SWAT model for Vrchlice was run at a monthly timestep from 2001 through 

2019 with a 5-year warmup period from 1996–2000. Although daily discharge data was 1000 

available for calibration, a monthly timestep was selected for two reasons: (i) to minimize 

extreme daily fluctuations in discharge due to extreme precipitation events or reservoir 

management and (ii) to make the computational time more efficient. The boundaries of 

the Vrchlice basin, its contained sub-basins, and the stream network were largely DEM-

based, but a stream shapefile was available for ground-truthing. Some sub-basins were 

combined to better reflect the hydrologic conditions in the basin, e.g., several sub-basins 

near the outlet needed to be combined to reflect one continuous sub-basin to 

encompass the Vrchlice Reservoir. A total of 63 sub-basins were delineated across the 
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Vrchlice basin. Individual HRUs were defined by each unique land-use type, 3 slope 

classes (0−2%, 2−8%, and 8+%, typical for an agricultural landscape), and soils that 1010 

covered at least 10% of the basin; this classification scheme resulted in 1058 HRUs with 

an average HRU size of ap-proximately 9 ha. 

3.3.3 Input Data 

The soil map used to develop this model was compiled from various sources, 

including unpublished data from the Czech Research Institute of Soil Conservation 

(which has been conducting an intensive soil sampling effort across the basin) and the 

State Land Office of the Czech Republic (Table 3.2). The DEM was obtained from the 

fourth generation of the digital relief model of the Czech Republic (DMR4G). The model 

point cloud was processed to obtain a 5 m spatial resolution. The land-use maps were 

obtained from ZA-BAGED (Fundamental Base of Geographic Data of the Czech 1020 

Republic; provided by the State Administration of Surveying and Cadaster (ČUZK)) that 

were corrected by LPIS (Land Parcel Identification System; provided by the Czech 

Ministry of Agriculture) agricultural land surveys which were manually edited over 

historical orthophotos of the Czech Republic [22]. 

Table 3.2. Input data and sources used for SWAT modeling. 

 Input Data Description Source 

Meteorological 

Data 

Extreme 

Temperatures 

Minimum and maximum 

daily temperatures 

(1996−2019) 

Czech Hydrometeorological 

Institute 

Precipitation 
Total daily precipitation  

(1996−2019) 

Czech Hydrometeorological 

Institute 

Spatial Data 

DEM 
Digital elevation model 

(5 m resolution) 

LiDAR Survey: Czech 

Institute of Geodesy and 

Cartography 

Soils 1:5,000 soil map 

Czech Research Institute of 

Soil Conservation & the 

State Land Office of the 

Czech Republic 

Land Use 1:10,000 land use map ZABAGED & LPIS 
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The typical crop cover percentages were provided by the Czech Statistical Office 

(Table 3.3). The current (2019) crop percentages were used for the land-use change 

scenarios. This was done for two reasons: (i) because the calibrated and validated 

model is based on this crop configuration and (ii) to isolate the effects of land-use 

change. Varying crop rotations were incorporated into SWAT as management schedules 1030 

to reflect their relative per-cent cover and were utilized in a sub-basin scenario analysis. 

Table 3.3. Typical crop cover percentages in the Czech Republic, limited to the top 5 most prevalent crops for 

modeling purposes [21]. 

Crop 1920−1938 1950−1989 2019 

Potatoes 20% 10% − 

Oats 25% 15% − 

Spring Barley 15% 30% 16% 

Rye 25% 10% − 

Winter Wheat 15% 35% 40% 

Rapeseed − − 20% 

Corn − − 20% 

Winter Barley − − 4% 

3.3.4 Vrchlice Ponds and Reservoirs 

Parameters for most of the reservoirs and ponds found across Vrchlice were 

extracted from 1991 and 1992 maps published by the Czech Republic’s Ministry of the 

Environment. The reservoirs, without parameters available, in the aforementioned maps 

were located in aerial photographs (mapy.cz) to determine whether they were still 

present and connected to the stream network. A field campaign was executed during 

which 23 “un-documented” reservoirs were surveyed, and relevant inputs for SWAT 1040 

were estimated. Ultimately, 14 reservoirs and 23 ponds were determined to be 

hydrologically significant (i.e., of substantial size and connected to the stream network) 

and incorporated into SWAT (according to SWAT, a reservoir is located at the outlet of a 

sub-basin while a pond is located anywhere else in the sub-basin). There is no central 

database of reservoir management in the Vrchlice basin, so in SWAT, the reservoir 

outflow was “simulated controlled outflow-target release,” and the monthly target 

reservoir storage was set equal to the reservoir volume at its principal spillway. The 
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target days needed for a pond to reach its tar-get storage was set to zero, as most of the 

small pond and reservoir water levels in the Czech Republic are maintained at the 

principal spillway. 1050 

3.3.5 SWAT Sensitivity Analysis, Calibration, Validation, and Performance Evaluation 

The sensitivity analysis, calibration, and validation for the SWAT model of 

Vrchlice were all conducted via the SUFI2 method using SWAT-CUP 2019 v5.4.1. The 

most sensitive parameters according to the model response were determined through a 

global sensitivity analysis. Prior to calibration and validation, extreme outlying discharge 

months were removed; these are likely due to individual reservoir management that is 

not regulated by any governing body, nor are the reservoir activities recorded in any 

public data-base. The calibration of the model was run from 2001 through 2012 at the 

monthly timestep. Many iterations of over 2000 simulations were run across 21 variables 

until satisfactory statistical criteria were met (Table 3.4); the model performance 1060 

indicators include the Nash–Sutcliff efficiency (NSE), percent bias (PBIAS), coefficient of 

determination (R2), and the Kling–Gupta Efficiency (KGE). The validation of the model 

was run from 2013 through 2016 at the monthly timestep. 

Table 3.4. Parameters used for model calibration in SWAT-CUP. (V: replace, A: absolute, R: relative; *p<0.05, †only 

applied to land use AGRC). 

Parameter Description Method File Min Max 

SURLAG Surface runoff lag coefficient (days) V BSN 1 12 

SMTMP* Snow melt base temperature (ºC) V BSN −5 5 

SFTMP* Snowfall temperature (ºC) V BSN −5 5 

ESCO Soil evaporation compensation factor V BSN 0.5 0.98 

GW_DELAY Delay time for aquifer recharge (days) V GW 0 500 

GWQMN* 
Threshold water level in shallow aquifer for base 

flow (mm) 
V GW 0 5000 

ALPHA_BF Baseflow alpha factor (days−1) V GW 0.001 1 

GW_REVAP* Groundwater revap coefficient V GW 0.02 0.2 

RCHRG_DP Deep aquifer percolation fraction V GW 0.001 1 

REVAPMN* 
Threshold water depth in the shallow aquifer for 

“revap” or percolation to the deep aquifer (mm) 
V GW 0 500 
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CANMX Maximum canopy water storage (mm) R HRU −0.2 0.2 

OV_N Manning’s n value for overland flow V HRU 0.05 0.8 

DEP_IMP*† Depth to impervious layer in soil profile (mm) A HRU −1000 1000 

GDRAIN_BSN† Drain tile lag time (hours) A MGT −40 40 

TDRAIN_BSN*† Time to drain soil to field capacity (hours) A MGT −40 40 

DDRAIN_BSN† Depth to subsurface drain (mm) A MGT −500 500 

CN2* 
Initial SCS curve number for moisture condition 

II 
R MGT −0.1 0.1 

CH_K2 
Effective hydraulic conductivity of channel (mm 

h−1) 
V RTE 0.025 150 

CH_N2 Manning’s n for main channel V RTE 0.02 0.14 

SOL_AWC Available water capacity (mm) R SOL −0.2 0.2 

SOL_K* Saturated hydraulic conductivity (mm h−1) R SOL −0.2 0.2 

3.3.6 Land-use Changes: Basin Scale Scenario Analysis 

Three land-use scenarios were run in addition to the calibrated model (Table 3.1). 

The scenarios are defined by land-use changes across time: 1852 (pre-Communist Era), 

1954 (early Communist Era), 1983 (late-Communist Era), and 2019 (default/calibrated 

model and post-Communist Era; Figure 3.2). In the pre-Communist Era scenario, there 1070 

were typically buffer zones of forest or brush between agricultural fields. In the 

Communist and post-Communist eras, the fields were much larger and more 

monotonous, which in-creased the probability of surface runoff events and erosion; 

during these time periods, subsurface tile drainage systems were incorporated across all 

agricultural land-uses in the Vrchlice SWAT model. 

3.3.7 Landscape Management Changes: Sub-basin Scale Scenario Analysis 

To determine the effects of crop changes across the political eras in the Czech 

Republic, four primarily agricultural sub-basins were selected and isolated (at least 150 

hectares with >80% agricultural land-use cover) from Vrchlice; their water balance 

properties were compared across three crop-change scenarios (Table 3.3) that included 1080 

the major crops from 1920−1938 (pre-Communist era), 1950–1989 (Communist era), 

and the current conditions (post-Communist era) (Table 3.3; Figure 3.3) [23]. 
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Figure 3.3. The four primarily agricultural sub-basins identified for crop-change impact analysis, identified by their 

SWAT sub-basin ID number; the land-use map is 1954. 

3.4 Results 

3.4.1 SWAT Model Sensitivity Analysis 

Nine of the 21 variables assessed in calibration significantly affected the 

discharge output of the SWAT model for Vrchlice (Table 3.5). Two of the nine 

parameters are snowfall (SFTMP) and snowmelt (SMTMP) temperatures, which 1090 

determine when snowfall accumulates and subsequently melts, which delays discharge 

reaction time to precipitation events. Three of the nine parameters govern groundwater 

processes. GWQMN is the threshold depth of water in the shallow aquifer that is 

required for a return flow to occur. GW_REVAP is the groundwater “revap” coefficient. 

As this value approaches 0, water movement from the shallow aquifer to the root zone is 

restricted, whereas as it approaches 1, the rate of transfer from the shallow aquifer 
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approaches the rate of potential evapotranspiration. REVAPMN is the minimum depth of 

water necessary in the shallow aquifer for percolation to the deep aquifer to occur; this 

variable controls the movement of water from the shallow aquifer to the unsaturated 

zone. Two parameters are associated with the in-corporation of generalized tile 1100 

drainages across the agricultural land-use classes in Vrchlice. The parameter that 

defines a layer of soil with lower hydraulic conductivity than those above it is DEP_IMP, 

and TDRAIN_BSN is the time the drainage system takes to drain the soil to field 

capacity. The SCS curve number (CN2) is a function of a soil’s permeability, land-use, 

and antecedent soil water conditions. On average, the CN2 was 8% lower than the 

default value for each land use, indicating a higher modeled infiltration than expected. 

Finally, the last variable that significantly affected the modeled discharge at Vrchlice’s 

outlet is the saturated hydraulic conductivity of the soil, which was modeled to be 19% 

lower than the input values. This discrepancy may be due to significant generalizations 

made when aggregating soil data from different governmental and academic sources. 1110 

Table 3.5. Sensitive parameters and their calibrated (adjusted) values. 

Parameter Method 

Calibration Values 

Minimum Adjusted Maximum 

SMTMP Replace 5 2.1ºC 5 

SFTMP Replace −5 −2.1ºC 5 

GWQMN Replace 0 513 mm 5000 

GW_REVAP Replace 0.02 0.18 (coefficient) 0.2 

REVAPMN Replace 0 488 mm 500 

DEP_IMP Absolute −1000 −538 mm +1000 

TDRAIN_BSN Absolute −48 −43 hours +48 

CN2 Relative −10% −8% +10% 

SOL_K Relative −20% −19% +20% 

3.4.2 SWAT Model Calibration and Validation 

Successful model calibration and validation were obtained via a semi-automatic 

calibration method using SWAT-CUP 2019. The model performance indicators during 



 

49 
 

the calibration period are considered to be “very good”, while most indicators during the 

validation period are also considered to be “very good,” and the PBIAS during validation 

is “good” (Table 3.6) [24]. 

Table 3.6. Model performance indicators for calibration and validation periods of the SWAT model for Vrchlice. 

Model Performance Indicator 
Calibration 

(2001−2012) 

Validation 

(2013−2016) 

NSE 0.84 0.72 

PBIAS 3.1 8.1 

R2 0.85 0.72 

KGE 0.86 0.81 

A scatterplot correlation is presented in Figure 3.4, with a trendline for reference. 

Paired t-tests comparing the measured versus modeled was conducted individually for 1120 

the calibration and validation periods, and no significant differences were observed 

(p>0.05). 

 

Figure 3.4. Measured daily average flows versus modeled daily average flows for (a) calibration period and (b) 

validation period at the monthly timescale. 

3.4.3 Land-use Change Effects on the Small Water Cycle at the Basin Scale 

The following monthly basin-wide water balance parameters were analyzed 

across the four land-use change scenarios: evapotranspiration, the daily average 
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discharge at the outlet, average soil water content, subsurface lateral flow contribution to 

streamflow, and percent of the precipitation that results in surface runoff. 1130 

Evapotranspiration is not represented in a graphical form because the differences 

between the scenarios were very slight due to the fact that the total land-use changes in 

percent cover varied little across the four land-use change scenarios. Generally, the 

discharge at Vrchlice’s outlet was highest in the 1852 scenario; the greatest extremes in 

streamflow were also observed in the 1852 scenario, while the most stable flows were 

recorded in the 2019 scenario (Figure 3.5). The 1852 and 1954 scenarios resulted in 

very similar water balance outputs except in discharge at the outlet, which is likely due to 

reservoir management. The soil water content across the basin was separated into two 

obvious groups, with much higher soil water contents in the 1852 and 1954 scenarios 

(pre-Communist and early Communist eras, respectively). The lower soil water contents 1140 

in the 1983 and 2019 scenarios (late-Communist and post-Communist eras, 

respectively) are likely due to the incorporation of widespread tile drainage systems 

across the landscape in the 1970s (Figure 3.6), which also can explain the patterns 

observed in the percent rainfall resulting in surface runoff across the scenarios (Figure 

3.7). Throughout most of the year, the highest subsurface lateral flow contribution to 

streamflow was modeled in the 1852 and 1954 land-use scenarios, while the 2019 land-

use scenario exhibited the highest values from September through December (Figure 

3.8). The lowest subsurface lateral flow contribution to streamflow values occurred in the 

1983 land-use scenario across all months, and it also exhibited the greatest range in 

values across the year. 1150 
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Figure 3.5. Daily discharge values averaged by month across land-use change scenarios. 

 

Figure 3.6. Monthly average soil water content across land-use change scenarios. 
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Figure 3.7. Percent of monthly precipitation resulting in surface runoff across land-use change scenarios. 

 

Figure 3.8. Average monthly subsurface lateral flow contribution to streamflow across land-use change scenarios. 

3.4.4 Crop Change Effects on the Small Water Cycle at the Sub-basin Scale 

The following water balance variables were analyzed across the four agricultural 1160 

sub-basins outlined in Figure 3.3: evapotranspiration (ET), average soil water content 

(SW), surface runoff (SURQ), subsurface lateral flow (LATQ), and discharge (Flow) at 

the sub-basin’s outlet. The results of this sub-basin scenario analysis are summarized in 

Table 3.7. The average values of each variable are color-coded to represent their 
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reinforcement of the small water cycle i.e., a cell coded green indicates a higher 

reinforcement of the small water cycle compared to yellow, which is the intermediate 

value, and red is the crop configuration that contributes the least to the small water 

cycle. The standard deviations for each variable are also color-coded. The highest 

standard deviation for each variable indicates a higher hydrological variability within the 

respective crop rotation and, as such, is coded as red; the intermediate as yellow, and 1170 

the lowest standard deviation is coded as green, which represents a more stable system 

and small water cycle. The pre-Communist era crop configuration tends to reinforce the 

small water cycle the most, followed by the post-Communist Era, with the Communist 

Era crop rotation having the most negative impact on the small water cycle. 

Table 3.7. The effects of crop changes throughout political eras in the Czech Republic. This table compares the 

averages and standard deviations across water balance variables and is color-coded to rep-resent their reinforcement 

of the small water cycle; green positively reinforces the small water cycle the most, followed by yellow, then red. (L, M, 

H correspond to the lowest, middle, and highest values for each parameter across the three scenarios, respectively.). 

Parameter 
 Pre-Communist 

Era 

Communist Era Post-Communist 

Era 

ET 
Average M L H 

Stdev H L M 

SW 
Average M H L 

Stdev L M H 

SURQ 
Average L H M 

Stdev L M H 

LATQ 
Average M H L 

Stdev M H L 

Flow 

Average M H L 

Stdev L H M 

3.5 Discussion 

3.5.1 Hydrological Modeling with SWAT 1180 

The biggest source of error in any model is the quality of the input data, which 

influences how a model will perform before it is even run [25,26]. Other sources of error 

include the model parameter, structural uncertainties, and output data uncertainties [26]. 
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While SWAT may be the most used hydrologic model in modern studies, it is not 

immune to these sources of error [26]. Additionally, since SWAT is semi-physical based, 

it calculates many inputs and processes based on global or regional databases or from 

more generalized equations; some processes such as preferential flow or temporal 

changes in topsoil hydraulic properties, which are both significant in agricultural soils, 

cannot be modeled by SWAT [27–29]. All reservoir processes (filling, release, etc.) in 

Vrchlice were generalized because there is no central management or operations 1190 

database for such activities in the Czech Republic. Most of the reservoirs across the 

Vrchlice basin are small fishponds and are independently operated by farmers, more 

localized municipalities, or local landowners. Although daily discharge data was 

available at the Vrchlice basin’s outlet, it is not practical to calibrate and validate this 

SWAT model at the daily timestep due to these un-known reservoir management 

regimes. Additionally, there is no spatial database for crop rotations across the Czech 

Republic by individual farmers, so the crop rotation was estimated and randomized 

across the Vrchlice basin based on the major crops provided by the Czech Statistical 

Office [23]. Even with SWAT’s modeling limitations and some data quality limitations, 

SWAT was still able to effectively model the water balance at the Vrchlice basin, 1200 

especially in the context of scenario analysis, which can provide insight for managers 

concerning the localized effects of land-use and management changes across the basin. 

Additional data would be necessary to model other basin processes or to model Vrchlice 

at the sub-basin scale, such as actual crop rotation, agricultural management activities, 

and reservoir management. 

3.5.2 Small Water Cycle Response to Land-use and Management Changes 

Other than evapotranspiration, all other water balance variables were affected by 

the land-use changes in the Vrchlice basin. The most stable flows in the Vrchlice basin 

were modeled in the 2019 land-use scenario, which may be due to an increased forest 

cover, reduced crop cover, redistributed brush cover, and more reservoirs across the 1210 

basin, all of which can aid a landscape in retaining and reducing the impact of extreme 

weather events [30–37]. The systematic incorporation of subsurface tile drainage 

systems in agricultural lands seems to explain most of the patterns observed in the other 

water balance variables. The 1852 and 1954 land-use scenarios occur without the tile 
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drainage systems and before the total transformation of the landscape due to the 

Communist Era policies; these two scenarios exhibit very similar patterns of soil water 

content, average subsurface lateral flow, and percent precipitation as surface runoff. In 

these two scenarios, surface runoff and soil water content are higher across the entire 

year, and subsurface lateral flow is highest from January through August. Reduced 

surface runoff is expected with the in-corporation of a tile drainage system because the 1220 

system drains soils faster than they would naturally, allowing water to infiltrate at a 

greater rate. Further studies would need to be conducted to isolate the effects of the tile 

drainage system incorporation versus the incorporation of the large, monotonous fields 

and reduced buffer zones during the Communist Era. The reduced subsurface lateral 

flow in the 1983 and 2019 land-use scenarios is unexpected and likely an artifact of the 

incorporation of the subsurface tile drainage systems as SWAT separates tile flow from 

subsurface lateral flow. However, while this tile flow is technically subsurface, it is 

transformed into streamflow much faster than a natural subsurface lateral flow, which 

SWAT is unable to encompass at this timestep [38]. Additionally, the presence of tile 

drainage systems can cause severe nutrient issues in watersheds, including increased 1230 

nitrate and phosphorous in stream systems. However, such is not in the scope of this 

study and should be explored at the sub-basin scale in Vrchlice [39-41]. Sediment and 

erosion processes are also not included in the scope of this study but again should be 

explored at the sub-basin scale and in sub-basins with detailed reservoir and agricultural 

management practices with HRUs defined by the field boundary method [42,43]. 

When isolating the effects of crop changes across the three most recent political 

eras of the Czech Republic (pre-Communist, Communist, and post-Communist; Table 

3.3), the Communist Era crop rotation reinforced the small water cycle the least, followed 

by the post-Communist Era, and the pre-Communist Era crop rotation reinforced the 

small water cycle the most. The post-Communist Era crop rotation is largely driven by 1240 

winter wheat and rapeseed. Both of these crops exhibit high transpiration rates, and 

rapeseed is planted in an unfavorable way with seedbed conditions present during the 

Czech rainy season [20]; these factors lead to the reduced soil water content, increased 

surface runoff ratios, and the reduced subsurface lateral flow observed in the post-

Communist Era. The Communist Era crop rotation reinforced the small water cycle the 
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least, resulting in the most water being transported out of the basin as streamflow. The 

Communist Era crop rotation is dominated by oats, winter wheat, and spring barley. With 

spring barley being a major crop during this time period, its management leaves soils 

bare for longer, which results in an overall higher surface runoff ratio as well as a higher 

soil water content driven by reduced transpiration. 1250 

3.6 Conclusions 

This study has shown that SWAT can be effectively used at the management 

scale in the Czech landscape. The effects on the small water cycle of both land-use 

changes and landscape management changes were easily isolated through the use of 

SWAT. While there have been some improvements in the functionality of the Czech 

agricultural land-scape since the fall of communism, there are still areas that need 

attention from watershed managers. Increasing forested, brush, and grassland areas 

can contribute significantly to this goal. While sub-surface tile drainage systems 

superficially seem to reinforce the small water cycle, they may introduce other water 

quality issues in the Czech landscape that are not in the scope of this study and should 1260 

be examined further. 

The crop rotation that reinforces the small water cycle the most is the pre-

Communist Era configuration. The current crop rotation in the Czech Republic is an 

improvement over the crop management during the Communist Era concerning the 

reinforcement of the small water cycle. However, there are still improvements that could 

be made across the landscape. A more diverse crop rotation should be incentivized to 

farmers to reinforce the small water cycle and to make the small water cycle more 

stable. Additionally, as hydrological modeling becomes more commonplace, it is 

increasingly necessary to foster relationships and collaboration between scientists, 

landowners, and watershed managers. Central databases for reservoir management 1270 

and agricultural (crop and practice) management would be invaluable to researchers 

and basin managers to be able to aid land-owners in making informed decisions. 
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Chapter 4: The Effects of Agricultural Conservation Practices on 1420 

the Small Water Cycle: from the farm- to the management-scale.3 

4.1 Abstract 

Reinforcing the small water cycle is considered to be a holistic approach to both water 

resource and landscape management. In an agricultural landscape, this can be 

accomplished by incorporating agricultural conservation practices; their incorporation 

can reduce surface runoff, increase infiltration, and increase the water holding capacity 

of a soil. Some typical agricultural conservation practices include: conservation tillage, 

contour farming, residue incorporation, and reducing field sizes; these efforts aim to 

keep both water and soil in the landscape. The incorporation of such practices has been 

extensively studied over the last 40 years. The Soil and Water Assessment Tool (SWAT) 1430 

was used to model two basins in the Czech Republic (one at the farm-scale and a 

second at the management-scale) to determine the effects of agriculture conservation 

practice adoption at each scale. We found that at the farm-scale, contour farming was 

the most effective practice at reinforcing the small water cycle, followed by residue 

incorporation. At the management-scale, we found that the widespread incorporation of 

agricultural conservation practices significantly reinforced the small water cycle, but the 

relative scale and spatial distribution of their incorporation were not reflected in the 

SWAT scenario analysis. Individual farmers should be incentivized to adopt agricultural 

conservation practices, as these practices can have great effects at the farm-scale. At 

the management-scale, the spatial distribution of agricultural conservation practice 1440 

adoption was not significant in this study, implying that managers should incentivize any 

adoption of such practices and that the small water cycle would be reinforced 

regardless. 

4.2 Introduction 

The small water cycle is the local cycling of water, wherein water should fall as 

rain in the same geographic area from which it evapo(transpi)rates. The small water 

                                                 
3 Published as Noreika et al. 2022 
Land. DOI: https://doi.org/10.3390/land11050683 
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cycle also greatly emphasizes a reduction in surface runoff generation in a landscape, 

and the cycle’s reinforcement is considered to be a holistic approach to managing water 

resources at the catchment scale [1,2,3]. In an agricultural landscape, certain 

conservation techniques can greatly improve the water holding capacity of a soil and 1450 

can, in turn, strongly reinforce the small water cycle, making an agricultural landscape 

more resilient in the face of climate change. 

Agricultural conservation practices have been extensively studied over the last 40 

years and have been shown to significantly improve a soil’s infiltration capacity and, 

consequently, significantly decrease the surface runoff in a landscape [4,5,6,7,8]. The 

most common agricultural conservation practices in modern literature include 

reduced/no-tillage, mulch cover/crop residues and cover crops, and reduced application 

of herbicides. The goal of conservation agriculture is to make soils “self-sustainable” by: 

maintaining sources of organic matter above and below the soil’s surface, recycling 

water and nutrients within the system, and ensuring that the infiltration rate of a soil is 1460 

greater than the predicted rainfall rate [9]. To maximize the benefits of implementing 

agricultural conservation practices, managers must maintain year-round organic matter 

cover, minimize soil disturbance, and diversify crop rotations [9,10,11]. The transition 

from conventional or reduced tillage to no-tillage has been shown to reduce surface 

runoff by upwards of 20% at the plot-scale [12]. A no-tillage management scheme can 

increase the infiltration capacity of a soil in two ways: by minimizing soil disruption and 

by preserving the highest percentage of crop residue cover. No-tillage has also been 

shown to reduce soil loss, splash erosion, and surface runoff, while increasing direct 

infiltration [10,13,14]. Maintaining adequate plant cover year-round provides numerous 

benefits, including improving soil quality, controlling soil erosion, and increasing soil 1470 

water availability [15]. Plant cover percentage has a significant, negative relationship 

with final runoff rate, indicating that the greater the plant cover percentage, the lower the 

expected hourly runoff [16]. While cover crops and crop residues provide year-round soil 

coverage, they also provide an even-coverage mulching, which has been found to be a 

more successful mulching strategy in real-life scenarios when compared to artificial 

mulching with wheat straw, grass clippings, wood chips, etc., [13]. 



 

64 
 

The Intergovernmental Panel on Climate Change (IPCC) predicts that in the face 

of future climate change, Central Europe will encounter more frequent, intensive storm 

events, which will magnify landscape management issues in the Czech Republic [17]. 

The Czech Republic is a highly agricultural country, with nearly 40% of its land area 1480 

being arable. Agricultural intensification in the Czech Republic began in the 1970s when 

the landscape was publicly managed. Large fields, subsurface tile drainage systems, 

and artificially lined and straightened streams were incorporated across the landscape in 

an effort to increase crop production [18]. Unfortunately, these practices resulted in 

increased soil loss and reduced deep percolation and groundwater recharge. Since 

privatization in 1991, some small Czech farms have begun incorporating agricultural 

conservation practices and IPA (integrated pest management for agriculture) guidelines; 

however, much of the Czech agricultural landscape is managed by large agricultural 

conglomerates driven by profit [1,18]. By working to reinforce the small water cycle 

through the incorporation of agricultural conservation practices, the effects of extreme 1490 

precipitation events (e.g., huge spikes in surface runoff ratios as well as extreme soil 

loss events) may be mitigated at the basin-scale, which should incentivize their 

incorporation to land managers and farmers [17]. 

The two basins of interest have been monitored for a number of years. The farm-

scale basin (Nučice) is equipped to monitor localized basin processes, and previous 

studies have primarily focused on rainfall–runoff mechanisms and temporarily variable 

soil properties [19,20,21,22,23]. Sediment transport and erosion have been extensively 

studied in Vrchlice (the basin utilized for management-scale analysis), especially 

regarding the sediment trap efficiencies of the nearly 140 reservoirs across the basin 

[24,25,26,27]. The Soil and Water Assessment Tool (SWAT) has been previously 1500 

utilized at both basins to assess the effects of land use changes on in-basin water 

balance [26,27], but since the Czech Republic is likely to remain quite agricultural for the 

foreseeable future, it is of great interest to assess the impacts of agricultural 

conservation practice incorporation at each of these scales. While sometimes data 

intensive, hydrologic models are a relatively easy and non-invasive way to run scenario 

analyses in a landscape. SWAT is a semi-distributed, semi-physically based, basin-scale 

hydrologic model. SWAT divides a basin into smaller elements called hydrologic 
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response units (HRUs) that are each comprised of the same soil type, slope class, and 

land use classification [28,29,30,31]. SWAT was selected for this study because of its 

flexibility and applicability to agricultural catchments. SWAT makes running scenario 1510 

analyses simple, and there is significant precedent for its incorporation of agricultural 

conservation practices [32,33]. 

The purpose of this study is to investigate the following questions: (i) do the 

incorporation of agricultural conservation practices impact the small water cycle 

proportionally at various scales? (ii) Which practice is most effective at reinforcing the 

small water cycle at the farm-scale? (iii) Does the spatial distribution of agricultural 

conservation practices affect their impacts on the small water cycle at the management 

scale? (iv) What do these results imply regarding catchment management and 

incentivizing farmers to adopt these practices? 

4.3 Materials and Methods 1520 

4.3.1 Study Watersheds 

Both study watersheds are located in the Central Bohemia region of the Czech 

Republic (Figure 4.1). This region is characterized by a humid continental climate and 

receives approximately 600 mm of precipitation per year. The rainy season in this region 

occurs from May through August, and the driest month is usually February. These two 

basins were selected for this study because they are typical of an intensively agricultural 

Czech landscape. Nučice is a simply-shaped catchment and represents the farm-scale, 

containing three large fields, each with very similar crop rotations and management. 

Vrchlice represents the management-scale. It is much larger (~100 km2), with a more 

diverse landscape, and its water resources are managed to meet municipal needs. It is 1530 

valuable to land owners as well as basin managers to determine the effects of 

agricultural conservation practice adoption at each scale. 
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Figure 4.1. (a) A map of the Czech Republic. Prague is highlighted for reference as well as the outlet locations of the 

two study watersheds, Nučice (b) and Vrchlice (c). 

The Nučice experimental catchment (“Nučice”) has been monitored since 2011 by 

the Landscape Water Conservation Department (in the faculty of Civil Engineering) of 

Czech Technical University in Prague. It is a small watershed (~0.52 km2) consisting of 

three fields that are managed by two farmers and is appropriate for modeling at the 

“farm-scale” in the Czech Republic. Its outlet is located at 49°57′49.230′′ N, 1540 

14°52′13.242″ E (Figure 4.1b). The soils in Nučice are classified mainly as Luvisols and 

Cambisols overlaying siltstone and sandstone. The average slope in Nučice is 3.9% but 

ranges from 1 to 12%. Nučice is primarily cropland, with a very narrow riparian/brush 

zone around the stream; the basin is bisected horizontally by a 2-lane road (Table 4.1). 

Table 4.1. Land use percent cover over the experimental basins. 

 

Land Use Nučice Vrchlice 

Impervious 2 3 
Brush 2 4 
Forest - 25 

Grassland - 8 
Cropland 95 54 

Water 1 2 
Gardens - 4 
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The Vrchlice Basin (“Vrchlice”) is much larger than Nučice, at ~97 km2 (Figure 

4.1c). Vrchlice also has a more diverse land use, with large areas of forested land as 

well as many townships (Table 4.1), but it is still primarily cropland. The Vrchlice 

Reservoir provides drinking water to the nearby town of Kutná Hora, serving 1550 

approximately 40,000 inhabitants. Its outlet is located at 49°55′37.211” N, 15°13′37.07” 

E. The basin is covered in clayey soils classified as Cambisols overlaying a 

metamorphic bedrock [24]. Vrchlice contains a network of nearly 140 reservoirs, mostly 

small fish ponds, that serve cultural and hydrologic significance. The discharge at the 

outlet of the Vrchlice Reservoir has been monitored by the Elbe River Authority since 

1979. The Vrchlice Basin is considered to be an appropriate size for modeling at the 

“management-scale” in the Czech Republic. 

4.3.2 Soil and Water Assessment Tool (SWAT) 

SWAT requires the following as its bare minimum regarding data requirements: 

soils, slopes, land uses, and daily weather data. The input data used for each of the 1560 

models present in this study are outlined in Table 4.2. 
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Table 4.2. Input variables and their sources used for Soil and Water Assessment Tool (SWAT) modeling. 

 

 The daily meteorological data for the Nučice SWAT model was obtained from on-

site gauges (Table 2). The climate data for this model was obtained from the Climate 

Forecast System Reanalysis (CFSR) database; these data are used in case there are 

any gaps in the observed weather dataset. The digital elevation model (DEM) was 

obtained from the fifth generation of the digital relief model of the Czech Republic 

(DMR5G) and was point-cloud processed to obtain a 3 m spatial resolution. The SWAT 1570 

model for Nučice was developed using the field boundary method [34]. In the field 

boundary method scheme, each field is defined as its own HRU by aggregating the 

primary soil type and elevation class for each field. This method was selected in order to 

incorporate reduced field sizes at the farm-scale and was accomplished through the use 

of soil dummy variables. The SWAT model for Nučice was run during the growing 

seasons (~April through October) from 2014 through 2019, using 2013 as a warmup 

Input Data Basin Description Source 

Meteorological Data 

Extreme Daily 
Temperatures 

Nučice 2011–2019 
On-site: 

107 Temperature Probe 
(Campbell Sci., UK) 

Vrchlice 1996–2019 
Czech Hydrometeorological 

Institute 

Precipitation (Total 
Daily) 

Nučice 2011–2019 

On-site: MR3-01s Tipping 
Bucket 

(Meteo Servis, Czech 
Republic) 

Vrchlice 1996–2019 
Czech Hydrometeorological 

Institute 

Spatial Data 

DEM 

Nučice 3 m resolution 
LiDAR Survey: Czech 

Institute of Geodesy and 
Cartography 

Vrchlice 5 m resolution 
LiDAR Survey: Czech 

Institute of Geodesy and 
Cartography 

Soils 

Nučice 1:5000 soil map 
State Land Office of the 

Czech Republic 

Vrchlice 1:5000 soil map 

Czech Research Institute of 
Soil Conservation & the State 

Land Office of the Czech 
Republic 

Land Use 

Nučice Digitized from detailed orthophoto 
UAV Survey: Czech 
Technical University 

Vrchlice 1:10,000 land use map 

ZABAGED (Fundamental 
Base of Geographic Data of 
the Czech Republic) & LPIS 
(Land Parcel Identification 

System) 
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period. Calibration and validation procedures followed those outlined in Noreika et al. 

2020 [26].  

The Vrchlice SWAT model was developed originally for Noreika et al. 2021 to 

study the effects of land use and management changes over time in the basin [27]. The 1580 

model it-self has not been edited further. This model was run at the monthly timestep 

from 2001 through 2019 with a 5-year warmup period (1996–2000). The monthly 

timestep was chosen to minimize daily effects due to reservoir processes that are not 

publicly available and therefore unable to be represented in SWAT. The model was 

calibrated (2001–2012) and validated (2013–2016) at the monthly timestep with 

discharge data from the basin’s out-let. The basin boundaries and stream network were 

largely DEM-based, but groundtruthed to existing data. Vrchlice was divided into 63 sub-

basins, containing 1058 HRUs that were defined by their unique combinations of land 

use, slope class, and soil type. For further detail, parameterization, and intricacies of the 

model setup, please refer to Noreika et al. 2021 [27]. 1590 

4.3.3 Scenario Analysis 

Literature Review 

Contour farming results in a reduction of surface runoff by impounding water in 

small depressions, as well as a reduction of sheet and rill erosion by reducing the 

erosive power of surface runoff and preventing or minimizing the development of rills. 

This practice is represented by adjusting the Soil Conservation Service (SCS) curve 

number in SWAT. Residues are meant to slow down surface and peak runoff by 

increasing surface roughness. They also increase infiltration and reduce surface runoff 

by decreasing surface sealing and slowing down overland flow. Finally, residues reduce 

sheet and rill erosion by reducing surface flow volume. In SWAT, there is significant 1600 

literature precedent to in-corporate these practices; conservation tillage and residue 

management are typically rep-resented by adjusting the curve number and Manning’s 

roughness coefficient for overland flow, respectively. In order to incorporate these 

practices appropriately, a literature review was conducted using the following keywords: 

SWAT, best management practice, and conservation agriculture [35–67]. A total of 33 

articles were downloaded and narrowed down to 25 based on relevance. The 25 

remaining papers addressed the incorporation of conservation tillage operations, contour 
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farming, and residue management into SWAT (Figure 4.2). Of the 25, 12 took place in 

the Midwest (of US and Canada), 1 in Texas, 6 in Europe, 1 in Africa, and 6 in Asia. 

Overwhelmingly, 17 of the 25 papers referenced Arabi et al. 2008 and Neitsch et al. 1610 

2011 publications [32,33], meaning that conservation practices were incorporated via the 

curve number (CN) method. Three publications introduced till-age operation changes 

and no CN edits (TO). Two introduced tillage operation changes along with the CN edits 

(CN + TO). Two modified the CN by a percent change, and two did not specify (NS) how 

the practices were incorporated into SWAT. We then conducted a scenario analysis at 

the Nučice basin to determine whether it is necessary to incorporate both CN shifts and 

tillage operation changes. We found no significant differences between water balance 

variable outputs (discharge at the basin’s outlet, subsurface lateral flow, surface runoff, 

evapotranspiration, and soil water content, p > 0.05) when only the CN method was 

utilized versus shifting both the CN and the tillage practices. We concluded that the CN 1620 

method is appropriate to incorporate agricultural conservation practices and is also more 

efficient in the modeling process. 

 

Figure 4.2. Literature review results of 25 articles outlining the incorporation of agricultural conservation practices into 

SWAT. 

Scenarios Outlined 

Five scenarios were run at the farm-scale for this study (Table 4.3). These 

scenarios in-corporate contour farming, small residues (0.5–1 t/ha), large residues (1–9 

t/ha), conservative tillage, and field size reductions at Nučice. To incorporate field size 

reductions, in-stead of three fields averaging 17 ha each, Nučice was divided into 52 1630 



 

71 
 

fields averaging 1 ha each through the use of dummy soil variables. The other scenarios 

were incorporated as presented in Table 4.4. 

Table 4.3. Outline of scenarios implemented in the Nučice and Vrchlice Basins. (* denotes the original calibrated 

model for each). 

 

Table 4.4. Agricultural conservation measures applied to the Nučice Basin and how they are parameterized in SWAT. 

The Soil Conservation Service (SCS) Curve Number (CN) and Manning’s Roughness values represent a relative 

change from the respective calibrated model [32,33]. * Conventional tillage is present because the Nučice model was 

calibrated based on conservation tillage, and this is how the effects of conservation tillage will be compared to 

conventional tillage. † These general measures are applied to the Vrchlice scenarios at various levels of incorporation 1640 

across the basin. 

 
In Vrchlice, only the “General Measures” agricultural conservation scenario was 

adopted (Table 4.4) at various scales across the basin (Table 4.3, Figure 4.3). The 

“General Measures” outlined in Table 4.4 are considered to be “best case scenarios” to 

represent conditions if the practices were incorporated properly and if the landscape 

responds as expected, but it is likely that any real-world result would fall somewhere 

between the calibrated model without any conservation practices and the “General 

Measures” scenarios. Vrchlice was divided into three regions based on location in the 

Scenario CN USLE P Manning’s Roughness 

Conventional Tillage * +2 - - 
Contour Farming −1 0.5 - 
Small Residues - - +0.07 
Large Residues - - +0.15 

General Measures † −3 0.5 +0.15 
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basin and percent area cropland (Figure 4.3). Each area (Upper, Middle, Lower, 1650 

Random) comprises approximately 1/3 of the cropland cover in the Vrchlice Basin. 

Additionally, the Upper Extended and Lower Extended scenarios encompass the Upper 

+ Middle and Lower + Middle areas, respectively, to encompass approximately 2/3 of the 

cropland cover in the Vrchlice Basin. A requirement for the Random scenario is that no 

selected sub-basins should be adjacent. The Random scenario controls for the effects of 

connectivity of agricultural conservation practices to determine if individual farm adoption 

is “enough” or if regional adoption is necessary to more greatly reinforce the small water 

cycle. These scenarios were outlined so that the individual impacts of agricultural 

conservation practice continuity and spatial adoption within the basin could be 

evaluated. 1660 

 
Figure 4.3. A map of the Vrchlice Basin, color coded to represent the various scenarios analyzed. 
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4.4 Results 

According to the global sensitivity analysis that was conducted, three parameters 

significantly influenced the modeled discharge flowing out of the Nučice experimental 

basin (Table 4.5). RCHRG_DP is the deep aquifer percolation fraction; this value should 

fall between 0 and 1 as it is the fraction of percolation past the root zone which 

recharges the deep aquifer. Since this value is very close to 0, this indicates that a very 

small fraction of water entering the Nučice Basin recharges the deep aquifer. Saturated 

hydraulic conductivity (SOL_K) and the available water capacity of the soil (SOL_AWC) 1670 

govern how water is infiltrated and retained in a soil, respectively, were also significantly 

sensitive parameters. 

Table 4.5. Sensitive parameters and their calibrated (adjusted) values. (V: replace, A: absolute, and R: relative). 

 
Calibration (2016–2018) and validation (2019) for the Nučice basin were 

conducted with SWAT-Cup 2019, which is a semiautomatic calibration methodology 

[28]. Table 4.6 presents the selected model performance indicators during the calibration 

and validation periods for the Nučice SWAT model. Figure 4.4 presents a scatterplot, 

correlating the modeled discharge values with the observed discharge values at Nučice 

during the calibration and validation periods. 1680 

Table 4.6. Model performance indicators for the calibration and validation periods of the Nučice SWAT model. 

 

Parameter Method 
Calibration Values 

Minimum Adjusted Maximum 

RCHRG_DP V 0.001 0.001 0.999 
SOL_K R −0.5 −0.11 0.5 

SOL_AWC R −0.90 0.88 0.90 

 

Calibration Performance Indicator Validation 

0.76 p-factor 0.80 
0.46 r-factor 0.21 
0.77 R2 0.52 
0.77 NSE 0.48 
6.9 PBIAS 12.1 
0.80 KGE 0.64 
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Figure 4.4. Correlation of modeled and observed discharge values at Nučice’s outlet during the calibration and 

validation periods; a 1:1 line is included for reference. 

There were significant shifts across water balance parameters with the 

incorporation of agricultural conservation practices at the Nučice scale (Figure 4.5). The 

incorporation of residues and contour farming reinforced all of the small water balance 

parameters when compared to the calibrated scenario, which included generalized 

conservation tillage. Re-sorting to conventional tillage from conservation tillage was 1690 

consistently contradictory to the goal of reinforcing the small water cycle. Field size 

reductions resulted in the highest amount of streamflow contribution from subsurface 

lateral flow, but the model indicated that otherwise the adoption of smaller fields does 

not reinforce the small water cycle. 
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Figure 4.5. A ranking of each scenario (in the Nučice basin) according to its reinforcement of specific small water 

cycle parameters. All values are significantly different from the calibrated scenario (parameters in red, bold) unless 

indicated by *. † indicates a significant difference between Res1 and Res2. 

All small water cycle parameters, except for discharge at Vrchlice’s outlet, were 

significantly affected by the incorporation of agricultural conservation practices across 1700 

the basin. Interestingly enough, neither the scale of adoption nor the spatial distribution 

of agricultural conservation practices significantly affected any small water cycle 

parameters at this scale; further figures presented compare only Vrchlice’s conventional 

tillage (calibrated model) and the full adoption scenario. Both the available water content 

and evapotranspiration in the conventional tillage scenario are consistently lower than 

the full conservation adoption across the entire year (Figure 4.6 and Figure 4.7). Both 

the surface runoff ratios and subsurface lateral flow were significantly higher throughout 

the year in the conventional tillage scenario when compared to the General Measures 

full adoption scenario (Figure 4.8 and Figure 4.9). Generally surface runoff in the 

conventional tillage scenario is greater than 2× that of the conservation scenario (Figure 1710 

4.9). 
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Figure 4.6. Average monthly evapotranspiration rates (mm) across the modeled time period in Vrchlice. 

 

Figure 4.7. Average soil water content (mm) by month across the modeled time period in Vrchlice. 

 

Figure 4.8. Average monthly percentage subsurface lateral flow contribution to streamflow across the modeling period 

in Vrchlice. 
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Figure 4.9. Surface runoff ratios between full agricultural conservation practice adoption and the default conventional 1720 

tillage scenario. The histogram bars represent the cumulative probability that a value falls at or below the respective 

ratio. 

4.5 Discussion 

4.5.1 Hydrological Modeling with SWAT 

There are several possible sources of error in any hydrologic model; the first is input 

parameter uncertainty, which is the largest possible source of error and also influences 

uncertainties associated with output data. Model parameterization and model structural 

uncertainties are additional possible sources of error [62,68]. Furthermore, since SWAT 

is neither fully physically based nor fully distributed, some processes may not be 

properly represented, such as temporal changes in topsoil hydraulic properties, 1730 

preferential flow, or the influences of the spatial distribution of fine-scale land 

management [28,69,70]. While there are some drawbacks to the SWAT model (as 

stated above), it is a very useful tool for hydrologic modeling, especially regarding 

scenario analysis. Currently, Nučice is equipped to model generalized processes rather 
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than more spatially distributed processes (piezometer clusters and a cosmic-ray neutron 

sensor are currently being installed). The soil data at this scale is fairly coarse and is 

nearing the lower spatial range of SWAT’s modeling capabilities, but SWAT was still 

able to model Nučice effectively with “good” or “very good” performance across the 

selected indicators [71–73]. The uncertainties associated with the Vrchlice model 

primarily include generalized reservoir processes and crop rotations [27]. Vrchlice was 1740 

able to be effectively modeled at the monthly timescale, also with “good” and “very good” 

performance indicators [71–73]. While SWAT was able to model significant shifts in 

water balance parameters with the incorporation of agricultural conservation practices in 

Vrchlice, it was unable to represent significant differences at varying scales and 

distributions of incorporation across Vrchlice. This could be due to the fact that Vrchlice, 

while primarily cropland, contains significant areas of forested areas and riparian zones, 

which may disguise the effects of agricultural conservation adoption. Additionally, since 

Vrchlice is of significant size and SWAT is not fully distributed, the effects of the scale of 

agricultural conservation practice adoption may be aggregated across the basin, leading 

to insignificant changes across the agricultural conservation practice adoption scenarios. 1750 

4.5.2 The Small Water Cycle at the Farm-Scale 

At the farm-scale, SWAT was able to model significant differences in water 

balance parameters across agricultural conservation practice scenarios. According to 

SWAT, residue incorporation and contour farming were the most effective at reinforcing 

the small water cycle and should be prioritized by farmers to aid the holistic 

management of their land in the face of future climate change [17]. Although it was not in 

the scope of this study to investigate the effects of crop changes in addition to the 

incorporation of agricultural conservation practices, the previous SWAT study of the 

Nučice basin indicated that crop changes also have significant impacts on the small 

water cycle [26]. For instance, winter wheat reinforces the small water cycle to a greater 1760 

degree than rapeseed in the Czech landscape. The incorporation of contour farming and 

crop residues may be able to mitigate water balance issues that arise from less-

sustainable crop choices, and the inter-action should be studied further.  

SWAT was not able to effectively model the impacts of incorporating smaller field 

sizes at Nučice. This may be due to several factors: SWAT is not fully distributed and 
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cannot model the spatial effects influenced by smaller field incorporation, crop changes 

were not incorporated across the smaller fields, and SWAT does not model true border 

effects between fields. To replicate this in future studies, a trap efficiency would need to 

be applied to each HRU to simulate flow disruption between fields. The field boundary 

HRU method may be more useful to identify “hotspot” fields that may be susceptible to 1770 

erosive events due to their slopes, crops, and soil types [28,30,34,69,70]. 

4.5.3 The Small Water Cycle at the Management-Scale 

The adoption of agricultural conservation practices in at least 33% of the cropland 

across Vrchlice had significant effects on the small water cycle within the basin. Neither 

the distribution nor the scale of adoption (anything above 33%) significantly affected the 

small water cycle variables at Vrchlice any further. While Vrchlice is a very agricultural 

basin (>50% cropland), there are also very large forested and riparian areas that may 

mask the effects of various intensities of agricultural conservation practice adoption. It 

may also be due to SWAT’s model structure, being semi-distributed and semi-physically 

based, that some effects at this scale may be lost due to HRU aggregation or 1780 

generalizations due to using the curve number method [34,74,75]. While SWAT models 

significant impacts on the small water cycle due to the adoption of agricultural 

conservation practices, SWAT cannot represent realistic effects when additional spatial 

distribution and connectivity scenarios are introduced; a fully distributed model would be 

necessary for this purpose. However, SWAT was able to model general trends and 

could represent significant differences between conventional agricultural practices and 

full conservation adoption.  

When compared to the effects of land use changes at Vrchlice [27], average soil 

water content and subsurface lateral flow shifts fell in similar ranges to that of agricultural 

conservation practice incorporation scenarios. However, the modeled adoption of 1790 

agricultural conservation practices reduced the proportion of surface runoff at the 

management scale by up to 30x, which greatly outweighs the effects of the land use 

change scenarios previously modeled [27]. These findings indicate that, at the 

management-scale, the incorporation of agricultural conservation practices can have 

similar effects to land use changes on the small water cycle and can greatly reduce the 

overall proportion of surface runoff contribution to streamflow. 
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4.5.4 Implications for Agricultural Conservation Practice Incorporation in the Czech 

Republic 

The incorporation of agricultural conservation practices tend to reinforce the small 

water cycle regardless of scale of incorporation. These effects are more obvious at the 1800 

farm-scale than at the management-scale, which should motivate individual farmers to 

adopt such practices. At the management-scale, the effects of agricultural conservation 

practices were still significant but the scale and the spatial distribution of adoption were 

not. This implies that managers should incentivize any willing famers/conglomerates 

within their management area to adopt such practices. In addition to agricultural 

conservation practices, other land and crop management factors can also have 

significant effects on the small water cycle and their interactions should be studied 

further [26,27]. While soil erosion and sediment transport were not explored in this study, 

agricultural conservation practices have also been shown to have positive effects 

concerning these issues and can lead to increased soil conservation [14–16,76,77]. 1810 

4.6 Conclusions 

This study reinforces SWAT’s applicability to the Czech landscape at both the 

farm- and management-scales. SWAT is very effective in its ability to model various 

management, land use, and crop change scenarios. While likely exaggerated by the 

scale, agricultural conservation practice adoption at the farm-scale has significant effects 

on the small water cycle. The most effective practice modeled at this scale was the 

incorporation of contour farming. The effects of small field incorporation at the farm-scale 

tended to have significantly negative impacts on the small water cycle, but this result is 

likely an artifact due to the HRU processing in SWAT. At the management-scale in the 

Czech Republic, any degree of incorporation of agricultural conservation practices 1820 

makes significant impacts on the small water cycle, according to the Vrchlice SWAT 

model. SWAT was able to model that the incorporation of agricultural conservation 

practices in a primarily agricultural landscape can have significant effects on the small 

water cycle, especially regarding sur-face runoff ratios. While SWAT is not fully 

distributed and real-world effects would likely vary, this study indicates that managers 

should encourage agricultural conservation practices, regardless of scale or spatial 
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distribution. As this study only focuses on the effects of agricultural conservation 

practices on the small water cycle, further studies should be conducted to model their 

effects on erosion as well as the interactions between agricultural conservation practices 

and land use/management changes in the Czech landscape. 1830 
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Chapter 5: General Conclusions 

The chapters presented in this thesis show that land use and management 2110 

changes in the Czech landscape can significantly affect the dynamics of the small water 

cycle. Crop changes, land use changes, and the incorporation of agricultural 

conservation practices all affect the hydrology in a basin. The Soil and Water 

Assessment Tool (SWAT) was utilized to assess these effects at the basin-scale in the 

Czech Republic. SWAT is the most widely used hydrologic model in modern literature, 

but it had rarely been used to model the Czech landscape. We were able to show that 

SWAT is applicable in this region and that it is also able to model the effects of 

landscape management changes that are unique to the Czech Republic. In Chapter 2 it 

was demonstrated that the adoption of a specific biofuel crop (rapeseed) did not 

positively reinforce the small water cycle at the farm-scale. The available water content 2120 

in the soil, discharge at the basin’s outlet, and surface runoff ratios were all significantly 

higher in the rapeseed adoption scenarios. The increased available water content does 

reinforce the small water cycle and may indicate that rapeseed could be a more 

appropriate crop in future climate change scenarios (with longer drought periods 

expected). Increased surface runoff ratios and discharge do not reinforce the small 

water cycle and may indicate higher potential soil losses from the landscape especially 

as rapeseed is planted during the rainy season. The winter wheat scenarios resulted in 

higher evapotranspiration which does contribute to the local cycling of water. The 

adoption of rapeseed also had disproportionate effects on the small water cycle 

depending upon its position of adoption within the basin, which may be of interest to 2130 

farmers and local land managers to make decisions regarding rapeseed field locations 

within the basin.  

Chapter 3 showed that SWAT is also applicable to the Czech landscape at the 

management-scale in addition to the farm-scale. While there have been some 

improvements in the small water cycle reinforcement since the end of the Communist 

Era, there is still much room for improvement. The 2019 land use scenario reinforced the 

small water cycle the most, but the crop rotations from the pre-Communist Era 

reinforced the small water cycle the most followed by the current rotation while the crop 

rotation during the Communist Era reinforced the small water cycle the least. This study 
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suggests that to reinforce the small water cycle, a more diverse crop rotation should be 2140 

established throughout the Czech landscape as well as reverting some agricultural 

areas back to brushland, permanent grassland, or forest. In this study, many 

generalizations had to be made regarding reservoir processes and management- the 

SWAT model of Vrchlice could be improved if such practices were public knowledge.  

 Chapter 4 reinforced SWAT’s applicability to the Czech agricultural landscape. 

SWAT is an extremely flexible tool that makes scenario analysis in a landscape relatively 

easy. SWAT was able to effectively model the incorporation of agricultural conservation 

practices at both the farm- and the management-scale. Contour tillage at the farm-scale 

was the practice that reinforced the small water cycle the most, followed by residue 

incorporation. At the management-scale, there was no influence due to continuity nor 2150 

scale (above 33% by area) of agricultural conservation practice adoption across the 

basin. This indicated that basin managers should incentivize any willing farmer to 

incorporate such practices. Agricultural conservation practice adoption across both 

scales (the farm- and the management-scale) significantly affected the small water cycle 

to a similar degree as land use changes. Being that the Czech Republic is a highly 

agricultural country, agricultural conservation practice adoption could greatly influence 

the dynamics of the small water cycle and could aid in its holistic landscape 

management.  

The largest potential source of error in any model is the quality of its input data. 

While our efforts were somewhat limited regarding soil data quality (at both Nučice and 2160 

Vrchlice) and reservoir and landscape management (at Vrchlice), SWAT was able to 

model the water balance variables at both basins with either “good” or “very good” 

performance indicators. SWAT is semi-distributed and semi-physically based, which also 

leads to some possible sources of error as it does not realistically represent some 

processes and it can be highly influenced by user discretion (such as HRU aggregation). 

Regardless of these possible sources of error, SWAT is still an extremely flexible model 

especially when it comes to scenario analysis and can only be improved as additional 

data become more available.  

In the face of future climate change, it is more important than ever to try to 

manage landscape and water processes in a holistic manner. To accomplish this, a 2170 
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management goal outlined in the Czech Republic is to reinforce the small water cycle. 

This thesis has shown that reinforcing the small water cycle is possible in an agricultural 

landscape by varying crop rotations, re-establishing riparian zones with forest, brush, or 

permanent grasslands, and to incentivize widespread agricultural conservation practice 

adoption. The studies presented in this thesis also reinforce the necessity of 

cooperation. Central databases for reservoir and agricultural management would be 

invaluable to researchers. As hydrological modeling becomes more commonplace, it 

becomes increasingly necessary to foster relationships and collaboration between 

scientists, landowners, and watershed managers. This cooperation would greatly aid 

land owners and basin managers in making informed decisions regarding landscape 2180 

management.  
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