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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 determire 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 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.
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1. 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, 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 [9]. While land-use changes from forests or pastures 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), 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 processes in a system, including rooting zone depth, USLE C-factor (Universal Soil Loss Equation
Cover-factor), canopy height, stomatal conductance, leaf area index (LAI), and many more [19].
Numerous previous studies have shown that each crop has distinctive water requirement patterns
throughout a growing season and that 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
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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 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 the 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 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 benetits 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
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 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 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 km? to basins on the continental scale and can be run on daily, monthly, or yearly
timescales [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 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? (iv) How do these changes in water balance align with the goals of
restoring local water circulation in a landscape?

2. Materials and Methods

2.1. Study Watershed

The basin selected for this study is the Nucice experimental catchment (“Nucice”); it is a small
(0.52 km?) agricultural watershed in the Czech Republic (approximately 30 km from Prague; Figure 1).
The basin’s outlet location is 49°57'49.230"" N, 14°52’13.242” E. Nucice has been monitored by the
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Landscape Water Conservation Department of Czech Technical University in Prague since 2911.
The climate in this region is humid continental with an average annual precipitation of approximately
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.
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Figure 1. (a) Map of the Czech Republic with Prague and Nucice (the study watershed) highlighted
for reference and (b) a 3 m resolution digital elevation model (DEM) of Nucice and its immediate
surroundings along with field IDs, channel. gauging station, and weather station.

Nucice 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). The soils
here are classified as Luvisols and Cambisols that overlay sandstone and siltstone [40]. Based on a
nearby geological borehole survey, the 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 stream discharge and the processes in the shallow part of the soil profile are
not significantly influenced by groundwater. Nucice 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 Nucice 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 Lag™,

Fields 1 and 2 are managed by the first farmer (“farmer A”), and field 3 is managed by the second
farmer (“farmer B”) (Figure 2c). Fields 1 and 2 have been tilled conservatively since 2000, and field
has been tilled conservatively since 2013, with a maximum of 0.18 m of soil disturbance. The farmers in
Nucice typically grow the cereal grain winter wheat but occasionally rotate with rapeseed or mustard.
It is feasible that the farmers who manage Nucice may shift their primary crops to further benefit from
various EU policies that incentivize biofuel crop production.
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Figure 2. (a) Soil map, (b) slope map, and (c) land use map (with field IDs) of Nucice.
2.2. 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 Nucice is very flashy and has only been monitored since
2011, a daily timestep was selected for SWAT modeling to 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 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 later refined during calibration. The model was run from 2014 through 2019, with a
one-year warmup period in 2013.

2.3. Input Data

The soil map used was distributed by the State Land Office of the Czech Republic and includes
basic soil physical properties (Figure 2a). The slopes in Nucice were divided into 4 classes as defined
in SWAT according to the digital elevation model (DEM) (Figure 2b). The DEM was obtained from
the fifth generation of the digital relief model of the Czech Republic (DMR5G) and is based on
LiDAR (Light Detection and Ranging) surveys with a relative error of 0.18 m. The model point cloud
was processed to obtain a 3 m spatial resolution. The DEM was used to delineate the watershed
boundaries. The land-use map was composed by digitizing a detailed orthopioto map created during
local unmanned aerial vehicle (UAV) surveys conducted by the Department of Landscape Water
Conservation at Czech Technical University (Figure 2c and Table 1).

Daily precipitation and temperature data were downloaded from the on-site gauge (Table 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 are used to
fill in any missing data over the timespan of the SWAT model run.
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Table 1. Input variables used for Soil and Water Assessment Tool (SWAT) modeling.

Input Data Description Source
Minimum and maximum On-site:
Extreme Temperatures daily temperatures 107 Temperature Probe
(2011-2019) (Campbell Sci., UK)

Meteorological Data

Total daily precipitation On-site: MR3-0ls

Precipitation Tipping Bucket
(G013 (Meteo Servis, Czech Republic)

;o s LiDAR Survey:

DEM gl dlew atmr.l el Czech Institute of Geodesy

(3 m resolution) /
and Cartography
Spatial Data Soil Tyoe Soil map of the Czech State Land Office of the
o yp Republic 1:5000 Czech Republic
. Digitized from UAV Survey:
Lanig Use detailed orthophoto Czech Technical University

2.4. SWAT Sensitivity Analysis, Calibration, Validation, and Performance Evaluation

The sensitivity analysis and calibration for the SWAT model of Nucice were conducted using the
SUFI2 method in SWAT CUP (Calibration and Uncertainty Programs) 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). The stream discharge during the
vegetated seasons of each year (approximately 1 April through 31 October) were used for calibration
and validation. The reasons for using only the vegetated seasons for calibration and validation are
threefold: (i) 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; (ii) 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 (iii) 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.

Table 2. The parameters used for model calibration in SWAT CUP along with their degree of sensitivity
(V: replace, A: absolute, R: relative, and * p < 0.05).

Parameter Definition File Method Min Max
ESCO Soil evaporation compensation factor bsn Y 0.5 0.95
SURLAG Surface runoff lag coefficient (days) bsn Vv 0.001 15
ALPHA BF¥ Base flow recession constant (days) gw 1 0.001 1
RCHRG_DP * Deep aquifer percolation fraction gw Vv 0.001 1
GW_DELAY * Delay time for aquifer recharge (days) gw A —-45 60
GW_REVAP * Groundwater revap coefficient gw A 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 A% 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 I 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 \Y% 0.02 0.14
S0L_AWC * Available water capacity sol R -0.75 0.75
SO, K* Saturated hydraulic conductivity (mm-h™1) sol R -0.5 0.5
CH_K1 Effective hydraulic conductivity of channel (mm-h =) sub \% 0.025 150
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The statistical criteria for model acceptance were based on Nash-Sutcliff efficiency (NSE > 0.4),
percent bias (PBIAS < 10%), coefficient of determination (R? > 0.4), and Kling-Gupta Efficiency
(KGE > 0.5).

2.5. 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 3). All crop parameters were kept to the respective crop’s default
values outlined by SWAT except for those found in Table 4, which were calculated by local experts
in local conditions (including crop strain, growing conditions, and climate) [30]. There are several
differences in individual 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 4). Rapeseed and winter wheat have 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 m®>m~2), indicating a higher rate of transpiration when compared to rapeseed [30].

Table 3. Scenario IDs, 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
52 Winter Wheat Rapeseed 6
S3 Rapeseed Rapeseed 96

Table 4. Adjusted crop parameters from default SWAT values.

Winter Wheat (WWHT) Rapeseed (CANP)
Parameter
Default Adjusted Default Adjusted
Max Rooting Depth (m) 1:8 1.4 0.9 1.3
Max LAI (m2-m™7) 4.0 5.0 35 3.0
Min USLE C-Factor 0.03 0.05 0.20 0.10

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 in addition to the default scenario. The average
monthly values from April to October and their respective percent changes 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 and 2, the values for these parameters were normalized against full rapeseed adoption
(Scenario 3) to determine if area adoption had any signiticant 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.
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3. Results

3.1. SWAT Model Sensitivity Analysis

According to the global sensitivity analysis, six parameters significantly influenced the modeled
discharge flow out of the Nucice experimental basin (Table 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 when water 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 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 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 Nucice
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 and drain water, respectively.

Table 5. Sensitive parameters and their calibrated (adjusted) values. (V: replace, A: absolute, and R: relative).

Calibration Values

Parameter Method
Minimum Value  Adjusted Value = Maximum Value
Groundwater “revap” coefficient \4 0.02 0.086 0.2
Deep aquifer percolation fraction A4 0.001 0.48 1

Delay time for aquifer recharge (days) A —45 -3231 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%

3.2. SWAT Model Calibration and Validation

Successful model calibration and validation was obtained via a semiautomatic calibration method
(Table 6). The overall model fit for the calibration period is considered “good” while the fit for
the validation period is considered “satisfactory” at a daily timescale [42]. The NSE, PBIAS, R?,
and KGE are all considered good for calibration at the daily timescale (Table 6). During the validation
period, the PBIAS is considered good and the other indicators are considered satisfactory. Overall,
the calibrated and validated model fits are generally good, and the uncertainty reflected in the p-factor
(0.55 and 0.71, respectively) and the r-factor (0.22 and 0.12, respectively) are satisfactory (Figure 3).

Table 6. Model performance indicator values for calibration and validation periods of SWAT model.

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

NSE 0.65 0.40
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
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A correlation betv. een observed and modeled discharges for the calibration and validation periods
are presented in Figure 4a,b, respectively, along with a regression line for reference. Paired t-tests
comparing modeled to observed discharge values (during both the calibration and validation periods)
showed no significant differences (p > 0.05).

@ (b)
3} ——— Regression line 3} == — Regression line
R* =065 R* =042
. ~
. P
.| - -
#

D —— el 2{ ' .

T
ssses

Simulated (Daily Average Ls™)
Simulated (Daily Average Lis™)

(=]
.o

: ; ; i 0L i : :
0 1 2 3 0 1 2 3
Observed (Daily Average Ls') Observed (Daily Average Ls )

Figure 4. Observed daily average flows versus modeled daily average flows for (a) calibration period
and (b) validation period.

3.3. 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 and, secondly, based on the percent area adoption in Scenarios 1 and 2
normalized by Scenario 3 (full adoption) and compared to the modeled scenario outputs to determine
if percent adoption affected the water balance parameters proportionally. The conducted paired t-tests
indicate significant changes in water balance variables across scenarios (Table 7). Evapotranspiration
(mm-d!) is significantly lower in the rapeseed scenarios when compared to the default winter wheat
scenario. Stream discharge (average daily L-s™!) 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,
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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.

Table 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,
and FLOW: average daily discharge).

Scenario 1 Scenario 2 Scenario 3
Parameter Default
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 ** 4143 ** 49.15 **

FLOW (L-s71) 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 throughout the growing season could be observed (Figure 5a). For all three
rapeseed scenarios, ET decreased in 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 5b). There does not seem to be significant differences in ET during the months of July
and August. The basin’s average soil water content increased from May through October for 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 8j. From April 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 Scenarios 1 and 2 are
subsets of Scenario 3, Scenario 3 was used to determine if crop changes in Scenarios 1 and 2 provided
proportional changes to water balance parameters.

Table 8. Surface runoff ratios for each scenario (51-53) when compared to the default scenario: a value
closer to 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).

SURQ LATQ
S2 S3 Ss1 S2 S3

April 283 134 242 103 101  1.03
May 143 102 151 100 100 099
June 415 189 404 109 103 110
July 193 112 184 100 100 099
Aug 114 105 107 102 101 101
Sept 114 104 107 101 101 101
Oct 012 08 001 102 101 101

Month
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Figure 5. (a) Average daily water balance parameters across the growing season comparing the default
scenario values to those of Scenarios 1-3 and (b) the relative percent change of each parameter in
each scenario.

4. Discussion

4.1. 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 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]. Nucice 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
Nucice which produces very “bouncy” discharge readings. The SWAT model of Nucice 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 with
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the current quality of soil data available [47-49]. However, overall, the fit of the SWAT model for the
Nucice 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].

4.2. Water Balance Response to Crop Changes

The three parameters analyzed in this study that encompass basin water balance are
evapotranspiration, 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 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 LAL This higher proportion of surface runoff may lead
to more soil erosion events in the summertime [53]. The fields are already more vulnerable to erosion
events during summer for two reasons: (i) precipitation patterns (the summer months have higher
precipitation rates, and the convective storms are more frequent than during the rest of the year) and
(ii) seedbed conditions in 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 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].

4.3. 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 Nucice’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 contribute to huge soil losses during large rainstorm
events in the summertime. There are some disproportionate effects due to the location of adoption
within the basin that greatly affect water balance 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 in the Czech Republic.

5. Conclusions

This study shows that the SWAT model can be effectively used in the Czech 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 surface runoff were all significantly
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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. Evapotranspiration in the winter wheat default scenario
was typically higher than the rapeseed scenarios, which reinforces the local water cycle. It is possible
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.

We 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 Repiklic is important and may be able to
help shape public policy and to work as a decision-making tool for watershed managers.
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