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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 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 trans-
formation and the fact that these two scenarios occur prior to the widespread incorporation of sub-
surface 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, land-
owners, and scientists to improve the small water cycle and to pave the way for successful future
hydrological modeling in the Czech Republic.

Keywords: landscape management; small water cycle; crop rotation; land-use change; scenario
analysis; SWAT

1. 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
reinforces the small water cycle. The small water cycle is a 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 (Appendix A, Fig-
ure Al), subsurface tile drainage systems, and artificially straightened streams were in-
corporated across the landscape [6,7].

The large, monotonous cultivated fields that are still present across the Czech Re-
public can contribute to significant runoff events and increased soil erosion, which in turn
increases reservoir siltation rates [8]; the average field size in the Czech Republicis >10 ha
[9]. The subsurface tile drainage systems that are still widely present across the Czech
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landscape cover an area >1.1 million ha [10]. although many are no longer properly main-
tained, 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 sev-
eral problems in the landscape. The first is the reduction of alluvial processes, which de-
creases infiltration and groundwater recharge [6]. Secondly, straightening a stream/river
can reduce the riffle-pool sequencing, in turn reducing the aquatic biodiversity that
would otherwise be present in a natural lotic water body. The straightening and smooth-
ing 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 sig-
nificant 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 productiv-
ity) 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 shifts in land-use;
there has been a slight decrease in the percent cover of arable land which has been re-
placed by an impervious cover, such as expanding industry, developments, and road-
ways [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 improve-
ments in Czech landscape management with smaller farms incorporating IPA (inte-
grated pest management for agriculture) guidelines and agricultural conservation prac-
tices [1], much of the Czech Republic’s cropland cover is managed by large-scale agricul-
tural conglomerates, with profit being the top priority.

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 deline-
ated stream network and then further divides the sub-basins into HRUs (hydrologic re-
sponse 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 through-
out 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].

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 manage-
ment 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 re-
inforcing the small water cycle?

2. Materials and Methods
2.1. Study Watershed

The Vrchlice basin (“Vrchlice”) outlet is located 65 km from Prague and is approxi-
mately 97 km? (Figure 1). Vrchlice is primarily cropland (54% by area, Figure 2) but also
includes large forested areas and smaller townships as well as a network of 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 surround-
ing areas, including the town of Kutna 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.
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Figure 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]. 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).

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 per-
cent area change across the basin is seen in the reduction of permanent grasslands (Table
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 percent-
ages but are the result of shifts in the spatial distribution of various land-use classes (Fig-
ure 2).

Table 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 3 4 4

2.2. 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 availa-
ble for calibration, a monthly timestep was selected for two reasons: (i) to minimize ex-
treme 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-
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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 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 covered at least 10% of the
basin; this classification scheme resulted in 1058 HRUs with an average HRU size of ap-
proximately 9 ha.

Land Use
B [mpervious

v ‘ . I Brush
1983 2019 B Forest
Cropland
I Grassland
Water
I Gardens

Figure 2. Land-use changes across the Vrchlice basin over time.
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2.3. Input Data

The soil map used to develop this model was compiled from various sources, includ-
ing 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 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 Republic; provided by the
State Administration of Surveying and Cadaster (CUZK)) that were corrected by LPIS
(Land Parcel Identification System; provided by the Czech Ministry of Agriculture) agri-
cultural land surveys which were manually edited over historical orthophotos of the
Czech Republic [22].

Table 2. Input data and sources used for SWAT modeling.

Input Data Description Source

Minimum and maximum daily . .
Czech Hydrometeorological Insti-
Extreme Temperatures temperatures

Meteorological Data (1996—2019) tute
L Total daily precipitation Czech Hydrometeorological Insti-
Precipitation (19 9}7 613 20 15) y fute &
DEM Digital elevation model LiDAR Survey: Czech Institute of
(5 m resolution) Geodesy and Cartography

Spatial Data Czech Research Institute of Soil

Soils 1:5,000 soil map Conservation & the State Land
Office of the Czech Republic
Land Use 1:10,000 land use map ZABAGED & LPIS

The typical crop cover percentages were provided by the Czech Statistical Office (Ta-
ble 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 ro-
tations were incorporated into SWAT as management schedules to reflect their relative
percent cover and were utilized in a sub-basin scenario analysis.

Table 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%

2.4. 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
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in aerial photographs (mapy.cz) to determine whether they were still present and con-
nected to the stream network. A field campaign was executed during which 23 “undocu-
mented” reservoirs were surveyed, and relevant inputs for SWAT were estimated. Ulti-
mately, 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 manage-
ment 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 res-
ervoir volume at its principal spillway. The target days needed for a pond to reach its
target 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.

2.5. 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 sensi-
tive parameters according to the model response were determined through a global sen-
sitivity analysis. Prior to calibration and validation, extreme outlying discharge months
were removed; these are likely due to individual reservoir management that is not regu-
lated 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 sat-
isfactory statistical criteria were met (Table 4); the model performance indicators include
the Nash-Sutcliff efficiency (NSE), percent bias (PBIAS), coefficient of determination (R?),
and the Kling-Gupta Efficiency (KGE). The validation of the model was run from 2013
through 2016 at the monthly timestep.

Table 4. Parameters used for model calibration in SWAT-CUP. (V: replace, A: absolute, R: relative; * p <0.05, t+ only applied

to land use AGRCQ).

Parameter Description Method File Min Max
SURLAG Surface runoff lag coefficient (days) \% BSN 1 12
SMTMP * Snow melt base temperature (°C) A% BSN -5 5
SETMP * Snowfall temperature (°C) \Y% BSN -5 5

ESCO Soil evaporation compensation factor \ BSN 0.5 0.98
GW_DELAY Delay time for aquifer recharge (days) \Y GW 0 500
GWQMN *  Threshold water level in shallow aquifer for base flow (mm) \Y% GW 0 5000
ALPHA_BF Baseflow alpha factor (days™) \Y% GW 0.001 1
GW_REVAP * Groundwater revap coefficient \Y% GW 0.02 0.2
RCHRG_DP Deep aquifer percolation fraction \Y% GW 0.001 1
REVAPMN * Threshold water dePth in the shallow a.qu1fer for “revap” or v GW 0 500
percolation to the deep aquifer (mm)
CANMX Maximum canopy water storage (mm) R HRU -0.2 0.2
OV_N Manning’s n value for overland flow A% HRU 0.05 0.8
DEP_IMP ** Depth to impervious layer in soil profile (mm) A HRU  -1000 1000
DRAIN_B
= N_BS Drain tile lag time (hours) A MGT -40 40
Nt
TDRII\? I:I -BS Time to drain soil to field capacity (hours) A MGT -40 40
DDRAIN_B
N 1\1‘ 5 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) \Y RTE 0.025 150
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CH_N2
SOL_AWC
SOL_K*

Saturated hydraulic conductivity (mm h)

RTE 0.02 0.14
SOL -0.2 0.2
SOL -0.2 0.2

Manning’s n for main channel
Available water capacity (mm)

AR <

2.6. Land-Use Changes: Basin Scale Scenario Analysis

Three land-use scenarios were run in addition to the calibrated model (Table 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 2). In the pre-Communist Era scenario, there were typi-
cally 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.

2.7. Landscape Management Changes: Sub-Basin Scale Scenario Analysis

To determine the effects of crop changes across the political eras in the Czech Repub-
lic, 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) that included the major crops from
1920-1938 (pre-Communist era), 1950-1989 (Communist era), and the current conditions
(post-Communist era) (Table 3; Figure 3) [23].

Kilometers
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Figure 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. Results
3.1. SWAT Model Sensitivity Analysis

Nine of the 21 variables assessed in calibration significantly affected the discharge
output of the SWAT model for Vrchlice (Table 5). Two of the nine parameters are snowfall
(SFTMP) and snowmelt (SMTMP) temperatures, which determine when snowfall accu-
mulates 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 approaches the rate of potential evapotran-
spiration. 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 drainages across the agricultural land-use classes in Vrch-
lice. 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 per-
meability, 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 gener-
alizations made when aggregating soil data from different governmental and academic
sources.

Table 5. Sensitive parameters and their calibrated (adjusted) values.

Calibration Values

Parameter Method Minimum Adjusted Maximum
SMTMP Replace 5 21°C 5
SFTMP Replace -5 -2.1°C 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 h +48
CN2 Relative -10% -8% +10%
SOL_K Relative -20% -19% +20%

3.2. SWAT Model Calibration and Validation

Successful model calibration and validation were obtained via a semi-automatic cal-
ibration method using SWAT-CUP 2019. The model performance indicators during the
calibration period are considered to be “very good”, while most indicators during the val-
idation period are also considered to be “very good,” and the PBIAS during validation is
“good” (Table 6) [23].

Table 6. Model performance indicators for calibration and validation periods of the SWAT model for Vrchlice.

Calibration Validation

Model Performance Indicator

(2001-2012) (2013-2016)
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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 4, with a trendline for reference.
Paired t-tests comparing the measured versus modeled was conducted individually for
the calibration and validation periods, and no significant differences were observed
(p>0.05).
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Figure 4. Measured daily average flows versus modeled daily average flows for (a) calibration period and (b) validation
period at the monthly timescale.

3.3. 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 discharge at the
outlet, average soil water content, subsurface lateral flow contribution to streamflow, and
percent of the precipitation that results in surface runoff. Evapotranspiration is not repre-
sented 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 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 ba-
sin 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 in the 1983 and 2019 scenarios (late-Communist and post-Com-
munist eras, respectively) are likely due to the incorporation of widespread tile drainage
systems across the landscape in the 1970s (Figure 6), which also can explain the patterns
observed in the percent rainfall resulting in surface runoff across the scenarios (Figure 7).
Throughout most of the year, the highest subsurface lateral flow contribution to stream-
flow was modeled in the 1852 and 1954 land-use scenarios, while the 2019 land-use sce-



Sustainability 2021, 13, 13757

10 of 16
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nario exhibited the highest values from September through December (Figure 8). The low-
est 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.
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Figure 5. Daily discharge values averaged by month across land-use change scenarios.
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Figure 6. Monthly average soil water content across land-use change scenarios.

3.4. Crop Change Effects on the Small Water Cycle at the Sub-Basin Scale

The following water balance variables were analyzed across the four agricultural
sub-basins outlined in Figure 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 7.
The average values of each variable are color-coded to represent their reinforcement of
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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 con-
figuration 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 indi-
cates a higher hydrological variability within the respective crop rotation and, as such, is
coded as red; the intermediate as yellow, and 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.

x —e— 2019
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Percent of Precipitation as Surface Runoff

Month

Figure 7. Percent of monthly precipitation resulting in surface runoff across land-use change scenarios.
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Figure 8. Average monthly subsurface lateral flow contribution to streamflow across land-use change scenarios.
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Table 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 represent 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.).

Pre-Communist . Post-Communist
Parameter Communist Era

Era Era

ET Average M L H
Stdev H L M

Average M H L

SW Stdev L M H
Average L H M

SURQ Stdev L M H

Average M H L

LATQ Stdev M H L

Average M H L

Flow

Stdev L H M

4. Discussion
4.1. Hydrological Modeling with SWAT

The biggest source of error in any model is the quality of the input data, which influ-
ences how a model will perform before it is even run [24,25]. Other sources of error include
the model parameter, structural uncertainties, and output data uncertainties [25]. While
SWAT may be the most used hydrologic model in modern studies, it is not immune to
these sources of error [25]. Additionally, since SWAT is semi-physical based, it calculates
many inputs and processes based on global or regional databases or from more general-
ized 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 [26-28]. All reservoir processes (filling, release, etc.) in Vrchlice were general-
ized because there is no central management or operations 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 land-
owners. 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
unknown 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 [29]. 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, 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 ac-
tivities, and reservoir management.

4.2. 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 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.
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The 1852 and 1954 land-use scenarios occur without the tile 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 incor-
poration of a tile drainage system because the 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 incor-
poration 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 unex-
pected 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 subsurfaced, it is transformed into streamflow much faster than a natural sub-
surface lateral flow, which SWAT is unable to encompass at this timestep [38]. Addition-
ally, the presence of tile drainage systems can cause severe nutrient issues in watersheds,
including increased 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), 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 wa-
ter cycle the most. The post-Communist Era crop rotation is largely driven by 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 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.

5. 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 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
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the small water cycle and to make the small water cycle more stable. Additionally, as hy-
drological modeling becomes more commonplace, it is increasingly necessary to foster
relationships and collaboration between scientists, landowners, and watershed managers.
Central databases for reservoir management and agricultural (crop and practice) manage-
ment would be invaluable to researchers and basin managers to be able to aid landowners
in making informed decisions.
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Figure Al. Field size discrepancies between the Czech Republic and Austria [7].
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