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ABSTRACT: Extreme weather events, such as heavy rains and droughts, necessitate the
rapid adaptation of production systems to prevent the degradation of natural resources
and to maximize production potential. Defining adaptive practices requires an in-depth
understanding of the factors that control the formation and propagation of surface runoff
and the identification of specific practices tailored to each location. No-till system, coupled
with complementary storm runoff management practices, is effective in controlling surface
runoff and related processes. However, the planning of the capacity and allocation of these
practices, considering the specific interaction of controlling factors in each catchment,
is not well understood. Planning conservation practices at the catchment scale through
hydrological modeling and monitoring presents an efficient alternative, as it integrates the
controlling factors that govern storm runoff dynamics. This study sought to understand
the influence of different levels of conservation intervention (surface runoff control
practices) on the hydrological behavior of the experimental catchment of the Guarda Mor
River (southern Brazil). The method relied on monitoring hydrological variables (rainfall
and streamflow) at the catchment outlet and on the physiographic characterization of
the catchment, including the spatial variability of soils, topography, land use, and soil
management. After analyzing a significant set of rainfall-runoff events, the generation
and propagation of surface runoff were modeled (calibration and validation) using the
Limburg Soil Erosion Model. The impacts of two conservation intervention scenarios were
tested: buffer strips plus well-managed no-till (Scenario 1) and retention broad-based
terraces plus well-managed no-till (Scenario 2). Conservation practices were assessed
by evaluating the following hydrologic parameters: surface runoff volume, peak flow,
and time to peak. Simulation results indicate that both intervention levels effectively
controlled surface runoff. Scenario 1 resulted in an average reduction in surface runoff
volume and peak flow attenuation of 7 and 6 %, respectively. Scenario 2 achieved an
average decrease in surface runoff volume and peak flow attenuation of 30 and 28 %,
respectively. These results quantitatively demonstrate the positive impact of soil and
water conservation practices on the drainage network. The impacts of the two scenarios
in the time to peak were not significantly altered, except for one event. Catchment-scale
conservation planning is an efficient and promising strategy for improving conservation
agriculture, underscoring its importance in water resource management and promoting
environmental services.
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INTRODUCTION

Soil and water conservation planning at the catchment scale requires evaluating the
effects of different soil management techniques on hydrological and erosion processes.
The effects of surface micro- and macro-roughness, as well as the protective role of
plants or straw on soil physical and water-retaining properties, are fundamental in
quantifying the impact of diverse practices (Abaci and Papanicolau, 2009; Rockstrom et
al., 2010). By understanding the combined effects of multiple factors, we can simulate
the optimal combination for each situation, considering the relief, soil, land use, and
soil management. In southern Brazil, adopting no-till farming represented a significant
advancement in soil conservation. However, over the years, there has been a gradual
deviation from the fundamental principles (Reicosky, 2015; Fuentes-Llanillo, 2021;
Londero et al., 2021a). The current system of grain production under no-till farming has
proven inefficient in controlling surface runoff (Deuschle et al., 2019; Londero et al.,
2021b), leading to numerous negative repercussions such as the resurgence of erosion
(Merten et al., 2015), increased flooding and escalated sediment yield (Didoné et al.,
2015; Londero et al., 2021a), and worsening water quality (Utzig et al., 2023).

One efficient and recommended method for controlling surface runoff and storing water
is terracing (Ran et al., 2020; Londero et al., 2021b). Implementing terraces transforms
steep slopes with long lengths into a sequence of small, independent slopes (Fashaho et
al., 2020). Agricultural terracing is a mechanism for detaining surface runoff, significantly
increasing infiltration and decreasing surface runoff velocity. This practice allows for the
storage of water in the soil during periods of abundant rainfall and increases the water
available during droughts (Freitas et al., 2021), favoring an increase in the productivity
of soybean and corn, as demonstrated by Horbe et al. (2021).

The impact of soil conservation practices on the hydrological behavior of rural catchments
under no-tillage is not well understood due to the complexity of runoff generation and
propagation. Therefore, the benefits of conservation practices observed on plots or
hillslopes cannot be directly extrapolated to the catchment scale due to the additive effect
of other uses such as roads, forests, wetlands, and river behavior itself. Nonetheless, it is
crucial to measure the impact of improvements on soil hydrological behavior in croplands
at the catchment outlet, as it helps understand the positive effects of these practices
within the broader context of processes operating in the catchment (Rachmann et al.,
2008; Gathagu et al., 2018; Giambastiani et al., 2023). Based on this, conservation
planning can be optimized integrally by considering the demands of increasing agricultural
productivity through better use of rainwater, as well as regulating downstream streamflows
and preventing floods and the transfer of sediments, pesticides, and nutrients to water
courses. This approach can benefit programs aiming to pay for environmental services,
focusing on water quality and quantity.

Monitoring rainfall and runoff is critical for understanding the conversion of precipitation into
surface runoff, considering the complex interplay of land uses, terrain, and soils within the
catchment. Runoff behavior during a rainfall event in the catchment integrates all factors
controlling its formation, as well as the components of the hydrological cycle (interception,
infiltration, runoff detention, and propagation). However, no established protocol or
strategy currently exists for verifying the effects of water and soil conservation practices
to support catchment-scale conservation planning projects based on mathematical
simulation models. Associating mathematical models with hydrological monitoring is a
highly pertinent form of understanding processes and can aid in conservation planning in
river catchments. Simulating the impact of conservation practices on catchments using
physically-based hydrological models drastically reduces the time required to generate
results compared to field experiments (Hengsdijk et al., 2004; Mekonnen et al., 2014).
Although the results from hydrological models are estimates, they facilitate identifying
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the trend of the effects and assist in the conservation planning of catchments, provided
they are accurately parameterized and calibrated.

Given this study aimed to simulate the effect of retention broad-based terraces, it was
necessary to adopt a different flow simulation strategy compared to previous studies
(Barros et al., 2021; Schneider, 2021; Schlesner, 2022). Unlike the 1D kinematic wave
model, which commonly exhibits greater connectivity and concentration, thereby reducing
the time for flow formation, the 2D dynamic wave model based on the Saint Venant
equation allows cells to direct surface flow due to pressure forces to surrounding cells
proportionally according to the digital elevation model. This approach is pivotal for
catchments lacking significant connectivity between landscape units and for representing
conservation practices. For further information on the differences between these methods,
see Bout and Jetten (2018).

Quantification of the effects and representation of conservation practices under no-till
conditions and their resultant effects in a mathematical hydrological simulation model
remain in their infancy on a catchment scale. Testing the effects of crucial practices
such as broad-based terraces, buffer strips, and surfaces with plant residues on a
catchment scale is necessary to verify their efficiency. This advancement in monitoring
and simulation tools for rainfall-runoff events is crucial for managing runoff from rural
catchments, particularly in adapting to extreme weather events. This study aimed to
represent and understand the influence of broad-based terraces and buffer strips in the
simulation environment of croplands on the behavior of surface runoff using hydrological
monitoring and modeling techniques in the experimental catchment of the Guarda Mor
River in southern Brazil.

MATERIALS AND METHODS

Experimental location

The experimental catchment of the Guarda Mor River is located in Rio Grande do Sul
State (southern Brazil), situated at the boundary of the municipalities of Silveira Martins,
Ivord, Sdo Jodo do Polésine, and Julio de Castilhos. The area covers approximately
18.5 km?, with elevations between 197 and 511 m. This location is in a transitional zone
between the southern plateau and the central depression (sedimentary basin). It is
distinguished by its varied land use, geology, soils, and relief configurations. The region
experiences a subtropical climate, classified as Cfa according to the Képpen classification
system (Képpen, 1931), featuring an annual precipitation of 1,700 mm and potential
evapotranspiration estimated at 829 mm. Guarda Mor river catchment, a tributary of
the Soturno River (Figure 1), integrates the Jacui River system. This system contributes
to Lake Guaiba and extends to the metropolitan area of Porto Alegre, the capital of Rio
Grande do Sul.

The upper part of the catchment is situated on the Southern Plateau, characterized
by volcanic rocks of the Serra Geral Formation, which is divided into the Caxias unit
(Riodacite) covering an area of 12.22 km? and the Gramado unit (Basalt) accounting
for 3.96 km? in the middle third of the catchment. The lower segment of the catchment
resides in the Sedimentary Basin (Central Depression), where rocks of sedimentary origin
prevail. Here, sandstones of the Botucatu Formation (fine sandstone) predominate with
an area of 2.16 km?, and the Caturrita (sandstone) encompasses 1.40 km? (Figure 2).

The relief is primarily undulating in the plateau region, with 5-10 % slopes, transitioning to
very steep terrain (>75 % slopes) in the middle third. In the lower part of this catchment,
the terrain ranges from flat (0-2 % slopes) to very undulating (15-45 % slopes). Soil
mapping was conducted using field profile descriptions combined with digital mapping
(Pedron et al., 2021). The predominant soil types, based on WRB classification system
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(IUSS Working Group WRB, 2015) and the Brazilian soil classification system (Santos
et al., 2018) are Leptosols (Neossolos Litdlicos), Nitosols (Nitossolos Vermelhos), with
smaller areas of Cambisols (Cambissolos Haplicos) and Gleysols (Gleissolos Haplicos). In
the middle third of the catchment, the predominant soil classes are Regosols (Neossolos
Regoliticos) and Lepsols (Neossolos Litélicos). Meanwhile, in the lower segment of the
catchment, there are Lepsols (Neossolos Litélicos) and Acrisols (Argissolos Acinzentados).
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Figure 1. Location of the Guarda Mor River experimental catchment.
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Figure 2. Land use map, geological representation, and soil types of the Guarda Mor catchment.
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Land use map was created based on the normalized difference in vegetation index and
field verification. According to this classification, approximately 42 % of the catchment
area is dedicated to agricultural activities, forests (42 %), followed by pastures (12 %),
roads (2 %), urban or paved areas (1 %), and bodies of waters (1 %). The forest is primarily
located in the rugged region of the catchment (edge of the plateau). Agricultural areas
mainly consist of grain production utilizing no-till farming, with soybeans grown in the
summer and wheat or oats in the winter. These areas are predominantly situated in
the upper part of the catchment (plateau), where most of the surface runoff originates.
Despite the widespread adoption of no-till farming in the region, the croplands exhibit
low phytomass content and are lacking in other conservation practices, such as crop
rotation, terracing, and contour seeding. These conditions favor the formation of surface
runoff, which accelerates as it flows through the river system upon reaching the steep
region at the plateau edge.

Physical and hydraulic characterization of the soil

The characterization of the physical and hydraulic properties of the soil in the Guarda
Mor catchment was determined at 88 points based on soil type, geology, and land use.
Two samples were collected with metal rings to preserve structure at each point in the
topsoil layer (0.00-0.10 m). These samples were then transported to the soil physics
laboratory to determine total porosity (6.), saturated hydraulic conductivity (K., and
the parameters of the water retention curve.

Surface runoff monitoring and modeling

Hydrological data was initially collected during rainfall-runoff events to calibrate and
validate a spatially distributed, physically-based model designed to simulate the formation
and propagation of surface runoff. This also included simulated impacts of terracing on
runoff.

At the outlet, a footbridge was installed over a cross-section of the Guarda Mor River
to monitor liquid and solid discharges. Limnimetric rulers, along with equipment such
as a water level sensor, automatic samplers, and a turbidimeter, were deployed at this
location (Figure 3). Rainfall was monitored at two locations within the catchment: one
near the outlet in the lower part and another in the upper part of the catchment. Each
area was equipped with a pluviograph and a rain gauge, which were attended by a local
observer. The pluviograph recorded rainfall data at 5-minute intervals, and these data
were corrected using daily readings from the rain gauges. The rainfall erosivity at (Els,)
was estimated based on Ramon et al. (2017) equation, which was defined for Rio Grande
do Sul State. Streamflow was monitored with a water level sensor (Campbell CR451)
at 5-minute intervals. Streamflow were estimated from the water level records using a
rating curve developed by Bernardi (2022).

Hydrological monitoring was conducted from April 2022 to November 2023. Out of all the
events measured, 14 events of the greatest magnitude and those representing different
rainfall conditions across various seasons were selected. This selection allowed for
exploring events characteristic of the rainfall pattern at different times of the year under
specific land use and coverage conditions. Hydrological monitoring made it possible to
understand the processes operating within the catchment and characterize the rainfall
events that occur to represent them accurately within a mathematical model.

The mathematical modeling of rainfall-runoff events was conducted using the physically-
based Limburg Soil Erosion Model (LISEM) version 6.848, with a temporal resolution of
10 seconds and a spatial resolution of 10 m. This model employs spatialized information
(parameters) about land use and soil type, along with attributes of the topography
(digital elevation model) and the drainage network to describe the main components
of the hydrological cycle during an event at the catchment scale (De Roo, 1996). Some
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parameters were spatialized based on land use, and others were spatialized according to
soil type. The ones utilized in the land use map included saturated hydraulic conductivity
(Ky), total porosity (6,), matric potential (y,,), initial moisture content (6;), Manning’s
roughness parameter (n), vegetation cover, crop height, leaf area index, and random
roughness (RR). Since depth is an intrinsic characteristic of each soil type, this parameter
was assigned within the soil map.

The LISEM simulates surface runoff; thus, it is imperative to separate it from base flow
using the measured streamflow data. It was done by analyzing the hydrograph, in
which the inflection point on the hydrograph determines the start and end of surface
runoff, according to the graphical separation method presented by Tucci (1998). The
model mimics surface runoff and erosion using mathematical equations related to
plant interception, micro-depression storage, water infiltration into the soil, and the
generation and propagation of surface runoff. The model also simulates the disintegration,
transportation, and deposition of sediment. In this study, we focused solely on the
hydrological aspects, with the goal that the model would adequately represent surface
runoff and its retention at a catchment scale.

Water infiltration into the soil is estimated using the Green-Ampt model, a simplification of
the Darcy equation for vertical water flow. The potential of the infiltration rate determines
whether surface runoff occurs, which is contingent on the precipitation intensity. Surface
runoff is generated when the water stored in depressions overflows, and precipitation
occurs at an intensity exceeding the infiltration capacity. In this instance, surface runoff
propagation was performed using the 2D dynamic wave, which employs the numerical
elevation model to direct flow. As retention terraces intercept surface runoff in the
converging zones of the slopes and redistribute it to diverging zones, the 2D dynamic
wave method utilizing the numerical elevation model was preferred over the 1D kinematic
wave method, which uses flow direction (Figure 4). This is because the water detention
on the terraces causes the runoff to spread over it.

The K., and 6, data were obtained from a field survey of the different soils and land use
units. It was performed by sampling 88 points in the catchment using three repetitions
(Bernardi, 2022; Werle, 2024). Due to the high variability, particularly for the variable

Figure 3. Locations of the monitoring section and rain gauges.
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K..: within the same land use, it was decided to use the median as a measure of central
tendency to represent K. and 6, for each land use class. The median more accurately
represents the typical value of the sample. The RR value was determined in a similar
experimental catchment in southern Brazil (Deuschle et al., 2019; Schneider, 2021).
Manning’s n values were described in Engman (1986) for land uses compatible with
those found in the Guarda Mor experimental catchment.

Moreover, 6; is challenging to measure due to the spatial and temporal uncertainties on
a catchment scale. For this reason, it was estimated based on the accumulated rainfall
over three days prior to the rain event. This model’s most sensitive parameter was used
as the principal calibration parameter. The matric potential was assigned based on an
intermediate value from the textural class (HEC RAS, 2020). The values for vegetation in
croplands (vegetation cover, crop height, and leaf area index) were determined from the
agricultural calendar observed in this catchment and data from Deuschle et al. (2019),
Dambroz et al. (2022), and Bernardi (2022). The vegetation variables were adjusted
according to the time of year of each simulated event.

The calibration strategy for the events was based on representing the total volume, peak
flow, and peak time by trial and error. The adjustment prioritized peak flow due to its
greater reliability in representing surface runoff. If there was no good fit, the parameter
K..: was maintained as measured, and Manning’s n was maintained as initially estimated.

The efficiency analysis in terms of calibration and adjustment was carried out using the
coefficient of efficiency (COE) proposed by Nash and Sutcliffe (1970) for the flow data along
the hydrograph. The percentage of bias (P xs) assessed the efficiency of the conservation
scenarios for the total volume of runoff, peak flow, and peak time. The efficiency of the
LISEM was evaluated using the Nash-Sutclife coefficient (NS) and the following ranges
as a reference: NS >0.75 was considered “very good,” 0.65< NS <0.75 was “good,”
0< NS <0.65 was “bad,” and NS <0 “unacceptable” (Moriasi et al., 2007). For Pgjs, Pgias
< £10 % was considered “very good,” £10 % < Pg,s < £15 % was “good,” £15 % < Pgus
< x25 % was “satisfactory,” and = £25 % was “unsatisfactory” (Moriasi et al., 2007).

For the model’s calibration and validation, 14 events were selected, with ten events for
calibration (Events 1-10) and four events (Events 11-14) for validation. The average
values of K, and n obtained in the calibration were used in the validation events, and
the antecedent moisture content was estimated from the amount of antecedent rainfall.
Validation uses parameters extracted from the calibration, eliminating the need for trial-
and-error adjustment of parameters.

BROAD-BASE TERRACE CROSS SECTION SCHEME

original ground surface

—w w W —
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CELL SIZE IN THE LISEM MODEL MAPS
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Figure 4. Layout and dynamics of contour lines in agricultural areas in the catchment that gave rise to the allocation of retention
terraces and buffer strips in the simulation environment.
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The conservation scenarios were proposed in the agricultural areas of the catchment
to evaluate their effects on controlling the surface runoff observed at the catchment’s
outlet. The simulation of conservation intervention levels was tested on six significant
rainfall events with return periods ranging from 0.1 to 5 years. One of these occurred
during a critical rainfall period in Rio Grande do Sul, causing significant damage to the
rural and urban environments. The results obtained are the outcome of integrating the
effects of changes to croplands with the impacts of other land uses (unpaved roads,
forests, and pastures) that have not undergone intervention. Two levels of conservation
intervention were tested, including three conservation measures:

i. Scenario 1 (S1): Enhancement of infiltration parameters due to the increased
amount of phytomass and crop rotation (well-managed no-till farming), associated
with 10 m wide buffer strips composed of material with high friction against surface
runoff and a high infiltration rate.

ii. Scenario 2 (S2): Improvement in infiltration parameters due to the increased amount
of phytomass and crop rotation (well-managed no-till farming), associated with the
presence of retention broad-based terraces with a cross-section of 2 m2,

The allocation of buffer strips and retention broad-based terraces was based on contour
lines obtained from the DEM with a contour interval of 4 m (Figure 3). Therefore, the
number of retention broad-based terraces and buffer strips per hillslope simplifies the
ideal number, which could be tailored considering the unique aspects of each slope,
such as its steepness or soil type. The cross-sectional area of approximately 2 m? is an
estimate of the minimum necessary for the desired effect of controlling runoff through
infiltration terraces specific to that location. The retention broad-based terrace was
represented in the simulation environment as a depression, which the model accounts
for as a reservoir to be filled. These depressions (reservoir) are represented in the pixels
where the contour lines (4 m equidistance) cross through the croplands. From that, the
retention broad-based terraces are spatially distributed in the croplands of the entire
catchment.

Specific vegetation and soil characteristics were assigned to the buffer strips, taking into
account the high porosity found in areas with dense vegetation and the different types of
roots (fasciculate and pivoting) that create varied subsurface conditions (Nicoloso et al.,
2008; Prando et al., 2010; Mallmann, 2017). Manning’s n was assigned based on results
from Schneider (2021) in areas with high vegetation cover for both vegetation strips
and well-managed agricultural areas. Thus, greater infiltration (K, and 6,), lower runoff
velocity (n), increased RR, and vegetation characteristics that enhance friction against
runoff (soil cover, crop height, and leaf area index) were considered for the buffer strips.

The well-managed no-till areas were represented similarly to the buffer strips. These
sites also had increased infiltration (K,: and 6,), reduced runoff velocity (n), augmented
RR, and vegetation characteristics that provide enhanced friction to runoff (soil cover,
crop height, and leaf area index). However, these changes were less significant than in
the buffer strip areas, considering that well-managed no-till areas are affected by the
intensive use of agricultural machinery and the presence of commercial croplands that
do not exhibit significant residual vegetation cover, such as soybeans.

Table 1. Parameters used to characterize Scenarios 1 and 2

Conservation practices Keat 0. n SC CH LAI RR
mm h-! cm3cm3 m m? cm

Well-managed no-till 80 >0.49 0.5 1 1 3 4

Buffer strips 200 0.58 0.5 1 2 4 5

Kee: Saturated hydraulic conductivity (mm h); 8,: total porosity (cm cm3); n: Manning’s coefficient (-); SC: soil cover fraction (-); CH: crop height (m);
LAI: leaf area index (m?); RR: random roughness (cm).
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RESULTS AND DISCUSSION

Characteristics of the monitored events

We analyzed 14 events in 2022 and 2023, representing different rainfall conditions and
times of the year. It was evident that these two years exhibited significantly different
rainfall patterns. While the latter half of 2022 was characterized by a drought, the same
period in 2023 experienced more intense rainfall, correlating to a critical flooding period
in Rio Grande do Sul. These distinct conditions underscore the imperative for strategies
that adapt cultivation systems to manage the data stemming from excessive rainfall
by maximizing water storage within the soil profile and enhancing the recharge of
underground reserves to mitigate drought effects.

According to the analysis in table 2, the events with the highest runoff coefficients
(C >50 %) occurred in the second half of 2023. Event 10 exhibited the highest C value
(76 %) compared to the others. This event also recorded the highest QE, QP, and EI30
values, indicating its significant degradation potential. The events with the next highest
CE values (>50 %) were events 6, 8, and 9. In other words, half of the events in the
latter half of 2023 analyzed here resulted in over half of the rainfall volume being lost
through surface runoff. Despite the uncertainties associated with the runoff separation
method employed (Chow, 1994), the C’s are notably high for the agricultural conditions
of this catchment. Clearly, there is a strong influence of the relief in the plateau edge
region as well as the magnitude of the events, but the effects of soil management are
pivotal factors in controlling runoff in this catchment.

Calibration and validation of hydrological variables

For model calibration, ten events (Events 1-10) were utilized, while four events (Events
11-14) were selected for validation. The set of events was selected to represent different
magnitudes and times of year. Results obtained in the calibration are shown in table 2
and figure 5. The adjustments for Q, (peak flow) and T, (time to peak) showed better
results when compared to Q; (total runoff volume). However, Q¢ can provide a better
result when adjusting Qg at the expense of Q, and T,. In this study, we prioritized Q,
considering its greater importance in degradation processes such as concentrated erosion
and fluvial erosion. Events with high rainfall intensities, such as event 10, and those
with multiple peaks, presented greater difficulty in the calibration process, which led to
less satisfactory results. Other authors have also reported the difficulty of calibrating
events of greater magnitude and with more than one peak with the LISEM (Silva et al.,
2021; Basso et al., 2024).

As described above, the variables Qg, Qp, and T, were calibrated by adjusting the parameters
K., 6;, and n. The parameter 6, had the greatest interference in the calibration process,
demonstrating its importance in controlling surface runoff, despite the challenge of
representing it spatially in the catchment. This parameter was calibrated based on previous
rainfall by trial and error. Even with a dense hydrological sampling grid, representing
the spatial and temporal variability of 6, in the landscape is complex (Swarowsky et
al., 2012). The interaction between the controlling factors (relief, soils, land use, and
climate) determines a spatial and temporal complexity that leads to high uncertainty in
defining this important model input parameter. The difficulty of representing 6, and its
interference in modeling surface runoff with LISEM in southern Brazil was also reported
by Silva et al. (2021), Bernardi (2022), and Schlesner (2022). The heterogeneity of runoff
generation in catchments is related to the response of soil moisture to precipitation.
Moisture depends on rainfall characteristics, topography, and soil characteristics (Singh
etal., 2021). Some areas saturate more quickly, either due to the presence of restrictive
layers or the expansion of wetlands (Cheng et al., 2014; Machado et al., 2022). Because
of these characteristics, moisture conditions exhibit significant spatiotemporal variability
and are difficult to measure on a catchment scale (Suo et al., 2017; Gou et al., 2022).
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Table 2. Hydrological characteristics of the selected events

Event Date P3 P D El;o Q- Q: Q: Q: Te C TR
—— mm min m3 m3s?  min % yrs

1 04/26/2022 40 29 190 15882 188009 90243 97673 11 230 17 0.3
2 06/21/2022 0 30 985 125 272710 166722 105933 3 815 18 0.1
3 07/14/2022 48 56 605 21521 512371 136800 375570 57 340 35 0.5
4 07/16/2022 71 23 270 4838 212424 117818 94606 11 215 21 0.1
5 09/18/2022 0 40 830 8395 33649 14188 19606 1 965 3 0.2
6 07/12/2023 0 103 585 25166 1270755 222937 1047638 107 530 54 5.1
7 09/07/2023 123 72 520 47778 221677 89091 132377 16 410 10 1.3
8 09/12/2023 0 96 1530 38798 1558109 572536 985330 37 435 53 1.2
9 10/16/2023 0 80 1525 22868 1345551 380753 964616 51 625 63 0.7

10 11/12/2023 10 89 905 61075 1693311 391706 1301163 180 235 76 1.5
11 08/03/2022 0 38 635 3452  97412.3 53452 43916.4 4 695 6 0.2
12 09/04/2023 14 81 1485 31863 822223 349466 472496 12 1295 30 0.7
13 07/07/2023 0 87 1090 14640 362215 161738 200430 6 1060 12 1.2

14 11/02/2023 0 76 1505 41264 360395 229617 130798 10 670 9 0.6

Ps: 3 Days previous rainfall; Pr: total precipitation; D: rainfall duration; Els,: rainfall erosivity at maximum rainfall of 30 minutes () mm m2 h?); Q:
total volume; Qg: total volume of baseflow; Qg: total volume of surface runoff; Q,: peak flow; Te: time to peak; C:runoff coefficient.

Table 3. Observed and simulated hydrological variables in the calibrated events

Event Date P; El,, Q - Q - Te -
Obs Sim Obs Sim Obs Sim
mm - m3 min
1 04/26/2022 29.4 15882 97673 102478 11 11 230 230
2 06/21/2022 30.0 125 105933 100153 3 4 815 790
3 07/14/2022 56.3 21521 375570 545960 57 53 340 335
4 07/16/2022 23.2 4838 94606 108311 11 11 215 210
5 09/18/2022 39.9 8395 19607 18310.9 1 1 965 945
6 07/12/2023  102.5 25166 1047638 1558086 107 86 530 530
7 09/07/2023 72.2 47778 132377 243885 16 17 410 435
8 09/13/2023 96.1 38798 985332 1099158 37 39 435 665
9 10/16/2023 79.8 22868 964616 1095392 50 47 625 615
10 11/12/2023 88.8 61075 1301163 1319327 180 93 235 240

P: total precipitation; Elsy: rainfall erosivity at maximum precipitation of 30 minutes () mm m2 h-); Qg: total volume of surface runoff; Qp: peak
flow; Te: time to peak; Obs: observed value; Sim: simulated value.

In the runoff monitoring and modeling study carried out by Barros et al. (2021), high K,
values were measured on the hillslopes despite high runoff values, requiring a significant
adjustment of this parameter during the calibration of the LISEM. Schlesner (2022),
however, by representing in detail the areas of variable inflow in the catchment, more
accurately represented the areas that contribute to runoff formation. Areas of variable
inflow, areas of saturation, and impermeable sites are challenging to represent and
require detailed study to identify and accurately depict the catchment. In this manner,
hydrologically fragile areas were identified through field observations and topographic
indices, determining the moisture conditions before events with less uncertainty. The
results obtained in the calibration were positive and demonstrated the LISEM's ability
to represent challenging areas.

The Pg,,s and COE values for the calibrated events are presented in table 4. The COE
indicates the fit in terms of the hydrograph shape; thus all events were classified as
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having a “very good” fit, with the exceptions of events 6 and 7, which were classified as
“unsatisfactory,” according to the criteria established by Moriasi et al. (2007). The results
for Q: were deemed “very good” for events 1, 2, 5, and 10, “good” for events 4, 8, and
9, and “unsatisfactory” for events 3, 6, and 7. As for Q,, the outcomes were considered
“very good” for events 1, 3, 4, 7, 8, and 9, “good” for event 2, “satisfactory” for event
6, and “unsatisfactory” for events 5 and 10. Lastly, the results for T, were regarded as
“very good” for all events, except for event 8, which was evaluated as “unsatisfactory”
(Table 4).

We proceeded to the validation stage with four events based on the calibration results.
The Kssr and n values used in the validation were calculated by averaging the calibrated
values, and 6, was estimated by analyzing the previous rainfall. However, the COE and
P efficiency analysis was only considered “very good” for event 11.

Poorer results obtained in the validation, especially for events 12 and 14, are associated
with the challenge of determining 6,. While accumulating previous rainfall is a critical factor,
it proves insufficient for spatially describing this parameter. Generally, it was observed
that the values of Q; and Q, from the validation were overestimated compared to the
observed results due to the elevated moisture values input into the model. The spatial
variability of parameters introduces uncertainties in the validation process, indicating a
need for a more robust dataset of events to derive more appropriate parameters, thereby
enhancing the validation efficiency. On the other hand, Batista et al. (2019) discuss the
validation stage in erosion studies, noting that the uncertainty inherent in the dynamics
of environmental processes and studies introduces a fundamental challenge to validation
efforts. In such contexts, calibrating specific events represents the most logical approach
to interpreting results.

Despite these challenges, the measured values of K.,; and the n values determined by were
found to be adequate for representing infiltration and runoff propagation on a hillslope, as
noted by Schneider (2021) in no-till croplands. Only 6,, which poses additional difficulty
due to its high temporal and spatial variability, required comprehensive adjustment
(independent of preceding rainfall). Given this, and considering the objective of this
work, calibrated events were deemed sufficient for quantifying the effect of runoff
reduction in calibrated events, notwithstanding the minimal significance of calibrating
the parameters K, and n.

Table 4. Analysis of the efficiency of the LISEM in calibrating hydrological variables

Event Date Pois COE (-)
Q: Qe T
%
1 04/26/2022 5 -2 0 1.0
2 06/21/2022 -6 15 -3 0.8
3 07/14/2022 45 -8 -2 0.8
4 07/16/2022 15 3 -2 1.0
5 09/18/2022 -7 28 -2 0.8
6 07/12/2023 49 -19 0 0.5
7 09/07/2023 84 3 6 0.3
8 09/12/2023 12 7 53 0.9
9 10/16/2023 14 -6 -2 0.9
10 11/12/2023 1 -48 2 0.8

Qe: total runoff volume; Q,: peak flow; T;: time to peak.
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Figure 5. Hydrographs of the calibrated events.

The modeling results underscore the importance of hydrological monitoring, as it
enabled the initial moisture parameter adjustment based on monitored streamflow data.
Consequently, impacts observed upstream are mirrored in the outflow, rendering the
catchment a critical unit for conservation planning. The intrinsic relationship established
by hydrological monitoring in support of mathematical modeling plays a pivotal role in
developing strategies for adapting production systems and making informed decisions.
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Figure 6. Hydrographs of the events used for validation.

Utilizing these tools collectively facilitates an integrated landscape analysis, leading to
identifying hydrologically vulnerable areas within the catchment. An additional benefit of
monitoring to support modeling is evaluating the impacts of various scenario configurations
before their actual field implementation. This approach significantly accelerates the time
required to generate results compared to conducting field experiments (Mekonnen et al.,
2014). Clearly, accurately representing the predominant hydrological processes at each
site is crucial for ensuring effective outcomes. Achieving this necessitates an extensive,
detailed study accompanied by field observations to depict the dominant processes at
each location adequately. In this investigation, croplands were identified as important
contributors to surface runoff, considering the impacts observed in the simulations.
The absence of complementary conservation practices, such as retention broad-based
terraces, significantly affects the flash flood at the catchment outlet, as observed by
Didoné et al. (2017) and Han et al. (2020).

Various studies advocate for the application of mathematical models to simulate soil and
water conservation scenarios on the catchment scale (Gathagu et al., 2018; Melaku et
al., 2018). While there is consensus on the advantages of implementing conservation
practices in agricultural areas, some studies are hampered by a lack of measured data
to underpin the findings (Rachmann et al., 2008; Giambastiani et al., 2023). Despite
evaluations of the impacts resulting from the introduction of conservation practices,
whether on slopes or in catchment simulations, there is a dearth of research utilizing
modeling and monitoring as planning strategies. The impacts are often assessed post-
implementation of these practices, serving to evaluate human activity over time. Hengsdijk
et al. (2004) emphasize the significance of quantitative data in evaluating conservation
practices before implementation and the challenges associated with obtaining this data.

Conservation scenarios

The strategy for representing retention broad-based terraces and buffer strips in the
simulation environment was based on contour lines obtained from the numerical elevation
model with an equidistance of 4 m and by modifying the physical parameters related
to water and vegetation. The 2D dynamic flow simulation more accurately depicts the
effect of terraces compared to the 1D flow simulation, but requires significantly more
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time. As previously mentioned, since the retention terraces intercept surface runoff in
the converging zones of hillslopes and redistribute it to diverging zones, the 2D method
allows for the runoff halted on the terraces to be redistributed across them. The simulation
time for the most prolonged rain events reached 12 h, whereas the 1D method can be
completed in less than 1 h. This increased time is due to the 2D method being more
dynamic and spatially distributed, necessitating a more complex calculation base.

The two levels of conservation intervention, denoted as S1 and S2, exhibited a notable
decrease in the values of Q¢ and Q.. However, intervention level S2 presented a more
substantial impact. The decreases in Q; for both S1 and S2 led to a reduction in C value,
which was more pronounced for S2. This suggests enhanced infiltration and water
utilization through the implementation of terracing. The T, values were not significantly
altered by the scenarios, showing a variation of only 10 minutes, except for Event 9,
which exhibited a variation of 30 min (Table 5 and Figure 7).

By evaluating the results presented in table 4, we can quantify the effects of S2 in
reducing Qr and Q, and compare with S1. Hence, S2 demonstrated an average reduction
of 30 and 28 % in calibrated Q; and Q,, respectively. In contrast, S1 exhibited an average
reduction of 7 and 6 % for Q; and Q;.

Conservation intervention level S1 exhibited the highest Q; for event 3 (9 %). Events
6 and 8 witnessed a reduction of 5 %, events 9 and 10 experienced a reduction of
6 %, and event 1 had a reduction of 8 %. Regarding Q,, event 10 showed the highest
percentage reduction of 15 %. The rest of the events underwent a reduction of less than
10 %, except for event 6, which showed no reduction in Q,. Buffer strips play a critical
role in controlling surface runoff and intercepting sediment. These barriers function as
filters, maximizing infiltration through vegetation presence and slowing the velocity of
surface runoff.

Table 5. Results of the change in intervention levels for Scenarios 1 and 2 in relation to the calibration simulation and percentage
change (Pgs) in relation to the calibrated phase

PBlAS
Date Q: Q: Tp C Q Q -
m m3 st min %

Cal 545960 53 335 52

?gg?/zozz s1 496837 52 330 47 9 1 1
52 336636 40 330 32 38 24 1
Cal 1558086 86 530 81

?E7 \5(15)2/ 2023 s1 1469415 83 530 78 6 0 3
52 1238591 70 530 66 21 18 0
Cal 1099158 39 660 61

?S\f é)Z/ e s1 1041082 37 670 58 5 6
2 827761 28 670 46 25 28
Cal 1095392 47 615 73

(136;;5/ 2023 s1 1028071 44 545 69 -6 7 11
52 814035 34 540 55 26 28 12
Cal 1319327 93 240 79

(1El\f %2023 s1 1230595 79 235 74 7 15 2
52 1011010 67 240 61 23 28 0
Cal 57435 4 675

?gf ‘1)%2022 s1 52722 4 660 7 8 6 2
52 30899 3 655 4 46 40 3

Ev: event; Cal: calibrated; S1: Scenario 1; S2: Scenario 2; Qg: runoff volume; Qp: peak flow; Te: time to peak; C: runoff coefficient.
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Figure 7. Hydrographs representing the conservation intervention Scenarios 1 and 2.

Zhang et al. (2022) found a 39 % reduction in surface runoff with the deployment of
buffer strips on a sandy slope in China. Nevertheless, this contribution diminished as
rainfall intensity and slope gradient increased. The resistance provided by buffer strips
also promotes sediment deposition. Gathagu et al. (2018) assessed the implementation
of conservation practices to gauge effects before field deployment and found that three-
meter filter strips and contour cultivation decreased the average annual sediment yield
at the catchment outlet by 46 and 36 %, respectively. When a 10 m buffer strip was
implemented, a 66 % reduction in average annual sediment production was observed.

The behavior of surface runoff and infiltration on September 12, 2023, considering
S1 (well managed agricultural area + buffer strips), is illustrated in figure 8. Surface
runoff is predominant in cropland with shallow soils (e.g., Leptosols and Regosols) and
similar in cropland with deep soils and in forests. Therefore, buffer strips were effective
in reducing surface runoff, particularly in cropland with deep soils. Conversely, in areas
with shallow soils, buffer strips contributed less significantly to surface runoff reduction.
The same rationale applies to the infiltration process in the catchment. In shallow soils,
infiltration was lower than in deeper soils, thereby rendering buffer strips in shallow
soils less efficient.

Conservation intervention level S2 made the most significant contribution to reducing
surface runoff. Events 1 and 3 showed the greatest reduction in Qg 46 and 38 %,
respectively. Events 6, 8, 9, and 10 exhibited reductions of 20, 25, 26, and 23 %. The Q;
demonstrated a greater reduction for Event 1 (39 %), while Events 3, 6, 8, 9, and 10 showed
reductions of 24, 18, 28, 27, and 28 %. The allocation of terraces as a complementary
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practice for water and soil management has proven essential for events with a return
period greater than two years. These results corroborate those obtained by Londero et
al. (2021b), who indicated an average reduction in surface runoff of 56 % in catchments
with the presence of terraces. However, it is important to note that in this study, the
value of Q¢ has a significant contribution from other sources of runoff since the variable is
measured in a heterogeneous catchment, unlike the article cited above, where the runoff
comes only from the slope under cultivation and with the practice. Giambastiani et al.
(2023) indicated a reduction in surface runoff with contour seeding and with increased
roughness through “keylines,” which are small trenches (0.20 m high and 2 m apart)
built to direct the flow of runoff to the divergent region of the slope, thereby avoiding
the concentration of runoff. However, the “keylines” effects are temporary and involve
a significant amount of revolved soil, which intensifies the carbon loss through oxidation
and exposes the soil to erosive agents. Strohmeier et al. (2015) evaluated plots and
found that stone structures arranged on a contour reduced sediment yield by 40 % and
surface runoff by 66 % compared to plots without conservation structures, emphasizing
the importance of roughness and increased friction to surface runoff.

In another study, Rachman et al. (2008) employed bench terraces combined with other
conservation practices (vegetation) to reduce runoff by 22 % and sediment by 79 %
compared to individual effects (9 and 58 %). Through measured data, Melaku et al. (2018)
evaluated the effects on sediment yield of two similar catchments after the construction
of stone and soil hillocks built along the contour on the agricultural slopes of one of them.
The authors observed a 25-38 % reduction in the catchment’s total sediment yield with
the presence of the conservation practice. The results simulated with the SWAT model
for this catchment underestimated the actual observed values.

Runoff map Infiltration map

Figure 8. Representation of the surface runoff control and infiltration in the cropland of the
catchment.
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Controlling surface runoff and maximizing infiltration in these areas increased water
storage and availability for plants (Freitas et al., 2021), which is especially important
during droughts. Furthermore, retention terraces contribute to an increase in crop yields;
Horbe et al. (2021) indicated an increase in soybean yields of 12 % and corn yields of
10 % in areas with retention terraces.

The partial use of the no-till system and issues such as soil compaction, which affect
infiltration and reduce roughness, lead to the formation and propagation of surface runoff
on agricultural slopes (Hamza and Anderson, 2005). Consequently, agricultural areas
become more vulnerable from a hydrological perspective, missing the opportunity to
store more water and causing larger impacts on water resources (Merten et al., 2015;
Londero et al., 2021b). Therefore, catchments are crucial for conservation planning in
slopes under agricultural production. By introducing conservation practices in these
areas, surface connectivity between the slope and the drainage network can be reduced,
helping to increase infiltration at the site and reducing downstream impacts (Minella et
al., 2008; Kaiser, 2009).

The LISEM was efficient in describing the surface runoff formation and propagation
and the effects of terracing in the catchment scale. The modeling of these processes is
challenging given the spatial variability of control factors such as soil properties, relief, land
use, and soil management. The existing parameters in the LISEM equations adequately
capture the processes influenced by agricultural management practices, mainly saturated
hydraulic conductivity, antecedent moisture, porosity, Manning’s coefficient, soil cover,
aggregate stability, and soil cohesion. To evaluate mechanical structures as terraces,
we need more complex, physically based, and distributed models with higher spatial
resolutions (Im et al., 2012). As operational challenges, there is the need for greater
preparation of the modeling environment and greater knowledge of the processes and
variables that control these processes, their equations and their parameters, such as
those indicated by Govers et al. (2011). The LISEM (De Roo, 1996) is one of the few
that already has some standard conservation practices embedded and allows for the
representation of others, considering the processes on the scale of the event, sub-daily
and even sub-hourly. Most studies involving LISEM have had a restricted objective so
far for its calibration and validation, as in Barros et al. (2021). However, some have
already been used for practical evaluation of the effect of soil covers (Hessel et al.,
2010), forested basins (Rodrigues et al., 2014), impact of the road system on erosion
(Silva et al., 2021), degradation by fires (Wu et al., 2021), impact on the river system
(Vargas et al., 2021), impact of erosion in rural catchments under no-till (Ebling et al.,
2022), and places with hydrological fragility such as riparian forests and humid regions,
which control the dynamics of surface runoff (Grum et al., 2017).

A recent survey on erosive models carried out by Borrelli et al. (2021) points out that the
RUSLE (Renard et al., 1997), USLE (Wischmeier and Smith, 1978), WEPP (Laflen et al.,
1991), SWAT (Arnold et al., 2012), WATEM/SEDEM (Van Oost et al., 2000) and LISEM (De
Roo et al., 1996) models are among the most used in the literature in recent decades,
according to their proposals and aptitudes. The RUSLE, USLE, and SWAT are empirical
and are most often used to represent soil losses over small and large catchments. RUSLE
(Pandey et al., 2021) differentiates itself by evaluating practices to protect against
the direct impact of raindrops by soil cover. It estimates soil losses by type of cover
(factor C) and use of conservation practices (factor P). Didoné et al. (2017) evaluated
the effect of no-tillage through the model, validating its use. The study by Arega et
al. (2024) on a catchment in Ethiopia, detected a limitation of the model due to the
existence of erosive processes in the form of gully that miss in the model. The SWAT
is a catchment semi-distributed that operates on a daily timescale. Osei et al. (2019)
predicted a 30-year (2021-2050) streamflow for the Owabi catchment under two land
uses and three climate change scenarios with SWAT. The model proved to be efficient in
determining the catchment hydrology parameters and has the potential to be used for
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further modeling of water quality and pollution to aid in effective water management.
Bonuma et al. (2014) used SWAT to evaluate three scenarios of management practices:
conventional tillage, minimum tillage, and no-tillage, with a 50 % reduction in the
fertilizer application rate for 30 years in the dynamics of erosion and phosphorus losses,
indicating that the adoption of conservationist preparations reduces the pollutant effect
of the element. Conservation practices of soil cover have greatly reduced soil losses,
but they have not yet been sufficient to prevent the harmful spread of excess surface
runoff, even in no-tillage systems, notably in tropical and equatorial regions due to the
large volume of precipitation.

CONCLUSIONS

The application of the 2-dimensional dynamic wave method in the Limburg Soil Erosion
Model (LISEM), which relies on Manning’s equation to guide water flow, successfully
illustrated the impact of broad-based terraces, thereby enabling the quantification of
two disparate runoff control strategies. Conservation Scenario 1, which combines well-
managed no-till practices with buffer strips, demonstrated an average reduction in runoff,
specifically 7 % in total event runoff (Qg) and 6 % in peak discharge (Q;). Conversely,
implementing mechanical water management structures as retention terraces (i.e.,
Conservation Scenario 2) showed a more significant average decrease in runoff within
the catchment area—30 % for Qg and 28 % for Q,, respectively. Our findings underscore
the utility of integrating hydrological monitoring of experimental catchments with
event-scale runoff modeling in the planning and management of rural catchments.
The results highlight the effectiveness of conservation practices within agricultural
land and underscore their vital role in mitigating surface runoff (peak and volume) in
a catchment. Additionally, these findings enhance the value of research and programs
aimed at compensating producers for delivering environmental services. By quantifying
the impact of agricultural practices on the hydrological response of a catchment, this
work affirms farmers’ pivotal role in diminishing impacts through adopting sustainable
agricultural practices.
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