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Abstract

Effective soil erosion prediction models and proper conservation practices are important
tools to mitigate soil erosion in hillside agricultural areas. The Water Nutrient and Light Cap-
ture in Agroforestry Systems (WaNuLCAS) and Water Erosion Prediction Project (WEPP)
models are capable tools in soil erosion simulation in the conventional and conservation
cropping systems in hillslopes. We calibrated both the models in maize monocropping and
simultaneously validated them in maize-chili intercropping with Leucaena hedgerow for nine
rainfall events in 2010, with the aim to evaluate their performances in runoff and sediment
prediction on a skeleton soil in a hillslope, Western Thailand. The results showed that the
calibrated WaNuLCAS model poorly predicts runoff prediction in the validation. In contrast,
the calibrated WEPP model had a better performance in runoff prediction in the validation.
For sediment prediction, the calibrated WaNuLCAS model predicted sediment yield better
than the calibrated WEPP model in the validation because the WEPP model shows more
variability of the sediment yield in the calibration (5.84 kg m) than the WaNuLCAS (5.18 kg
m~2). Thus, the WEPP model was more suitable for runoff prediction than sediment pre-
diction in the monocropping system, whereas the WaNuLCAS model was better suited

for sediment yield prediction than runoff prediction, especially in complex intercropping
systems.

Introduction

The recently adopted United Nations Sustainable Development Goals (SDGs) suggest that the
sustainability of human societies relies on the appropriate use of natural resources, especially
soils [1]. The soil system is a key that controls biological, hydrological, erosional, and geo-
chemical earth cycles of the earth system [2, 3]. Soils play an important role in supplying
water, nutrients, and a substrate to plants, and soil properties influence agroecosystems and
natural health [4, 5] including human health [2]. However, soil erosion processes have been a
major agricultural concern; agricultural land use is associated with the highest erosion rates
and causes more sediment yield compared to that in other land uses. Key factors that
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contribute to soil erosion are soil disturbance, tillage, removal, lowering of the overall vegeta-
tion cover, diminishing organic matter, soil compaction, sealing, and the conservation practice
in sloping terrains [6-10].

Moreover, soil erosion is a major environmental challenge in terms of sustainability and
agricultural productive capacity of the land [11, 12]. It is estimated that approximately 10 mil-
lion hectares of global cropland are lost to erosion annually [11, 13]. Further, the estimated
world population may increase to 10 or 12 billion by 2100, mostly in developing countries.
The rapid increase in the population has resulted in the conversion of natural ecosystems to
agricultural land uses on large scale to cater to the growing food demands [14]. The declining
soil productivity and fertility, which represent the most significant “on-site impacts” of soil
erosion, are most common in the tropical and subtropical agro-ecosystems of Asia, Africa, and
South America, where soil loss averages 30-40 t/ha/year [15]. Currently, in Thailand, farmers
are encountering low prices of agricultural products, climate change, and seasonal disasters.
Deforestation for farming cultivation resulted in approximately 34% of soil erosion of the agri-
cultural area, especially in hillside areas, in Thailand. Therefore, good land management
would play an essential role to preserve soil functions, and it is required to achieve the desired
sustainability of the country.

Nowadays, land use and soil cover are considered the most important factors affecting the
intensity and frequency of runoff and soil erosion [16]. With respect to three simultaneous
erosion processes—detachment, transportation, and deposition—the most widely applied
techniques of soil management combined with agronomic practices to reduce soil erosion (i.e.,
intercropping, agroforestry, cover crops, animal manure, contour farming, minimum tillage,
terraces, windbreaks, and hedges) are reviving soil fertility and enhancing crop production
[17]. Recent studies demonstrated that soil surface mulching with plant residues can avoid
high runoff and erosion rates in eastern Spain [18] and Mediterranean rainfed agriculture land
[19]. Further, contouring grass strips or hedgerows are effective soil conservation practices for
reducing runoff and soil erosion on slope areas [20-22]. On the other hand, crop rotation
between maize-cowpea incorporating Leucaena hedgerow has effectively reduced runoff and
soil erosion by 64% and 85%, respectively, as compared to conventional tillage treatment in
Vietnam, which demonstrates that applying hedgerow and grass barriers effectively controlled
soil erosion in the tropical situation [17]. Moreover, a combination of maize cropping with
minimum tillage and Jack bean relay cropping could increase crop yield over time, even with-
out fertilization, and improve soil erosion in the third year in northern Thailand [22]. Thus,
the contouring hedgerow and crop rotation can be attributed to soil erosion control by acting
as a plant barrier to hamper surface runoff water, and the pruned plant residues mulching on
soil surface retarded raindrop impact to the soil surface. However, the applicability of cropping
systems and land management to control soil erosion and runoff is site-specific and dependent
on climatic conditions (i.e., total rainfall and intense rainfall events) [23]. Nevertheless, field
trials and domain tools to monitor the effect of conversion of forest to agriculture land, and
introducing cropping systems on soil erosion are time-consuming, costly, and laborious.
Thus, crop and soil models are tools required for examining and improving the efficiency and
performance of soil and water management practices and for saving the soil management cost
[24]. On the other hand, soil erosion models also accomplish both soil conservation practices
and the scientific understanding of soil erosion processes.

In general, soil erosion models can be classified into empirical and physically based models
[25]. Empirical models generate outputs that are linked to the inputs by some sort of a mathe-
matical equation. Usually, the data derived from large regional databases that limit the applica-
bility for some other regions. Whereas, physically-based models refer to an individual
mechanism process in the component is produced and analyzed within the model. Therefore,
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it can perform a wider range of applications and provide better temporal and spatial assess-
ments of erosion processes in various land-use scenarios [26-28].

The Water Erosion Prediction Project (WEPP) model is a physically-based continuous sim-
ulation model for predicting water erosion and sediment yield and deposition from rainfall,
snowmelt, and irrigation as spatially and temporally distributed processes [29, 30]. WEPP has
been tested and applied for simulating runoff and soil losses in various geographic locations in
the United States [31-34], in Australia [35], in the United Kingdom [36], in a hilly area of Italy
[37] and in the Emameh watershed in North-West of Tehran, Iran [38]. On the other hand,
the Water, Nutrient and Light Capture in Agroforestry Systems (WaNuLCAS) model simu-
lates dynamic processes in the spatial domain. It was developed to represent Tree-Soil-Crop
interactions under a wide range of agroforestry systems where trees and crops overlap at the
plot level. This was successfully applied to simulate the effects of soil conservation practices on
soil loss and runoff, soil structure, and water infiltration in Northeast Thailand [39], to evalu-
ate the impact of improved fallows on maize yield under various soil and environmental con-
ditions of Kenya [40] and to assess limiting factors at the crop-soil-hedge interface reducing
maize aboveground biomass in rows close to hedgerows in Western Thailand [41]. As the
WaNuLCAS and WEPP models have the capability to simulate various cropping system pat-
terns to evaluate land use and management in a single simulation, the models have not previ-
ously been tested on a small-plot scale (e.g., hillside agricultural area) under an erratic tropical
rainfall region in Thailand. Therefore, both models were selected to be tested in this study to
evaluate their potential to be used as a tool for soil erosion prediction in the hillslope soils of
Thailand and other tropical regions. This paper also discussed the performances of both mod-
els in the prediction of runoff and soil loss under conventional and conservation practices on a
stony soil in a tropical hillslope, western Thailand. Thus, the objectives of this study were: (i)
to evaluate the performance of the WaNuLCAS and WEPP models in the simultaneous predic-
tion of runoff and soil loss under different crop management techniques and (ii) to compare
the performance of both models for runoff and sediment prediction under different crop man-
agement and farming practices.

Materials and methods

Experimental site description

The experimental site was implemented at the Demonstration Farm under Patronage of Her
Majesty the Queen Sirikit in Bo-Wi village, Suan Phueng district, Ratchaburi province, Thai-
land (13°28'8.20"N Latitude, 99°16'0.20"E Longitude). All field activities and equipment
installation were permitted by the Office of the Royal Development Projects Board. The dem-
onstration farm was established as an open center for learning by doing, food production,
study and development in agriculture for people in Suan Phueng district and surrounding
areas. The experimental area did not involve endangered or protected species. The data logger
(CR1000: Campbell Scientific Inc.) was installed in the experimental site for collecting meteo-
rological data based on an hourly and daily basis. The mean annual precipitation during 2010
was 1,220 mm, where the highest rainfall volume in the experimental site was in the period of
July to September. The mean air temperature was 27.5°C with a maximum temperature of
41°Cin April and a minimum of 10°C in January. The uneven slope gradient ranges from
6-12%. The soil is shallow with 80 cm depth and contains many phyllitic and quartzitic rock
fragments with an average value of 44.7-85.3% w/v and low organic matter content (4.1-8.0 g
kg™") within the soil profile. The soil in the experimental site was classified as a Loamy-skeletal,
siliceous, isohyperthermic, Kanhaplic Haplustults according to USDA Soil Taxonomy. Soil
texture within the soil profile is slightly to extremely gravelly sandy loam to clay loam. Soil pH
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(1:1 H,O) is acid to strongly acid (4.5-5.8). This field site has been previously described by
Garreé et al. [42] and Khetdan et al. [43].

Soil and cropping system management

The data of two treatments with three replications of conventional and conservation cropping
systems practices on a hillslope were used for the calibration and validation of the WEPP (ver-
sion 2101.8) and WaNuLCAS (version 4.0 running in the STELLA 8) models. The monocrop-
ping with conventional tillage (15-20 cm depth) (so-called “monocrop”) represents the
conventional practice. The intercropping with hedgerow (so-called “intercrop-hedgerow”)
represents the conservation practices, with which maize was intercropped with chili, minimum
tillage (<10 cm depth), and interval strips of Leucaena hedgerow (Fig 1). The main crop of
each cropping system was maize (Zea mays, CV Pacific 999), intercropped plant was high-
value chili (Capsicum frutescens L. CV Superhot) and hedgerow was Leucaena (Leucaena leuco-
cephala). Urea (46-0-0), triple superphosphate (0-46-0) and potassium chloride (0-0-60) were
applied to maintain normal growth of maize. The plot size of each cropping system was 52 m*
(4 m wide x 13 m long) and was aligned along the slope gradient on the hillslope. Runoff and
soil sediment were collected through the ditches installed at the end of plots and connecting to
the water container. Runoff and sediment were collected after every single storm that pro-
duced runoff discharge and sediment for the whole years.

In the monocrop practice, maize was seeded by the end of June 2010 with a spacing of 0.25
m within maize rows and 0.75 m between maize rows. In the intercrop-hedgerow practice, the
spacing between Leucaena hedgerow and maize rows was 0.25 m, the spacing between maize
rows was 0.75 m, and the spacing between maize rows and chili was 1.0 m.

Input data for model simulations

The required input data in the model simulation were climatic data from the data logger
installed in the site, soil properties, plant growth, and management practices. In the WEPP
model, four data files were required to represent overland flow elements (OFEs) for simulation
including slope element which was measured from the experimental plots. Climatic data
includes daily precipitation, maximum and minimum air temperature, solar radiation, wind
velocity and direction, and dew point temperature. Analytical soil properties given in Table 1
were used for the soil module of the WEPP models including soil particle size distribution and
rock fragments percentage, cation exchange capacity (CEC), and soil organic matter content
(SOM). For interrill erodibility (K;), rill erodibility (K,), critical shear stress (pa), and effective
hydraulic conductivity (K,,) were able to calculate following the manual in the WEPP techni-
cal documentation or by default of the model calculation. In the management file, the calendar
of activities including planting, tillage, and irrigation are in the database that was adjustable to
fit with the simulated site. In addition, the crop parameters database in the management file
was adjusted or selected based on default values from the database library.

For the WaNuLCAS model, the input data in the Excel spreadsheet require weather data
that consist of daily precipitation, soil temperature, and evaporation. Pedotransfer was calcu-
lated using a percentage of sand, silt, clay, organic carbon, and soil bulk density (Table 2).
Crop schedule and crop parameters (Table 3) for each zone were in the crop management and
crop library spreadsheet.

Model performance assessment

The model performances of two model simulations were evaluated by comparing the simu-
lated values against the observed data of the runoff and sediment yield collected during the
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Fig 1. Protocol for calibration and validation of the WEPP and the WaNuLCAS.
https://doi.org/10.1371/journal.pone.0241689.9001

growing season in the year 2010. The coefficient of determination (R?) was used to measure
how close it is to a linear 1:1 relationship between the observed and simulated outputs. Several
specific statistical equations [30, 44, 45] were also used for improving the assessment of the
model performance.

Modeling efficiency (Eys) [44] was calculated to assess the goodness of fit. A value of 1.0
demonstrates an absolute one-to-one correspondence between the simulated and observed
values. The range of Eg values is from -co to 1, with 1 indicating a perfect fit. Values between
0.0 and 1.0 are commonly considered as acceptable for model performance and values <0.0
indicates that the mean observed value is a better predictor than the simulated value, which
indicates unacceptable model performance [46]. For values of Eyg > 0.75, the model simula-
tions are considered to be good and Eys > 0.5 are considered to be acceptable [47, 48] and for
values between 0.36 and 0.75, the model simulations are considered satisfactory [48]. However,
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Table 1. Soil parameters input in the WEPP model for simulation processes.

Soil horizon (cm) Particle size distribution Chemical properties Rock fragment content
Sand Silt Clay SOM CEC
(%) (%) (%) (%) (cmol. kg™) (%/Vol.)
Soil parameters in monocropping system (monocrop)
0-5 40.5 37.8 21.7 2.1 12.3 17.3
5-15 37.1 41.2 21.7 2.1 12.3 23.8
15-45 43.5 32.6 23.9 1.6 10.0 51.2
Soil parameters in intercropping with hedgerow system (intercrop-hedgerow)
0-5 414 37.5 21.1 2.0 10.6 17.3
5-15 40.1 419 18.0 2.0 10.6 23.8
15-45 43.7 37.0 19.3 1.4 8.0 51.2

https://doi.org/10.1371/journal.pone.0241689.t001

a shortcoming of the Nash-Sutcliffe statistic is that it does not perform well in periods of low
flow. If the daily measured flow approaches the average value, the denominator of the equation
tends to zero and Eng approaches negative infinity, with only minor prediction errors of the
model. This statistic works well when the coefficient of variation for the data set is large [49].

S, (01 - PiY’
Z?:l (Oi - (_))2
The coefficient of determination (CD) is a measure of the proportion of the total variance

of observed data explained by the simulated data; a value of one indicates an absolute predic-
tion fit.

Estl_

n . AN\ 2
CD — 2 (O *(_))

> (Pi—0O)

The root means square error (RMSE) is expressed in percentage to designate the average
error of simulated results where the value of zero expresses the goodness of the agreement
between observed and simulated data [50].

n

RMSE = | " (0i — Pi)’/n

i=1

Table 2. Soil parameters used for the pedotransfer sheet in the WaNuLCAS model for simulation processes.

Soil horizon (cm) Particle size distribution Chemical properties Rock fragment content Effective hydraulic conductivity (Kj,)
Sand Silt Clay SOM CEC Soil pH
@ | % | % | (%) | (cmol kg (%/Vol.) (Mg m™)
Soil parameters in monocropping system (monocrop)
0-5 40.5 37.8 21.7 2.1 12.3 5.7 17.3 Calculated by the models
5-15 37.1 41.2 21.7 2.1 12.3 5.9 23.8
15-30 43.5 32.6 23.9 1.6 10.0 5.6 51.2
30-45 43.5 32.6 23.9 1.6 10.0 5.6 51.2
Soil parameters in intercropping with hedgerow system (intercrop-hedgerow)
0-5 41.4 375 21.1 2.0 10.6 5.6 17.3 Calculated by the models
5-15 40.1 41.9 18.0 2.0 10.6 5.6 23.8
15-30 43.7 37.0 19.3 1.4 8.0 5.7 51.2
30-45 43.7 37.0 19.3 1.4 8.0 5.7 51.2

https://doi.org/10.1371/journal.pone.0241689.t002
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Table 3. Crop parameters input in crop library of the WaNuLCAS model for the simulation processes.

Parameters (Maize) Default Calibrated
Length of generative stage 30 63
Length of vegetative stage 60 50
Earliest day to flower in a year 1 225
Latest day to flower in a year 365 253
Production of dry matter per day 0.014 0.1
Seed weight 0.004 0.1
Water requirement for dry matter production 300 30
The maximum proportion of crop biomass remobilized as the storage component 0.05 0.01
Extinction light coefficient 0.65 0.68
Maximum Leaf Area Index 5 6
Rainfall water stored at the leaf surface 1 0.01
Max. root length density in layer 1 5 2
Max. root length density in layer 2 3 1
Max. root length density in layer 3 0.3 0.5
Crop cover efficiency factor 0.3 0.1
Standard moisture content 0.15 0.5
Cq_RelLUE = Relative light use efficiency (dimensionless) default | multiplied by 0.4
Cq_SLA = Specific Leaf Area (m?/kg) default | multiplied by 0.7
Cq_LWR = Leaf Weight Ratio (dimensionless) default | multiplied by 0.84

https://doi.org/10.1371/journal.pone.0241689.t003

The coefficient of residual mass (CRM) is a measure of the tendency of the model to overes-
timate or underestimate the measurements. A negative CRM shows a tendency to overesti-
mate.

2 Oi =3 0 Pi
2 O
where Pi is the simulated values, Oi is the observed values, n is the number of samples, and O

is the mean of the observed data. The perfect statistics yield of good performance of model is
indicated by Exs = 1; RMSE = 0; CD = 1; and CRM =0 [51].

CRM =

Calibration and validation of the models

The calibration of both models was performed after simulation to adjust parameters that affect
runoff and sediment prediction in the studied site. The calibration was performed by using the
maize monocropping (monocrop) with conventional practice (plowing layer > 15 cm). The
conservation practice of intercropping (intercrop-hedgerow) high-value chili with Leucaena
hedgerow and minimum tillage (plowing layer < 10 cm) was used for the validation to check
the performance of the calibrated models (Fig 1). These treatments were calibrated and vali-
dated under the selected nine rainfall events that covered the growing season of maize in the
year 2010 and covered periods of high rainfall intensity in order to minimize the effect of
erratic rainfall distribution in the studied hillside area. In this study, the calibrated values are
consistent with the values reported in the literature [39, 52]. Parameters that sensitively affect
the runoff and sediment yield were modified for the best fit value between the observed and
predicted value that showed in Table 4.

The calibrations of the WaNuLCAS model was done after preparing input parameters for
the site conditions. In the Excel (Microsoft Office) spreadsheets, the size and spacing of experi-
mental plots were set up in four zones and layers of soil (Fig 2). Some soil inputs were filled in
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Table 4. Some sensitive parameters for calibration of the WaNuLCAS and WEPP models.

Model Default value Modified value
WaNuLCAS
USLE_ERainFac 1 0.13
E_EntrailmentCoeffBarePlot 0.002 0.02
Rain_IntensCoefVar 0.3 0.08
Rain_IntensMean 50 28
Rain_IntercDripRt 10 9
Rain_PondFIwRt 10 9
Rain_PondStoreCp 5 4
S_BDBDRefDecay 0.0001 0.001
S_RelSurfInfiltrInit (Zone) 4 6
S_SurfInfiltrPerKsatDef (Zone) 0.0825 0.09
Maximum Leaf Area Index 10 6
Crop cover efficiency factor 0.2 0.1
Standard moisture content 0.5 0.15
WEPP

Soil module

« Interrill erodibility: Ki (kg.s.m™) model calculation 250,000

« Rill erodibility: Kr (s.m™) 0.0085

« Critical shear strength (Pa) 33

« Effective hydraulic Conductivity: Ksat (mm.h™") 80
Management module

« Tillage: chisel plow and no-till with fluted colter
Slope
Landforms of study’s area 12%
https://doi.org/10.1371/journal.pone.0241689.1004

(@ _
Maize l\ia-“ze
A
Maize I\Ii\?Ze
A
Leucaena
nedgeron
Fig 2. Scenarios of cropping systems for simulation of the WaNuLCAS and WEPP models.
https://doi.org/10.1371/journal.pone.0241689.g002
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the pedotransfer sheet. Crop parameters in the crop library spreadsheet, crop, and manage-
ment schedule in the crop management spreadsheet were modified. In the STELLA, soil
dynamics was activated for soil structure change and some parameters in the soil structure
module were modified. Parameters in the input sections of each module namely rainfall, slop-
ing land, management, and soil erosion and sedimentation were also modified to achieve the
best fit data.

For the WEPP model, the input parameters, interrill erodibility (K;), rill erodibility (Kr),
critical shear stress (pa), and effective hydraulic conductivity (K,,) were calibrated by adjust-
ing to an acceptable value and also another section of the management file such as tillage and
plant were selected from default crop parameter values for maize; this was extracted from the
WEPP database [30] and some values were modified to fit data from the experiment. The coef-
ficient of determination (R?) (1:1 linear correlation) was used for determining the sensitivity
of the calibration and validation procedures.

Results and discussion

Effect of cropping systems and management practices on runoff and
sediment yields

Intercrop-hedgerow system could significantly reduce surface runoff and sediment as com-
pared to monocropping with conventional practice. Intercrop-hedgerow system was capable
of reducing surface runoff ranging of 15-45% and 23-60% as compared to the monocropping
system during maize growing. Runoff yield (Fig 3A) (S1 Table) and sediment yield (Fig 3B)
(S2 Table) and of the intercrop-hedgerow system were significantly lower than the monocrop
system during August 7 to October 6, 2010, and corresponded to lower rainfall intensity with a
high volume of rainfall. However, on the higher rainfall intensity periods (since October 7),
the intercrop-hedgerow system had a slightly larger runoff volume and sediment yield than
the monocrop system. This can be explained that on the aforesaid period, maize in monocrop
system aged approximately 100 days was already ripe and ready for harvesting, which made
the maize canopy density greater than that in the Intercrop-hedgerow system. Therefore, a
higher canopy density of maize in the monocrop system increased rainfall-canopy interception
in the monocrop during this period [53] and then reduced runoff and soil loss.

The sensitivity of the WaNuLCAS model calibration

The sensitivity of the calibration parameters in the WaNuLCAS model (Table 5) revealed that
the soil structure module and rainfall module were sensitive to runoff prediction. The most
sensitive parameters for runoff prediction were enabling soil dynamics and erosion coefficient
factors in the soil structure module. On the other hand, the most sensitive parameters affecting
sediment yield prediction were crop parameters such as specific leaf area, plant canopy, root
length density, rainfall interception, and crop cover efficiency factor. In addition, in this study,
applying the USLE equation [54] to predict sediment yield was found to be more accurately
predict soil loss than the ROSE equation did [55-57]. However, Wischmeier [58] warned
against that using the USLE beyond the regions where the basic information was obtained, or
to make soil loss estimates for individual erosion events. The USLE applies only to situations
where net deposition does not occur. The USLE is based on correlations. As there is no inclu-
sion in the USLE of factors directly representing physical parameters i.e., infiltration or over-
land flow velocity (ROSE equation), some factors will be influenced by correlations with
effects caused by these processes. On the other hand, the modification of crop parameters in
this study likely affected the infiltration rate and overland flow of rainwater. In addition, the
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Table 5. Sensitivity analysis for calibration parameters affecting runoff and sediment yield in the WaNuLCAS

model.

Calibrated parameters in the WaNuLCAS Runoff Sediment yield
Default (soil dynamics enabled) 11 11
Rainfall module adjusted I I
Soil structure module (erosion coefficient factor) 11 1
Modified crop parameter I I

x, I, and II indicate non- sensitive, less sensitive, and more sensitive parameters, respectively.

https://doi.org/10.1371/journal.pone.0241689.t005
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variation of pore size distribution in this skeletal soil also directly affects the hydraulic conduc-
tivity and infiltration rate of soil which has been proved by Khetdan et al. [43].

As the sensitive parameters for runoff prediction were the soil structure module and rainfall
module in the WaNuLCAS, soil structure refers to actual soil bulk density which calculated
from the pedotransfer function from soil texture data (sand, silt, clay, and organic matter con-
tent) and involves directly with soil infiltration and saturated hydraulic conductivity of the
soil. So, this study used soil bulk density derived from the pedotransfer function of the model
which did not represent the actual values. Thus, the overestimation of runoff volume occurred
by using the WaNuLCAS model. On the other hand, crop parameters were also the most sensi-
tive parameters affecting sediment yield prediction by the WaNuLCAS model. Crop parame-
ters also affect sediment yield and depend on the complicated of species and cultivars of the
plant used in the system. So adjusting crop species parameters in the WaNuLCAS model could
affect rainfall interception and crop canopy cover.

The sensitivity of the WEPP model calibration

The sensitivities of the calibration parameters in the WEPP model are listed in Table 6; the
most sensitive parameter in the WEPP model on runoff prediction was only the effective
hydraulic conductivity (Kg,,). The parameters sensitive to sediment yield prediction were effec-
tive hydraulic conductivity (Kg,,), interrill erodibility (K;), and rill erodibility (K,); however,
only K; was the most sensitive parameter for sediment yield prediction. During the calibration
process, the parameters in the soil file were calculated by the equation from USDA-ARS-MWA
[30] using soil data from the experimental site and then modified until the output values
closely fit observed data values.

The sensitivity analysis demonstrated that the interrill erosion was a dominant process
occurred in the calibration system. So, the runoff and sediment prediction by the WEPP
model depend directly on soil properties especially soil erodibility rather than crop parameters
in the case of the WaNuLCAS model.

Performances of the WaNuLCAS and WEPP models in runoff simulation

Simulation of daily runoff during the growing season by the WEPP and WaNuLCAS models
was shown in Fig 4A for calibration (monocrop) and Fig 5A for validation (intercrop-hedge-
row). The distribution of observed and simulated values along the 1:1 line for calibration and
validation (intercrop-hedgerow) was shown in Figs 4B and 5B, respectively.

In Fig 4A, simulated runoff volume from the WEPP model was underestimated during the
high rainfall, whereas during lower rainfall events the simulated runoff volume from the
model was overestimated. All simulated runoff volume from the WaNuLCAS model was over-
estimated over all of the simulation period. The linear relationship between observed and sim-
ulated runoff values from both models was close to 1:1 line with R* = 0.80 for the monocrop

Table 6. Sensitivity analysis for calibration parameters affecting runoff and sediment yield in the WEPP model.

Calibrated parameters in WEPP Runoff Sediment yield
Interrill erodibility (Ki) X 11
Rill erodibility (Kr) X I
Critical shear strength (Pa) X X
Effective hydraulic conductivity (Ksat) I

x, I and IT indicate non- sensitive, less sensitive and more sensitive parameters, respectively.

https://doi.org/10.1371/journal.pone.0241689.1006
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https://doi.org/10.1371/journal.pone.0241689.g004

system (Fig 4B) and with R* = 0.57 for the intercrop-Hedgerow system (Fig 5B). High R? indi-
cated that the WEPP model had a positive relationship between the observed and simulated
runoffs. In addition, the RMSE and CRM expressed the error between the observed and simu-
lated values, and the smaller values were found in the WEPP model indicating that the simu-
lated values from the WEPP were closer to observed values than the simulated values from the
WaNuLCAS model (Table 7). On the other hand, model efficiency in the runoff prediction
was higher in the WEPP model (Exs = 0.55), and it is more satisfactory for model performance
as compared to the WaNuLCAS model (Eng = -0.91). The negative model efficiency values
indicated that the predicted values were greater than the observed values and the mean of the
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Table 7. The performances of the WaNuLCAS and WEPP model in runoff calibration and validation.

Models Simulation Mean runoff (mm) Statistical analysis
Observed Simulated R? Ens RMSE CRM CD
WEPP Calibration 146.41 131.90 0.80 0.55 4.73 0.10 0.56
Validation 142.70 110.10 0.57 -0.09 0.36 0.23 0.47
WaNuLCAS Calibration 146.41 217.23 0.80 -0.91 9.67 -0.48 0.26
Validation 142.70 202.20 0.74 -0.73 9.00 -0.42 0.26
https://doi.org/10.1371/journal.pone.0241689.t007
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observed values [45]. This result confirmed that the WEPP model had a good performance for
runoff prediction.

The underprediction of runoff by the WEPP model and over-prediction of runoff by the
WaNuLCAS model were attributed to the different runoff calculation methods in the models.
The WEPP model uses the GAML equation that considered excess rainfall in intervals of min-
utes and it is calculated as the difference between rainfall and infiltration rate. When rainfall
intensity is smaller than the infiltration rate, water is stored in the soil [25]. In WaNuLCAS,
runoff is primarily affected by the infiltration rate, which is obtained from the saturated
hydraulic conductivity that uses soil physical properties calculated by pedotransfer functions
on the van Genuchten equation [44]. The infiltration rate was affected by the saturated hydrau-
lic conductivity that greatly impacts lateral and vertical water flows in the soil. Therefore, the
WaNuLCAS considers the infiltration rate by the rainfall volume that affects soil saturated
hydraulic conductivity, whereas the WEPP model considers infiltration rate by the intensity of
rainfall. In addition, Pansak et al. [39] remarked that the WaNuLCAS model was capable of
simulating the runoff and soil loss in Northeast Thailand reasonably well in maize-based
upland cropping systems after careful calibration. Thus, the investigation of simulating the
WaNuLCAS under the different climatic condition on the stony soil in this study needs more
events for calibration and validation to verify the accuracy of data of the area under erratic
rainfall pattern.

However, we attempt to validate both models in the intercrop-hedgerow system after
model calibration to investigate the accuracy of our data. The results in Table 7 showed the R?,
Ens, RMSE, CRM, and CD values of the runoff validation by the WEPP model were lower
than the values from the calibration. While the R, Ens, RMSE, CRM, and CD values in runoff
validation by the WaNuLCAS model were close to the values in the calibration; however, both
models can simulate a runoff volume in a similar trend in the monocrop system for overall
rainfall events (Fig 4A). Nevertheless, many tested models have difficulties in simulating a low
runoff. Chahinian et al. [59] attributed this difficulty to the problems inherent in determining
the soil moisture conditions before and during flood events, which do not account for soil
moisture redistribution over the whole duration of a flood event.

Performances of the WaNuLCAS and WEPP models in sediment
simulation

Simulation of daily sediment yield during the growing season in monocrop system by the
WEPP and WaNuLCAS were shown in Fig 6A for the calibration (monocrop) and Fig 7A and
for the validation (intercrop-hedgerow). The distribution of observed and simulated values
along the 1:1 line for calibration (monocrop) and validation (intercrop-hedgerow) was shown
in Figs 6B and 7B, respectively.

In Fig 6A, simulated sediment yield in monocrop system by WaNuLCAS model consis-
tently matched with observed data except for a period of high rainfall volume (e.g., October 3,
2010) where the sediment yield was over-predicted to observed data, whereas the WEPP
model simulated similar sediment yield to observed values along with the intensity of rainfall
events which had a good performance similar to a prediction by the WEPP applied in the
watershed scale in different climate condition [38]. In addition, the simulated sediment yield
was distributed close to the 1:1 line (Fig 6B) indicating that both models had a positive rela-
tionship between the observed and simulated sediment yield. However, in the last rainfall
event (October 3, 2010), the WEPP model showed the highest sediment yield. This was
because maize was already ripe and had a low canopy and leaf area, and therefore, the highest
soil loss occurred in this period. The simulation of sediment yield in intercrop-hedgerow
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system (Fig 7A) showed that the sediment yield predicted by the WaNuLCAS were closed to
the observed value along with the rainfall events; however, the sediment yield predicted by the
WEPP model was lower than the observed data in the periods between October 1 to 9. In addi-
tion, the simulated yield data were mostly above the 1:1 line which indicates that the simulated
sediment yield was mostly higher than the observed sediment yield (Fig 7B).

The performance of the model simulation showed that the WaNuLCAS model precisely
predicted sediment yield compared to the WEPP model, which indicates the model efficiency
of sediment yield in calibration. The WaNuLCAS model predicted sediment yield with Eyg =
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0.54, which is better than the model efficiency of the WEPP model (Exg = -2.30), and the value
of model efficiency is satisfactory for sediment yield calibration. Similarly, in the validation,
the WaNuLCAS model could predict sediment yield better than the WEPP model indicating
higher statistical values, as shown in Table 8. The WEPP model could perform better in the
validation as compared to the calibration, whereas the WaNuLCAS model had lower perfor-
mances in the validation. The results indicated that both models can predict sediment yield in
the monocrop system better than that in intercrop-hedgerow. The difference in sediment pre-
diction was caused by the different methods used in models where the WEPP model used the
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Table 8. The performances of the WaNuLCAS and WEPP models in sediment yield calibration and validation.

Models Periods
WEPP Calibration
Validation
WaNuLCAS Calibration
Validation

https://doi.org/10.1371/journal.pone.0241689.t008

Mean sediment yield (kg m™) Statistical analysis

Observed Simulated R? Ens RMSE CRM CD
4.96 5.84 0.38 -2.30 0.05 -0.18 0.20
3.34 2.76 0.26 -1.89 0.03 0.17 0.27
4.96 5.18 0.62 0.54 0.02 -0.05 0.88
3.34 3.12 0.35 0.10 0.02 0.06 0.80

steady-sediment continuity equation to predict soil loss, whereas the WaNuLCAS model in
this study used the USLE equation.

The results of the performance assessment of both models confirmed that the WEPP model
had a limitation in soil loss prediction in the intercropping system; however, it had a good per-
formance in sediment prediction in the plot-scale monocropping system, and even in the
watershed scale presented by Akbari et al. [38]. In contrast, the WaNuLCAS model had a good
performance in soil loss prediction in the intercropping system. This was caused by the differ-
ences in plant parameters (i.e., leaf area, canopy, and plant species) and soil loss equation
applied in the models [28, 29, 49].

Conclusions

The WaNuLCAS and WEPP models were simulated to predict runoff and sediment yield on
stony soil under selected tropical rainfall events in two different cropping systems: (i) maize
monocropping with conventional practice and (ii) intercrop-hedgerow with conservation till-
age, on hillside area in Suan Phueng district, Ratchaburi Province, Thailand. The most sensi-
tive parameters for runoff simulation in the WaNuLCAS model were enabling soil dynamics
and adjusting the parameter in the soil structure module, e.g., change in the soil layers. The
most sensitive parameters affecting sediment yield in the WaNuLCAS model were crop
parameters. For the WEPP model, the most sensitive parameter for runoff simulation was an
effective hydraulic conductivity (Ksat), and for sediment yield simulation, it was effective
hydraulic conductivity (Ksat), and interrill erodibility (Ki). Our results demonstrated that
these parameters are the key site factors affecting performances of predicting soil loss and run-
off by the WEPP and WaNuLCAS models in the tropical hillslope.

Based on statistical values of Exs, RMSE, CRM, and CD, the WEPP model performed a sat-
isfactory performance that was better than the WaNuLCAS model for runoff simulation. The
WaNuLCAS model showed better performance of the sediment prediction than the WEPP
model in calibration and validation. Thus, the WEPP model was more suitable for runoff pre-
diction than sediment prediction, whereas the WaNuLCAS model was better for sediment
yield prediction than runoff prediction in a tropical hillslope. However, our results imply that
soil erosion prediction by these models needs a modification of default parameters in the mod-
ules especially soil and crop modules, and a collection of plants and crop parameters in each
local scenario to estimate the accuracy of the models.

Supporting information

S1 Table. Simulated runoff values from the calibration and validation processes.
(DOCX)

S2 Table. Predicted sediment values from the calibration and validation processes.
(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0241689 November 4, 2020 17/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0241689.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0241689.s002
https://doi.org/10.1371/journal.pone.0241689.t008
https://doi.org/10.1371/journal.pone.0241689

PLOS ONE

Performances of the WEPP and WaNuLCAS on soil erosion simulation in tropical hillslope

Acknowledgments

We would like to thank KU Leuven for supporting the field equipment via the OT project and
we would like to express our gratitude and dedicate this work to Dr. Thanuchai Kongkaew
who initiated and supported during the project until he passed away in 2012.

Author Contributions

Conceptualization: Natthapol Chittamart.

Funding acquisition: Natthapol Chittamart.

Investigation: Natthapol Chittamart, Saowanuch Tawornpruek.
Supervision: Natthapol Chittamart.

Writing - original draft: Wattanai Onsamrarn.

Writing - review & editing: Natthapol Chittamart.

References

1. Keesstra SD, Bouma J, Wallinga J, Tittonell P, Smith P, Cerda A, et al. The significance of soils and soil
science towards realization of the United Nations sustainable development goals. Soil 2016. https://doi.
org/10.5194/s0il-2-111-2016

2. Brevik EC, Sauer TJ. The past, present, and future of soils and human health studies. Soil 2015. hitps://
doi.org/10.5194/s0il-1-35-2015

3. Keesstra S, Pereira P, Novara A, Brevik EC, Azorin-Molina C, Parras-Alcantara L, et al. Effects of soil
management techniques on soil water erosion in apricot orchards. Sci Total Environ. 2016. https://doi.
org/10.1016/j.scitotenv.2016.01.182 PMID: 26881727

4. Trabaquini K, Formaggio AR, Galvao LS. Changes in physical properties of soils with land use time in
the Brazilian savanna environment. L. Degrad. Dev. 2015. https://doi.org/10.1002/Idr.2222

5. Vasconcellos RLF, Bonfim JA, Baretta D, Cardoso EJBN. Arbuscular mycorrhizal fungi and glomalin-
related soil protein as potential indicators of soil quality in a recuperation gradient of the atlantic forest in
Brazil. L. Degrad. Dev. 2016. https://doi.org/10.1002/Idr.2228

6. Cerda A, Jurgensen MF, Bodi MB. Effects of ants on water and soil losses from organically-managed
citrus orchards in eastern Spain. Biologia (Bratisl) 2009. https://doi.org/10.2478/s11756-009-0114-7

7. Novara A, Gristina L, Saladino SS, Santoro A, Cerda A. Soil erosion assessment on tillage and alterna-
tive soil managements in a Sicilian vineyard. Soil Tillage Res. 2011. https://doi.org/10.1016/j.stil.2011.
09.007

8. Atucha A, Merwin IA, Brown MG, Gardiazabal F, Mena F, Adriazola C, et al. Soil erosion, runoff and
nutrient losses in an avocado (Persea americana Mill) hillside orchard under different groundcover man-
agement systems. Plant Soil 2013; https://doi.org/10.1007/s11104-012-1520-0

9. GomezJ, Infante-Amate J, de Molina M, Vanwalleghem T, Taguas E, Lorite |. Olive cultivation, its
impact on soil erosion and its progression into yield impacts in Southern Spain in the past as a key to a
future of increasing climate uncertainty. Agriculture 2014. https://doi.org/10.3390/agriculture4020170

10. Laudicina VA, Novara A, Barbera V, Egli M, Badalucco L. Long- term tillage and cropping system effects
on chemical and biochemical characteristics of soil organic matter in a mediterranean semiarid environ-
ment. L. Degrad. Dev. 2015. https://doi.org/10.1002/Idr.2293

11. YangD, Kanae S, Oki T, Koike T, Musiake K. Global potential soil erosion with reference to land use
and climate changes. Hydrol. Process. 2003. https://doi.org/10.1002/hyp.1441

12. Feng X, WangY, ChenL, Fu B, Bai G. Modeling soil erosion and its response to land-use change in
hilly catchments of the Chinese Loess Plateau. Geomorphol. 2010. https://doi.org/10.1016/j.geomorph.
2010.01.004

13. Pimentel D. Soil erosion: A food and environmental threat. Environ. Dev. and Sustain. 2006. https://doi.
org/10.1007/s10668-005-1262-8

14. Lal R. Anthropogenic influences on world soils and implications to global food security. Adv. Agronomy
2007. https://doi.org/10.1016/S0065-2113(06)93002-8

15. Taddese G. Land degradation: A challenge to Ethiopia. Environ. Manag. 2001. https://doi.org/10.1007/
5002670010190 PMID: 11393316

PLOS ONE | https://doi.org/10.1371/journal.pone.0241689 November 4, 2020 18/20


https://doi.org/10.5194/soil-2-111-2016
https://doi.org/10.5194/soil-2-111-2016
https://doi.org/10.5194/soil-1-35-2015
https://doi.org/10.5194/soil-1-35-2015
https://doi.org/10.1016/j.scitotenv.2016.01.182
https://doi.org/10.1016/j.scitotenv.2016.01.182
http://www.ncbi.nlm.nih.gov/pubmed/26881727
https://doi.org/10.1002/ldr.2222
https://doi.org/10.1002/ldr.2228
https://doi.org/10.2478/s11756-009-0114-7
https://doi.org/10.1016/j.still.2011.09.007
https://doi.org/10.1016/j.still.2011.09.007
https://doi.org/10.1007/s11104-012-1520-0
https://doi.org/10.3390/agriculture4020170
https://doi.org/10.1002/ldr.2293
https://doi.org/10.1002/hyp.1441
https://doi.org/10.1016/j.geomorph.2010.01.004
https://doi.org/10.1016/j.geomorph.2010.01.004
https://doi.org/10.1007/s10668-005-1262-8
https://doi.org/10.1007/s10668-005-1262-8
https://doi.org/10.1016/S0065-2113%2806%2993002-8
https://doi.org/10.1007/s002670010190
https://doi.org/10.1007/s002670010190
http://www.ncbi.nlm.nih.gov/pubmed/11393316
https://doi.org/10.1371/journal.pone.0241689

PLOS ONE

Performances of the WEPP and WaNuLCAS on soil erosion simulation in tropical hillslope

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Garcia-Ruiz JM. The effects of land uses on soil erosion in Spain: A review. Catena 2010. https://doi.
org/10.1016/j.catena.2010.01.001

Graves A, Matthews R, Waldie K. Low external input technologies for livelihood improvement in subsis-
tence agriculture. Adv. Agronomy 2001. https://doi.org/10.1016/S0065-2113(03)82007-2

Cerda A, Gonzalez-Pelayo O, Giménez-Morera A, Jordan A, Pereira P, Novara A, et al. Use of barley
straw residues to avoid high erosion and runoff rates on persimmon plantations in Eastern Spain under
low frequency-high magnitude simulated rainfall events. Soil Res. 2016. https://doi.org/10.1071/
SR15092

Cerda A, Rodrigo-Comino J, Giménez-Morera A, Keesstra SD. An economic, perception and biophysi-
cal approach to the use of oat straw as mulch in Mediterranean rainfed agriculture land. Ecol. Eng.
2017. https://doi.org/10.1016/j.ecoleng.2017.06.063 PMID: 29225422

Duran Zuazo VH, Martinez JRF, Pleguezuelo CRR, Martinez Raya A, Rodriguez BC. Soil-erosion and
runoff prevention by plant covers in a mountainous area (SE Spain): Implications for sustainable agricul-
ture. Environmentalist 2006; https://doi.org/10.1007/s10669-006-0160-4

Melville N, Morgan RPC. The influence of grass density on effectiveness of contour grass strips for con-
trol of soil erosion on low angle slopes. Soil Use Manag. 2010. https://doi.org/10.1111/j.1475-2743.
2001.tb00038.x

Pansak W, Hilger TH, Dercon G, Kongkaew T, Cadisch G. Changes in the relationship between soil ero-
sion and N loss pathways after establishing soil conservation systems in uplands of Northeast Thailand.
Agric Ecosyst. Environ. 2008. https://doi.org/10.1016/j.agee.2008.06.002

Nearing MA, Pruski FF, O’'neal MR. Expected climate change impacts on soil erosion rates: a review. J.
Soil Water Conserv. 2004; 59(1):43-50.

Matthews R, Stephens W, Hess T, Middleton T, Graves A. Applications of crop/soil simulation models
in tropical agricultural systems. Adv. Agron. 2002. https://doi.org/10.1016/S0065-2113(02)76003-3

Shen ZY, Gong YW, Li YH, Hong Q, Xu L, Liu RM. A comparison of WEPP and SWAT for modeling soil
erosion of the Zhangjiachong Watershed in the Three Gorges Reservoir Area. Agric. Water Manag.
2009. https://doi.org/10.1016/j.agwat.2009.04.017

Keesstra SD. Impact of natural reforestation on floodplain sedimentation in the Dragonja basin, SW Slo-
venia. Earth Surf. Process. Landforms 2007. https://doi.org/10.1002/esp.1360

Keesstra SD, Temme AJAM, Schoorl JM, Visser SM. Evaluating the hydrological component of the
new catchment-scale sediment delivery model LAPSUS-D. Geomorphol. 2014. https://doi.org/10.1016/
j.geomorph.2013.04.021

Van Eck CM, Nunes JP, Vieira DCS, Keesstra S, Keizer JJ. Physically-based modelling of the post-fire
runoff response of a forest catchment in central Portugal: Using field versus remote sensing based esti-
mates of vegetation recovery. L. Degrad. Dev. 2016. https://doi.org/10.1002/Idr.2507

Nearing MA, Foster GR, Lane LJ, Finkner SC. A process-based soil erosion model for USDA-Water
Erosion Prediction Project technology. Trans. ASAE. 1989. https://doi.org/10.13031/2013.31195

Flanagan D, Nearing M. USDA-Water Erosion Prediction Project (WEPP), hillslope profile and water-
shed model documentation. US Department of Agriculture—Agricultural Research Service, National Soil
Erosion Research Laboratory Report 10. 1995.

Savabi MR. Modeling subsurface drainage and surface runoff with WEPP. J. Irrig. Drain. Eng. 2006.
https://doi.org/10.1061/(asce)0733-9437(1993)119:5(801)

Savabi M, Flanagan DC, Hebel B, Engel BA. Application of WEPP and GIS-GRASS to a small water-
shed in Indiana. J. Soil Water Conserv. 1995; 50(5):477-83.

Huang CH, Laflen JM, Bradford JM. Evaluation of the detachment-transport coupling concept in the
WEPP rill erosion equation. Soil Sci. Soc. Am. J. 2010; https://doi.org/10.2136/sssaj1996.
03615995006000030008x

Laflen JM, Flanagan DC, Engel BA. Soil erosion and sediment yield prediction accuracy using WEPP.
J. Am. Water Res. Assoc. 2004. https://doi.org/10.1111/j.1752-1688.2004.tb01029.x

Yu B, Rosewell CJ. Evaluation of WEPP for runoff and soil loss prediction at Gunnedah, NSW, Austra-
lia. Aust. J. Soil. Res. 2001. https://doi.org/10.1071/SR00091

Brazier RE, Beven KJ, Freer J, Rowan JS. Equifinality and uncertainty in physically based soil erosion
models: Application of the glue methodology to WEPP-the water erosion prediction project-for sites in
the UK and USA. Earth Surf. Process Landforms. 2000; https://doi.org/10.1002/1096-9837(200008)
25:8<825:AID-ESP101>3.0.C0O;2-3

Pieri L, Bittelli M, Wu JQ, Dun S, Flanagan DC, Pisa PR, et al. Using the Water Erosion Prediction Proj-
ect (WEPP) model to simulate field-observed runoff and erosion in the Apennines mountain range,
Italy. J. Hydrol. 2007. https://doi.org/10.1016/j.jhydrol.2006.12.014

PLOS ONE | https://doi.org/10.1371/journal.pone.0241689 November 4, 2020 19/20


https://doi.org/10.1016/j.catena.2010.01.001
https://doi.org/10.1016/j.catena.2010.01.001
https://doi.org/10.1016/S0065-2113%2803%2982007-2
https://doi.org/10.1071/SR15092
https://doi.org/10.1071/SR15092
https://doi.org/10.1016/j.ecoleng.2017.06.063
http://www.ncbi.nlm.nih.gov/pubmed/29225422
https://doi.org/10.1007/s10669-006-0160-4
https://doi.org/10.1111/j.1475-2743.2001.tb00038.x
https://doi.org/10.1111/j.1475-2743.2001.tb00038.x
https://doi.org/10.1016/j.agee.2008.06.002
https://doi.org/10.1016/S0065-2113(02)76003-3
https://doi.org/10.1016/j.agwat.2009.04.017
https://doi.org/10.1002/esp.1360
https://doi.org/10.1016/j.geomorph.2013.04.021
https://doi.org/10.1016/j.geomorph.2013.04.021
https://doi.org/10.1002/ldr.2507
https://doi.org/10.13031/2013.31195
https://doi.org/10.1061/%28asce%290733-9437%281993%29119%3A5%28801%29
https://doi.org/10.2136/sssaj1996.03615995006000030008x
https://doi.org/10.2136/sssaj1996.03615995006000030008x
https://doi.org/10.1111/j.1752-1688.2004.tb01029.x
https://doi.org/10.1071/SR00091
https://doi.org/10.1002/1096-9837%28200008%2925%3A8%26lt%3B825%3AAID-ESP101%26gt%3B3.0.CO%3B2%26%23x2013%3B3
https://doi.org/10.1002/1096-9837%28200008%2925%3A8%26lt%3B825%3AAID-ESP101%26gt%3B3.0.CO%3B2%26%23x2013%3B3
https://doi.org/10.1016/j.jhydrol.2006.12.014
https://doi.org/10.1371/journal.pone.0241689

PLOS ONE

Performances of the WEPP and WaNuLCAS on soil erosion simulation in tropical hillslope

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.
59.

Akbari A, Sedaei L, Naderi M, Samah AA, Sedaei N. The application of the Water Erosion Prediction
Project (WEPP) model for the estimation of runoff and sediment on a monthly time resolution. Environ.
Earth Sci. 2015. https://doi.org/10.1007/s12665-015-4600-7

Pansak W, Hilger T, Lusiana B, Kongkaew T, Marohn C, Cadisch G. Assessing soil conservation strate-
gies for upland cropping in Northeast Thailand with the WaNuLCAS model. Agrofor Syst. 2010. https://
doi.org/10.1007/s10457-010-9290-2

Walker AP, Van Noordwijk M, Cadisch G. Modelling of planted legume fallows in Western Kenya. (l1)
Productivity and sustainability of simulated management strategies. Agrofor Syst. 2008. https://doi.org/
10.1007/s10457-008-9137-2

Hussain K, Wongleecharoen C, Hilger T, Vanderborght J, Garré S, Onsamrarn W, et al. Combining
613C measurements and ERT imaging: improving our understanding of competition at the crop-soil-
hedge interface. Plant Soil. 2015. https://doi.org/10.1007/s11104-015-2455-z

Garré S, Coteur |, Wongleecharoen C, Kongkaew T, Diels J, Vanderborght J. Noninvasive monitoring
of soil water dynamics in mixed cropping systems: A case study in Ratchaburi Province, Thailand.
Vadose Zo. J. 2013. https://doi.org/10.2136/vzj2012.0129

Khetdan C, Chittamart N, Tawornpruek S, Kongkaew T, Onsamrarn W, Garré S. Influence of rock frag-
ments on hydraulic properties of Ultisols in Ratchaburi Province, Thailand. Geoderma Reg. 2017.
https://doi.org/10.1016/j.geodrs.2017.04.001

van Genuchten MT. A Closed-form equation for predicting the hydraulic conductivity of unsaturated
soils I. Soil Sci. Soc. Am. J. 1980. https://doi.org/10.2136/sssaj1980.03615995004400050002x

Warner GS, Stake JD, Guillard K, Neafsey J. Evaluation of EPIC for a shallow New England soil: II. Soil
nitrate. Trans. ASAE. 1997; 40(3):585-93.

Moriasi DN, Arnold JG, Van Liew MW, Bingner RL, Harmel RD, Veith TL. Model evaluation guidelines
for systematic quantification of accuracy in watershed simulations. Trans. ASABE. 2007; 50(3):885—
900. https://doi.org/10.13031/2013.23153

Santhi C, Arold JG, Williams JR, Dugas WA, Srinivasan R, Hauck LM. Validation of the SWAT model
on a large river basin with point and nonpoint sources. J. Am. Water Resource Assoc. 2001. https://doi.
org/10.1111/j.1752-1688.2001.tb03630.x

Motovilov YG, Gottschalk L, Engeland K, Rodhe A. Validation of a distributed hydrological model
against spatial observations. Agric. For. Meteorol. 1999; https://doi.org/10.1016/S0168-1923(99)
00102-1

Sharma NK, Singh RJ, Mandal D, Kumar A, Alam NM, Keesstra S. Increasing farmer’s income and
reducing soil erosion using intercropping in rainfed maize-wheat rotation of Himalaya, India. Agric. Eco-
syst. Environ. 2017. https://doi.org/10.1016/j.agee.2017.06.026

Thomann RV. Verification of water quality models. J. Environ. Eng. Div. 1982; 108(5):923-40.

Homaee M, Dirksen C, Feddes RA. Simulation of root water uptake |. Non-uniform transient salinity
using different macroscopic reduction functions. Agric. Water Manag. 2002. https://doi.org/10.1016/
S0378-3774(02)00072-0

Pandey A, Chowdary VM, Mal BC, Billib M. Runoff and sediment yield modeling from a small agricul-
tural watershed in India using the WEPP model. J. Hydrol. 2008. https://doi.org/10.1016/j.jhydrol.2007.
10.010

Ma B, Yu X, MaF, Li Z, Wu F. Effects of crop canopies on rain splash detachment. PLoS One. 2014.
https://doi.org/10.1371/journal.pone.0099717 PMID: 24992386

Wischmeier WH, Smith DD. Predicting rainfall erosion losses. A guide to conservation planning. Trans.
Am. Geophys. Union. 1978; https://doi.org/10.1029/TR039i002p00285

Rose CW, Freebairn DM. A new mathematical model of soil erosion and deposition processes with
applications to field data. Int. Conf. Soil Erosion and Conserv. (1983: Honolulu, Hawaii). 1985.

Rose CW. Developments in soil erosion and deposition models. In: Advances in soil science, Springer,
New York, NY. 1985. https://doi.org/10.1007/978-1-4612-5088-3_1

Rose CW. Research progress on soil erosion processes and a basis for soil conservation practices.
InSoil erosion research methods 2017; 159—180. https://doi.org/10.1201/9780203739358

Wischmeier WH. Use and misuse of universal soil loss equation. J Soil Water Conserv. 1976; 31: 5-9.

Chahinian N, Moussa R, Andrieux P, Voltz M. Comparison of infiltration models to simulate flood events
at the field scale. J. Hydrol. 2005. https://doi.org/10.1016/j.jhydrol.2004.09.009

PLOS ONE | https://doi.org/10.1371/journal.pone.0241689 November 4, 2020 20/20


https://doi.org/10.1007/s12665-015-4600-7
https://doi.org/10.1007/s10457-010-9290-2
https://doi.org/10.1007/s10457-010-9290-2
https://doi.org/10.1007/s10457-008-9137-2
https://doi.org/10.1007/s10457-008-9137-2
https://doi.org/10.1007/s11104-015-2455-z
https://doi.org/10.2136/vzj2012.0129
https://doi.org/10.1016/j.geodrs.2017.04.001
https://doi.org/10.2136/sssaj1980.03615995004400050002x
https://doi.org/10.13031/2013.23153
https://doi.org/10.1111/j.1752-1688.2001.tb03630.x
https://doi.org/10.1111/j.1752-1688.2001.tb03630.x
https://doi.org/10.1016/S0168-1923%2899%2900102-1
https://doi.org/10.1016/S0168-1923%2899%2900102-1
https://doi.org/10.1016/j.agee.2017.06.026
https://doi.org/10.1016/S0378-3774%2802%2900072-0
https://doi.org/10.1016/S0378-3774%2802%2900072-0
https://doi.org/10.1016/j.jhydrol.2007.10.010
https://doi.org/10.1016/j.jhydrol.2007.10.010
https://doi.org/10.1371/journal.pone.0099717
http://www.ncbi.nlm.nih.gov/pubmed/24992386
https://doi.org/10.1029/TR039i002p00285
https://doi.org/10.1007/978-1-4612-5088-3_1
https://doi.org/10.1201/9780203739358
https://doi.org/10.1016/j.jhydrol.2004.09.009
https://doi.org/10.1371/journal.pone.0241689

