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Highlights

Taguchi’s Fractional factorial experiment design approach was used to rank the factors affecting
within-field soil erosion

Signal-to-noise ratio analysis was used to identify optimum conditions for maximum sediment
yield, runoff, and carbon and nitrogen content of sediments.

Rainfall intensity contributed most strongly to erosion processes with 40.6 % followed by
the slope (23.8 %).

Applied workflow allowed for efficiently predicting soil erosion and identifying areas susceptible
to soil loss at a high spatial resolution
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Abstract

Water erosion is one of the soil degradation processes driven by environmental and field factors
such as rainfall intensity, slope gradient, dynamics of vegetation cover, soil characteristics, and
management practices. Most of the studies assess the separate contribution of these factors under
controlled conditions. However, there is a lack of adequate knowledge regarding the complex
interactions between prevailing factors and soil erosion processes under heterogeneous field
conditions. This study investigated 16 combinations of 5 factors at 4 levels of each factor on the
soil erosion process using Taguchi’s fractional factorial experiment design, identifying the factor
combinations resulting in maximum sediment yield, runoff, organic carbon, and nitrogen losses.
We considered the factors: Soil organic matter and silt content (SiltOM), vegetation cover (VC),
slope steepness (SS), rainfall intensity (RI), and depth to a loamy layer (DLL). The interactive
effects of these factors and their combinations were visualized from the analysis of signal-to-noise
(S/N) responses. Results indicated that interactions between the selected factors and soil erosion
processes exist and multiple linear regression models were developed to predict sediment yields,
runoff, carbon, and nitrogen losses at the sub-field scale. Results revealed that 1) RI with 40.6 %
showed the highest contribution to sediment yield followed by SS (23.8 %), VC (17.74 %), SiltOM
(14.77 %), and DLL (3.17 %), indicating a strong rainfall-erosion relationship; 2) the combination
of levels of factors generating highest sediment yield was determined; 3) A simple multiple linear
regression model developed for predicting local sediment yield showed the highest agreement with
field observations (R?=82.5 %). The findings suggest that Taguchi design could be used reliably
for modeling soil erosion at field and sub-field scales. Using local calibration data such models
have great potential for soil erosion risk assessments at the field scale, especially in areas where
contributing factors and factor levels change at small spatial scales.
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1. Introduction

Soil erosion by water has become a great concern all over the world (Keating et al., 2003;
Krysanova et al., 2007). Soil erosion has significant impacts on environmental sustainability by
adversely influencing agricultural production, water quality, and natural resources conservation
(Issaka and Ashraf, 2017). It reduces the fertile soil depth and crop available soil moisture by the
removal of essential nutrients and soil organic matter (SOM) and hence reducing the productivity
of the soil (Jahun et al., 2015). Soil erosion by water is a form of land degradation resulting from
multiple factors with complex interactions. Among others, these factors are rainfall intensity,
runoff, small-scale soil heterogeneity in the vertical and horizontal direction, topography, and
temporal variability of crop conditions (Véclavik et al., 2013). Affected by heterogeneous
environmental and field conditions, soil erosion involves complex processes that can strongly vary
within single fields, in particular in undulated areas. (Cerdan et al., 2010). Therefore, identifying
and categorizing the main causes of soil erosion at the field scale based on observations with a high
spatial resolution for quantitatively assessing the spatial and temporal variability of soil erosion
patterns are of great importance. Such information can provide support for decision-making for
improved sub-field management and for farmers to avoid the degradation of fertile soils and for

maintaining or enhancing crop productivity.

Numerous experimental and modeling studies have been conducted using approaches ranging from
analytical to empirical techniques to gain a better understanding of runoff and soil erosion
processes (Raza et al., 2021) and their potential outcomes (organic carbon and nitrogen losses, soil
depth reduction, etc.,) under heterogeneous field conditions (Aga et al., 2020; Eslamian, 2014; J.
R. Williams et al., 1984; Knisel and Nicks, 1981; Syvitski and Kettner, 2008; Viney and Sivapalan,
1999). Individual hydro-geomorphological processes and vegetation dynamics affect the soil
erosion process differently depending on the scale (Aga et al., 2020; Nearing et al., 1999; Panagos
and Katsoyiannis, 2019). In particular, soil physical properties such as soil structure, texture, bulk
density, compaction, and soil thickness influence the erosion pattern and thus rate and magnitude
of erosion (Ouyang et al., 2018; Ramezanpour et al., 2010). Other driving factors are the
topography (i.e., slope gradient, slope length) and ground cover, which modify the physical forces
and greatly impact hydrological processes (Liu and Singh, 2004). The amount, intensity, and
frequency of precipitation are critical meteorological factors for surface runoff generation and soil

erosion.
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A few authors investigated the interactive impact of environmental and soil conditions on soil
erosion. (Guidry et al., 2006; Sepaskhah and Bazrafshan-Jahromi, 2006) investigated the runoff
and soil erosion under rainfall, varying slope, and soil factors, and found that the potentialities of
both surface runoff and sediment yield varied with the level of rainfall erosivity but the impact
differed among soil textures and slopes, indicating diverse nonlinearities of rainfall-runoff-soil
factors-erosion relationships and their complex interaction. (Zambon et al., 2021) studied the
dependency of soil erosion on soil surface conditions (seal formation) and soil types under
controlled rainfall intensities. Under the same initial surface conditions, the erosion development
for increasing rainfall intensity was almost consistent. (Warrington et al., 1989) noticed that
increasing slope inclination tends to increase erosion, whereas removing surface crusts and
increasing permeability rate led to decreasing surface runoff. (Gross et al., 1991) concluded that
even low density vegetation coverage noticeably decreases the sediment yield with increasing
rainfall intensities. However, different studies yield a different representation of erosion processes
Differences in the results of the studies are mainly caused by the particular experimental conditions
(selection of factors) and set-ups which affected the output. To date, there are a few attempts made
to study the impact of multiple environmental and in-field factors to predict sediment yield and
runoff, including, in some cases, carbon, and nitrogen losses under natural conditions (Anh et al.,
2014; Li et al., 2017; J. H. Zhang et al., 2015). Most of these studies consider only one (Cerda et
al., 2021; Dunjé et al., 2004) or two (Ouyang et al., 2018; Ramos et al., 2019) factors to explain
the erosion process and ignore the complex interaction of potential factors and specifically their in-
field variability that may strongly affect the sediment yield and surface runoff. Most of these studies

used defined rainfall intensities at plot scales to investigate soil erosion using a rainfall simulator.

Rainfall simulators and soil erosion plots are two widely used research facilities to assess and
quantify the processes of soil erosion and sediment transport in overland flow (Sharpley and
Kleinman, 2003). Different types of rainfall simulators with their specifications and sizes being
optimized for specific pedo-climatic zones, topographies and land uses have been successfully
applied in several field experiments (Barthés and Roose, 2002; Duiker et al., 2001; Fernandez-
Galvez et al., 2008; Guidry et al., 2006; Lasanta et al., 2000; M. Sheklabadi et al., 2012; Sepaskhah
and Bazrafshan-Jahromi, 2006; Srinivasan et al., 2007). However, many of these studies used
standard plot sizes under controlled conditions (Albaladejo Montoro and Stocking, 1989; Raza et
al., 2021; Renard et al., 1991) and with rainfall intensities far higher than the threshold for soil

4
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detachment thus neglecting the interactions of modulated intensities and soil characteristics that
can drive fine-scale spatial soil erosion processes (Kusumandari et al., 2021; Poulenard et al.,
2001). In summary, there is still a lack of knowledge on the interactive effects of multiple factors
and their potential levels on soil erosion processes under natural conditions that explicitly consider
sub-field scale spatio-temporal dynamics. The quantitative knowledge is however of great
importance for agricultural fields where management activities can lead to changes in the
vulnerability of soils to erosion. Spatially explicit knowledge will help to understand within-field
dynamics of erosion and sedimentation and greatly support precision agriculture by developing
physical-based on empirical-based models. . Further, it provides quantitative validation data for
high-resolution remote sensing data (such as unmanned aerial vehicle (UAV)-based Lidar

measurements).

Most of the previous studies were conducted under controlled conditions with a limited number of
factors, factor levels, and their interactions (Liu et al., 2019; Rieke-Zapp and Nearing, 2005;
Sadeghi et al., 2017; Yusuf et al., 2016). Observing multiple factors and their complex interactions
requires establishing several field experiments to disentangle their effects on spatial variation in
soil erosion. Therefore, these studies used full factorial experimental designs to investigate the
magnitude of the effects of factors on soil erosion that require a large sample size because it
increases exponentially when all combinations of factors, factor levels, and interactions are
considered (L. D. Meyer, 1981; Li et al., 2019; Meyer and Harmon, 1989). These designs are not
applicable when the number of experimental runs is limited due to their cost- and labor intensity.
To handle this challenge, the Taguchi method can be applied to any experimental study where the
effect of up to ~30 factors on processes is studied while labor and cost intensity are minimized
without lowering the quality of outputs (Taguchi, 1986). The Taguchi method is a type of general
fractional factorial design, based on a selected number of factors and factor levels to identify the
least number of experiments to be performed without compromising the overall output (Taguchi,
1987, 1986). So far, in an agricultural context, the Taguchi design mainly has been used for
investigating the impact of fertilizer rates and plant density on cotton yields (Awty-Carroll et al.,
2020; Chou et al., 2010; Ruchika Deo et al., 2007; Sivaiah & Chakradhar, 2019b). Further, it has
been successfully applied to study soil erosion processes (Sadeghi et al. 2012, Mhaske et al. 2019)
and results indicate similar performance compared with full factorial designs (Zhang et al. 2015,

Zhang et al. 2021) and response surface methods (Moosavi & Sadeghi. 2021(F. Zhang et al.,

5



145
146
147
148

149
150
151
152
153

154
155
156
157
158
159
160
161
162
163
164

165
166
167
168
169
170
171
172

173

174

2015)). While providing evidence for the suitability of the design to study the effect of multiple
factors on soil erosion, these studies only used a limited number of factors and their interactions.
Further, runoff volume and resulting nutrient losses such as organic carbon and nitrogen from the

field, which are critical variables for sustainable agriculture, were not investigated.

Encouraged by the successful application of this design in the studies mentioned above, we here
use the Taguchi design to study fine-scale spatio-temporal dynamics of soil erosion processes
(surface runoff, sediment yield, carbon and nitrogen losses) as affected by multiple factors at an
agricultural field located in Western Europe under temperate climate conditions. More specifically,

the objectives of this study are to

i. Investigate the within-field variability of the effects of the interaction between soil
characteristics (soil organic matter (SOM), soil texture), topography (slope), rainfall
intensity, and soil cover (field conditions) on soil erosion, surface runoff, carbon and
nitrogen losses

ii.  Quantify the percentage contribution of each of these five factors to soil erosion, surface
runoff, carbon and nitrogen losses

iii.  Develop empirical models to predict local runoff, sediment yield, carbon and nitrogen
losses
iv.  Identify erosion risk and sediment yield zones within the field
2. Methodology
2.1. Study area

The study was conducted on an agricultural field site located in the Lowenberger Land
municipality, in the north of the federal state of Brandenburg, Germany (33U 374170E 5866893N)
(Fig. 1). Brandenburg lies in the temperate, continental climate zone with mean annual
temperatures between 7.8 °C and 9.5 °C and mean annual precipitation of ~ 600 mm (German
Weather Service 2020, Ihinegbu & Ogunwumi, 2021). The research field comprises ~ 6.25 ha (Fig.
1). Terrain height averages around 51.5 to 57.5 m a.s.l. with north east facing gentle slope (Fig.
2). The soil was classified as Ferric Luvisol at up slopes (WRB, 2007) and in the marginal areas of

the depression as Gley-Kolluvisol (Gleyic Anthrosol).
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Fig. 1: Location of the study area (left) and an aerial image of the research field (May 8™,
2020, Google Earth)

2.2. Soil sampling

To characterize the spatial heterogeneity of soil characteristics soil augers (100 cm depth) were
obtained from 87 different locations within the field (Fig. 2) in December 2019. At selected points,
soil samples were analyzed for soil texture (proportion of silt, sand, and clay fractions) and SOM
content, and the depth from the soil surface to a loamy layer. In soils derived from glacial deposits,
the thickness of the sandy topsoil layers that are followed by a loamy layer, restricting vertical
water movement compared to the sandy topsoil, is considered to increase the risk of water ponding
at the soil surface and hence the risk of surface runoff and erosion. Samples were air-dried and
sieved through a 2 mm mesh. Particle size distribution was determined with the Pipett method after
SOM and carbonate destruction. Soil texture varied from silty loam to silt and medium sand
according to the German soil taxonomy. According to Hofmann et al. (2016) and the soil taxation
values in the German field cadastre of the state of Brandenburg (BB ATKIS), however, the topsoil
is dominated by loamy sand.
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201 Fig. 2: Study site with soil augering points (A) and the locations of the rainfall simulation
202  experimental plots (B, Numbers 1 to 16)
203

204 2.3. Experimental design

205 In contrast to classical statistical designs the “Taguchi design” is a type of general fractional
206 factorial design, based on a selected number of factors and factor levels to identify the least number
207  of experiments to be performed (Taguchi, 1987, 1986). The main factors and interactions that are
208  most likely to be significant and the levels at which they are varied have to be defined in advance.
209  Based on this knowledge Taguchi orthogonal arrays are selected with the choice depending on the
210 tradeoff between time, resources, and quality of outputs (Medan et al., 2017; Rafidah et al., 2014;
211 Woll & Burkhard, 2005). Subsequently to the experimental runs, the effect of each variable can be
212 studied based on the signal-to-noise ratio (SN) (i.e., maximizing or minimizing SN ratios).

213 The Taguchi method systematically yields the best possible combination of factors and their levels
214  to produce quality output at lower experimental cost and time. Based on the literature review
215  (Chmelova and Sarapatka, 2002; P.U. et al., 2017; Pandey et al., 2007; Raza et al., 2021), For this
216  study, five factors were selected: Sum of the percentage of silt and soil organic matter (SiltOM),
217  vegetation cover (VC), slope steepness (SS), rainfall intensity (RI), and depth to loamy layer
218  (DLL). For each factor, four levels are considered (Table 1). The ranges of these levels are based
219  on soil surveys, site-specific scheduling of crop residue management (affecting vegetation cover),
220 and the field topography derived from 2008 Lidar data with 1m spatial resolution
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(https://geobroker.geobasis-bb.de). The selection of rainfall intensity levels is based on an analysis

of 10-minute precipitation data provided by the German Weather Service for a nearby

meteorological station (Brandenburg weather station (ID # 3552)) and adjusted to the capability

and sensitivity of the mobile rainfall simulator (described below).

Table. 1: Experimental factors and their levels

Factor Description Unit Level 1 Level 2 Level 3 Level 4
1 (SiltOM)* % > 20 18- 20 16 -18 <16
2 vegetation cover % 1-5(C) 0 (B) 10-15(E) >15(L)
3 Slope steepness % <1 1-3 3-5 >5
4 Rainfall intensity mm min <25 2.7-33 34-4 >4
5 Depth to loamy layer cm <40 40 - 55 55-70 >70

*the % of SiltOM decreases from level 1 to level 4, decided based on laboratory soil texture
analysis. C, B, E, and L represent field conditions as cultivation, seedbed preparation, plant
emergence, and Leaf development stage (3 Leaves unfold) respectively.

Due to the number of factors (5) and levels (4) as defined in Table 1, the orthogonal array Lis (4°)

for the Taguchi DOE was selected consisting of 16 experiments (factor combinations) (Table 2).



243 Table 2: Taguchi fractional factorial design L16 (4°) used in this study

Factors Combination SiltOM  Vegetation Slope Rainfall Depth to
\ of levels (%) cover steepness intensity loamy
Plot ID (%) (%) (mm min?) layer (cm)
1 2 3 45
1 11111 >20 1-5 <1 <25 <40
2 122 2 2 >20 0 1-3 2.7-3.3 40-55
3 1 33 33 >20 10-15 3-5 3.4-4 55-70
4 1 4 4 4 4 >20 >15 >5 >4 >70
5 2 1 2 3 4 1820 1-5 1-3 3.4-4 >70
6 2 21 4 3 1820 0 <1 >4 55-70
7 2 3 41 2 1820 10-15 >5 <25 40-55
8 2 4 3 2 1 1820 >15 3-5 2.7-3.3 <40
9 313 4 2 16-18 1-5 3-5 >4 40-55
10 32 43 1 16-18 0 >5 3.4-4 <40
11 3 312 4 16-18 10-15 <1 2.7-3.3 >70
12 3 4 2 1 3 16-18 >15 1-3 <25 55-70
13 4 1 4 2 3 <16 1-5 >5 2.7-3.3 55-70
14 4 2 3 1 4 <16 0 3-5 <25 >70
15 4 3 2 4 1 <16 10-15 1-3 >4 <40
16 4 4 1 3 2 <16 >15 <1 3.4-4 40-55
244
245 2.4. Plot selection

246  Toselect plot locations for experimental runs covering each of the 16 factorial combinations (Table
247  2), field maps on the depth to a loamy layer, slope inclination, and the sum of silt and OM were
248  prepared, using SAGA within QGIS 3.16 (Fig. 3). Data on the depth to a loamy layer was derived
249  from field surveys. Point data were spatially interpolated using ordinary kriging in SAGA. The
250 topography was derived from 2008 LiDAR imagery (https://geobroker.geobasis-bb.de).
251 Subsequently, map overlays were used to identify 16 plot locations. The 16 locations were
252 considered to be well distributed in the research site (Fig. 2). At each location, rainfall simulator
253 experiments were carried out at the respective intensity levels with 4 repetitions. To integrate the
254  factors “vegetation cover”, simulations were performed on multiple dates with vegetation cover
255  ranging from 0% (seedbed preparation), over 5% (cultivation) and 10% (crop emergence, DAS:
256  20) to >15% (leaf development stage 3, DAS: 204) (Table 3).

10
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Fig. 3. Schematic diagram of the workflow for the rainfall simulation experiment: (a)
Preprocessing of soil samples and remote sensing data (b) Preparing within-field factor levels
for the Taguchi design (c) Selecting the locations of experimental plots (d) collecting
sediments and runoff (e) Filtering and weighing sediment samples, runoff and CN
concentration in sediments

2.5. Rainfall simulator

In this study, in order to generate targeted levels of rainfall intensity (Table 2), the portable non-
pressurized rainfall simulator (Kamphorst, 1987) was used (Fig. 3d). The simulator was produced
by Eijkelkamp (Eijkelkamp Agrisearch Equipment, Netherlands) and the design is owned by
Wageningen University Research Centre. The ground coverage area is 0.0625 m? enclosed from
three sides with stainless steel frame. The basic unit of the simulator consists of two Plexiglas
containers connected with the frame. The upper container has a calibrated cylindrical reservoir
having a capacity of 2300 ml. The lower container has 49 capillaries with a diameter of 0.6 mm.
The basic unit is supported with four adjustable legs, 0.4 m average in height, on various slopes.
Rainfall intensity is controlled by varying the atmospheric pressure inside the basic unit through
an adjustable aeration pipe attached to the upper container. Fig. 3d illustrates the operation of the

rainfall simulator in the field. Before the beginning of the experiments, the rainfall simulator was
11
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calibrated in order to generate the four different rainfall intensities (Table 2) (Kamphorst, 1987;
“Rainfall simulator - Field measurement equipment | Eijkelkamp,” 2018). Each experiment was
carried out for the duration of 8 minutes keeping in view the storage capacity of the reservoir and
rainfall intensity levels. However, for the rainfall simulator, it is recommended to use it at the
wettest season i.e., soil moisture content near to field capacity, when the soil surface is most
vulnerable to erosion. For that purpose, a pre-wetting of the plot was carried out in the dry season.
The water for pre-wetting is carefully applied through a plastic container with a perforated lid on

it to avoid splash and runoff.
2.6. Sample preparation

The runoff from each plot and repetition and the corresponding sediment yields were collected in
a 2L plastic bucket installed at the downslope end of the stainless steel frame of the simulator. The
samples were thoroughly mixed by stirring before transferring them into plastic bottles. The
volume of samples (runoff + sediment) was determined using glass flasks in the laboratory
followed by wet sieving through a sieve with a mesh size of 2 mm. The samples were then placed
in the oven at 60 °C for drying the dried samples and were later weighted to determine the sediment
yield. There were no stones > 2 mm collected in any of the samples. A pycnometer with distilled
water was used to determine the volume of sediments collected from each experimental plot
(Benjeddou et al., 2017; Heiskanen, 2008). Surface runoff volume was calculated by subtracting
the sediment volume from the total sample volume collected in the field. The sediment samples
were then dried at 60 °C till samples were fully dried to prepare them for carbon and nitrogen (CN)
analysis. The dried samples were transferred then into separate glass scintillation vials and analyzed
for CN content by instantaneous oxidation of the sample via combustion with oxygen at an
approximate temperature of 1020° C using an Elemental Analyzer Euro EA 3000 (EuroVector -
RK Tech Ltd., Pavia)

2.7. Statistical analysis

In Minitab 17.0 software tool, signal-to-noise ratio analyses (SN) were used for the evaluation of
experiment results (Chou et al., 2010; Sivaiah and Chakradhar, 2019). Three types of SN ratios are
used (1) Nominal is better, (2) Higher is better, (3) Lower is better. Because the objective of this
study is to identify the areas with the highest risk of erosion, “the higher the better (HB)” approach
was used. The following equation was used to calculate the SN-ratio:

12
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where, n represents the number of repetitions at each rainfall simulation plot, and y represents the
studied variable. Here, y is sediment yield, runoff, nitrogen, or carbon content in the sediments

from each experimental plot.

The statistical approach of analysis of mean (ANOM) was used to derive optimal conditions (Parr
and Taguchi, 1989). ANOM is a graphical method for multiple group comparisons with an overall

mean (“grand mean”). The mean % ratio of each factor | at a specific level i (Egn. 2) was

determined using the following equation:
S
)

. . . . S .
In equation (2), nii is the number of occurrences of factor I in level i. ~ response figures and tables

. ()
j

Level _ 1 yny
M Factor — ny; Zj:l

level =i ]

Factor =1

were obtained, and optimum conditions were established for each concerning output. J?

In addition, an analysis of variance (ANOVA) was used to investigate the influence of individual
factors on sediment yield, runoff, and CN content (Cox et al., 2008). The percentage contribution

of each experimental factor to the four output variables was estimated using the following equation:

_ SSF—(DOFEVER)
- SSt

P x 100 ©)

Where Ver is the variance of error, SSF is the factorial sum of squares, and DOFr represents a
degree of freedom obtained by subtracting one from the number of levels of each factor (L). The

total sum of squares, SSt, was calculated using the following equation:

2
SSr = ;'n=1 (O Yiz)j - mn( Y ) 4)
Y; is obtained as:
7t = ;‘n=1 (O Yl)] / mn (%)

13
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Where, m represents the number of experimental plots covered in this study, and n represents the
number of repetitions under the same experimental plot. The factorial sum of squares, SSr, is given
by:

—F J—
SSp =" Xk=1 Yk =Y (6)

L

—F
Yk is the average value of the measurement results of a certain factor in the kth level. Furthermore,

the variance of error, Vg was given by:

_ SSr—(XP-4 SSF)
VEr = mn—1) (7)

3. Results and discussion
3.1. Sediment yield

The variation of sediment yield depending on the five factors and their levels is shown in Fig 4A
and 5A respectively. The average amount of sediment yield across replicates varies from 499.2 +
20.6 t0 60.5 + 17.3 g m™. Plot-based rainfall simulation data show pronounced relative differences
in sediment yield among different combinations of factors and their respective levels (Fig. 4A).
Experimental plot B10 (0 % vegetation cover, a rainfall intensity of 3.4-4 mm min’, the slope of 4
%, SiltOM 16-18% of and DLL of < 40cm) shows the highest sediment mass with 499.2 g m?,
indicating the highest erosion levels under these conditions. The lowest sediment mass (60.5 g m"
2) was obtained at plot L12 (vegetation cover was >15 %, rainfall intensity < 2.5 mm min™, and
slope between 1 and 3 %). Fig 5 shows the means of sediment yield for each factor and each level
and compares them to the overall factor mean (grand mean, dashed line) (ANOM). These graphs
show that the amount of sediment increases with an increase in rainfall intensity (Fig. 5A). The
minimum rainfall intensity needed to initiate soil erosion, in this study, was 2.5 mm min. At lower
rainfall intensities, the infiltration rate is higher in the beginning. The potential kinetic energy of
raindrops is small and the splash effect is weak and so is the sediment yield. In addition, runoff
volume is relatively small under lower rainfall intensities (Mohamadi and Kavian, 2015). The
relationship between rainfall intensity and sediment yield varied across intensity levels in a
systematic way (Fig. 5A). The sediment yield increased to 204.9 g m2 when the RI increased to
level 2, which was 73.5 g m higher than at RI level 1. The increment was 253.3 g m™ and 310.7
g m2 with RI levels 3 and 4 respectively, where sediment yields were respectively 1.9 and 2.4

times higher than at RI level 1 (Fig. 5A). This result may indicate that at the plot scale, soil loss
14
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would linearly increase up to a threshold of rainfall intensity, beyond which soil loss would increase
non-linearly. Similarly, (Kandel et al., 2004) found a non-linear relationship between high-intensity
rainfall and soil erosion processes. Therefore, it can be suggested that high rainfall intensities
resulted in greater soil losses. This is also confirmed by other studies where high intensity rainfall
events increased sediment yield (Jebari et al., 2008; Sukartaatmadija et al., 2003; Ziadat and

Taimeh, 2013a) and sediment transport.

Soil detachment and runoff significantly increased with rainfall intensity for both uncultivated and
cultivated lands (Ziadat and Taimeh, 2013b) but the level of vegetation cover has a significant
effect on the soil detachment. As for plot B10, the same rainfall intensity of 3.4—4 mm min™* was
applied to plots E3, C5, and L16 producing 188.1 g m?, 207 g m, and 199 g m™ average sediment
yield respectively (Fig. 4). However, in plot B10 the sediment yield was 499.2 g m2. Among the
rates of sediment yield for four vegetation covers analyzed in this study, vegetation cover level 4
was found most beneficial for preventing soil losses. The eroded sediment yield was below 149 g
m2 when the vegetation cover was more than 15 % (level 4). The sediment yield generally tended
to decrease with an increase in vegetation cover (Table 3). The highest mean sediment yield
(averaged across all other factors) was observed after seedbed preparation (vegetation cover 0 %)
with 292.16 g m? (Fig. 5A). In this study, increasing vegetation cover dramatically reduces
sediment yield which is in accordance with the results of (Donjadee and Chinnarasri, 2012; Lin et
al., 2018). (Zapata et al., 2021) mentioned that the vegetation cover interception reduces the
diameter of the drops reaching the soil surface and hence reduces the kinetic energy of a raindrop.
(Huang et al., 2012) also described that vegetation cover increases soil surface roughness that acts
as a barrier to impede surface runoff and increases infiltration time. Thus, vegetation cover reduces
the sediment yield by reducing the kinetic energy of raindrops, intercepting rainfall, increasing

surface roughness, and enhancing infiltration times.

A positive relationship was further detected between slope and sediment yield. The sediment yield
increased from 162.24 g m at a slope of 1 % to 297.44 g m™ at a slope of 5 % Fig. 5A. Previous
studies also show that the sediment yield increases with increasing slopes. This indicates a strong
positive relationship between slope and sediment yield (Grismer, 2012). Under extreme rainfall
intensities, it has been observed that surface runoff velocity and sediment yield are primarily driven
by slope inclination (Yan et al., 2018). These observations are likely related to higher overland
flow velocities at higher slope gradients (Defersha and Melesse, 2012) resulting in higher sediment
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yield. A gentle slope is less subject to activation and transportation of eroded sediments.
Additionally, the splashing effect of raindrops generates surface sealing on gentle slopes producing
more surface runoff carrying sediments. Soil particles are detached from the steep slopes where
downward gravity is comparatively large. Therefore, there is a tradeoff between rainfall intensity
and slope gradient. (Wu et al., 2018b) proved that rainfall intensity has more influence than slope

gradient on sediment yield.

The surface soil texture also governs the sediment yield under varying rainfall intensity events.
Water availability and water holding capacity are largely dependent on the texture of the soil
profile, especially under rain-fed conditions (Libohova et al. 2018; Wang et al. 2020; Zhou et al.
2020). The decreasing concentration of SiltOM in the surface soil showed an increasing trend in
sediment yield except for level 4 (2.5 %) which produced a mean sediment yield of 263.52 g m
which was slightly lower than at level 3 (275.84 g m? ). The detachment of soil is mainly affected
by the size and weight of soil particles, organic matter, and the kinetic energy of the raindrops
(Sadeghi et al., 2017). The silt content varies from 10.2 to 19.5 % in the study area. The loose
particles of silt showed a higher tendency to detachment and erosion process. Soil erodibility
increases with increasing silt content (Baruah et al., 2019) but it reduces drastically once the crust
is formed. However, SiltOM explicated the strong negative effects of mean weight diameter on
splash erosion, and the indirect impact of high organic matter (> 2%) on splash erosion by
improving the aggregate stability (Sun et al., 2021). Moreover, With high rainfall intensity and
longer test duration, detaching capacity was achieved faster and a surface seal appeared on the soil
surface (Michel et al., 2014).

3.2. Surface runoff

At different growth stages of the crop, the runoff process at different rainfall intensities, slope
gradients, and soil textures are shown in Fig. 4B. The observed mean runoff volume varies between
23.5+1.07 and 6.54+0.62 mm among the plots. The plots where rainfall intensity level 4 was
applied showed 42.5 % more surface runoff compared to those plots with rainfall intensity level 1.
The increase of runoff in the low rainfall intensities was gentle and later it tend to be large. In
general, for the highest rainfall intensity, the recorded runoff depth varied from 23 mmto 17.2 mm.
On the other hand, for the events with the lowest rainfall intensity, the recorded runoff depth varied

from 10. 4 to 6.8 mm. According to the comparison with local meteorological data from the closest
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weather station, these two classified intensities can be termed as moderate rainfall intensity events
and high-intensity storm events respectively. Both of which can produce surface runoff on local
slopes in the study area. In our simulation experiments, the rainfall intensity shows a positive
relationship with the depth of surface runoff under all vegetation covers. The high rainfall intensity
occurring in short duration results in a higher runoff depth (Krisnayanti et al., 2021). The diameter
and threshold raindrop velocity tends to increase with higher intensity rainfall. This event is
particularly noticeable when the rainfall intensity is at level 4. Heavy raindrops provide more
kinetic energy which changes the surface roughness producing pores blockage and soil crusts,

which yield higher surface runoff (Lu et al., 2016).

The increasing surface runoff depth is positively related to rainfall intensity at the same slope
inclination level and displayed order of 2.5 mm min*<2.7-3.3 mm min* < 3.4-4 mm mint <4 mm
min (Fig. 5B). However, the analyses of the relationship between slope gradient and runoff show
increasing surface runoff were observed when the slope increased from 1-3 % (level 2) to >5%
(level4) with runoff depth of 10.66 mm and 15.93 mm, respectively. However, it was decreased
from 13.573 mm to 10.66 mm despite an increasing slope gradient from <1 % (level 1) to 3 %
(level2) and also dropped to 15.08 mm when the slope was >5 % (level 4). The main reason is that
observations at slope levels 1 and 2 are performed for soil class 1 and class 2, with high and
moderate permeability, respectively (Fig. 2A). Previous studies also indicate that surface flow
decreases with increasing slope gradient as the rain-bearing area becomes small as at smaller slope
gradient the infiltration time is longer at the beginning with high permeable soil conditions (Deng
et al., 2019; Wu et al., 2018a). Also, other studies show that surface runoff increases and tend to
stabilize with the further increase of the slope gradient (Zhong and Zhang, 2011) but some studies
also show that runoff increases first and then start decreasing with increasing slope gradient
(Jourgholami et al., 2021; Li et al., 2020; Li and Yu, 2012). The present study shows similar results.
Guo et al., (2018) showed that runoff depth is directly related to rainfall intensity and in a negative
relationship with slope gradient. Infiltration rates decrease as slope increases from 6° to 35° and,
thus, runoff depth increases to a certain extent until a critical slope gradient of 11° is reached at
which infiltration rate trend starts changing (Liu et al., 2015). With further increments in slope, the
runoff depth gradually decreases (Jourgholami et al., 2021; Nassif and Wilson, 1975). The rainfall
intensity has more impact on runoff than slope gradient in this study which is in line with the work
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by (Wu et al., 2018b). Since the slope gradients at our research site are well below 10 degrees the

stronger impact of rainfall intensities agrees with other studies (Liu et al., 2015)

In this study, vegetation cover had a positive relationship with runoff depth. Fig. 5B shows that
from level 1 (1-5 %) to level 2 (0 %) of vegetation cover there is an abrupt increase in surface
runoff as on bare soil there are no interception losses. Then the runoff depth increases with
increasing vegetation cover from level 3 (10-15 %) to level 4 (>15 %). The runoff depth was in the
order of level 4 > level 2 > level 3 > level 1 of vegetation cover for both high and low rainfall
intensity and all slope gradients. However, many studies show that runoff decreases with increasing
vegetation cover due to higher canopy interception and rain redistribution reduces energy and
runoff depth (He et al., 2020; Loch, 2000; Meng et al., 2007; Tong Li et al., 2020). The reason for
high runoff depth at high vegetation cover can be hydrophobic repellency (De Jonge et al., 2007;
Hermansen et al., 2019; Knadel et al., 2016) of the surface soil, as higher vegetation cover extracts
more soil water. In fact, low soil moisture conditions under higher vegetation cover as noted during
the field experiments. Many studies have reported that surface runoff depth increases under dry
conditions such as drought periods (Burch et al., 1989; Buttle and Turcotte, 1999; Gomi et al.,
2008; Sosa-Pérez and MacDonald, 2017). These studies suggested that the generation of
hydrophobic soil surface conditions was one of the main reasons for this phenomenon under dry
conditions. (Burch et al., 1989) for example, found that runoff depth increases from 5 % to 15 %
due to the hydrophobic conditions after drought or dry summer. These previous studies suggest
that because of drought development water repellent soil surface conditions produce more surface
runoff regardless of high vegetation cover. The size of the plot can also have a significant impact
on the runoff depth. Results obtained by Smets et al. (2008) indicate that there is significant
variation in the effectiveness of vegetation cover on runoff if the plot is less than 11m long. Plot
scale significantly affects the influence of surface roughness and vegetation cover on sediment

yield and runoff depth (Jourgholami and Labelle, 2020).

The runoff depth changed with changing silt and organic material content among plots and results

suggest that effects are significant (p < 0.027). The results agree with Vaezi et al. (2010), who also

observed that runoff significantly correlated with silt (p < 0.001) and organic material (p < 0.05).

Organic material positively affects the soil permeability, hence reducing the surface runoff depth

(Sepaskhah and Bazrafshan-Jahromi, 2006). A similar pattern was observed for levels 1, 2, and 4

of this factor with the runoff averaging 14.05 mm, 13.82 mm, and 12.50 mm, respectively. Slightly
18
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increasing runoff depth at level 3 was observed. Results agree with studies indicating that the
primary factors affecting surface runoff during rainfall simulation experiments are current soil
moisture levels, soil texture, slope, and rainfall intensity (Wang et al., 2016; Ziadat and Taimeh,
2013b). The highest runoff was recorded with 23 mm at plot B10 where SiltOM was at level 3 (Fig.
4) (Table. 4) and depth to loamy layer < 40 cm (Fig. 2). Later the runoff depth tends to decrease
to 12.4 mm as SiltOM percentage increases in the field to level 4. A general trend in this study
depicts that with increasing SiltOM content there is a decrease in surface runoff depth with a slight
difference at level 3 The depth to a loamy layer (DLL) may act contrary to the effect of the silt
content on runoff depth. A thicker sandy topsoil (i.e. deeper depth to loamy layer) may positively
affect the soil permeability increasing the infiltration and consequently reducing the surface runoff
depth. Thus, spatial variation in these soil properties in the study area noticeably influences the
runoff generation in the test plots. This has been also proved in previous studies (Brakensiek and
Rawls, 1994; Hrabovsky et al., 2020; Meena et al., 2020) mentioning that spatial variability of
infiltration capacity is related to the spatial variability of topsoil characteristics that consequently
affect the runoff generation.

3.3. Carbon and Nitrogen concentration in sediment yield

Soil carbon and nitrogen concentration redistribution is strongly governed by the amount of
detached sediment within cultivated lands and it is generally accepted that C and N are
preferentially transported during soil erosion (Holz and Augustin, 2021). The average values of
carbon and nitrogen losses under each level of vegetation cover, slope, and rainfall intensities are
presented in Fig. 4C & 4D respectively. Nitrogen and carbon contents of observed sediment yields
are highly correlated and vary among experimental plots (Fig 4. C & D). Total C and N losses
ranged between 12+1.02 to 3.29+0.496 g m2 and 0.948+0.073 to 0.106+0.016 g m respectively
with moderate to high standard deviation, depending on RI, vegetation cover percentage, and
SiltOM content (Fig. 4. C & D). As reported for the soil loss, C and N losses on the plots were
positively related to the rainfall intensity ranging between 2.8 to 7.7 g m2and 0.2 to 0.4 g m (Fig.
4).

In Figure 5C and 5D, it is obvious that the highest nutrient losses were found at vegetation cover
more than 0 % despite other land covers percentages contributing less to the nutrient losses (Fig.

5. C & D). However, C and N losses were higher in at a vegetation cover of 15 % and in barren
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land when the soil was subjected to rainfall intensity level 4 (4 mm min™) (Fig. 4. C & D). This
behavior is related to the absence of topsoil protective cover that reduces the impact of raindrops
and detachment of soil particles (Nunes et al., 2011). The highest C loss was found under RI of >
4 mm min~twith values ranging between 12+1.02 g m*? and 7.68 +1.12 g m™ after 8 min rainfall,
respectively for vegetation cover levels 4 and 3 (Fig. 5C). Regarding N losses, the highest losses
were recorded in the plots with the highest C losses. The smallest C and N loss was observed as
2.8 and 0.2 g m respectively at low rainfall intensities when detachment forces were small (Fig.
5. C & D). The experiments carried out in this study confirm the soil susceptibility to loose nutrients
under specific vegetation cover, even at a low rainfall intensity level (< 2.5 mm min™). All the
study plots have varying silt and organic matter contents, which made soils to lose nutrients
defining crusting indexes (Awadhwal and Thierstein, 1985). The different values of runoff induce
differences in sediment yield and transport of nutrients. Higher rainfall intensities produce higher
runoff depth. It could be confirmed that nutrient losses increase exponentially with higher rainfall
intensities. The analysis of slope gradient effect on nutrient loss, where higher soil losses occur,
shows that soil sealing can be the main factor that limits runoff as it does not increase significantly
with increasing slope (Fig. 5B) (Ramos et al., 2019). However, as sediment yields are increasing
with an increasing slope so do the C and N losses captured in the collected sediments except at
slope level 3 where C and N losses are reduced as slope increases from level 2 to level 3. The
reason is probably that the plots with slope level 3 lie in soil class 3 with throughout sandy texture
and lower C and N concentrations in the topsoil (Yost and Hartemink, 2019). The results suggest

that a permanent vegetation cover is essential to reduce C and N losses.
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531  Fig. 4: Mean temporal variations and standard error (SE) in sediment yield, runoff, carbon,
532 and nitrogen in relation to heterogeneous field conditions

533

534 Table 3: Mean sediment yield observed under changing soil surface conditions (vegetation
535  cover factor levels)

Field condition Vegetation cover Mean sediment yield Standard error
% gm? gm?
Cultivation 5 241 31.1
Seedbed reparation 0 292 35.8
Emergence stage 10 219 22.5

Leaf development

(3 Leaves unfold) 15 149 17.7

536
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Fig. 5: Analysis of means (ANOM)) for A: Sediment yield (g m), B: Runoff (mm), C: Carbon
(g m2), D: Nitrogen content (g m-2). Mean values for each level of each factor (blue dots) and
the overall mean of each factor (dashed green line) are shown.

3.4. Optimal conditions for maximum sediment yield, surface runoff, Nitrogen, and Carbon
content

The obtained S/N ratio responses for sediment yield, surface runoff, carbon, and nitrogen content
are shown in Table 4 and Table 5. A Higher S/N ratio implies low variations between the desired
output and the measured output. The maximum S/N ratio values among the 16 experiments,
indicated in table 4 were 53.97 for sediment yield and 26.21 for runoff, 21.59 and -0.81 for C and
N losses respectively in the test plot 10 with factor combination of SiltOMz3-VC,-SS4-RI3-DLL;
(Table 4). Inserting these values from table 4 into Eqgn. 2 resulted in mean values of S/N ratios for
each factor level. The maximum values of means of the S/N ratio were then identified. The bold
values in Table 5 show the factor level with the highest S/N ratio for each factor and output variable
(sediment vyield, runoff, C and N losses). The highest mean S/N ratio for sediment yield was
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obtained at factor level 4 for SiltOM, SS, and RI, at level 2 for VC, and level 1 for DLL (Table 5).
Thus, we can predict that the highest sediment yield should be obtained with the factor level
combination SiltOM4-VC,-SSs-RI14-DLL; (Table 5). On the other hand, the lowest sediment yield
should be obtained with the factor combination SiltOM:-VC4-SS:-RI:-DLL,. The estimated
optimum factor level combination for obtaining the highest surface runoff was found to be
SiltOM3-VC4-SSs-RI4-DLL; (Table 5). The highest rainfall intensity (>4 mm min™) led to the
highest volumes of runoff, followed by the factor vegetation cover (maximum values at Level 4)
(Table 5). Earlier studies showed that surface runoff depth is sensitive to the plot size and type of
vegetation (Herweg and Ludi, 1999; Kort et al., 1998; Zuazo and Pleguezuelo, 2008). The optimum
condition for maximum C and N losses were found to be SiltOM4-VC>-SS4-R14-DLL;and SiltOM;-
VC»-SSs-RIs-DLL1 respectively (Table 5). The results indicate that rainfall intensity was the main
factor that most influenced the sediment yield, runoff, C and N losses in the study area followed

by vegetation cover and then slope steepness.
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582  Table 4: The S/N ratio of each experiment resulting from a different combination of factors

583 and levels.
Factors/ . Silt vegetation Slope Rainfall  Depth to
Plot Combination of levels oM cover steepn  intensity loamy SIN

(%) (%) ?(f/i ) g:;rTl) I(‘Z‘}rﬁ)r Siee(::jment Runoff C N

1 >20 1-5 <1 <25 <40 36.08 16.53 1.65 -19.47
2 >20 0 1-3 2.7-3.3 40-55 41.98 19.05 10.35  -11.20
3 >20 10-15 3-5 3.4-4 55-70 45.47 24.62 13.96 -8.48
4 >20 >15 >5 >4 >70 46.70 27.42 17.71 -3.72
5 18-20 1-5 1-3 3.4-4 >70 46.31 17.70 11.96 -10.69
6 18-20 0 <1 >4 55-70 49.35 26.12 17.55 -4.56
7 18-20 10-15 >5 <25 40-55 43.60 19.87 9.65 -12.44
8 18-20 >15 3-5 2.7-3.3 <40 45,95 24.87 11.01 -10.35
9 16-18 1-5 3-5 >4 40-55 51.39 25.48 11.43 -10.58
10 16-18 0 >5 3.4-4 <40 53.97 26.21 21.59 -0.81
11 16-18 10-15 <1 2.7-3.3 >70 44,75 21.98 13.13 -9.09
12 16-18 >15 1-3 <25 55-70 35.63 18.42 6.02 -15.45
13 <16 1-5 >5 2.7-3.3 55-70 50.18 16.31 12.41 -8.20
14 <16 0 3-5 <25 >70 47.97 20.32 13.99 -8.54
15 <16 10-15 1-3 >4 <40 51.18 24.95 21.05 -0.46
16 <16 >15 <1 3.4-4 40-55 41.52 23.76 15.01 -7.19
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594 Table 5: Mean S/N ratio response table for the investigated experimental factors

Output Experimental Mean S/N ratio Delta Rank
Parameter factors Level1  Level 2 Level 3 Level 4
Sediment  Silt+Organic 42.56 46.30 46.44 47.71 5.15 4
Yield material
Vegetation Cover 45.99 48.32 46.25 42.45 5.87 2
Slope Steepness ~ 42.92 43.78 47.69 48.61 5.69 3
Rainfall Intensity  40.82 45.71 46.82 49.65 8.83 1
Depth to Loamy  46.79 44.62 45.16 46.43 2.17 5
Layer
Runoff Silt+ Organic 21.91 22.14 23.02 21.34 1.69 5
material
Vegetation Cover 19.01 22.93 22.86 23.62 4.61 2
Slope Steepness 22.1 20.03 23.82 22.45 3.79 3
Rainfall Intensity  18.79 20.56 23.07 25.99 7.21 1
Depth to Loamy  23.14 22.04 21.37 21.86 1.78 4
Layer
Carbon Silt+ Organic 10.92 12.54 12.91 15.75 4.83 3
material
Vegetation Cover 9.36 15.74 14.58 12.44 6.37 2
Slope Steepness 11.83 12.48 12.60 15.21 3.37 4
Rainfall Intensity  7.83 11.73 15.50 17.07 9.24 1
Depth to Loamy  13.83 11.61 12.49 14.20 2.59 5
Layer
Nitrogen Silt+ Organic -10.72 -9.51 -8.98 -6.10 4.61 3
material
Vegetation Cover -12.24 -6.28 -7.62 -9.18 5.95 2
Slope Steepness -10.08 -9.45 -9.49 -6.29 3.78 4
Rainfall Intensity  -13.97 -9.71 -6.79 -4.83 9.14 1
Depth to Loamy -1.77 -10.35 -9.17 -8.01 2.58 5
Layer
595
596 3.5. Percentage contribution of the experimental factors to sediment yield, runoff, C and N
597 losses

598 ANOVA was used to estimate the contribution of the individual factors to sediment yield, runoff,
599 Cand N losses (Table 6). Rainfall intensity contributed most strongly to sediment yield (40.55 %)
600 followed by slope steepness (23.76 %) and vegetation cover (17.73 %). (Peng and Wang, 2012)
601 indicated that soil loss is positively related to rainfall events with high antecedent precipitations.
602  The slope gradient can be more important than vegetation cover because of its relation with the
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underlying geological formations resulting in varying soil characteristics. In consequence, slope
gradients are related to soil moisture and hence the soil’s susceptibility to soil detachment.
Vegetation cover yields higher soil moisture at low to moderate slopes but it falls sharply at steeper
slopes as soil permeability decreases that increases runoff till a threshold slope, moreover, the flow
velocity becomes larger with increasing slope gradient due to increasing shear stress (Defersha and
Melesse, 2012). The impact duration of runoff on steeper slopes becomes smaller and hence it
weakens the protecting effect of surface seal, increasing the impact of rainfall splashing on the soil
surface (Zhao et al., 2015). It produces more detachment of soil particles and transportation.
However, the sum of silt content and organic material only contributes 14.77 % to sediment yield.
(Ziadat and Taimeh, 2013a) showed a significant correlation between the ultimate infiltration rate
and soil properties such as organic matter (R = 0.48) and silt content (R = 0.72). The low
contribution of silt and organic matter to our results is most likely related to their comparatively
low variation among measurement plots and due to the high content of organic matter that is
varying from 2.3 to 2.4 % among the test plots. The high organic matter improves the aggregate
stability, reduces the bulk density, and increases moisture retention and soil shear strength that
helps in soil stability and resistance against erosion (Ekwue, 1990). Previous studies also concluded
that aggregate stability is closely and negatively related to the soil detachment from field
experiments under rainfall simulators on micro plots (Roth et al., 1987; Van Dijk et al., 1996). The
factor of least importance in our study was the depth to the loamy layer (DLL) (3.17 %). This can
be explained by the fact that the loamy layer with low permeability generally starts at relatively
deep depths (lowest depth approximately 38 cm) and at many locations sand-filled pre-glacial ice
cracks with higher permeability were observed in the loamy layer (Kihn, 2003). Therefore,
differences in permeability and water storage capacity (risk of waterlogged soils) between
experimental plots were probably relatively low. ANOVA results for the nitrogen (N) and carbon
(C) content of sediment yield were similar (Table 6). As for sediment yield, rainfall intensity
contributed most to the overall variation of C and N contents. The respective percentage
contribution of rainfall intensity, vegetation cover, SiltOM content, slope and depth to loamy layer
was 51.70%, 21.50 %, 12.55 %, 9.63 % and 4.62 % respectively for Nitrogen content and 52.31
%, 24.07 %, 12.39 %, 6.81 % and 4.41 % respectively for Carbon content. Runoff was mostly
influenced by rainfall intensity (55.45 %) followed by vegetation cover, slope, depth to loamy
layer, and SiltOM content. The respective contribution was 55.45 %, 24.71 %, 3.18 %, and 2.78 %

(Table 6), agreeing with the findings of (Kirkby et al., 2004). The stronger impact of vegetation
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cover compared with the slope can be explained by the stronger variability of vegetation cover at
different soil management stages during the experimental period in the study area. In addition, at
different slope levels varying soil compositions and moisture content affect the potential of surface
runoff.

Table 6: Percentage contribution of each factor (pF %) for the different output parameters
as estimated by ANOVA

Output . o
Parameters SiltOM Vegetation Slope Ralnfgll Depth to Loamy
cover steepness intensity Layer
Sediment yield 14.77 17.74 23.77 40.56 3.17
Runoff 2.78 24.71 13.88 55.45 3.18
Nitrogen content  12.55 21.50 9.63 51.70 4.62
Carbon content 12.39 24.07 6.81 52.31 4.41

3.6.Linear regression models

Linear regression models are used to predict sediment yield, runoff, as well as C and N losses as a
function of Silt + OM, vegetation cover, slope, rainfall intensity, and depth to the loamy layer. No
transformation has been performed on the response variables. The estimated regression models are
shown in the Egns. (8-11).

Sediment yield = -7.2 + 40.9 SiltOM - 35.1 VC + 46.9 Slope + 58.6 RI - 18.4 DLL
(R2= 82.53) (8)

Runoff = 0.10 - 0.341 SiltOM + 1.807 V/C + 0.933 Slope + 3.743 RI - 0.641 DLL
(R2 = 79.66) (9)

C =-2.08 + 0.810 SiltOM + 0.371 VVC + 0.446 Slope + 1.736 RI - 0.440 DLL
(R? = 60.97) (10)

N =-0.172 + 0.0629 SiltOM + 0.0299 VC + 0.0445 Slope + 0.1373 RI - 0.0381 DLL
(R2=62.13) (11)

Where sediment yield, runoff depth, C and N are g m, SiltOM and VC are %.

27



688
689
690
691
692
693
694
695
696
697
698
699
700
701
702

703

The capability of these empirical regression models was checked by using the coefficient of
determination R2. Regression models for sediment yield, runoff, carbon, and nitrogen yielded R?
values of 82.53 %, 79.66 %, 60.97 %, and 62.13 % respectively. Residual plots (Fig. 7 A, B,C &
D) indicate that residuals are independent and normally distributed. Sediment yield is positively
related to SiltOM but runoff depth is negatively related. This indicates that a high amount of SiltOM
would increase the erodibility of the soil but would reduce the runoff rate. This is also evident from
Fig. 5A and B. The sediment yield is more sensitive to SiltOM compared to runoff. Coefficients of
SiltOM for C and N losses show a positive relationship. C was more responsive to SiltOM as
compared to N. It is suggested to have further research to find a threshold point for SiltOM in the
soil to achieve the lowest sediment yield and runoff. Fig. 8 represents the scatter plot of predicted
vs observed values with high R2. The shaded band is a pointwise 95 % confidence interval on the
fitted values. These results confirm the ability of the Taguchi method for the prediction of soil
erosion in response to different combinations of factors/levels. The regression equation for
sediment yield was further applied to predict sediment yields across the entire field for identifying
areas within the field that have a higher susceptibility to soil erosion (Fig. 9).

Normal Prot:ability Plot Normal Probabality Plot

Naormal Protability Plot Normal Probability Plot
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Fig. 7: Distribution of residuals of the regression models for sediment yield, runoff, carbon,

and nitrogen
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Fig. 8: Predicted versus observed sediment yield, runoff depth, carbon, and nitrogen losses
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Fig. 9: Identification of potential soil erosion risk areas
4. Conclusion

Different scenarios were tested with 16 effective simulated rainfall events under different rainfall
intensities, vegetation cover, heterogeneous in-field slope, and soil conditions. The results
indicated that runoff, soil, and CN losses increase with increasing rainfall intensity. it was observed
that sediment yield, overland flow, CN content were greatly affected by rainfall intensity having a
contribution of 40.56 %, 55.45 %, 51.70 %, and 52.31 % respectively among the other factors.
However, the least contributing factor was depth to loamy layer for all output variables except for
surface runoff. The results show that the worst conditions among 16 plots were at SiltOM3-VC,-
SSs-RlIs-DLL: for sediment yield. However, predicted experimental factors for the highest
sediment yield were found with the factor combination SiltOM4-VC>-SSs-RIs-DLL1 and the lowest
sediment yield was observed with the factor combination SiltOM:-VCs-SSi-RI:-DLL,. The
threshold rainfall intensity for soil erosion was 2.5 mm min™. VC and DLL are inversely correlated
with sediment yield, while SiltOM, slope, and rainfall intensity are directly correlated.

The surface runoff was negatively related to SiltOM and DLL, but the vegetative cover, slope, and
rainfall intensity positively affect the runoff. Regarding, C and N, except the DLL, other factors
show a positive correlation. Based on the experimental results, statistical regression models were
developed, which were applied for identifying the erosion risk areas at the field scale. The applied
workflow allowed for efficiently predicting soil erosion and identifying areas susceptible to soil
loss at a high spatial resolution. The study approved the capabilities of Taguchi’s fractional
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factorial design to efficiently analyze the response of soil erosion to dominant driving factors and
detect and quantify in-field heterogeneity of erosion risk areas. The statistical models generated in
this study can be used by environmental agencies and farmers for spatially explicit application of
erosion control measures within fields with high spatial heterogeneity. Further, it is suggested that
combining GIS with such numerical models can give great benefits for water quality control and
soil management on larger scales with intensive spatial heterogeneous field conditions.
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