
Citation: Singh, D.; Mishra, A.K.;

Patra, S.; Dwivedi, A.K.; Ojha, C.S.P.;

Singh, V.P.; Mariappan, S.; Babu, S.;

Singh, N.; Yadav, D.; et al. Effect of

Long-Term Tillage Practices on

Runoff and Soil Erosion in Sloping

Croplands of Himalaya, India.

Sustainability 2023, 15, 8285.

https://doi.org/10.3390/su15108285

Academic Editor: Longshan Zhao

Received: 26 March 2023

Revised: 8 May 2023

Accepted: 17 May 2023

Published: 19 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Effect of Long-Term Tillage Practices on Runoff and Soil
Erosion in Sloping Croplands of Himalaya, India
Deepak Singh 1,* , Alok Kumar Mishra 2, Sridhar Patra 1 , Anuj Kumar Dwivedi 3,*,
Chandra Shekhar Prasad Ojha 3, Vijay P. Singh 4, Sankar Mariappan 1 , Subhash Babu 5 , Nisha Singh 6,
Devideen Yadav 1, Prabhat Ranjan Ojasvi 1, Gopal Kumar 1, Made Gowda Madhu 1, Dipak Ranjan Sena 5,
Lekh Chand 1 and Suresh Kumar 7

1 Indian Institute of Soil and Water Conservation, Dehradun 248195, India
2 Computer Science & Engineering, Sam Higginbottom University of Agriculture, Technology and Sciences,

Prayagraj 211007, India
3 Indian Institute of Technology, Roorkee 247667, India
4 Department of Biological and Agricultural Engineering, Texas A&M University,

College Station, TX 77843, USA
5 Indian Agricultural Research Institute, New Delhi 110012, India
6 Department of Biochemistry, Hemvati Nandan Bahuguna Garhwal University (A Central University),

Srinagar (Garhwal) 246174, India
7 Indian Institute of Remote Sensing Indian, Space Research Organization (ISRO), Dehradun 248195, India
* Correspondence: dpk905@gmail.com (D.S.); akumar17@ce.iitr.ac.in (A.K.D.)

Abstract: Slopy agricultural lands are more susceptible to soil erosion and hence are priority sites for
the application of protective soil management practices. A conservation agriculture field experiment
was established at a 6% field slope in 2011 at the ICAR-IISWC Research Farm, Dehradun, Uttarakhand,
which is situated in the Northwestern Himalayan Region, India. The objective of this study was to
experimentally determine the long-term effects of tillage practices on runoff and soil erosion. The
tillage practices opted for were conventional tillage (CT), minimum tillage (MT), and zero tillage (ZT).
Event-based runoff and soil loss were monitored during three monsoon seasons (June to September)
from 2018 to 2020. Results showed lower runoff and soil loss in the ZT plot than in CT and MT plots.
CT produced 1.51 and 2.53 times higher runoff than MT and ZT, respectively. Moreover, this increased
runoff generated 1.84 and 5.10 times higher soil erosion in CT than in MT and ZT, respectively. The
extreme rainfall events being less than 10% generated 54.93%, 57.35%, and 63.43% of the total runoff
volume which resulted in 82.08%, 85.49%, and 91.00% of the total soil loss in CT, MT, and ZT plots,
respectively. For the same amount of rainfall, the reduction in soil loss was 39% and 68% in the
CT and ZT plots, respectively, at the highest growth stage in comparison to the initial crop growth
stage. The values of runoff reduction benefit (RRB) and sediment reduction benefit (SRB) showed a
reduction in runoff (63.53%) and soil loss (80.39%) in the CT. Results concluded that conservation
tillage reduced runoff and soil loss significantly even in extreme rainfall events.

Keywords: conservation tillage; surface runoff; soil erosion; rainfall erosivity; reduction benefits

1. Introduction

Surface soil is in danger of to pervasive soil degradation. Soil degradation, caused by
mining, fire, overgrazing, and faulty agricultural practices [1], undermines soil’s ability
to meet the needs of future generations for ecosystem services. The growing world pop-
ulation against the backdrop of climate change creates more pressure on soil and other
natural resources [2]. Moreover, the conversion of forest land into cropland, especially in
hilly terrains, results in severe soil erosion, reduces land productivity, and reduces food
production [3].
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The Himalayan mountain ecosystems, providing a habitat for over 60 million people,
are highly fragile. These communities rely on agriculture on hilly slopes for their liveli-
hood [4]. However, the Himalayan Region of India (HRI) is susceptible to significant soil
erosion due to its delicate geology, steep terrain, and heavy rainfall [5,6]. This erosion poses
a considerable threat to hill-slope farming, resulting in an estimated loss of 13.4 million
tonnes of food grain, equivalent to USD 1.85 billion [6]. Preventing soil erosion has emerged
as a major challenge impacting agricultural practices in these hilly regions [7–9]. Studies
have quantified the role of soil and water conservation technologies, such as trenching,
terracing, peripheral bund, contour bund, and check dams, in the reduction of runoff
and soil erosion [10–13]. These technologies control damaging surface runoff, reduce soil
loss, and improve crop yield. A large amount of land is also being recovered by adopting
these technologies. Most of the farmers of the HRI are subsistence land holders with
very low incomes [14,15], and may not be able to afford the construction cost of these
technologies. Therefore, HRI farmers are following intensive tillage practices which lead to
more runoff and soil erosion and consequent soil degradation. Hence, there is a need for a
strategy that can manage damaging surface runoff, improve land productivity, increase
cost-effectiveness, and stop further degradation of natural resources. In this context, con-
servation agriculture (CA) is being recommended worldwide to increase the resiliency of
agricultural production systems. CA comprising minimum soil disturbance, crop residue
management, and crop diversification provides climate-resilient and carbon-smart systems
by improving soil biological, chemical, and physical properties.

The effect of vegetation cover, trenching, afforestation, and biological geotextiles on
runoff and soil erosion have been examined [16]. However, there is little information on
the effect of different tillage practices (CT—conventional tillage, MT—minimum tillage,
and ZT—zero tillage) on runoff and soil erosion on the sloping agricultural fields under
the maize–wheat crop rotation system in sub-tropical climatic conditions, where the agro-
fragile ecosystem of the Himalayan mountains plays a vital role. The hypothesis was
that the use of conservation tillage would reduce runoff and soil loss, even during severe
rainfall events. Therefore, the main aim was to examine the impact of conservation tillage
on surface runoff and soil erosion over three years and compare it with intensive tillage,
as well as to investigate the transition from conventional to conservation agriculture. The
research finding will bridge the gap in understanding the prolonged effects of shifting from
conventional to conservation tillage on runoff and soil erosion in HRI.

2. Materials and Methods
2.1. Description of the Experimental Site

The conservation agriculture field experiment was established at a 6% field slope in
2011 at the ICAR-IISWC Research Farm, Dehradun, Uttarakhand, which is situated in the
Northwestern Himalayan Region, India (Figure 1). The latitude, longitude, and altitude of
the field plots are 30◦20′40′′ N, 77◦52′12′′ E, and 516 m above MSL, respectively. The present
study was conducted in 2018, 2019, and 2020 after the full establishment of the experiment
(7–9 years). From the beginning of the experiment, the cultivation of monsoonal maize and
winter wheat has been followed. The subtropical climatic condition with strong monsoonal
influence prevails on the study site. The mean daily minimum and maximum temperatures
are 4 ◦C and 36 ◦C, respectively. The average annual rainfall of the experimental site is
1615 mm. Most of the rainfall (80%) is received from July to September due to southwest
monsoonal influence. The rest of the rainfall amount is received during the winter season
(December to February) through western disturbance. Evaporation data was recorded from
an open pan evaporimeter and the values varied from 1.2 to 7.4 mm day−1. All weather
data were collected during the study period from the meteorological station of ICAR-IISWC,
Dehradun, which is situated near the experimental plots. The soil type of the experimental
site is classified as fine mixed hyperthermic Typic Udorthents. The type of soil is entisol
and is derived from deep, heavy-textured alluvium. As per the World Reference Base
(WRB) for soil resources, it qualifies as fluvisol. Its color ranges from yellowish-brown to
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dark yellowish-brown, with a granular structure and few gravel and coarse rock fragments
(<2%).
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Figure 1. Experimental plots with runoff and soil loss measurement setup. Two-stage multi-slot
divisor with runoff collection tanks.

2.2. Treatment Details and Agronomic Practices

The field experiment was conducted for three years from 2018 to 2020 with the same
setup and the same agronomical practices under three different tillage systems, zero tillage
(ZT), minimum tillage (MT), and conventional tillage (CT), in a maize–wheat crop rotation
system. Table 1 provides an overview of the agronomical activities conducted during the
experimentation period. A visual representation of the different development stages of the
maize crop is shown in Figure 2. A detailed comparison of the crop’s development stages un-
der various treatments is presented in the supplementary file (Supplement Figures S7–S9).
Each tillage treatment had an area of 450 m2 (75 m length and 6 m width) at a slope of
6%. A bund of 35 cm height was constructed from three sides to separate each tillage
treatment. A permanent brick masonry structure was constructed at the runoff collection
side to avoid any splash effect, seepage, and overturning runoff from the field. The local
farming practices were adopted in the CT plot. CT is defined as the thoroughly mechan-
ical manipulation of soil, whereas MT is the minimum disturbance of soil for seedbed
preparation. Tractor-drawn tyne cultivators were used for seedbed preparation, and the
seed was broadcast manually. Maize seeds were manually sown in rows whereas a crop
planter was used for sowing wheat seeds. In the ZT plot, a crop planter was used for the
direct sowing of both crops. Since the stubble of the maize crop is fed to animals (farmers’
practice), only 25 cm of stubble was retained in the plots. In 9 years of the experiment, an
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approximate average residue of 6.94, 5.09, and 5.58 t ha−1 yr−1 was applied to the ZT, CT,
and MT plots, respectively.

Table 1. Crop management practices under different tillage during the investigation period from
2018 to 2020.

Date Agricultural Practices Details

2018

10-Jun Spraying Herbicide (Glyphosate)
18-Jun Seedbed preparation Cultivator (<15 cm depth on CT and MT)
20-Jun Maize sowing 20 kg maize seed ha−1, genotype K- 26 hybrid,
20-Jun Fertilization NPK (12:32:16) 200 kg ha−1 + Urea 40 kg ha−1

21-Jun Spraying Herbicide (atrazine)
18-Jul Fertigation (topdressing) Urea (30 kg ha−1)

20-Aug Fertigation (topdressing) Urea (30 kg ha−1)
29-Sep Harvesting Yield: ZT = 1.55 t ha−1, MT = 2.79 t ha−1, and CT = 3.16 t ha−1

2019

19-Jun Spraying Herbicide (Glyphosate)
26-Jun Seedbed preparation Cultivator (<15 cm depth on CT and MT)
26-Jun Fertigation basal NPK (12:32:16) 200 kg ha−1 + Urea 40 kg ha−1

28-Jun Spraying Herbicide (atrazine)
24-Jul Fertigation (topdressing) Urea (30 kg ha−1)

21-Aug Fertigation (topdressing) Urea (30 kg ha−1)
25-Sep Harvesting Yield: ZT = 2.30 t ha−1, MT = 3.34 t ha−1, and CT = 3.73 t ha−1

2020

11-Jun Spraying Herbicide (Glyphosate)
18-Jun Seedbed preparation Cultivator (<15 cm depth on CT and MT)
19-Jun Fertigation NPK (12:32:16) 200 kg ha−1 + Urea 40 kg ha−1

20-Jun Spraying Herbicide (atrazine)
9-Jul Fall army worm Chlorantranilliprole 18.5% SC
15-Jul Spraying Herbicide (Tembotrione)
20-Jul Fertigation (topdressing) Urea (30 kg ha−1)

12-Aug Fertigation (topdressing) Urea (30 kg ha−1)
25-Sep Harvesting Yield: ZT = 3.38 t ha−1, MT = 2.85 t ha−1, and CT = 2.99 t ha−1

CT: Conventional tillage; MT: Minimum tillage; (), and ZT: zero tillage ().
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2.3. Collection and Analysis of Soil Properties

During the investigation period, triplicate soil samples were collected from each
treatment at a depth of 0–10 cm to analyze soil organic carbon (SOC) and particle size
distribution (PSD). The method described in [17,18] was used to estimate PSD and SOC. In
addition, the textural class of soil was defined according to the USDA system. Soil infiltra-
tion rate was measured using a hood infiltrometer, while saturated hydraulic conductivity
was estimated by the method described in [19]. The bulk density (BD) of the soil was
determined using the core method, which involves collecting samples in a stainless-steel
core with a 5 cm internal diameter and 5 cm height. The collected soil samples were then
oven-dried at 105 ◦C for 24 h to obtain their dry weight. The bulk density was calculated
by dividing the dry soil weight with the volume of the core [20].

2.4. Measurement and Analysis of Rainfall, Runoff, and Soil Loss

The present study was performed under natural rainfall conditions. Two automatic
tipping bucket rain gauges were installed into the ICAR-IISWC experimental premises.
One of them was installed adjacent to the experimental plot from where the event-wise
breakpoint rainfall data for the three-year duration were collected for evaluating the
relationship among rainfall, soil erosion, and runoff. The event-wise rainfall amount,
duration, maximum rainfall intensity of different time intervals (5, 10, 15, and 30 min), and
the cumulative rainfall during previous days (3, 5, and 7 days) were calculated and analyzed.
Moreover, three extreme storm events from 2018, 2019, and 2020 were characterized from
the breakpoint data to understand the erosive nature of the storm. In addition to this, the
event-wise rainfall erosivity was also calculated by adopting the procedure of [21]. Rainfall
erosivity is the product of the kinetic energy (E) of the storm and the 30 min maximum
rainfall intensity (I30). Rainfall erosivity was calculated using Equations (1)–(3).

The Rainfall Erosivity Factor (R) was calculated using the following formula:

R = E * I30max (1)

where:
R (MJ mm ha−1 h−1) is the Rainfall Erosivity index;
I30max (mm h−1) is the maximum 30 min intensity in the erosive event;
E (MJ ha−1) is the total storm kinetic energy.
The Energy Index (E) was calculated using the following formula:

E = Σ (e * P) (2)

where:
E is the Energy Index for each storm event;
Σ represents the summation or addition of all the individual values;
e is unit rainfall energy;
P is the rainfall depth in millimeters for each storm event.
The e was calculated using the following formula:

e = 0.119 + 0.0873log10 I (3)

where:
e (MJ mm ha−1) is unit rainfall energy;
I is the intensity of rainfall (mm h−1).
In this study, the event-wise R factor (MJ mm ha−1 h−1) was estimated by calculating

event-wise E and multiplying it by I30max. In addition, the unit rainfall energy (e) was
calculated using Equation (3) using the 1 min precipitation data. Moreover, if I > 76 mm/h
then the e was considered as 0.283, and if I ≤ 76 mm/h then Equation (3) was used to
calculate the e value. This index is used to quantify the erosive power of rainfall and assess
its potential impact on soil erosion.
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Runoff data was measured after each rainfall event from each plot at 08.00 a.m. (local
time) using two-stage multi-slot divisors, i.e., 5 × 7 = 35 slots. The first multi-slot divisor
had 7 slots, whereas the second had 5 slots (Supplemental Figure S10). The divisors were
installed in such a way that only one slot’s runoff was allowed to pass in the second divisor.
Moreover, the second divisor was connected to the runoff collection chambers. Based on the
designed rainfall, two collection chambers were constructed to accommodate the expected
discharge. The capacity of the first collection chamber was 1.00 × 1.00 × 1.17 m3, whereas
the second chamber’s capacity was 0.60 × 0.60 × 0.70 m3. Both collection chambers were
connected in series. The second chamber received runoff only after the first chamber was
filled. In most cases, only the first chamber received runoff. The utmost precaution was
taken during the installation of the multi-slot divisors so that no external water was coming
into the chambers. A drainage channel was provided to safely discharge the runoff from
the collection chambers and experimental plots. Each tank’s collected runoff from each
experimental plot was thoroughly stirred, and a 1 L runoff sample was collected in a bottle
from each collection tank to measure sediment concentration. Whatman 42 filter paper with
a pore size of 2.5 µm was used to filter the resultant suspension. The sediment in the filter
paper was placed in the oven-drier for 24 h at 105 ◦C. When the moisture present in the filter
paper evaporated, the dried samples were weighed to obtain the dry sediment weight for
each erosive event. The runoff volume was multiplied by the unit sediment concentration
(g L−1) to determine the soil loss data from each plot at each erosive runoff event.

To analyze the effect of different tillage practices (CT, MT, and ZT) on runoff and soil
erosion, the following two indices were used: (1) Runoff Reduction Benefit (RRB) and
(2) Sediment Reduction Benefit (SRB). RRB refers to the runoff reduction in MT and ZT in
comparison to the CT plot. The SRB refers to the sediment reduction in MT and ZT plots
in comparison to the CT plot. CT plot was considered a control plot. The indices of each
runoff event were calculated as follows:

RRBmt (%) = {(Rct − Rmt)/Rct} × 100, If (Rct − Rmt) > 0, otherwise, {(Rct − Rmt)/Rmt)} × 100 (4)

RRBzt (%) = {(Rct − Rzt)/Rct} ×100, If (Rct − Rzt) > 0, otherwise, {(Rct − Rzt)/Rzt} × 100 (5)

SRBmt (%) = {(Sct − Smt)/Sct] ×100, If (Sct − Smt) > 0, otherwise, {(Sct − Smt)/Smt} × 100 (6)

SRBzt (%) = {(Sct − Szt)/Sct} ×100}, If (Sct − Szt) > 0, otherwise, {(Sct − Szt)/Szt} × 100 (7)

where Rct, Rmt, and Rzt are the runoff amount (mm) from the conventional tillage, mini-
mum tillage, and conservation tillage plots, respectively, and Sct, Smt, and Szt are the soil
loss from the conventional tillage, minimum tillage, and conservation tillage plots, respectively.

Equations (4) and (5) were used to calculate the runoff reduction benefit in MT and
ZT plots, respectively. Equations (6) and (7) were used to calculate the sediment reduction
benefit in MT and ZT plots, respectively. This provided the mitigation percentage of runoff
and soil loss under MT and ZT plots compared with the CT plot.

2.5. Statistical Analysis

Before applying statistical analysis, testing for the normality of data was carried out
with SPSS software using the Shapiro–Wilk test. One-way analysis of variance was applied
to test the statistical differences in bulk density, soil organic carbon, particle size distribution,
aggregate mean weight diameter, and saturated hydraulic conductivity among different
tillage practices. Comparison among different treatment means of BD, SOC PSD, and
AMWD was performed by Fisher’s LSD (least significant difference test) at p ≤ 0.0552.
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3. Results and Discussion
3.1. Soil Properties

The soil of the experimental site was determined to be fine mixed hyper-thermic and
was classified as sandy loam [22]. The textural composition of the CT plot was 40% sand,
32% silt, and 27% clay, whereas the ZT plot comprised 39% sand, 35% silt, and 24% clay.

Results of analysis for undisturbed soil samples, depicted in Figure 3A–D, showed
that significantly (p ≤ 0.05) higher soil organic carbon was recorded in the ZT plot than
in the CT and MT plots (Figure 3A). The ZT plot exhibited 21.12% and 14.66% higher
soil organic carbon (SOC) than the CT and MT plots. The increased value of SOC in ZT
was also observed in previous studies [23–25]. The higher SOC content in conservation
tillage practices may be attributed to crop residue retention and subsequent stratification of
SOC [26]. The highest aggregate mean weight diameter (AMWD), saturated soil hydraulic
conductivity (Ks), and lowest bulk density (BD) values were found in the conservation
tillage (ZT) (Figure 3B–D). As a result of crop residue and subsequent stratification [27,28],
no-tillage influenced the degree of compaction and increased soil macro porosity, resulting
in greater soil aggregation and higher Ks. Moreover, a greater amount of SOC in conserva-
tion tillage than in conventional tillage practices was also reflected through significantly
(p ≤ 0.05) lower bulk density in ZT.
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Figure 3. Soil properties under different tillage treatments. (A) Soil organic carbon, (B) bulk density,
(C) aggregate mean weight diameter, and (D) saturated hydraulic conductivity. Treatments are
conventional tillage (CT), minimum tillage (MT), and zero tillage (ZT). Non-identical small letters (a,
b and c) denoted statistically significant differences (p < 0.05) among the different tillage treatments.

3.2. Rainfall Characteristics

During experimentation (monsoon periods), a total of 130 rainfall events were recorded,
of which 53, 39, and 38 events occurred in 2018, 2019, and 2020, respectively. The amount
of rainfall observed was 1455.4, 1354.1, and 865.2 mm in 2018, 2019, and 2020, respectively,
during the monsoon period (Table 2). Based on the daily rainfall amount, rainfall is clas-
sified into five groups as mentioned in the supplement Table S4. Compared with 2018,
lower rainfall was observed in 2019 and 2020. Rainfall during 2019 and 2020 was 6.96%
and 40.55% lower than 2018. Three extreme storm events from 2018, 2019, and 2020 were
characterized and erosivity was determined using the breakpoint data. In 2018, three very
heavy rainfall events of above 100 mm, i.e., 110.4 (dated 11 July 2018), 131.3 (dated 6 August
2018), and 145.5 mm (dated 13 August 2018) were recorded. In 2019 and 2020, only one
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rainfall event (very heavy rainfall) exceeded 100 mm, i.e., 126 (dated 5 September 2019)
and 143.10 mm (dated 16 August 2020). In 2019, 10 rainfall events (heavy rainfall) of more
than 50 mm were recorded, whereas, in 2020, only two rainfall events of more than 50 mm
were observed (Table 2).

Table 2. Rainfall characteristics during the investigation period from 2018 to 2020 (monsoon season:
June to September).

Event Sampling Date
Rainfall
Amount

(mm)

Rainfall
Duration (h) Sampling Date

Rainfall
Amount

(mm)

Rainfall
Duration

(h)
Sampling Date

Rainfall
Amount

(mm)

Rainfall
Duration

(h)

1 2 June 2018 15.20 4.56 18 June 2019 17.80 6.23 1 June 2020 9.60 9.99
2 6 June 2018 52.00 6.48 23 June 2019 15.70 0.90 5 June 2020 17.10 8.77
3 16 June 2018 8.50 2.70 2 July 2019 32.80 2.83 16 June 2020 50.00 3.08
4 17 June 2018 10.00 6.98 4 July 2019 13.80 2.04 17 June 2020 15.50 3.75
5 29 June 2018 24.90 8.71 5 July 2019 17.40 6.43 21 June 2020 12.90 6.09
6 1 July 2018 21.90 5.03 8 July 2019 79.30 5.20 8 July 2020 18.70 7.56
7 2 July 2018 10.40 5.55 9 July 2019 36.40 8.95 11 July 2020 49.90 5.12
8 3 July 2018 33.20 3.91 10 July 2019 58.40 2.50 15 July 2020 16.80 1.97
9 4 July 2018 15.40 6.16 15 July 2019 20.20 8.40 21 July 2020 21.30 5.67

10 11 July 2018 110.40 5.82 18 July 2019 27.20 7.36 25 July 2020 30.00 2.91
11 12 July 2018 38.00 4.67 25 July 2019 52.20 23.18 26 July 2020 25.80 8.31
12 17 July 2018 45.30 11.76 27 July 2019 37.10 17.18 27 July 2020 27.80 3.90
13 19 July 2018 13.70 7.05 28 July 2019 40.50 13.34 31 July 2020 48.60 10.71
14 23 July 2018 15.30 0.60 3 August 2019 68.60 11.28 10 August 2020 23.00 8.40
15 26 July 2018 21.30 2.90 5 August 2019 55.20 6.29 11 August 2020 74.20 14.29
16 27 July 2018 61.60 8.31 6 August 2019 29.70 6.29 16 August 2020 143.10 11.37
17 28 July 2018 71.50 23.62 7 August 2019 58.40 3.54 21 August 2020 20.00 1.87
18 29 July 2018 21.50 9.57 14 August 2019 14.50 2.91 29 August 2020 18.30 2.58
19 2 August 2018 22.20 1.81 15 August 2019 24.00 1.31 4 September 2020 21.70 4.15
20 3 August 2018 14.00 6.16 17 August 2019 18.80 11.80 6 September 2020 21.10 2.77

21 5 August 2018 48.80 22.03 18 August 2019 63.60 22.98 15 September
2020 30.00 2.51

22 6 August 2018 131.30 20.61 19 August 2019 13.30 13.26
23 12 August 2018 27.30 12.12 26 August 2019 64.80 7.78
24 13 August 2018 145.50 23.60 1 September 2019 126.00 4.41
25 25 August 2018 27.80 5.57 5 September 2019 26.30 4.82
26 26 August 2018 22.70 5.29 27 September 2019 36.00 6.05
27 29 August 2018 30.60 10.33 29 September 2019 90.10 15.43
28 30 August 2018 36.90 6.88 30 September 2019 68.20 23.68
29 31 August 2018 23.20 13.99 2 October 2019 59.40 3.04
31 2 September 2018 27.60 2.27
32 11 September 2018 25.00 7.57
33 14 September 2018 33.80 4.36
34 24 September 2018 20.50 21.54
35 25 September 2018 35.70 11.01

3.3. Effect of Tillage on Surface Runoff

Out of 130 rainfall events observed during the three-year monitoring period, 85 events
including 35, 29, and 21 in 2018, 2019, and 2020, respectively, resulted in runoff generation
(Table 2). In 2018, the runoff amount varied from 0.98 mm to 87.0 mm in the CT plot,
from 0.83 mm to 70.1 mm in the MT plot, and from 0.60 mm to 51.6 mm in the ZT plot
(Figure 4A). In 2019, the amount of runoff ranged from 2.26 mm to 89.4 mm in the CT
plot, from 1.7 mm to 83.1 mm in the MT plot, and from 0.50 mm to 74.3 mm in the ZT plot
(Figure 4B). In 2020, the amount of runoff varied from 1.7 mm to 70.2 mm in the CT plot,
from 1.6 mm to 63.2 mm in the MT plot, and 0.85 mm to 46.5 mm in the ZT plot (Figure 4C).
The total runoff amount in the CT, MT, and ZT treatments were 631.8, 537.8, and 270.9 mm
in 2018 (Figure 4A); 697.9, 624.7, and 401.6 mm in 2019 (Figure 4B); and 14.8, 207.5, and
124.0 mm in 2020 (Figure 4C), respectively.
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Figure 4. Runoff and soil loss from each runoff event under different tillage treatments from 2018
to 2020. (A) represents the runoff and soil loss during 2018, (B) represents the runoff and soil loss
during 2019, and (C) represents the runoff and soil loss during 2020. Treatments are conventional
tillage (CT), minimum tillage (MT), and zero tillage (ZT).
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A significant correlation was observed between rainfall and runoff for all treatments
(Supplement Figure S1). Among all treatments, ZT showed a significantly higher correlation
between rainfall and runoff (R2 = 0.95, p < 0.001), whereas CT (R2 = 0.89, p < 0.001) and MT
(R2 = 0.91, p < 0.001) also showed a significant correlation between rainfall and runoff. The
amount of runoff from each rainfall event was a result of the intricate interaction between
rainfall intensity and rainfall erosivity [29].

Overall, the highest runoff was observed in conventional tillage than in conservation
tillage. In 2018, CT produced 1.17 and 2.33 times higher runoff than MT and ZT. The CT plot
produced 1.11 and 1.73 times higher runoff in 2019, whereas it produced 1.51 and 2.53 times
higher runoff than the MT and ZT plots in 2020, respectively (Figure 4A–C). The reduction
in runoff and sediment yield may be attributed to better soil aggregation, higher soil organic
carbon, lower bulk density, greater surface roughness, and improved infiltration rate under
the ZT and MT plots. Similar findings were reported by others [30–32], indicating the role of
residues in protecting the soil surface from erosive agents and enhanced soil organic carbon
leading to a higher infiltration rate in reduced tillage. The literature shows the similar
effects of conservation agriculture on runoff and soil loss, with reduced tillage generating
~30% less runoff than conventional tillage because of surface residue and minimum soil
disturbance [33]. Runoff reduction by about 34–45% under no-tillage was also reported
from long-term conservation agriculture on sloping land [34].

At the beginning of the monsoon season (mid-June), the differences between the runoff
amount among all the tillage treatments (CT, MT, and ZT) were very minimal. The differ-
ences widened the withdrawal of the monsoon season (August and September) approaches.
These phenomena can be elaborated by the surface storage and higher infiltration rate
under conventional tillage due to its increased surface roughness just after tillage during
the seedbed preparation (mid-June), whereas, the in conservation plot, residue cover, better
soil aggregation, higher soil organic carbon, and greater infiltration rate resulted in the
reduction of surface runoff. Moreover, increased surface roughness due to tillage in the
conventional plot is time-variant and tends to decrease as rainy seasons progress and
the withdrawal of the monsoon season approaches. Similar effects in conservation and
conventional tillage in olive orchards has been reported [35]. Increased surface roughness
due to cloddy surface just after seedbed preparation in the conventional plot, favoring
rainfall infiltration and reducing surface runoff, has been reported [35]. However, this state
was not perpetual and, as rainfall occurred, the crusting and sealing of the soil surface set
in, resulting to higher runoff [36,37]. The authors of [38] experimented on conventional
and conservation tillage practices and reached similar results.

3.4. Effect of Tillage on Soil Loss
3.4.1. Effect of Tillage on Soil Loss

The measured soil loss from the different tillage (CT, MT, and ZT) plots for each
runoff event in 2018 to 2020 is presented in Figure 4A–C. The soil loss ranged from 0.0012 to
19.26 t ha−1 in the CT, from 0.0013 to 14.61 t ha−1 in the MT, and from 0.0026 to 3.80 t ha−1 in
the ZT during 2018 (Figure 4A). During 2019, the soil loss varied from 0.001 to 11.15 t ha−1

in the CT, from 0.0027 to 7.29 t ha−1 in the MT, and from 0.0033 to 2.32 t ha−1 in the ZT plot
(Figure 4B). Soil loss ranged from 0.0031 to 8.14 t ha−1 in the CT, from 0.0016 to 4.67 t ha−1

in the MT, and from 0.0014 to 1.72 t ha−1 in the ZT during 2020 (Figure 4C). The total soil
loss was 63.45, 50.53, and 12.44 t ha−1 in 2018, 51.26, 40.24, and 10.49 t ha−1 in 2019, and
14.05, 7.59, and 2.83 t ha−1 in 2020 from CT, MT, and ZT treatments, respectively (Figure 4).

Similar to the correlation between rainfall and runoff, the correlation between rainfall
and soil loss was also significantly higher for ZT (R2 = 0.92, p < 0.001) followed by CT
(R2 = 0.60, p < 0.001) and MT (R2 = 0.52, p < 0.01), as shown in Supplement Figure S2.
Larger amounts of runoff usually triggered increased soil loss across all tillage treatments.
A significant correlation was observed between runoff and soil loss in all tillage treatments
(Supplement Figure S3). The highest R2 values (0.81 to 0.91) were observed in ZT, whereas
the lowest were found in the CT plot (0.59–0.80). In the CT plot, surface roughness
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due to cloddy surface just after seedbed preparation initially favored rainfall infiltration
resulting in runoff reduction; however, this state was not perpetual and, as the rainy season
progressed, the crusting and sealing of soil surface began. This transitory surface was
the main reason behind the high variability in runoff. In addition, conventional tillage
practices typically involve ploughing—thus, disruption of the natural soil structure—which
often lead to increased soil erosion and runoff during heavy rainfall events. In contrast,
conservation tillage practices, such as no-till or reduced tillage, promote the retention
of organic matter, improved soil health, and water infiltration, thus reducing the risk of
erosion and runoff. The presence of a plant canopy can also influence the dynamics between
rainfall and soil by reducing the quantity of water that directly comes into contact with the
soil surface, enhancing soil infiltration, and facilitating water retention. Understanding
the complex interplay between rainfall, soil, and the plant canopy under different tillage
practices is critical for managing the impacts of agricultural practices on the environment
as well as for achieving sustainable agricultural production systems. A similar conclusion
was also drawn by [35].

Overall, the highest soil loss was observed in conventional tillage than in conservation
tillage (Figure 4A–C). In 2018, CT produced 1.25 and 5.10 times higher soil loss than MT
and ZT. A similar trend was observed in 2019 and 2020. It was observed that the CT plot
produced 1.27 and 4.88 times higher soil loss in 2019, whereas the soil loss from the CT
plot was 1.84 and 4.96 times higher than from the MT and ZT plots in 2020, respectively.
Improved soil aggregation, higher levels of soil organic carbon, lower bulk density, greater
soil roughness, and enhanced infiltration rate, as well as reduced erosive runoff, are possible
factors contributing to the lower soil loss observed in ZT. In addition, the higher plant
canopy cover in ZT (Supplement Figures S1–S3) than CT and the improved soil quality
were points of advantage. Better crop canopies and residues play a major role in enhancing
infiltration and reducing runoff by increasing the surface barrier and intercepting raindrops,
thereby limiting the detachment and transport of soil particles [36]. Similar observations
were made by other studies [28,33,36]. Similar to our results, Ref. [38] also found up to 60%
less soil loss in conservation tillage than in conventional tillage in more than 120 runoff
experiments worldwide (~20 countries).

The event-based analysis of soil loss indicates a minimal soil loss from the majority
of the runoff events. In 2018, the five largest runoff events generated 54.93, 57.35, and
63.43% of the total runoff and 82.08, 85.49, and 91.00% of the total soil loss from the CT,
MT, and ZT plots, respectively (Supplement Figure S3). Almost similar trends were also
observed during 2019 and 2020. Out of a total of 85 erosive events in the CT plot, the
soils loss due to the 5 biggest events exceeded 10 t ha−1. From the MT plot, only two
events generated soil loss exceeding 10 t ha−1, whereas in the ZT plot, no erosive events
producing soil loss greater than 10 t ha−1 were recorded. Therefore, it can be stated that
soil erosion is prominent in extreme events, but conservation tillage seems to be a suitable
protection method.

Even though the differences among runoff amounts from all tillage treatments (CT,
MT, and ZT) were very minimal at the beginning of the monsoon season (mid-June), the
soil erosion rate was more in CT than in ZT (Figure 4A–C). A rainfall amount of ≥20 mm
generated a greater amount of soil erosion in CT than in MT and ZT at the initial crop
growth stage (4A). A similar trend was also observed in 2020. However, for similar amounts
of rainfall, a different trend was observed in 2019 (Figure 4B). During 2019, there were few
small rainfall events after seedbed preparation (less than 10 mm) that settled the disturbed
soil surface in the conventional plot. Moreover, as the crop growth progressed, the severity
of soil erosion declined across tillage treatments (Figure 4A–C). For a similar amount of
rainfall, a 39% reduction in soil loss was recorded at the highest growth stage of the crop in
the CT treatment as compared to the initial growth stage. In MT, an intermediate result
was found, whereas in ZT, a 68% reduction was observed from the initial to the highest
growth stage of the crop for the same rainfall amount. These findings can be attributed
to the intensive manipulation of soil for seedbed preparation in conventional tillage that
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breaks down the soil surface and increases the availability of the erosive material. On
such soil surfaces, initial parcels of rainfall largely meet the soil infiltration, but even a
small amount of runoff carried a high sediment amount [26]. In addition, residue cover,
better soil aggregation, higher soil organic carbon, and greater infiltration rates lead to non-
erosive runoff [28,39,40]. The crop canopy at the initial stage was less, but at later stages, it
covered almost all the soil surface (Figure 2 and the Supplement file Figures S1–S3). The
same amount of rainfall did not generate the same quantity of soil erosion across the
crop growth stages. The differences in crop canopy among tillage treatments created
difference in amounts of soil erosion (Supplement file Figures S1–S3). A lower soil erosion
in conservation tillage than in conventional tillage has been reported [41], and it was
found that better residue management created a surface barrier and reduced the impact of
a raindrop.

The impact of different tillage treatments on soil loss was also quantified, as shown
in Figure 5A–C. In 2018, soil loss from 85% of the total number of erosive events did
not surpass 5.54, 4.43, and 0.70 t ha−1 in CT, MT, and ZT, respectively. In 2019, the
corresponding soil loss rate was 2.81, 2.17, and 0.85 t ha−1, whereas, in 2020, erosion for
only 15% of all events exceeded 0.90, 0.57, and 0.21 t ha−1 in CT, MT, and ZT, respectively.
A similar conclusion was reached by [26] after conducting experiments to evaluate the
effect of different tillage techniques on soil loss.
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3.4.2. Effect of Rainfall Erosivity on Soil Loss

The total rainfall erosivity of all erosive storms was 5977.43, 5305, and 3169.42 MJ mm ha−1 h−1

during 2018, 2019, and 2020, respectively (Table 2). The total rainfall erosivity in 2018 was
12% and 88% higher than in 2019 and 2020 (Table 2). This resulted in higher runoff and
soil loss. The soil loss from CT during 2018 was 123% and 453% higher than 2019 and 2020,
respectively (Figure 4A–C). Similar trends were also found in the MT plot, suggesting a
major role of rainfall erosivity in producing greater soil erosion in conventional tillage than
in conservation tillage. In the ZT plot, 118% and 5.10% lower soil loss was observed in
2019 and 2020, respectively, than 2018. These differences were partly due to the 40% lower
rainfall recorded in 2020, and also because of three extreme and intense rainfall events in
2018. During 2018 and 2019, the intercultural operation was performed by locally made
equipment (khurpa) whereas, in 2020, no intercultural operation, only weedicide, was
used (Table 2).

A wide range of soil erosion data with high variability observed during the measure-
ment period may be attributed to variability in rainfall events and the capriciousness of
soil cover. The present study showed that a similar magnitude of rainfall events generated
more soil erosion when it occurred in the early crop growth stage (less canopy cover) than
at the peak growth stage. The event-based comparison of rainfall erosivity and soil loss
from CT, MT, and ZT is depicted in Figure 6A–C. On average, the soil loss from ZT plots
was 0.42 times of the soil loss from the CT plot. This may be due to the combined effect of
crop canopy, residue, and surface barrier [41–43].

Nine largest rainfall events, three events from each year, were chosen from among
130 rainfall events (Supplement Figures S4–S6). Rainfall events of 110.4 mm (on 11 July
2018 when the soil surface was partially uncovered and loose) having rainfall erosiv-
ity of 810 MJ mm ha−1 h−1 (Table 2) and maximum 5-min intensity of 120.77 mm h−1

(Supplement Table S1) generating a considerable amount of runoff from CT (62.48 mm),
MT (53.95 mm) and ZT (51.68 mm) plots (Figure S4). The soil losses measured from this
particular event were 19.26, 14.67 and 3.80 t ha−1 in the CT, MT, and ZT plots, respectively
(Figure 4A). It was observed that for runoff reduction to 0.82 times the soil loss reduced
to 0.16times in ZT than in the CT. The proportionately higher reduction in soil loss in
comparison to the runoff may be attributed to the exposed soil surface in the CT plot due to
mechanical disturbance. Long-duration rainfall created a soil surface saturation resulting to
greater runoff in all of the tillage plots. Supplement Figure S10b represents a rainfall event
of 131.3 mm (on 6 August 2018 at the middle crop growth stage) for which higher runoff
but lower soil loss was recorded than the previous event of 110.4 mm. The high antecedent
soil moisture of the previous three days rainfall (cumulative rainfall 180.40 mm) resulted in
higher runoff whereas the greater crop canopy (Supplement Figures S7–S9) reduced the
impact of high rainfall erosivity resulting in lower soil losses. The soil losses were 12.55 in
CT, 10.96 in MT and 3.67 t ha−1 in ZT. A rainfall event of 145.5 mm having rainfall erosivity
of 539.86 MJ mm ha−1 h−1 with maximum 5-min intensity of 42.30 mm h−1, observed at
peak crop growth stage (13 August 2018) generated 85.84 mm, 78.57 mm and 36.47 mm of
runoff in the CT, MT and ZT plot (Figure S10c). The soil losses from CT, MT and ZT plots
were 9.10, 8.52 and 2.07 t ha−1, respectively. Despite the high amount of runoff generated
from all the tillage plots, soil losses were observed about 0.5 times of the soil loss under
similar rainfall during the Initial crop growth stage. Similar results were observed in 2019
and 2020, except for the rainfall during the initial stage of crop growth. A small amount of
rainfall (<10 mm) after a few days of sowing in 2019 helped settling of the soil and reduced
the impact of medium rainfall. Lower rainfall by 40% during 2020 than in 2018 was the
main reason behind lower soil loss from all the tillage plots. Rainfall events with infrequent,
extraordinary, but high rainfall erosivity played a major role in sediment yield generation
(cf. Figure 4B,C and Supplement Tables S2 and S3).
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Figure 6. Impact of storms with similar rainfall erosivity on soil loss during (A) 2018, (B) 2019, and
(C) 2020 for different tillage treatments. Treatments are conventional tillage (CT), minimum tillage
(MT), and zero tillage (ZT).
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Climate change is predicted to increase the occurrence of infrequent but high-intensity
rainfall which is likely to increase soil erosion and runoff [29]. A study conducted on
the climate change projection for the Indian Himalayan region reported a considerable
change in the rainfall distribution pattern with the annual rainfall amount remaining
almost unchanged [44]. Infrequent but high intensity rainfall events forecasted in the
Indian Himalayan region [45] may produce higher soil loss. Three extreme (>100 mm)
rainfall events were recorded in 2018, whereas in 2019 and 2020 only one extreme rainfall
was documented.

3.5. Evaluation of Conservation Tillage on Runoff and Soil Loss Reduction

Evaluation of conservation tillage in comparison to conventional tillage for runoff and
soil loss reduction is presented in Figures 7 and 8. During the measurement period, it was
observed that soil loss and runoff reduced in conservation tillage as compared to convention
tillage. The reduction in runoff was 17.71 and 63.53% whereas, the reduction is soil loss were
26.37 and 80.39% in the MT and ZT plots as compared to CT in 2018. Similar trends were
also observed in 2019 and 2020. The highest runoff reduction benefit (RRB) of 77.02% and
sediment reduction benefit (SRB) of 89.74% was observed in the ZT plot in 2020. All three
tillage treatments, CT, MT and ZT, produced different crop canopy and surface morphology
over time. The continuous tilling of the CT plot and the mechanical manipulation of
soil during seedbed preparation resulted in a loose, rough, and cloddy surface. Over
time, as rainfall occurred, runoff generated hydrostatic pressure that smoothened the soil
surface, sealed the pores, and caused crust formation [46,47]. These phenomena caused the
reduction of infiltration rate and weakened the soil resistance against detachment which led
to greater runoff and soil erosion. Conversely, in the ZT plot, no mechanical manipulations
of soil for 7 to 9 years led to a well-developed surface morphology. The improved soil
hydraulic and physical properties resulted in less runoff and soil erosion. The overall
improved behavior of the ZT plot greatly affected soil loss. Similar observations were also
made by other authors [28,36]. Moreover, the lack of soil disturbance due to mechanical
manipulation may not be the sole contributor to the reduction in runoff and soil erosion in
untilled plots, the effect of crop canopy, residue and improved soil and surface conditions
also need to be considered. Field morphology, vegetation, and slope are deeply connected
to runoff and sediment yield and they continuously manipulate each other [40]. Similar
observations were also recorded in previous studies [31,35,41,48,49].

The sediment reduction benefit (Figure 8) under ZT was always greater than the runoff
reduction benefit (Figure 7) over the entire investigation period. This indicated the greater
conservation effect of ZT on soil erosion than runoff. There is local depression for some
time to store runoff and sediment due to tillage under CT; however, this local phenomenon
is not stable and soon vanishes by the action of precipitation resulting in more soil erosion.
This was not the case in the ZT plot, as no-tillage activity had been done for the last seven
to nine years that provided more stable and consolidated soil aggregation and surface
morphology. Residue on the surface would have also added to surface roughness and
infiltration under ZT. Reporting similar results, ref. [50] advocated for conservation tillage
as more promising for reducing soil erosion than runoff.
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Figure 7. Runoff Reduction Benefit (RRB) at each runoff event during (A) 2018, (B) 2019 and (C) 2020.
Treatments are conventional tillage (CT), minimum tillage (MT), and zero tillage (ZT). In CT-MT and
CT-ZT, CT has been used as control.
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Figure 8. Sediment Reduction Benefit (SRB) at each runoff event during (A) 2018, (B) 2019 and
(C) 2020. Treatments are conventional tillage (CT), minimum tillage (MT), and zero tillage (ZT). In
CT-MT and CT-ZT, CT has been used as control whereas, for MT- ZT, MT has been used as control.
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Several studies have investigated the processes of surface runoff and soil loss under
different tillage practices. Significantly lower soil erosion under conservation tillage com-
pared to conventional tillage in sloping croplands has been reported [51]. Conservation
tillage practices reduced soil erosion and runoff by up to 90% compared to conventional
tillage in sloping agricultural fields in Australia [52]. It is not always true that extreme
precipitation or high erosivity results in greater runoff and soil loss. The present study cor-
roborates the intricate interaction among rainfall intensity, rainfall erosivity, soil conditions,
antecedent rainfall, and the crop canopy that governs runoff and soil erosion considerably.
The results confirm our hypothesis that conservation tillage reduces runoff and soil loss
even in extreme rainfall events. Therefore, this technique seems to be an appropriate
protection measure that may be beneficial to the farmers.

4. Conclusions

The long-term effect of conservation tillage practice on runoff and soil erosion under
the slopy cropland of the Indian Himalayan Region was investigated. Conservation tillage
was found to be effective in reducing runoff and soil loss in comparison to conventional
tillage. The reduction in runoff and soil loss under the conservation tillage were 63.53%
and 80.39% in comparison to the conventional tillage plot. The runoff recorded under the
convention tillage was 1.51 and 2.53 times higher than MT and ZT, respectively, whereas
the soil loss under CT was 1.84 and 5.10 times higher than in MT and ZT, respectively.
Proportionally higher soil loss from CT may be attributed to higher soil disturbance and, as
a result, higher availability of erodible material. The top 10% (five largest) runoff events
generated 54.93, 57.35, and 63.43% of the total runoff volume, resulting in 82.08, 85.49, and
91.00% of the total soil loss from the CT, MT, and ZT plots, respectively. The effect of crop
canopy on reducing erosion was lucid, as lesser soil loss was recorded with the progress
of crop growth. For the same amount of rainfall, a 39% and 68% reduction in soil loss
was recorded at the highest growth stage of crops in the CT and ZT plots, respectively, as
compared to the initial crop growth stage. The proportionally higher reduction in soil loss
than the runoff under conventional tillage in comparison to the CT indicated the additional
role of crop stems, roots, and litterfall, as well as undisturbed soil, and improved soil
conditions, in reducing soil loss. Reduced soil disturbance, maintaining crop residue, and
practicing supportive soil conservation measures may be effective in reducing soil erosion
in the fragile agroecosystem of the Indian Himalayan Region.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su15108285/s1. Figure S1: Relation between rainfall and runoff
for different tillage treatments from 2018 to 2020. A represents the relation between rainfall and runoff
during 2018, B represents the relation between rainfall and runoff during 2019 and C represents the
relation between rainfall and runoff during 2020. Treatments are Conventional tillage (CT), Minimum
tillage (MT) and Zero tillage (ZT); Figure S2: Relation between rainfall and soil loss for different
tillage treatments from 2018 to 2020. A represents the relation between rainfall and soil loss during
2018, B represents the relation between rainfall and soil loss during 2019 and C represents the relation
between rainfall and soil loss during 2020. Treatments are Conventional tillage (CT), Minimum
tillage (MT) and Zero tillage (ZT); Figure S3: Relation between runoff and soil loss for different tillage
treatments from 2018 to 2020. A represents the relation between runoff and soil loss during 2018,
B represents the relation between runoff and soil loss during 2019 and C represents the relation
between runoff and soil loss during 2020. Treatments are Conventional tillage (CT), Minimum tillage
(MT) and Zero tillage (ZT). Figure S4: Characteristics of three extreme rainfall events during 2018;
Figure S5: Characteristics of three extreme rainfall events during 2019; Figure S6: Characteristics
of three extreme rainfall events during 2020; Figure S7: Plat growth after 10 days from the date
of showing under different tillage practices; Figure S8: Plant growth after 35 days from the date
of showing under different tillage practices; Figure S9: Plat growth after 55 days from the date of
showing under different tillage practices; and Figure S10: Two-stage multi-slots divisor with runoff
collection tanks; Table S1: Rainfall characteristics during the investigation period of 2018 (monsoon
season: June to September); Table S2: Rainfall characteristics during the investigation period of 2019
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(monsoon season: June to September); Table S3: Rainfall characteristics during the investigation
period of 2020 (monsoon season: June to September); and Table S4: Rainfall events classification as
per Indian Metrologic Department (IMD).
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