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A B S T R A C T   

Hydrological monitoring is crucial to designing agricultural water management (AWM) interventions. This study 
characterizes the soil hydraulic properties of Alfisols and Vertisols and develops rainfall-runoff-soil loss re
lationships through long-term hydrological monitoring. Two types of landform management techniques, i.e., 
raised bed and flat bed, were followed in three paired watersheds of 2–5 ha, characterized by deep Vertisols, 
medium deep Vertisols and Alfisols. Surface runoff and soil loss were monitored at the outlet of the respective 
watersheds for 8–12 years. In addition, 29 infiltration tests were conducted using a tension disc infiltrometer by 
applying a suction of − 150 mm, − 100 mm, − 50 mm, and − 20 mm. Soil macro porosity and hydraulic con
ductivity in the raised bed landform were found to be almost double those in the flat beds at − 50 mm suction 
head in both the soil types. Saturated hydraulic conductivity was found higher in Alfisols compared to Vertisols; 
however, less runoff was generated in Vertisols compared to Alfisols. This phenomenon is largely explained by 
the high water storage capacity of Vertisols. Runoff generated from both the soils was less than 2% of total 
rainfall (<500 mm) received in dry years. In normal years (600–900 mm), runoff coefficient for Vertisols ranged 
from 7–11% of total rainfall compared to 16–17% in the case of Alfisols. However, runoff generated from fallow 
land was 17% in deep Vertisols due to higher soil moisture content and limited available storage compared to the 
cropped land. The raised bed method reduced surface runoff by 15–20 mm in Alfisols compared to 35–40 mm in 
Vertisols. Runoff from the raised beds was significantly lower during light and moderate intensity rainfall 
compared to the flat bed method; however, this difference was not significant during events of high and very high 
intensity rainfall. In addition, raised beds reduced soil loss by 30–60% compared to flat beds. The results of this 
study are useful in designing evidence-based AWM strategies under rainfed conditions.   

1. Introduction 

There is growing concern over declining availability of resources, 
water scarcity and land degradation in the drylands that can impede 
sustainable crop intensification (Fu et al., 2020; Wei et al., 2021; 
deAraujo et al., 2021). Land degradation is negatively affecting crop 
yields and their sustainability across the globe (Montgomery, 2007; 
Meena et al., 2020). The removal of top soil largely through water and 
wind erosion is one of the major causes of land degradation (FAO and 
ITPS, 2015; An et al., 2021). Annual soil loss worldwide was estimated at 
about 75 billion tons (in 1995), causing economic losses of about US$ 
600 billion per year, equivalent to US$ 80 per person per year (Pimentel 
et al., 2010). Soil degradation has been identified as one of the threats 
that affect the long term sustainability of agricultural systems. Hence 
much attention has been paid to soil themed strategies by the European 

Union (CCCEP, 2006; European Parliament, 2006; Moebius-Clune et al., 
2016; Bagagiolo et al., 2018; Capello et al., 2019; Bonfante et al., 2020; 
European Commission, 2020). The 2030 Agenda for Sustainable 
Development adopted by all UN member countries in 2015 aims to 
improve the well-being of people while protecting the planet by 
implementing 17 Sustainable Development Goals (SDGs). Goal 15 on 
‘Life on Land’ is dedicated to combating desertification, halting and 
reversing land degradation, protecting, restoring and promoting the 
sustainable use of terrestrial ecosystems (United Nations, 2015). 

A number of agricultural water management (AWM) interventions 
have been designed to control land degradation and enhance moisture 
availability, especially in the drylands (Kelly, 2014; Garg et al., 2020; 
Zhang et al., 2020; Garg et al., 2021; Singh et al., 2021a). Raised beds, 
minimum/zero-tillage, mulching, conservation furrow, field and con
tour bunding and cultivation across the slope are some of the in-situ 
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conservation measures being used (Biddoccu et al., 2013; Mhizha and 
Ndiritu, 2013; Liu et al., 2018; Li et al., 2019; Ebabu et al., 2019; Capello 
et al., 2019; Bagagiolo et al., 2018; Capello et al., 2020; Singh et al., 
2021b; Anantha et al., 2021a; Anantha et al., 2021b). Since 1990, public 
and private sector agencies in India have invested about US$ 14 billion 
on these interventions in dryland regions as drought proofing measures 
(Garg et al., 2011; Garg et al., 2012; Santra and Das, 2013; Singh et al., 
2014; Karlberg et al., 2015; Ali et al., 2020; Mondal et al., 2017; Singh 
et al., 2018; Mondal et al., 2020). Despite these heavy investments, data 
monitoring and the characterization of rainfall-runoff and rainfall-soil 
loss relationships is lacking (Glendenning et al., 2012; Aissia et al., 
2017). Hydrological assessment in these ecologies is largely dependent 
on downscaling methods from catchment scale monitoring (river basin 
scale) to meso-scale watersheds or field scale (Habets et al., 2018; 
Ahmadi et al., 2019). In addition, the hydrological response of different 
soils has not been well accounted for while running such models. In both 
cases, planning and designing of AWM interventions have failed to 
factor field realities, leading to either over or underutilization of 
resources. 

Alfisols and Vertisols are the major soil types in the drylands. Alfisols 
cover nearly 33% of the area in the drylands (Pathak et al., 2016) and 
are mainly prevalent in southern Asia, western and central Africa and 
South America, particularly northeast Brazil (El-Swaify et al., 1985). 
Vertisols, also known as black cotton soil, are abundant in India, Sudan, 
Ethiopia, Australia and several other countries (El-Swaify et al., 1985). 
Alfisols are often light textured, have poor water holding capacity, 
shallow effective rooting depth and traditionally support a single crop 
grown as a monoculture under rainfed situations. Surface sealing, 
crusting, low soil organic carbon and low soil fertility have been re
ported in Alfisols (Mullins et al., 1990; Selvaraju et al., 1999; Meena 
et al., 2020). In contrast, Vertisols are heavy textured, have higher clay 
content and moderate to high water holding capacity. They develop 
deep cracks while drying and exhibit slow internal drainage, with 
infiltration rates between 20 mm/day and 60 mm/day after getting wet 
(Erkossa et al., 2004; Harmel et al., 2006; Dinka et al., 2013). Hydro
logical responses in these soils differ due to differences in their water 
retention capacity and soil hydraulic properties (Pathak et al., 2016). A 
comprehensive understanding of this phenomenon is lacking while 
planning and implementing rainwater management interventions. 

Against this background, this paper attempts to describe the hydro
logical processes at play in both soil types under two types of landform 
management. Our overarching aim is to (i) establish rainfall-runoff and 
rainfall-soil loss relationships for different soil types in different rainfall 
years; and (ii) evaluate the impact of raised bed landform on surface 
runoff and soil loss in the two soil types. We, therefore, followed a paired 
experimental approach by treating 2–5 ha scale micro-watersheds with 
two types of landform management, flat beds and raised beds, where 
surface runoff and soil loss were measured for 8–12 years. In addition, a 
large number of infiltration experiments were undertaken to 

characterize the hydraulic properties of Vertisols and Alfisols under both 
methods. 

2. Material and methods 

2.1. Site description 

ICRISAT is located in Hyderabad in Telangana state of India 
(17.5192◦ N; 78.2784◦ E). The site is unique in that it has both Alfisols 
and Vertisols which make it easy to study the behavior of two major soil 
types that dominate the drylands. This study was undertaken in the 
ICRISAT Heritage watersheds (3 paired watersheds with a land slope of 
2–3%) which naturally drain from 2 to 5 ha of the catchment. Of the 
three, two paired watersheds have Vertisols (named BW1 and BW2) & 
(BW3 and BW4) and one set has Alfisols (RW1 and RW2) (Table 1). A 
layer-wise analysis of the physical properties of the soils (texture, field 
capacity, permanent wilting point, bulk density, porosity) was done in 
5–10 locations in each of the micro-watersheds to capture the hetero
geneity of the experimental sites. The total catchment, cropping system, 
landform management, soil depth and other biophysical parameters in 
the micro-watersheds are presented in Table 1. 

2.2. Overall field experiment 

Long-term field experiments were conducted in the experimental 
watersheds during different time frames, but the data reported is for the 
8 to 12-year period (Table 1). All the experiments were undertaken 
under rainfed conditions and no irrigation was applied. The paired 
watersheds under this research initiative were characterized as (i) deep 
Vertisols (BW1 and BW2); (ii) medium deep Vertisols (BW3 and BW4); 
and (iii) Alfisols (RW1 and RW2). Landscape with a soil depth between 
0.90 m and 1.50 m (till it reaches the hard bed) was considered as deep 
whereas medium deep soil had a depth ranging between 0.50 m and 
0.90 m (Pathak et al., 2016). The depth of the soil profile from the top to 
the parent material (or bed rock) is congenial; root penetration beyond 
this depth is negligible (Wei and Bing, 2014). 

The main purpose of these experiments was to compare hydrological 
responses between raised bed and flat bed landforms. Fig. 1 shows the 
schematic representation of both landforms. In the traditional flat bed 
method of cultivation, the crop is grown under ordinary field conditions. 
Runoff from the field naturally drains towards the land slope. In a raised 
bed, the bed is 0.90 m wide and a furrow of 0.60 m is made with a 
0.50–0.60% slope using a tropicultor (ICRISAT, 1985; Erkossa et al., 
2011, 2014; Pathak et al., 2013). Under raised beds, runoff retention 
time is extended as water has to flow in a guided manner along the 
furrow. This helps harvest extra soil moisture and at the same time fa
cilitates the disposal of excess runoff during heavy rainfall events 
(Erkossa et al., 2011, 2014; Pathak et al., 2016; Anantha et al., 2021a, 
Anantha et al., 2021b). The raised part of the bed is the crop zone and 

Table 1 
Cropping systems and landform management in the experimental watersheds.  

Soil type Deep Vertisols Medium deep Vertisols Alfisols 

Landform Raised bed Flat bed Raised bed Flat bed Raised bed Flat bed 
Watershed Black soil 

watershed no. 1 
(BW1) 

Black soil watershed no. 2 
(BW2) 

Black soil 
watershed no. 3 
(BW3) 

Black soil 
watershed no. 4 
(BW4) 

Red soil watershed no. 1 
(RW1) 

Red soil watershed no. 2 
(RW2) 

Cropping system Sorghum 
/pigeonpea 
intercrop 

Kharif fallow (wet season) 
-rabi sorghum (dry season) 

Maize /pigeonpea 
intercrop 

Maize /pigeonpea 
intercrop 

Sorghum /pigeonpea or 
groundnut intercrop 

Sorghum /pigeonpea or 
groundnut intercrop 

Experiment period 1997–2008 1997–2008 1997–2006 1997–2006 2002–2009 2002–2009 
Catchment (ha) 3.48 3.41 2.33 2.59 1.25 2.00 
Soil depth (m) 1.20–1.50 1.20–1.50 0.60–0.75 0.60–0.75 0.90–1.10 0.90–1.10 
Hydrological data 

recorded 
Only runoff Runoff and soil loss Runoff and soil loss 

Note: BW = Black soil watershed; RW = Red soil watershed; wet season: Crops cultivated during monsoon (Jun-Oct); dry season: Crops cultivated during post-monsoon 
(Nov-Mar). 
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the furrow is used for intercultural operations (Fig. 2). 

2.2.1. Field experiment in deep Vertisols (BW1 vs. BW2) 
Vertisols have high clay content and swell during wet periods and 

develop cracks during dry periods (Pal et al., 2009; Dinka et al., 2013). 
This contraction and swelling makes these soils difficult to cultivate; 
therefore farmers leave their land fallow during the rainy season and 
only cultivate during the dry season (rabi in local parlance) using 

Fig. 1. A schematic representation of raised beds and flat beds. The red dot indicates the most elevated location within the micro-watershed and the red arrows 
indicate the direction in which the water travels. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 2. (clockwise from top left) Groundnut on raised bed; sorghum/pigeonpea intercropping on flat bed; a runoff gauging station and sediment sampling unit 
installed at the outlet of the Alfisols watershed; and raised beds and flat beds in sorghum/pigeonpea (2:1) intercropping. 
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residual soil moisture (Rao et al., 2015). Under this experiment, two 
types of landform management were compared in deep Vertisols: (i) 
Raised bed representing the improved practice in BW1 and ii) flat bed 
representing farmers’ practice in BW2. Sorghum intercropped with 
pigeonpea was grown on raised beds during the monsoon in BW1. Sor
ghum grows in 110 days (Jun-Sep) and pigeonpea (Jun-Feb) is of rela
tively longer duration in 180 days. Between every two rows of sorghum 
grown 0.70 m apart, one row of pigeonpea was grown (Fig. 2). The 
raised beds have remained undisturbed over the last 30 years while the 
furrows were opened up before every monsoon season. In BW2, only 
sorghum was cultivated during the post-monsoon period (Oct-Jan) using 
the flat bed method, and the field was left fallow during the monsoon to 
represent farmers’ practice. Intercultural operations were carried out to 
keep the fields weed free in both BW1 and BW2. 

2.2.2. Field experiment in medium deep Vertisols (BW3 and BW4) 
In another paired watershed in Vertisols, the landscape had raised 

beds (BW3) and flat beds (BW4) with the same cropping system, i.e., 
maize/pigeonpea intercropping. Maize and pigeonpea were sown at the 
beginning of the monsoon (mid-Jun) in a 2:1 ratio, i.e., one row of 
pigeonpea between two rows of maize spaced 1.5 m apart. Maize was 
harvested by the end of October and pigeonpea in February/March. 
Intercultural operations such as harrowing and hand weeding were 
undertaken from time to time to keep the fields weed free. 

2.2.3. Field experiment in Alfisols (RW1 and RW2) 
In this experiment, one part of the watershed located in Aflisols was 

treated with raised beds (RW1) and the other part with flat beds (RW2). 
Sorghum intercropped with pigeonpea was followed in both landforms. 
Sowing was completed during 2nd/3rd week of June every year. 
Intercultural operations such as harrowing and hand weeding were 
undertaken regularly to keep the fields weed free. Harvesting of the 
short-duration crop (sorghum) was done in September/October and 
pigeonpea was harvested in February/March. 

2.3. Data monitoring and analysis 

Table 2 shows the time of measurements of different hydrological 
parameters along with frequency and methods followed in current 
study. Throughout the experimental years, the raised beds in the wa
tersheds were kept intact while the furrows were opened using a 
bullock-drawn tropicultor during sowing. We hypothesized that undis
turbed beds may build soil structure over the period and improve soil 
hydraulic conductivity. To test this hypothesis, we undertook infiltra
tion experiments using a tension disc infiltrometer (TDI) in 2012 
(described in section 2.3.1). The impact of raised beds on surface runoff 
and soil loss in both soil types was analysed through state-of-the-art 
monitoring for 8–12 years (refer section 2.3.2). Soil moisture avail
ability in topsoil layers is one of the important factors generating surface 
runoff. If the soil moisture levels are high, there is limited space avail
able to harvest rainwater in form of soil moisture and there is high 
likelihood to generate surface runoff. Therefore, soil moisture fluctua
tion and difference in water storage capacity was analysed through 
periodic soil moisture monitoring for entire crop seasons in respective 
watersheds between 2018 and 2020 (refer 2.3.2). 

2.3.1. Characterizing soil hydraulic properties in both landforms 
To characterize the hydraulic properties of Vertisols and Alfisols 

under raised bed and flat bed landforms, TDI tests were undertaken 
during March-May 2012 after the harvest of rabi crops. In Vertisols, 8 
TDI tests were undertaken in the raised bed watershed (BW1) and 5 in 
the flat bed watershed (BW2). In Alfisols, 8 TDI tests were undertaken in 
the raised bed watershed (RW1) and 8 in the flat bed watershed (RW2). 
An infiltrometer with a disc radius of 100 mm was used. A retaining ring 
of 100 mm radius was fixed in the gently cleaned soil surface and a layer 
of less than 5 mm of sand was spread over the soil surface to ensure 
proper contact with the disc infiltrometer ring. For each infiltration test, 
different water tensions (e.g., − 150 mm, − 120 mm, − 100 mm, − 50 mm 
and − 20 mm) starting from a higher suction head was imposed; it took 
nearly 6–7 h to complete a set of measurements. Both transient and 
steady-state water fluxes were recorded in each test. Soil cores were 
collected from an adjacent location to determine initial water content in 
the surface soil. 

Sorptivity, a measure of the capacity of the medium to absorb or 
desorb liquid by capillarity, was estimated from the infiltration experi
ment. The square root of time transformation on cumulative infiltration 
is described by Smiles and Knight (1976), as shown in Eq. (1). 

I
̅̅
t

√ = S+A’
̅̅
t

√
(1)  

Where, I is the cumulative infiltration and t is time. Sorptivity (S) was 
determined from the intercept by plotting I ̅̅

t
√ against 

̅̅
t

√
; saturated hy

draulic conductivity (A’) was calculated as the slope of the fitted line on 
the experimental data. 

Water movement through macro-pores was estimated using the 
Watson and Luxmoore (1986) method. Pore radii for the imposed suc
tion were estimated using the capillarity equation (Eq. (2)) 

r =
2σ
ρgh

(2)  

where, σ is the surface tension of water, ρ is the density of water, g is the 
constant acceleration due to gravity, and h is the suction imposed on the 
tension infiltration disc. 

Macro-pore conductivity (Km) was calculated as the difference be
tween the ponded infiltration rate and infiltration rate at applied suction 
(Watson and Luxmoore, 1986). Using minimum pore radius (r) and 
applying Eq. (2) in conjunction with Poiseuille’s equation, the maximum 
number of effective macro-pores per unit area was calculated by Eq. (3): 

N =
8μKm

πρgr4 (3)  

Where, µ is the viscosity of water. 
Water conducting porosity (Θm) was estimated using Eq. (4): 

Θm = Nπr2 (4) 

Total water conducting porosity (Θmt) was estimated by summing up 
Θm values for imposed tensions from 0 to − 150 mm. 

Saturated hydraulic conductivity (Ks) for surface soil (0–10 cm) was 
obtained by fitting the Gardner’s exponential model using unsaturated 

Table 2 
Hydrological data monitored at different time scale.  
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hydraulic conductivity function (ref Eq. (5)) to steady-state water fluxes 
at different supply pressures. 

K(h) = Ksexp(bh) (5)  

2.3.2. Monitoring rainfall, soil moisture, runoff and soil loss 
All three experimental sites were located within a radius of one 

kilometer. A state-of-the art meteorological station (300–900 m from the 
experimental watersheds) retrieved data on rainfall and other meteo
rological parameters (maximum and minimum temperature, wind 
speed, solar radiation and relative humidity) on a daily basis. Soil 
moisture measurement at surface depth (0–0.15 m) was taken using the 
gravimetric method. A 50-mm diameter core sampler was used to collect 
soil samples, whose moisture content was measured at weekly intervals 
for the select years (2018–2020). Data was analyzed to estimate soil 
moisture storage over different months in the experimental watersheds. 

An H-flume and sediment sampling unit was installed at the outlet of 
the watersheds to monitor surface runoff and collect sediment samples 
from running water (Fig. 2). A stilling well was placed at the outlet 
which was hydraulically connected to the H-flume. A mechanical stage 
recorder was used to monitor runoff at two-minute intervals. The stage 
of the flowing water depth (i.e., height of the water surface) was con
verted into water volume using standard rating curve for different 
rainfall events. A rating curve is a graph that shows discharge versus 
stage for a given point in a stream (Kennedy, 1984). Sediment samples 
were collected at 30–60-minute intervals using an automatic sample 
collection unit (Pathak et al., 2004; 2016) and transferred to the labo
ratory to measure sediment concentration and soil loss for each rainfall 
event during the monitoring period. Rainfall and runoff measured from 
the experimental fields were analyzed for different dry, normal and wet 
years. Going by meteorological classification, a year receiving ± 20% 
rainfall of the long term average is classified as a normal year; rainfall <
20% of the long term average is a dry/deficit year and rainfall > 20% of 
the long term average is a wet/excess year (India Meteorological 
Department, 2010). Runoff response to different intensities of daily 
rainfall events (mm/day) was also analyzed (light intensity rainfall: 
<7.5 mm/day; moderate intensity: 7.5–35.5 mm/day; high intensity: 
35.6–64.4 mm/day; and very high intensity; >64.5 mm, as per IMD 
classification). 

2.4. Statistical analysis 

2.4.1. Regression analysis between event rainfall and surface runoff 
Linear regression was performed to establish the relationship be

tween daily rainfall and measured surface runoff under raised bed and 
flat bed landforms for i) deep Vertisols (BW1 vs BW2); ii) medium deep 
Vertisols (BW3 vs BW4); and iii) Alfisols (RW1 vs RW2). In this analysis, 
slope of the regression line indicates the fraction of rainfall partitioned 
into surface runoff (called as runoff coefficient). 

2.4.2. Analysis of variance (AVOVA) 
Analysis of Variance (ANOVA) was used to evaluate the differences 

in mean and variance in hydraulic conductivity measured at different 
suction heads (TDI experiments) between Alfisols and Vertisols and in 
raised bed and flat bed landforms. Similarly, the level of significance for 
runoff and soil loss was evaluated in the two soil types and landforms. 
Daily, monthly and annual data on runoff and soil loss was used for this 
analysis. Runoff coefficients estimated for different rainfall intensities 
were also evaluated for the respective months using z-test and also 
through a post-hoc test to understand its level of significance. The sta
tistical analysis was done using R-program. 

3. Results 

3.1. Soil retention and soil hydraulic properties of Vertisols and Alfisols 

3.1.1. Soil retention 
Soil texture (sand, silt and clay percentage), bulk density, porosity 

and moisture retention at 0.3 bar and 15 bar measured in Alfisols and 
Vertisols are shown in Table 3. The sand content in Alfisols was between 
61% and 75% and clay content between 18% and 31%. In Vertisols, the 
sand content was in between 21% and 29% while clay content ranged 
between 50% and 58%. Soil moisture retention at 0.3 bar was in the 
range of 0.17–0.22% in Alfisols and 0.33–0.45% (v/v) in Vertisols. Bulk 
density data showed that the 30-year practice of raised beds increased 
top soil (0–0.15 m) porosity (55% in raised bed vs 42% in furrow) in 
Vertisols. Bulk density at 0–0.15 m was 1190 kg/m3 in raised bed 
compared to 1550 kg/m3 in furrows. Bulk density at lower layers (i.e., 
0.15–0.30 m and 0.30–0.45 m) ranged from 1330 kg/m3 to 1360 kg/m3 

in raised beds. A comparison of flat bed and raised bed fields located side 
by side indicated that long-term raised beds helped improve soil porosity 
in top soil layers (0–0.15 m). Bulk density in Alfisols ranged between 
1390 kg/m3 and 1460 kg/m3 across the soil profile. 

3.1.2. Soil hydraulic properties 
Of the 5–8 experiments conducted, a set of suction heads was applied 

(-150 mm, − 100 mm, − 50 mm, − 20 mm) in the infiltration tests to 
ascertain time vs. infiltration rate, time vs. cumulative infiltration and 
sorptivity for different suction heads (Fig. 3). Infiltration rate (mm/h) at 
the beginning of the experiment was relatively high due to higher 
sorptivity and reached a steady state in about an hour’s time. Infiltration 
rate and cumulative infiltration were highly sensitive to the suction 
applied. Infiltration rate (both transient and steady state) were multiple- 
folds higher while changing the suction from − 150 mm to − 20 mm. 
Cumulative infiltration was higher in Alfisols compared to Vertisols. 
Infiltration rate at different suction heads was relatively higher in raised 
beds compared to flat beds. Soil sorptivity was estimated at 1–5 mm/h0.5 

in Vertisols and 1–10 mm/h0.5 in Alfisols. 
Fig. 4 shows the steady state infiltration rate measured at different 

suction heads in both Vertisols and Alfisols in both raised beds and flat 
beds. The coloured line shows the results of individual TDI experiments. 
Infiltration rate in raised beds was always higher than in flat beds both in 
Alfisols and Vertisols. The infiltration rate at − 100 mm suction was 
below 2–5 mm/hour in Vertisols, indicating that the contribution of 
macro-pores is declining with increasing suction. Infiltration rate 
increased significantly from − 100 mm to − 20 mm. The steady state 
infiltration rate at − 20 mm was 40 mm/hour in raised beds compared to 
25 mm/hour in flat beds. In Alfisols, infiltration rate at − 100 mm suc
tion head ranged between 8 mm/hour and 15 mm/hour in raised beds 
compared to between 2 mm/hour and 15 mm/hour in flat beds. The 
steady state infiltration rate at − 50 mm in Alfisols ranged from 20 mm/ 
hour to 55 mm/hour in raised beds compared to 2 mm/hour to 25 mm/ 
hour in flat beds. 

Table 4 compares saturated hydraulic conductivity in raised bed and 
flat bed landforms in Vertisols and Alfisols. Saturated hydraulic con
ductivity (Ks) and constant (b) of Gardner exponential model is sum
marized for the respective watersheds. There was large variability from 
location to location in both the soil types and land management treat
ments. Saturated hydraulic conductivity in Alfisols under raised beds 
was the highest, with an average of 174 mm/hour (54–339 mm/hour) 
compared to 64.4 mm/hour under flat beds (3–280 mm/hour). Average 
saturated hydraulic conductivity in Vertisols under raised beds was 141 
mm/hour (69–359 mm/hour) compared to 57 mm/hour (20–150 mm/ 
hour) under the flat bed landform. 

Table 5 presents the level of significance (p < 0.05) in soil hydraulic 
conductivity measured at different suction heads. In total, results were 
obtained from 40 TDI tests at − 150 mm suction. No significant differ
ence was found between soil types and landform treatments at − 150 mm 
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suction, as indicated by the F value. On the contrary, hydraulic con
ductivity measured in the experimental watersheds at − 100 mm suction 
and above was found significantly different (F value > Fcritical). Further, 
the post-hoc test indicated significant difference in hydraulic conduc
tivity between raised bed and flat bed landforms at − 100 mm, − 50 mm 
and soil saturation stage for Alfisols while the difference in hydraulic 
conductivity between raised bed and flat bed landforms was significant 
only at saturation level in Vertisols. 

Fig. 5a and b compare the macro-pores of different radii contrib
uting to water flow in Vertisols and Alfisols. The radii of macro-pores 
contributing at − 150 mm, − 100 mm, − 50 mm and − 20 mm suction 
heads are 0.1 mm, 0.15 mm, 0.30 mm and 0.75 mm or lower, respec
tively. Large variability was observed in the number of macro-pores 
contributing to the movement of water at different suctions. The 
experiment showed a maximum of 2000 pores (ranging from 500 to 
2000/m2) of 0.1 mm contributing to the movement of water at − 150 
mm suction in Vertisols. In Alfisols, these numbers were as high as 4000/ 
m2. Between 0.2 mm and 0.4 mm radii, the number of macro-pores 
contributing to the movement of water was less than 200/m2 in Verti
sols and 500/m2 in Alfisols. Fig. 5c and d compare the total water 
conducting porosities (cm3/m3) at different suction heads in Vertisols 
and Alfisols. In Alfisols, higher water conducting porosity was observed 
at higher suction compared to that in Vertisols. Total water conducting 
porosity (Θmt) below − 100 mm suction was in the range of 10–100 cm3/ 
m3 in Vertisols compared to 10–250 cm3/m3 in Alfisols. Maximum Θmt 
at − 50 mm suction in Vertisols was 180 cm3/m3 compared to 350 cm3/ 
m3 in Alfisols. The value of Θmt in raised beds was observed to be higher 
compared to that in flat beds in both Vertisols and Alfisols. 

3.2. Rainfall, soil moisture, runoff and soil loss dynamics 

3.2.1. Amount of rainfall and variability 
Between 1996 and 2020, the study area received between 494 mm 

and 1473 mm annual rainfall with an average of 897 mm from an 
average of 50 rainfall events (>2.5 mm/day). Of the total rainfall 
received in a year, 85% was between June and October, the predomi
nant crop season. Of this, nearly half the events (23) had a rainfall in
tensity of 2.5–7.5 mm/day (light intensity); 19 with 7.6–35.5 mm/day 
(moderate intensity); 6 with 35.6–64.4 mm/day (high intensity), and a 
minimum two events with more than 64.5 mm/day (very high in
tensity). On an average, the amount of rainfall received from light, 
moderate, high and very high rainfall events was 135 mm, 340 mm, 200 
mm, and 222 mm, respectively. 

3.2.2. Soil moisture dynamics 
Moisture in the top soil layer (0–0.15 m) in deep Vertisols with 

sorghum/pigeonpea intercrop (BW1) and fallow-sorghum (BW2) and in 
Alfisols with sorghum/pigeonpea intercrop (RW1) for an entire year is 
shown in Fig. 6a. Each dot shows soil moisture content (%, v/v) at 5–7- 

day intervals and daily rainfall (vertical bars). Soil moisture in different 
watersheds was measured at 0.1–0.4% (v/v) at the beginning of 
January. It was always the highest in BW2, followed by RW1 and BW1. 
Minimum soil moisture was recorded in May and June (0.05–0.1%), 
which reached the highest level by the end of October (0.15–0.35%) and 
subsequently declined. As BW2 remains fallow during the monsoon 
season, moisture level builds up and its utilization largely takes place 
during the post-monsoon season. In the other watersheds, the crops were 
grown in both Wet (Kharif) and dry (rabi) seasons with residual moisture 
being utilized subsequently. 

Further, Fig. 6b describes the difference in water storage (DWS) 
capacity (% v/v) of surface soil in the watersheds. This difference is the 
free space available at any given point of time to bring soil moisture to 
saturation level. During rain events, it is expected that runoff will be 
generated after soil surface moisture reaches saturation level. Data on 
soil physical properties showed that total porosity of the surface soil in 
BW1, BW2 and RW1 was 55%, 42% and 48%, respectively. The higher 
DWS value in BW1 followed by RW1 and BW2, implies greater scope to 
harvest soil moisture in BW1 given any amount of rainfall. Since soil 
moisture in RW1 and RW2 were being utilized for crop growth, the DWS 
was relatively low compared to that in BW2 (fallow during monsoon). A 
comparison of DWS between different months showed that it was 
highest during May-June, coinciding with summer, and lower in 
October, coinciding with the end of the monsoon. 

3.2.3. Rainfall-runoff and soil loss relationship 
Fig. 7 describes the daily rainfall-runoff relationship in two paired 

Vertisols watersheds and a paired Alfisols watershed under raised bed 
and flat bed landforms. As expected, the magnitude of runoff increased 
with increasing rainfall intensity. However, large variability was 
recorded in runoff generated for the same intensity of rainfall. For 
example, rainfall at 60 mm/day generated runoff ranging from 5 mm to 
50 mm in BW3, indicating event-wise runoff coefficients ranging be
tween 8% and 80%. Similar variations were observed in each experi
mental watershed both under raised bed and flat bed landforms. 

In the deep Vertisols experiment, one part of the watershed (BW1) 
was treated with raised beds and sorghum cultivated with pigeonpea, 
whereas other part (BW2) had flat beds which remained fallow during 
wet season. Under this experiment, runoff generated from BW1 was 
relatively less than from BW2. A regression analysis indicated an 
average 24% runoff coefficient in raised beds compared to 38% in flat 
beds (significantly different, p < 0.05) for daily rainfall intensity events 
(Fig. 7a). 

In another paired watershed of Vertisols, both experimental fields 
(raised bed BW3 vs. flat bed BW4) were under cropped condition. 
Regression line shows 41% runoff coefficient in flat bed landform 
compared to 29% in raised bed landform, i.e., significantly different (p 
< 0.05) (Fig. 7b). Similarly, under the third experimental watershed of 
Alfisols, the runoff coefficients for raised beds and flat beds were 48% 

Table 3 
Soil texture, bulk density, porosity, and moisture retention in different soil layers in Vertisols and Alfisols.  

Depth (m) Vertisols 

Sand (%) Silt (%) Clay (%) Bulk density (kg/m3) Porosity (%) Moisture retention (v/v) 

Raised bed In furrow Raised bed In furrow 0.3 bar 15 bar 

0–0.15 28 21 52 1190 1550 55 42  0.33  0.25 
0.15–0.30 29 21 50 1330 1400 50 47  0.36  0.28 
0.30–0.45 21 21 58 1360 1400 49 47  0.45  0.34  

Depth (m) Alfisols 

Sand (%) Silt (%) Clay (%) Bulk density (kg/m3) Porosity (%) Moisture retention (v/v) 

0.3 bar 15 bar 

0–0.15 75 7 18 1390 48 0.17 0.08 
0.15–0.30 67 7 26 1450 46 0.19 0.10 
0.30–0.45 61 7 31 1460 46 0.22 0.10  
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and 47% (insignificantly different, p > 0.05), respectively for daily in
tensity rainfall (Fig. 7c). A comparison of all the six experimental wa
tersheds showed that the highest runoff coefficient was from RW1 and 
RW2 followed by BW4 and BW2; the lowest was in BW1. 

Runoff response to moderate (7.5–35.5 mm/day), high (35.6–64.4 
mm/day) and very high (>64.5 mm/day) intensity rainfall events in all 
the three paired watersheds are summarized in Fig. 8. On an average, 
runoff from BW1 (raised bed under cropped condition) was 2 mm (σ – 

Fig. 3. Infiltration rate, cumulative infiltration and sorptivity for selected TDI experiments in Vertisols and Alfisols.  
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standard deviation = 2 mm), 7 mm (σ = 6 mm) and 19 mm (σ = 7 mm) 
compared to 5 mm (σ = 2 mm), 13 mm (σ = 8 mm) and 32 mm (σ = 14 
mm) in BW2 (flat bed with fallow land) under moderate, high and very 
high intensity rainfall events, respectively. Under medium deep Verti
sols, average runoff was 2 mm (σ = 3 mm), 7 mm (σ = 8 mm) and 21 mm 
(σ = 18 mm) in BW3 (raised bed with crop) compared to 3 mm (σ = 4 
mm), 11 mm (σ = 11 mm) and 27 mm (σ = 17 mm) in BW4 (flat bed with 
crop) under moderate, high and very high intensity events, respectively. 
Similarly in Alfisols, 11 mm (σ = 7 mm), 9 mm (σ = 10 mm) and 35 mm 
(σ = 25 mm) runoff was recorded from RW1 (raised bed) whereas 11 
mm (σ = 7 mm), 9 mm (σ = 10 mm) and 34 mm (σ = 21 mm) runoff was 

recorded from RW2 (flat bed) in response to moderate, high and very 
high intensity rainfall events, respectively. Overall, the analysis showed 
declining runoff in raised beds in Vertisols compared to in flat beds. 

Statistical analysis (Table 6) further indicates that runoff response 
from moderate intensity events was significantly different in both soil 
types (F = 318 > Fcritical) and also among all the three paired experi
mental watersheds (p < 0.05). However, this difference was not signif
icant for high and very high intensity events. Also, runoff generated 
between BW1 and BW2 was significantly (p < 0.05) different for all 
categories of rainfall intensity events. Under cropped conditions, there 
was no significant (p > 0.05) difference between raised bed and flat bed 

Fig. 4. Steady state infiltration rate measured at different suction heads in raised bed and flat bed fields in Vertisols and Alfisols. The coloured lines represent the 
different TDI experiments. 

Table 4 
A comparison of saturated hydraulic conductivity (Ks) in raised bed and flat bed landforms in Vertisols and Alfisols.  

TDI tests Vertisols Alfisols 

Raised bed (BW1) Flat bed (BW2) Raised bed (RW1) Flat bed (RW2) 

Ks 

(mm/h) 
b 
(–) 

Ks 

(mm/h) 
b 
(–) 

Ks 

(mm/h) 
b 
(–) 

Ks 

(mm/h) 
b 
(–) 

1 84  0.29 33  0.23 264  0.39 80  0.49 
2 359  0.42 20  0.22 65  0.27 76  0.34 
3 124  0.27 50  0.20 250  0.33 51  0.26 
4 75  0.27 33  0.19 99  0.26 22  0.15 
5 212  0.38 150  0.32 339  0.38 3  0.07 
6 84  0.24 –  – 228  0.31 33  0.17 
7 121  0.43 –  – 91  0.19 22  0.09 
8 69  0.33 –  – 54  0.22 27  0.30  

Average 141  0.33 57  0.23 174  0.29 64.4  0.23  
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Table 5 
ANOVA showing the level of significance (p < 0.05) in soil hydraulic conductivity at different suction heads.  

Suction head No of 
tests 

Soil 
types 

Landform F 
value 

F 
critical 

p-value p-value Significance level 
between soil 
types 

between landform 
methods 

− 150 mm 40 Vertisols Raised 
bed 

1.01 2.87 0.532 0.06 No difference between soil types and landform 
treatment 

Flat bed 
Alfisols Raised 

bed 
0.47 

Flat bed 
− 100 mm 32 Vertisols Raised 

bed 
3.29 2.95 0.129 0.62 In Alfisols, significance among landform 

methods 
Flat bed 

Alfisols Raised 
bed 

0.03 

Flat bed 
− 50 mm 32 Vertisols Raised 

bed 
4.89 2.95 0.499 0.15 In Alfisols, significance among landform 

methods 
Flat bed 

Alfisols Raised 
bed 

0.008 

Flat bed 
At saturation 

level 
32 Vertisols Raised 

bed 
3.36 2.95 0.572 0.044 Significance among landform methods in both 

soil types 
Flat bed 

Alfisols Raised 
bed 

0.045 

Flat bed  

Fig. 5. The distribution of different radii of macro-pores contributing to water flow in a) Vertisols and b) Alfisols and total water conducting porosity at different 
rates of suction applied in c) Vertisols and d) Alfisols. 
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Fig. 6. Layer-wise soil moisture fluctuations in a) Alfisols (sorghum/pigeonpea); b) deep Vertisols (wet season fallow- dry season sorghum) under flat bed landform; 
and c) deep Vertisols (sorghum/pigeonpea) under raised bed landform. 

Fig. 7. The relationship between daily rainfall and runoff in a) deep Vertisols (BW1 vs BW2); b) medium deep Vertisols (BW3 vs BW4); and c) Alfisols (RW1 vs RW2) 
under raised bed and flat bed landforms. 
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landforms in terms of runoff generation in Vertisols (BW3 vs BW4) and 
Alfisols (RW1 vs RW2). 

Fig. 9 presents cumulative rainfall vs. cumulative runoff from the 
experimental watersheds for all the monitoring years. Coloured dots in 
the panels represent different years. Runoff threshold, i.e., cumulative 
rainfall required to initiate surface runoff, varied from year to year. For 
example, there was no runoff in 1999 from BW1 despite receiving 600 
mm rainfall in the entire year. In 2001, despite receiving the same 
amount of rainfall, 40 mm cumulative runoff was generated. In 2008, 10 
mm runoff was generated with merely 50 mm of cumulative rainfall. 
Similar observations were recorded in all the experimental watersheds 
with different amounts of runoff. Further, a comparison between raised 

bed and flat bed landforms indicated that cumulative runoff was either 
higher or almost the same in flat beds compared to raised beds. The 
maximum cumulative runoff recorded during the monitoring period in 
BW1 was 95 mm compared to 200 mm in BW2 and from BW3 (raised 
bed) and in BW4 (flat bed) it was 330 mm and 380 mm, respectively. In 
Alfisols, the maximum cumulative runoff recorded from RW1 (raised 
bed) and RW 2 (flat bed) was 260 mm and 280 mm, respectively. This 
difference was statistically significant between BW1 and BW2 (p < 0.05) 
but not significantly different in the other two paired watersheds (RW1 
vs. RW2 and BW3 vs.BW4). 

The variability in runoff generated can be better understood in terms 
of rainfall intensity and its distribution. Fig. 10 compares runoff 

Fig. 8. Runoff response to moderate, high and very high rainfall events in three paired watersheds.  
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response to intensity of rainfall received in 2002 and 2003 in dry and 
normal years, respectively. A total of 580 mm rainfall was received in 
2002 with 44 events of light and moderate intensity (Fig. 10). Due to the 
uniform distribution and moderate intensity, maximum cumulative 
runoff in all the experimental watersheds was 30 mm. The year 2003 
received 900 mm rainfall from 40 rainfall events and generated 
100–210 mm cumulative surface runoff in different watersheds. Of the 
40 rainfall events, 6 of high and very high intensity (40–120 mm/day) 
contributed to runoff generation. With incidence of high to very high 
intensity rainfall events, about 70–180 mm runoff was generated from 
different watersheds in response to 600 mm of cumulative rainfall by the 
middle of the monsoon in 2003. 

Runoff response to a selected rainfall event during 2003 is further 
described on an hourly basis. The rainfall received on 23 July 2003 was 
47 mm. Fig. 11 shows the runoff generated at frequent intervals (10–30 
min) from deep Vertisols and Alfisols for raised bed and flat bed land
forms. The runoff response was quicker in Alfisols compared to Vertisols. 
Peak runoff was recorded within one hour of the rainfall event in Alfisols 
whereas the peak in Vertisols was reached between 1.5 and 2 h. In 
Alfisols, within four hours, 98% of runoff was recorded at the outlet, 
whereas in Vertisols runoff continued for 9–10 h. During this event, the 
amount of runoff generated from flat beds was relatively high compared 
to that from raised beds. More specifically, the response of Alfisols and 
Vertisols mainly differed in terms of timing of peak flow and total 
duration of hydrograph which could be understood by differences in soil 
porosity, total storage capacity and also drainable porosity. Due to dif
ferences in water storage capacity of surface soils in the different wa
tersheds, the magnitude of runoff was different. Relatively poor 
drainable porosity (i.e., macro-porosity near saturation) might have 
contributed to long recession of hydrograph in Vertisols compared to 
Alfisols. 

Fig. 12 compares cumulative rainfall with cumulative soil loss in all 
the monitoring years (the coloured dots represent different years) and 
between the experimental watersheds. Cumulative soil loss in different 
years was strongly correlated with rainfall. Maximum cumulative soil 
loss of 3.9 t/ha was observed in BW3 compared to 7.0 t/ha in BW4 and 
7.0 t/ha in RW1 compared to 9.0 t/ha in RW2. This demonstrates that 
soil loss in Alfisols was relatively higher than in Vertisols. The raised 
beds significantly helped control soil loss compared to flat beds in both 

Vertisols (p < 0.05) and Alfisols (p < 0.05). This could be due to the 
greater distance covered by runoff water from a given location in the 
field to the outlet point. In flat beds, water moves towards a natural 
slope whereas in raised beds water is guided along the raised bed with a 
mild slope of 0.5–0.6% and is safely disposed at the outlet, as shown in 
Fig. 1. While taking the longer path, the suspended soil particles get 
settled and the energy dissipates. Therefore, while there is a slight dif
ference in runoff between both landforms, the difference in soil loss is 
significant. 

Table 7 summarizes the runoff generated from all the three soil types 
under two different landforms in dry, normal, and wet years based on 
8–12 years of monitoring. Total data for BW1 and BW2 was available for 
8 years in which 3 were dry and 5 were normal, with average monsoonal 
rainfall of 530 mm and 720 mm, respectively. The 530 mm rainfall 
received in the dry years generated surface runoff of 2% (12 mm) from 
raised beds and 4% (19 mm) from flat beds. In normal years, surface 
runoff generated was 8% (55 mm) from raised beds and 17% (122 mm) 
from flat beds. 

Data for BW3 and BW4 was available for 12 years. Of the 12 years, 3 
were dry, 5 were normal, and 4 were wet years with average rainfall of 
530 mm, 729 mm and 1101 mm, respectively. Surface runoff generated 
in dry years was < 2% of total rainfall in both raised beds and flat beds. 
In normal years, surface runoff from raised beds and flat beds was 7% 
(53 mm) and 11% (77 mm), respectively. Surface runoff during wet 
years was 20% (215 mm) from raised beds and 23% (258 mm) from flat 
beds. In Alfisols (RW1 and RW2), data is available for 8 years, of which 1 
was dry (573 mm), 5 were normal (722 mm) and 2 were wet years (986 
mm). Runoff generated in dry years was <2% of the rainfall from both 
flat bed and raised bed land forms, negligible soil loss was recorded. 
Runoff during normal years was 16% (i.e., 115 mm) and 17% (i.e., 126 
mm) under raised bed and flat bed conditions, respectively. During wet 
years, the surface runoff recorded was 19% (186 mm) and 22% (213 
mm) of total rainfall in raised bed and flat bed conditions, respectively. 
Soil loss from medium deep Vertisols ranged from 1.1 t/ha to 3.1 t/ha in 
raised beds compared to 2.6 t/ha to 5.2 t/ha in flat beds. Soil loss from 
Alfisols ranged from 3.0 t/ha to 7.1 t/ha in raised beds compared to 4.5 
t/ha to 9.1 t/ha in flat beds. Results showed that raised beds are helpful 
in reducing soil loss by 1.5 to 2.1 t/ha compare to untreated landscape 
during normal and wet years. 

4. Discussion 

4.1. Influence on available water storage and soil hydraulic conductivity 

Experimental results indicate that raised beds reduce runoff and 
sediment loss, more so in Vertisols than in Alfisols, particularly during 
low to moderate intensity rainfall events. However, there is no signifi
cant difference in runoff reduction and sediment loss between high and 
very high intensity events due to landform treatments. Raised beds in 
Alfisols and Vertisols reduced runoff by 10–30 mm and 25–40 mm, 
respectively during normal and wet years. Raised beds facilitate better 
crop growth and protects it from water logged conditions and develops 
soil structure. It is characterized by a large number of macro-pores and a 
high infiltration rate compared to flat beds. It was also found that hy
draulic conductivity in Alfisols is higher compared to that in Vertisols. 
Despite this, runoff generated was higher in Alfisols than in Vertisols for 
the same amount of rainfall. This could be explained by the difference in 
water storage capacity. Hydraulic conductivity and water storage ca
pacity are the key physical processes that determine runoff response. In 
an unsaturated state, available water storage capacity (the difference 
between saturated moisture and current soil moisture) largely influences 
runoff dynamics, while during excess rainfall, soil hydraulic conduc
tivity influences hydrological processes. 

Moisture availability in the top soil surface (0–0.15 m) fluctuated not 
only due to crop water uptake but also other environmental factors. Soil 
moisture from the top layer can directly evaporate, bringing soil 

Table 6 
ANOVA showing level of significance (p < 0.05) of runoff response in different 
experimental watersheds.  

Rainfall 
intensity 

Watersheds F-value Significance 
between 
watersheds 

Raised bed 
vs. flat bed 
(p-value) 

Moderate Deep Vertisols 
(BW1 and BW2) 

F = 318 
> Fcrit =

3.01 

DV vs MDV: p =
0.018; 
MDV vs AS: p =
0.000; 
DV vs AS: p =
0.000 

p = 0.000 

Medium deep 
Vertisols (BW3 
and BW4) 

p = 0.148 

Alfisols (RW1 and 
RW2) 

p = 0.933 

High Deep Vertisols 
(BW1&BW2) 

F = 0.42 
< Fcrit =

3.03 

DV vs MDV: p =
0.37 
MDV vs AS: p =
0.70 
DV vs AS: p =
0.69 

p = 0.003 

Medium deep 
Vertisols (BW3 
and BW4) 

p = 0.125 

Alfisols (RW1 and 
RW2) 

p = 0.872 

Very high Deep Vertisols 
(BW1 and BW2) 

F = 2.57 
< Fcrit =

3.06 

DV vs MDV: p =
0.35 
MDV vs AS: p =
0.06 
DV vs AS: p =
0.059 

p = 0.018 

Medium deep 
Vertisols (BW3 
and BW4) 

p = 0.286 

Alfisols (RW1 and 
RW2) 

p = 0.943 

Note: DV = Deep Vertisols (BW1 and BW2); MDV = Medium deep Vertisols 
(BW3 and BW4); and AS = Alfisols (RW1 and RW2). 
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moisture much lower than the permanent wilting point. Vertisols, which 
are prone to wide and deep cracks, lose soil moisture even up to the 
extreme dry stage. Under such condition, the rainfall received on the 
landscape is largely utilized to fill the available storage, which is mostly 
higher in Vertisols compared to Alfisols. Soil sorptivity also plays an 
important role when the soil is dry (i.e., before the monsoon). 

Runoff generated in Vertisols was found 50% lower than that in 
Alfisols, especially during normal rainfall years. This difference was 
nullified during wet years as available storage was filled in both the 
landforms. Land use too plays an important role in runoff generation. 
The runoff generated from fallow land was almost double that generated 
under cropped conditions. While soil moisture in cropped land is usually 
utilized and creates higher available storage, under fallow conditions 
there is minimal utilization of soil moisture; so the landscape retains the 

high soil moisture and creates less available storage resulting in high 
runoff. Raised beds have a major advantage in terms of controlling soil 
erosion. Raised beds and furrows allow running water to dissipate its 
energy and slow it down by offering resistance to the course of its flow. 
They also guide the runoff towards a safe way of disposal from the field. 
Raised beds also contributed to reducing soil loss by 30–60% both in 
Vertisols and Alfisols. 

4.2. Comparison with other studies and future scope 

Similar to the current study, Kurothe et al. (2015) analyzed the ef
fects of tillage and cropping system on runoff and soil loss using long- 
term experimental studies in very deep sandy soils of the semi-arid 
tropics of Western India. They found that various in-situ water 

Fig. 9. Cumulative surface runoff generated in response to cumulative rainfall in Vertisols and Alfisols under raised bed and flat bed landforms between 1996 
and 2009. 
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Fig. 10. Cumulative rainfall vs cumulative runoff in 2002 and 2003 in deep Vertisols, medium deep Vertisols and Alfisols under raised bed and flat bed landforms.  

Fig. 11. Cumulative runoff generated in Vertisols and Alfisols for a selected rainfall event in 2003.  
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conservation practices (e.g., ridge farming, no-tillage practices and 
stubble mulching) reduced surface runoff and soil loss by 16–69% and 
32% compared to conventional practices. Pathak et al. (2013) explained 
that sandy Alfisols which are characterized by high saturated hydraulic 
conductivity, can generate higher runoff compared to clayey Vertisols 
with extremely low saturated hydraulic conductivity, especially during 
high intensity rainfall events. This contrasting hydrological behavior is 
largely due to differences in soil characteristics. dos Santos et al. (2016) 
explain that the occurrence of dry spells and the formation of cracks in 
Vertisols are the most important factors controlling runoff. Dry spells 
lead to cracks in the expansive soil, which act as preferential flow path 
leading to high initial abstractions. 

Singh et al. (2011) developed a strategy for in-situ water conservation 

in the hilly micro-watershed of Himalaya, India using two years’ field 
data and simulation modeling. A combination of different vegetative 
measures along with low-cost rainwater harvesting structures reduced 
soil loss by 75%. Similarly, Wolka et al. (2020) studied the impact of soil 
and water conservation measures on the steep hill slopes of southwest 
Ethiopia. Soil bunds effectively reduced surface runoff by 80–92%. 
Without soil bunds, soil loss between 5 and 43 t/ha was record
ed following two years of monitoring, indicating a loss of about 1.3–4 
mm soil per year. Soil bunds decreased soil loss by about 96%. Levine 
et al. (2021) investigated the impact of detainment bunds as a novel 
strategy to mitigate nutrient and sediment losses in surface runoff from 
pastures lands in New Zealand. A one-year field study on 55 ha and 20 
ha of micro-watersheds showed that detainment bunds decreased 

Fig. 12. Cumulative soil loss in response to cumulative rainfall in Vertisols (between 1996 and 2008) and Alfisols (between 2002 and 2008) under raised bed and flat 
bed landforms. 

Table 7 
Average runoff and soil loss measured from different experimental watersheds during dry, normal, and wet years. Parentheses shows the runoff in terms of per cent of 
total rainfall.  

Site Year No of Years Rainfall (mm) Runoff (mm) Soil loss (t/ha) 

Raised bed Flat bed Raised bed Flat bed 

Deep Vertisols (BW1 vs. BW2) Dry 3 530 12 (2%) 19 (4%)  –  – 
Normal 5 720 55 (8%) 122 (17%)  –  – 

Medium deep Vertisols 
(BW3 vs. BW4) 

Dry 3 530 2 (0%) 9 (2%)  0.0  0.0 
Normal 5 729 53 (7%) 77 (11%)  1.1  2.6 
Wet 4 1101 215 (20%) 258 (23%)  3.1  5.2 

Alfisols 
(RW1 vs. RW2) 

Dry 1 573 9 (2%) 6 (1%)  0.1  0.2 
Normal 5 722 115 (16%) 126 (17%)  3.0  4.5 
Wet 2 986 186 (19%) 213 (22%)  7.1  9.1  
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annual discharge by 31–43% and enhanced base flow. 
Other than runoff, groundwater recharge and evapotranspiration 

(ET) are the other water balance components that can be influenced by 
landform management. This paper has focused only on rainfall-runoff 
relationship. There is scope to study the other water balance compo
nents using hydrological modelling tools in addition to strengthening 
field scale monitoring of groundwater recharge as well as under 
different rainfall, soil type, slope and landform conditions in order to 
optimize the use of available natural resources towards sustainable 
intensification. 

4.3. Optimizing AWM interventions based on water balance 

Understanding the hydrological response of different soil types has 
direct implications for designing rainwater management interventions 
in arid and semi-arid tropics. In the absence of such information, in
terventions lack adherence to standard protocols/methodologies based 
on sound hydrological principles. Most of the engineering structures 
constructed under various public welfare programs have either 
underutilized or overutilized available resources (Glendenning et al., 
2012). Under current practices, only hydraulic designs are sometimes 
taken into account to decide the strength of structures. However, in the 
absence of complete hydrological information, there is no clarity on the 
optimal number of structures to be constructed in different ecologies. As 
Vertisols and Alfisols cover more than 60% of the land area in arid and 
semi-arid tropics, the outcome of this research will help different 
stakeholders take informed decisions while investing in soil and mois
ture conservation interventions. Besides, a variety of interventions are 
required to be designed for low, medium and high rainfall zones in order 
to enhance land and water use efficiency in upland areas with minimal 
negative impact on downstream. Under a climate change scenario and 
extreme weather events, a clear understanding of the relationship be
tween rainfall and runoff is key to developing and scaling up appropriate 
land and water management strategies. This will help rainfed agricul
ture systems move closer to achieving Sustainable Development Goals. 

5. Conclusions 

Data generated from long-term field experiments were analyzed 
under deep Vertisols, medium deep Vertisols and Alfisols to understand 
the rainfall-runoff-soil loss relationship under two land management 
forms. Two landforms, raised beds and flat beds, were compared using a 
paired watershed approach. The experiments ran for a period of 8–12 
years, during which rainfall variations in dry, normal and wet years 
were experienced, leading to the generation of extensive data. The 
findings from the study are as follows:  

• Alfisols are characterized by < 20% clay content and 45–48% 
porosity while Vertisols have > 50% clay content and 47–55% 
porosity. Average saturated hydraulic conductivity in Alfisols in 
raised beds was 174 mm/hour compared to 64 mm/hour in flat beds 
while in Vertisols they were 141 mm/hour in raised beds and 57 
mm/hour in flat beds. Total water conducting porosity at near 
saturation (-50 mm suction) was 180 cm3/m3 in Vertisols compared 
to 350 cm3/m3 in Alfisols.  

• Runoff generated in dry years from both the soils was negligible, 
while in normal years there was a significant difference between 
Alfisols and Vertisols. In a normal year (about 730 mm rainfall), 
Alfisols generated about 16–17% surface runoff on an average 
compared to 7–11% in Vertisols. Runoff generated from deep Ver
tisols under fallow in a normal year was 17% compared to 8% under 
cropped conditions on raised beds.  

• Raised beds were found to reduce surface runoff by 10–30 mm in 
Alfisols and 25–40 mm in Vertisols, which is equivalent to one or two 
supplemental irrigations. This could serve as a drought mitigation 
strategy in rainfed agriculture in the drylands which are prone to 

frequent dry spells. More importantly, soil loss was reduced by 
30–60% in raised beds compared to flat beds. The average soil loss 
from Vertisols was 1.1 t/ha under raised beds and 2.6 t/ha under flat 
beds in a normal year. On the other hand, in Alfisols average soil loss 
was 3.0 t/ha in raised beds and 4.5 t/ha in flat beds.  

• Surface runoff in Alfisols was 30–50% higher than that observed in 
Vertisols, especially during high rainfall events (>50 mm). The dif
ference in surface runoff was not significant during rainfall events of 
< 50 mm in both the soils. This is likely to be the tipping point of 
available moisture storage in Alfisols compared to Vertisols. Rainfall 
intensity events of more than 100 mm were not studied.  

• The results of the study will be useful in designing a robust, soil- 
specific rainwater management strategy to optimize the use of nat
ural resources and deal with the challenges posed by climate change 
in the drylands. 
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