
R E S E A R CH A R T I C L E

Development of degraded ravine lands of Western India
using Sapota (Achras zapota) plantation with terracing
vs. trenching-on-slope-based conservation measures

Raj Kumar1,2 | Ajay Kumar Bhardwaj1 | Battu Krishna Rao3 |

Anand Kumar Vishwakarma4 | Pratap Ray Bhatnagar2 | Sridhar Patra5 |

Gopal Kumar5 | Vijaysinha Kakade2 | Dhakshanamoorthy Dinesh2 |

Vinod Chandra Pande2 | Gaurav Singh2 | Sneha Dobhal6 | Narinder Kumar Sharma5

1Division of Soil and Crop Management, ICAR-

Central Soil Salinity Research Institute, Karnal,

Haryana, 132001, India

2ICAR-Indian Institute of Soil and Water

Conservation, Research Center, Vasad, Anand,

Gujarat, 388306, India

3Water and Land Management Training and

Research Institute, Hyderabad, Telangana,

500030, India

4Division of Soil Chemistry & Fertility,

ICAR-Indian Institute of Soil Science, Bhopal,

Madhya Pradesh, 462038, India

5Division of Soil Science & Agronomy,

ICAR-Indian Institute of Soil and Water

Conservation, Dehradun, Uttrakhand,

248 195, India

6College of Forestry, VCSG Uttarakhand

University of Horticulture and Forestry,

Ranichauri, Tehri, Uttarakhand, 249 199, India

Correspondence

Raj Kumar and Ajay Kumar Bhardwaj, ICAR-

Central Soil Salinity Research Institute,

Kacchwa Road, Karnal, 132001, Haryana, India.

Email: rajcswcrti@gmail.com, raj.kumar13@icar.

gov.in (R. K.) and ak.bhardwaj@icar.gov.in

(A. K. B.)

Battu Krishna Rao,Water and Land

Management Training and Research Institute,

Hyderabad, Telangana, 500030, India.

Email: b_krishnarao@rediffmail.com

Abstract

Globally, ravine landscapes are considered among the world's most degraded ecosys-

tems. Restoring ravines is considered a high priority item in the conservation

programmes, and tree establishment augmented with appropriate soil and water con-

servation measures is the most sought-after restoration strategy. This study exam-

ined the impact of terracing and trenching on runoff, soil loss, and soil properties

along with Sapota (Achras zapota) growth, fruit yield, biomass and carbon stock dur-

ing 6 years (2010–2015) in a degraded ravine land of Western India. The four soil

and water conservation strategies tested were (1) bench terracing + Sapota (Bt),

(2) bench terracing + Sapota with crop cultivation (BtCr), (3) continuous slope + Sapota

(Sl), and (4) continuous slope + Sapota with trenches (SlTr). All conservation techniques

increased Sapota height (Bt: 54%; BtCr: 27%; SlTr: 35%) and basal diameter (Bt: 36%;

BtCr: 18%; StCr: 22%) compared to Sl. Biomass and carbon stock of Sapota were in

the order of Bt > SlTr > BtCr > Sl. During the droughtperiod, fruit yield was highest in

Bt followed by BtCr, SlTr, and least in Sl. The treatment SlTr and Bt reduced runoff by

16–34% and soil loss by 15–25%, compared to Sl. The growth and biomass were

strongly correlated with soil loss. The findings suggested that bench terracing is the

best soil and water conservation measure for restoring highly degraded ravines of

Western India. Under circumstances where terracing is not feasible, trenching could be

a significant step along with Sapota plantation to restore these ravines.
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1 | INTRODUCTION

Over one billion ha of the world's land is affected by physical, chemi-

cal and biological degradation making it unproductive for agriculture

(Cai, Zhang, Wang, 2011; Munoz-Rojas et al., 2012). Drylands, which

include arid and semiarid environments, are prone to continuous land

degradation with estimates suggesting an existence of around

10–20% of such ecosystems globally (Millennium Ecosystem

Assessment, 2005; Safriel et al., 2005), and millions of hectares every

year are getting degraded (Brauch & Spring, 2009; Wang, Xue, Zhou, &

Guo, 2015; Yan & Cai, 2015). This problem is particularly serious in

semiarid climates, where soil erosion leads to the development of
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highly degraded ravine landscapes (Rao, Gaur, Kumar, Kurothe &

Tiwari, 2013). Morphologically, a ravine is a small, narrow, steep-sided

valley that is larger than a gulley but smaller than a canyon and is

formed by water erosion. Globally, a ravine landscape is considered as

one of the most degraded ecosystems (Ali, Sethy, Singh, Parandiyal, &

Kumar, 2016). Restoring these ecosystems is an important step

toward conserving precious soil resources, maintaining hydrological

balance, enhancing soil carbon (C) sequestration, mitigating climate

change, and improving socio-economic conditions and livelihood secu-

rity of people in the region (de MoraesSá et al., 2015; Minnemeyer,

Laestadius, & Sizer, 2011; Perring et al., 2015; Prosdocimi et al., 2016;

Roa-Fuentes, Martínez-Garza, Etchevers, & Campo, 2015).

Several types of anthropological activities such as improper man-

agement, illicit mining, uncontrolled grazing, deforestation, and land-

use change (Keesstra, 2007; Navar & Synnott, 2000; Sikka, Mishra,

Singh, Rao, & Islam, 2016), etc. accelerate the soil erosion processes

which subsequently transform an area into a ravine landscape. The

unchecked exploitation results in long-term changes in the soil envi-

ronment (Lal, 2001, 2016), resulting in poor plant growth

(Shrivastava & Kumar, 2015), and altered ecosystem functions (Evans,

Zipper, Burger, Strahm, & Villamagna, 2013). However, soil and water

conservation measures (SWCM) along with afforestation have good

potential to improve and sustain the biological productivity of

degraded ravine lands (Ali et al., 2016; Kurothe et al., 2014). Such

Conservation measures can achieve good success if implemented with

appropriate incentive mechanisms and subsidies to the local farmers'

by the regional governments (Biratu & Asmamaw, 2016).

To restore unproductive ravines, soil and water conservation mea-

sures, for example, contour bund, peripheral bund, terracing, check dams,

trenching and agroforestry (Chaturvedi, Kaushal, Tomar, Prandiyal, &

Panwar, 2014; Kurothe, Vishwakarma, et al., 2014) have been success-

fully tested and region-specific recommendations have been developed.

Of all the measures, reforestation has been considered as the most

important tool to mitigate land degradation in dry environments (Hu,

Niu, Zeng, & Wang, 2015). However, paucity of native commercial tree

species for reforestation of ravine lands is a big constraint. The dry,

degraded ravines of Western India are characterized by the dominance

of low commercial value native trees (Parandiyal, Samara, Singh, Singh, &

Rathore, 2000). Among several tree species, Sapota (Achras zapota) is

one that has been found to have very good economic value

(Amutha, 2014). It is an evergreen, deep-rooted, drought-resistant and

has good soil binding properties (Hernandez-Sanchez, Hernandez-

Fuentes, Elorza-Martinez, Lopez-Herrera, & Lopez-Jimenez, 2009).

Hence, it could be an excellent species to adopt for reclamation of ravine

land of Western India. However, most afforestation studies on the

degraded ravine lands have reported poor survival and growth of planted

trees as a consequence of high soil erosion and low soil water holding

capacity to sustain proper plant growth (Chaturvedi et al., 2014). Under

such conditions, when high level of degradation, as in ravines, hampers

tree growth and biomass production, proper SWCM needs to be inte-

grated with afforestation (Kumar, Bhatnagar, Kakade, & Dobhal, 2020).

Worldwide, SWCM, including bench terracing and trenching, have

been tested to restore ravine lands (Ali et al., 2016; Kurothe,

Vishwakarma, et al., 2014). On one hand, several potential benefits

such as checking runoff/soil erosion (García-Orenes et al., 2010),

improving soil properties (Kaushal et al., 2016), promoting plant growth,

enhancing biomass, and C assimilation and provisioning of commercial

tree products (Chaturvedi et al., 2014) have been claimed with SWCM

on different kinds of degraded lands. On the other hand, adverse

effects such as an increase in the peak of soil erosion rates due to ter-

racing are also not uncommon (Tarolli et al., 2015). Previous studies in

this region have indicated significant effect of trenching densities (Ali

et al., 2016; Kurothe et al., 2013), varying degree of slope (Kumar

et al., 2014), vegetation cover (Rao, Mishra, Kurothe, Pande, &

Kumar, 2015) and tillage operations (Kurothe et al., 2014) on runoff,

soil loss, plant growth and productivity. Most of these studies point to

an overall improvement in biological, hydrological and edaphic pro-

cesses due to conservation measures. However, very limited studies

exist on the impact of terraces compared to trenches on ravines, partic-

ularly in relation to tree growth characteristics, and runoff and soil ero-

sion effects over longer period of time. Very little data exists on change

in soil characteristics, biomass production trends, carbon stock and

effects of drought periods. The effect of drought period may be an

important criterion for adoption of tree species in such areas since

ravines have poor water holding characteristics and adverse hydrologi-

cal conditions. The role of SWCM in tree carbon assimilation and cli-

mate change mitigation, particularly drought tolerance deserves

attention and this could assist those who plan rehabilitation measures

(Jiao, Zou, Jia, & Wang, 2009), as presently less information is available

regarding these aspects throughout the globe (Xu, Ma, & Fu, 2006).

Ravine areas of Western India are characterized by erratic and

extreme rainfall events, low annual rainfall, frequent droughts, occa-

sional flash flooding, high summer temperatures, severe erosion, and

often, high anthropogenic pressure (Kumar et al., 2020). Therefore, in

this study, we investigated the impact of SWCM on biology, hydrology

and soil environment on degraded ravine land. We evaluated the perfor-

mance of the Sapota tree, a sought-after species for degraded areas of

Western India in conjunction with SWCM, bench terracing and

trenching. Crop cultivation along with tree plantation was also evaluated

as an option since seasonal crop yield can compensate for initial high

costs of land modification as in bench terracing. The objectives of the

study were to assess the impact of these strategies over longer periods

after establishment, and evaluate periodic variations in plant growth and

conservation effects (runoff, soil loss, and soil quality changes).

2 | MATERIALS AND METHODS

2.1 | Experimental site

The study was conducted on a semi-arid degraded ravine landscape

located at Vasad, Anand, in Western India (latitude 22�160N; longitude

72�580E and altitude 25 m a.m.s.l). The regional climate is a tropical

semiarid dry type with an average annual temperature of 25�C and

rainfall of 871 mm yr−1 (Kurothe, Kumar, et al., 2014). During the

experiment period, mean annual temperature was 25.4�C, with
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monthly mean temperatures ranging from 17.35�C in January to

33.51�C in May, and the mean annual precipitation was 983 mm

(Figure 1). Around 90% of the annual rainfall is received during the

monsoon period (July-Sept). The area experienced drought (475 mm)

in 2015 and high rainfall (1,611 mm) in 2013, respectively. The native

vegetation consisted of typical tropical dry deciduous and thorny spe-

cies of Acacia, Prosopis, Lantana (shrub) and the annuals. The soil is

classified as fine-loamy, mixed calcareous, hyperthermic, and falls

under Fluventic Ustochrepts (associated with Inceptisols) (Soil Survey

Staff, 2014). In general, soils are low in organic carbon (0.5%) and

nitrogen (96 kg ha−1), and the soil pH value is around 8.0.

2.2 | Experimental design and treatments

The study was initiated in 2010 to assess the potential of soil and

water conservation measures (SWCM) in the restoration of degraded

ravine lands. The experiment results were recorded for 6 years

(2010–2015). Initially, the experimental site was cleared by removing

scattered vegetation and thorny bushes to ensure plot uniformity and

to design conservation measures for developing the production sys-

tems. Four plots (72 m length × 24 m width) parallel to the slope were

established at the experimental site, each separated by an earthen

bund (30 cm height). Two plots were converted to terraced land and

divided into four sub-plots (terrace) to reduce slope length for soil-

water conservation. The remaining two plots were maintained at a

uniform slope (14%) for designing trench and control treatment. In

one sloping plot, 96 trenches, sized 2 × 0.5 × 0.5 m were designed as

SWCM, while the second sloping plot was maintained as a control. In

this experiment, bench terracing and sloping designs were considered,

keeping in mind the regional geography as bench terraces and slopes

are common throughout the entire ravine landscape. Trenches were

considered to observe their effectiveness in intercepting runoff' and

water storage for plant growth. Trenching also needs very low soil dis-

turbance compared to bench terracing. The four treatments (Figure 2),

therefore, were (1) bench terracing + Sapota (Bt), (2) bench terracing +

Sapota with crop cultivation (BtCr), (3) continuous slope + Sapota (Sl),

and (4) continuous slope + Sapota with trenches (SlTr).

2.3 | Runoff and soil loss determination

A V-notch iron structure and stage level recorder was fixed at the out-

let of each plot to measure soil loss and runoff, respectively. The run-

off sediment samples were collected at the outlet of each plot during

each rainfall event, from year 2010 to 2015 and later analyzed in the

laboratory to determine sediment concentration and soil loss (Fang,

Zhang & Cheng, 1999). The runoff was quantified from the runoff

charts fixed in the stage level recorders using the procedure by

Pathak, Wani, Singh, and Sudi (2004). The runoff coefficient was

determined as the ratio of the amount of runoff to the amount of pre-

cipitation and expressed in term of percentage.

2.4 | Plantation and crop cultivation

In March 2010, 6-month-old seedlings of Sapota (Achras zapota) were

planted in all of the four treatments in uniform number (27 in each

treatment) at spacing of 8 m × 8 m. The recommended cultural prac-

tices were followed to maintain Sapota growth and productivity

(Amutha, 2014). In BtCr treatment, castor (Ricinus communis) and cow-

pea (Vigna unguiculata) crops were grown along with Sapota to

observe the effect of crop cultivation and tillage on soil loss and tree

growth. The crops were grown annually in 1(castor):2(cowpea) pro-

portion, and conventional tillage and standard recommended agro-

nomic practices were followed.

2.5 | Measurement of trees

To evaluate Sapota growth and productivity, eight trees per treatment

(two per replication) were randomly selected and measured quarterly

every year (2010–2015). Basal diameter, total tree height, crown

width, and fruit yield were determined in sampled trees using the pro-

cedures described by West (2009). The stem volume of trees was

computed to estimate stem biomass using the methodology described

by Tomar et al. (2015). The diameter (>2.5 cm) of all the branches was

also recorded for each sampled tree.

2.6 | Biomass and carbon stock estimation

Destructive sampling of 25 branches of varying diameter (>2.5 cm)

was carried out to determine dry biomass (leaf + branch biomass) in

the Sapota tree as per the procedures by Poudel, Temesgen, and

Gray (2015). The relationship between branch diameter (cm) and dry

F IGURE 1 Annual rainfall, maximum annual temperature and
minimum annual temperature recorded (mean ± SD, n = 12) at the
experiment site (2010–2015) [Colour figure can be viewed at
wileyonlinelibrary.com]
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biomass (kg) was established to compute the branch biomass

(Table 1). The wood specific-gravity (0.93 g cm−3) and root-shoot ratio

(0.31) in Sapota were estimated as per methodology by Návar (2010).

The above-ground biomass (stem wood, branch wood, and leaves),

below-ground biomass and carbon stock were estimated in Sapota as

per the procedure by Petersson et al. (2012).

2.7 | Soil analysis

In order to analyze the soil physic-chemical properties, a composite

soil sample was made from four sub-samples which were collected at

three different depths (0–15, 15–30 and 30–45 cm), for each treat-

ment, every year (2010–2015). The soil pH and EC were determined

using 1:2.5 soil–water suspension with a multimeter (Eutech Instru-

ments, Singapore) (Jackson, 1973). The organic carbon was deter-

mined using wet digestion method (Walkley & Black, 1954). The

F IGURE 2 Treatment and
layout of soil and water
conservation measures. Bt =
bench terracing + Sapota; BtCr =
bench terracing + Sapota with
crop cultivation; Sl = continuous
slope + Sapota; SlTr = continuous
slope + Sapota with trenches
[Colour figure can be viewed at

wileyonlinelibrary.com]

TABLE 1 Relationships and references used for estimation of
biomass and carbon stock in Sapota

Sr. No Relationships used

1. Stem biomass = wood specific gravity (0.93 g cc−1) × stem

volume (Tomar et al., 2015)

2. Branch (s) biomass =0.1238e0.1090x (x = branch diameter;

e = exponential base) (Poudel et al., 2015)

3. Above ground biomass = Stem biomass + Branch (s)

biomass (Tomar et al., 2015)

4. Root: shoot ratio (0.31) = Dry biomass of root/dry biomass

of shoot (Návar, 2010)

5. Below ground biomass = Above ground biomass × root:

shoot ratio (IPCC, 2003)

6. Total tree biomass = Above ground + below-ground

biomass (Petersson et al., 2012)

7. Carbon stock = Total tree biomass × 0.50 (Petersson

et al., 2012)

4 KUMAR ET AL.

http://wileyonlinelibrary.com


available N, P, and K were determined by alkaline permanganate

(Subbiah & Asija, 1956), SnCl2 reduced phosphomolybdate

(Jackson, 1973) and flame photometer methods, respectively.

2.8 | Statistical analysis

The Tukey's HSD (honestly significant difference) was performed in

conjunction with one-way ANOVA with four replications in a random-

ized block design (quasi) to detect mean differences between various

treatments for different parameters, except for the runoff and soil

loss. The continuous slope + Sapota (Sl) treatment was considered as

a control to compare with other treatments. The correlation coeffi-

cients among parameters were determined, and significance was ana-

lyzed using the t-test. The SPSS 16.0 software (IBM, USA) used for

statistical analysis and the interactions among the treatments were

tested at a 5% level of significance. The graphing was done using ori-

gin pro 8.5 (Origin Lab Corporation, Northampton).

3 | RESULTS

3.1 | Tree growth

Mean tree height and collar diameter in Bt (bench terracing + Sapota),

BtCr (bench terracing + Sapota with crop cultivation), SlTr (continuous

slope + Sapota with trenches) and Sl (continuous slope + Sapota)

treatments ranged between 246–379 cm, and 8.0–10.9 cm,

respectively (Figure 3). Height and diameter growth showed a signifi-

cantly (p < .05) maximum increase in Bt, compared to SlTr, BtCr, and

Sl. Tree height in SlTr, BtCr, and Sl treatments were recorded 12.4%,

17.7%, and 35% lower, respectively, compared to Bt. Likewise, com-

pared to Bt, diameter growth was observed lesser in SlTr (9.8%), BtCr

(13.4%) and Sl (26.4%). Overall, conservation measures such as bench

terracing, bench terracing with crop cultivation and trenching

improved height and diameter growth in Sapota, compared to the

continuous slope. Moreover, crown area and canopy cover also

portrayed more or less the same picture as height and diameter

growth in all the treatments. These results showed that conservation

measures enhanced the height and diameter growth of Sapota.

3.2 | Biomass and carbon stock

The soil and water conservation measures (SWCM) significantly

(p < 0.05) affected biomass and carbon stock of Sapota (Figure 4).

Bench terracing (Bt) improved biomass and carbon stock by 4.4 and

2.2 t ha−1, respectively, compared to the continuous slope (Sl), while

trenching (SlTr) had 2.9 and 1.5 t ha−1 increase, respectively. Similarly,

cultivated bench terrace (BtCr) recorded 2.3 and 1.2 t ha−1 higher bio-

mass and carbon stock, respectively, compared to the continuous

slope (Sl). Overall, Biomass production and carbon stock was observed

higher in bench terracing, followed by trenching, cultivated bench ter-

race and least on continuous slope, respectively. These results

explained that conservation measures improved the biomass produc-

tions and carbon stock in Sapota.

F IGURE 3 Effects of
different treatments on plant
growth parameters. The error
bars denote ±1SE. Bars with
same letters are not significantly
different at p ≤ .05. Bt = bench
terracing + Sapota; BtCr = bench
terracing + Sapota with crop
cultivation; Sl = continuous slope +

Sapota; SlTr = continuous slope +
Sapota with trenches [Colour figure
can be viewed at
wileyonlinelibrary.com]
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3.3 | Runoff and soil loss

In our study, the mean annual runoff was recorded higher in SL

followed by SlTr and BtCr compared to Bt, respectively (Figure 5). Simi-

larly, the soil loss was recorded greater in BtCr followed by SL and SlTr

compared to Bt. Quantitatively, bench terracing (Bt) and trenching

(SlTr) reduced mean annual runoff by 1060 and 520 m3 ha−1 yr−1,

respectively, while soil loss was reduced by 1.5 and 0.90 Mg ha−1 yr−1,

respectively, compared to the continuous slope (Sl). In contrast, bench

terracing with crop cultivation (BtCr), produced 1.01 Mg ha−1 yr−1

higher soil loss and 850 m3 ha−1 yr−1 lower runoff, compared to the

continuous slope (Sl). The results showed that conservation measures

(bench terracing and trenching) reduced the runoff and soil loss in

degraded ravine lands.

3.4 | Soil physical and chemical properties

In this study, nitrogen (N), phosphorus (P), and potassium (K) in BtCr

were recorded significantly (p < .05) higher compared to Bt, SlTr, and

Sl, after 6 years (2015) (Table Data S1). However, a comparison

among Bt, SlTr, and Sl revealed that organic C, N, P, and K were

highest in Bt, followed by SlTr, and least in Sl. Change in soil physic-

chemical properties from the year 2010–2015 showed the maximum

change in soil N (+48.2%), P (+55.1%), and K (+27.5%) in bench terrac-

ing with crop cultivation (Figure 6). On the other hand, the least

F IGURE 4 Biomass (t ha−1) and carbon stock (t ha−1) of Sapota
under different treatments. The error bars denote ±1SE. Bars with
same letters are not significantly different at p ≤ .05. Bt = bench
terracing + Sapota; BtCr = bench terracing + Sapota with crop
cultivation; Sl = continuous slope + Sapota; SlTr = continuous slope +
Sapota with trenches [Colour figure can be viewed at
wileyonlinelibrary.com]

F IGURE 5 Average annual
runoff, runoff coefficient, average
annual soil loss and sediment
concentration under different
treatments during 6 years of
study (2010–2015). The error
bars denote ±1SD. Bt = bench
terracing + Sapota; BtCr = bench
terracing + Sapota with crop
cultivation; Sl = continuous slope +
Sapota; SlTr = continuous slope +
Sapota with trenches [Colour
figure can be viewed at
wileyonlinelibrary.com]
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change in soil N (15.1%), P (0.3%), and K (7.3%) was recorded in the

continuous slope. Increase in organic carbon was recorded highest in

bench terrcing (21.5%), and a decrease was recorded in bench terrac-

ing with crop cultivation (−13.4%), compared to the continuous slope.

These results support the notion that conservation measures

improved the soil properties in degraded ravine lands.

3.5 | Fruit yield during drought

The effects of SWCM on the fruit yield of Sapota are presented in

Figure 7. During the study period, 2015 was a drought year and Bt

had the highest fruit yield which was followed by BtCr, SlTr, and Sl, in

decreasing order. In general, bench terracing (Bt), bench terracing with

crop cultivation (BtCr) and trenching (SlTr) had 604, 434, and

69 kg ha−1 more fruit production over continuous slope (Sl) under

drought conditions. These results demonstrated that conservation

measures sustained fruit yield of Sapota during drought period.

3.6 | Correlation between soils, plant and
hydrological parameters

Significant (p < .05) correlation was observed between most of the

parameters, except for the fruit yield (Table 2). Runoff appeared

strongly correlated with most of the parameters except for height,

diameter and K. Likewise, soil loss showed strong correlation with

growth, biomass, organic carbon (C), and availability of N, P, and

K. Overall, correlation study revealed that growth and biomass pro-

duction is highly dependent on soil loss, organic C, soil N, soil P, and

soil K.

4 | DISCUSSION

Ravine landscapes in Western India are severely affected by the soil

erosion and rainfall aberrations which results in the reduced plant pro-

ductivity and enhanced resource degradation. In this region, the

number of rainfall events that actually contribute to runoff generation

vary from 5 to 10 per annum (Kumar et al., 2014). High runoff is gen-

erated even after a moderate rainfall event that results in soil loss.

Sometimes high rainfall events of more than 100 mm per day (once in

a year or two) result in very high erosion that leads to formation of

small gullies immediately, which turn into large ravines overtime if

conservation measures are not implemented. Moreover, due to con-

tinuous soil loss and in the absence of any conservation measures,

soils are unable to support any plant growth (Mehta et al., 2018).

Therefore, any practice that provides opportunity for better nutrient

availability and moisture retention would have profound effect on

plant establishment and growth. Soil water conservation measures

have demonstrated their potential in increasing rainwater infiltration

into the soil that results in reduced runoff and soil loss as well as

improved plant growth (Fernández, Fernández-Alonso, & Vega, 2020;

Wang et al., 2016). Ravines have poor productivity because the soils

are unable to support any plant growth. Poor water holding capacity

F IGURE 6 Changes in soil
properties during the period of
study (2010–2015). The error
bars denote ±1SE. Bt = bench
terracing + Sapota; BtCr = bench
terracing + Sapota with crop
cultivation; Sl = continuous slope +
Sapota; SlTr = continuous slope +
Sapota with trenches [Colour

figure can be viewed at
wileyonlinelibrary.com]

F IGURE 7 Fruit yield of Sapota under different treatments during
drought period. The error bars denote ±1SE. Bars with same letters
are not significantly different at p ≤ .05. Bt = bench terracing +
Sapota; BtCr = bench terracing + Sapota with crop cultivation; Sl =
continuous slope + Sapota; SlTr = continuous slope + Sapota with
trenches [Colour figure can be viewed at wileyonlinelibrary.com]
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and moisture retention are the main reason but nutrient availability

also plays a significant role. With erosion, most of the mineralized

nutrients are lost and therefore plant growth is not supported. Any

practice that makes significant differences to nutrient retention will

result in enhanced productivity and favourable soil physical and chem-

ical conditions for plant growth.

During 6 years (2010–2015) of experimentation, our results

showed that the continuous slope produced the highest runoff and

conservation measures like bench terracing and trenching reduced the

runoff generation. Similar observation has been noted by Zhang et al.

(2014, 2017) wherein terracing reduced the runoff and soil loss, and

improved the vegetation growth. Crop cultivation on bench terrace

(BtCr) only slightly increased runoff compared to non-cultivated

bench terrace (Bt), but it substantially increased the soil loss. This indi-

cated that even slight/moderate runoff events carried significant loads

of soil when crop cultivation is combined with terracing (Figure 5).

This was due to fact that conventional tillage operation resulted in

loosening the soil surface. The initiation of the rainy season simulta-

neously resulted in high soil loss, particularly during the germination

and seedling growth and before the establishment of good crop cover.

Even after crop harvest (without digging roots), land is fallow that also

results in high runoff and soil loss. In such conditions, rills are easily

formed even on the terrace. Therefore, plant cover is perhaps one of

the most important steps in rehabilitating ravine lands. Similar to our

observation, Kurothe, Kumar, et al. (2014) also reported higher soil

loss due to conventional tillage operations in a terraced ravine land.

Our findings indicated that crop cultivation in between trees planta-

tions is not preferable unless other stringent conservation measures

like increased dike height or crop residue retention/mulching along

with no-tillage is adopted. Since trenching also reduced soil loss signif-

icantly, compared to the continuous slope (Sl), it can also serve as a

cost-effective measure under such circumstances. Also, staggered

contour trenching in a triangular arrangement along the slope (calcu-

lated for the region based on Kurothe, Vishwakarma, et al., 2014)

worked effectively for controlling the runoff on these soils. Distribu-

tion and density of trenches may greatly influence the effectiveness.

Ali et al. (2016) also suggested that trench density has significant

effect on runoff and soil loss in ravine lands. Therefore trench density

and distribution need to be carefully evaluated before adoption. Yet,

it is another parameter which can be varied and manipulated to

achieve cost-effectiveness.

The significant improvement in soil organic matter in non-

cultivated bench terrace and trenching resulted from the greater grass

cover and its mixing in soil, and subsequently decomposition overtime

time. On the other hand, a decrease in soil organic carbon in crop cul-

tivation on bench terraces (BtCr) was noted, perhaps an effect of till-

age and resulting expedited decomposition. Tillage exposes soil

organic matter that expedites decomposition as well as increases its

susceptibility to erosion during the rainfall events. In case of soil nutri-

ents, there was increase in available nutrients stocks (N, P, and K) in

terracing with crop cultivation (BtCr), probably because nutrients as

fertilizers were added for cowpea and castor growth. The additional

input of fertilizers is translated into increased nutrient content of soil.

But interestingly, in non-cultivated terrace (Bt) and trench system

(SlTr), even without any nutrient inputs, conservation of soil and water

contributed increased nutrient content significantly. A similar effect

has been noted by Jiao, Wang, and Li (1999), who observed the

increased N and organic C content of soils on terraced land, compared

to the slope. Similarly, SWCM have been noted to increase soil mois-

ture content, nutrient retention and availability to plants (Singh, 2012;

Zhuang et al., 2016). Moreover, in unfertile ravines, small amount of

nutrient conservation through SWC along with synergistic effect of

TABLE 2 The correlation coefficients between the means of different parameters

Note: Colour coding: From yellow to green, Increasing more positive correlation. From yellow to red, Increasing more negative correlation. no colour = non-

significant correlation (at p < .05).

*Significant correlation at p < .05
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conserved soil moisture could have profound effect on plant growth.

The above reasons are highly relevant during early years of the tree

growth and establishment (i.e., shallow roots and erosion depleting

top soil nutrients) under different conservation measures.

The improvement in soil properties, resulting from reduced soil

and water loss under conservation measures, enhanced growth of

Sapota tree. Before plantation, the study site was dominated by bushy

vegetation, with scattered plant population and stunted growth, pri-

marily because of low rainfall along with high soil erosion, runoff

losses and infertile soil. In bench terracing and trenching, greater soil,

nutrient and water conservation measure (SWCM) resulted in

increased plant height and collar diameter, and improved the overall

growth. In general, trench and bench terracing have been noted to

create favorable physical, chemical and biological environment in soil

that enhances the plant growth (Kebede, 2014; Raiesi & Salek-Gilani,

2020). Specifically, terracing without crop cultivation proved to be the

best practice, while crop cultivation (on terraces) seems to have a little

negative effect in term of growth. Moreover, if economics is consid-

ered then the crop cultivation may be more profitable. However,

higher soil loss from this system may subsequently lead to the forma-

tion of rills and gullies. Supporting native or improved perennial

grasses instead of crops may be a better option, especially since

droughts are regular phenomena in this region and crop failure is com-

mon, while it little affect the grasses (Kumar et al., 2020). The crop

cultivation option need to further evaluated in terms of economics

and its longterm sustainability.

Overall the favorable changes in ravine ecosystems, due to con-

servation measures and tree plantations have longterm implications

for climate change mitigation and adaptation via enhanced carbon

sequestration and climate resilience (Franzluebbers & Doraiswamy,

2007; Pande et al., 2018). Our finding approved that carbon stocks

were significantly increased in the conservation treatments of bench

terracing and trenching. The conditions in ravines are also highly fluc-

tuating in terms of rainfall, and therefore survival of plants is difficult

in the absence of any conservation measure. Droughts are the com-

mon phenomena in the areas with the ravines, particularly in Western

India. Any conservation measure which has capacity to make plants

withstand drought period has the potential to be accepted by the

community. In fact this could be the most important criterion in the

ravine lands of Western India which have frequent drought years. The

superiority of the bench terracing over trenching and continuous

slope showed its potential to withstand droughts and extremes cli-

mates in term of fruit yield. However, performance of these measures

needs to be further investigated for prolonged drought conditions.

Conservation measures have been noted to maintain growth and pro-

ductivity of plants during drought conditions, earlier (Zhu & Zhao,

2003). Ravine lands are an integral part of the livelihood of the mar-

ginal landholders, mostly farmers, and the landholders depend for

their livelihood on these lands. Slight improvement in productivity of

these lands can improve the livelihood of these people. In long term,

these improvements can also serve the purposes of climate change

mitigation and carbon sequestration which is an urgent goal,

worldwide.

5 | CONCLUSIONS

The results of this study indicated that bench terracing is the best con-

servation measure for the rehabilitation of ravine lands of Western

India, and trenching is the second-best option. The choice between the

bench terracing and trenching is a matter of options available in term of

financial implications and landscape accessibility to heavy earth moving

machinery. Bench terracing and trenching brought in significant

decrease in runoff (34 and 16%, respectively) and soil erosion (25 and

15%, respectively), and enhanced tree growth, biomass and carbon

stock. Crop cultivation in between tree plantations may induce signifi-

cant soil loss (18% higher) even though runoff is not significantly

affected. Crop cultivation may be an important means to compensate

for cost of land modification yet, it needs to be carefully evaluated.

Conservation measure like residue retention/mulching and raised dikes

need to be implemented when crop cultivation is adopted. In case

bench terracing itself is not feasible then trenching in between the tree

rows and oriented perpendicular to slope, would serve significant pur-

pose for rehabilitation of highly degraded ravines of Western India.

These conservation measures could also be important strategies for cli-

mate change mitigation and adaptation for such highly degraded and

marginally productive regions of the world where slight improvements

can have substantial impact on the environment as well as society.
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